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ABSTRACT

Ultramafic soils enriched in nickel, such as found in Australia and New
Caledonia, are associated with unique, diverse and poorly known vegetation
communities. Re-establishment of these highly specific ecosystems is still a
challenge for Ni mining companies. Ultramafic vegetation communities are the
outcome of a long evolution process resulting in their adaptation to the extreme
soil conditions found on ultramafic outcrops. Mycorrhizal fungi, a very common
plant symbiont, are generally thought to be beneficial to plants in other
ecosystems, providing plants with phosphorus and even promoting metal
tolerance in plants in some cases. We examined the hypothesis that
mycorrhizal fungi may contribute to the survival of plants in ultramafic soil
conditions.

Bandalup Hill, an ultramafic outcrop enriched in Ni (South West of Western
Australia) was selected to assess the contribution of mycorrhizal fungi to
ultramafic plants. Soil constraints, in particular the degree of Ni toxicity, were
assessed at two sites with ultramafic soils within the outcrop. Total metal,
nutrient, DTPA extractable Ni and available P were measured in soil while Ni,
Ca and Mg were tested in the soil solution. In addition, nutrients and metals
were analyzed in shoots of some plant species occurring at each site:
Eucalyptus flocktoniae, Melaleuca pomphostoma, Melaleuca coronicarpa and
Hakea verucosa. Topsoils in Bandalup Hill and plant shoots had high levels of
Ni, and very low levels of P, K and N. Variation in DTPA extractable Ni between
sites reflected the variation in shoot Ni level of E. flocktoniae and M.
pomphostoma. Variations in soil solution Ni levels reflected variations in shoot
Ni levels of M. coronicarpa and H. verucosa between sites.

The germination requirements of the plant species used to assess the soil
constraints was assessed. Species selected included Eucalyptus flocktoniae,
Melaleuca coronicarpa, and Hakea verucosa. Seeds of E. flocktoniae and M.
coronicarpa had a higher germination rate if pre-treated with smoke water, while
no pre-treatment was required to germinate H. verucosa seeds. The unusual
germination requirement of E. flocktoniae and M. coronicarpa involve complex
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chemical signals that may be present in the soil when the conditions are more
favorable for plant establishment. Such unusual germination requirement may
represent an adaptation to the hostile conditions of the ultramafic soils of
Bandalup Hill.

The mycorrhizal association and root characteristics of the selected plant
species was also assessed after 8 weeks of growth in undisturbed ultramafic
topsoil cores from Bandalup Hill. Roots of these species (including H. verucosa
from a previously designated non-mycorrhizal family, Proteaceae) were
associated with mycorrhizal fungi. Roots of E. flocktoniae and M. coronicarpa
were colonized by both arbuscular mycorrhizal fungi (AMF) and ectomycorrhizal
fungi (ECM), while roots of H. verucosa only contained some AM fungal
structures. All species had high shoot to root ratios and their root
characteristics reflected their association with mycorrhizal fungi.
Based on the previous observations, uninoculated and inoculated E. flocktoniae
seedlings were grown for 10 to 16 weeks in sand amended with Ni at 0, 0.2, 1
and 2.3 mg/kg. Mycorrhizal inoculum consisted of spores of Pisolithus sp.
(ECM) or a mix of AMF spores and colonized root fragments, both originating
from Bandalup Hill. Another inoculum consisted in Pisolithus sp. spores from a
site with ultramafic soils in New Caledonia. Inoculation with AM and ECM fungi
from Bandalup Hill was beneficial to E. flocktoniae. Benefits consisted mainly of
a reduction of Ni shoot translocation at the highest Ni soil level. At 1 mg/kg soil
Ni, E. flocktoniae exhibited a certain degree of tolerance to Ni. A substantial
increase in growth and nutrient uptake with Pisolithus sp. from Western
Australia was also observed.

The contribution of AM fungi from Bandalup Hill to E. flocktoniae, M.
coronicarpa, H. verucosa, and Trifolium subterraneum (clover) was then
examined in ultramafic soil from Bandalup Hill. Steaming of ultramafic soil
increased the availability and plant uptake of P. Consequently, uninoculated
seedlings grew better, and inoculation with AM fungi decreased the growth of
native plant species but did not affect their shoot Ni concentration. The
presence of AM fungi increased the concentration of P in shoots of native plants
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species. Inoculation had no effect on the growth and nutrient content of
subterranean clover.

As mining activities have the potential to reduce the infectivity of AM fungi in
topsoils, the effect of disturbance and storage practices on the AM infectivity of
ultramafic topsoils collected in summer or winter from Bandalup Hill was
investigated. Disturbance consisted in passing topsoil through a 2mm seive
and cutting roots into 1cm fragments. Disturbed topsoil was then stored at
room temperature in pots that were either sealed from the atmosphere or left
open, and pots were maintained at field capacity. E. flocktoniae seedlings were
planted in undisturbed and disturbed topsoil just after topsoil collect and then
after 3, 6 and 9 months of topsoil storage. AM fungi present in the topsoil
collected in summer was less susceptible to initial disturbance than AM fungi
present in topsoil collected during winter. Also, storage of topsoil in sealed pots
watered to field capacity was more detrimental to its infectivity than storage of
topsoil in dry conditions.

Mycorrhizal fungi can contribute to the survival of some native plant species in
the ultramafic soils of Bandalup Hill and they may represent another strategy to
improve the success of Ni mine revegetation. However, such contribution may
not be the unique avenue for native plants to survive in ultramafic soils of
Bandalup Hill.
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GENERAL INTRODUCTION

Ultramafic soils enriched in nickel, such as found in Australia and New
Caledonia, are associated with unique, diverse and poorly known vegetation
communities. Re-establishment of these highly specific ecosystems is still a
challenge for Ni mining companies. Soils associated with these outcrops are
generally described as having low nutrient content and high levels of toxic
heavy metals, in particular Ni. These constraints vary between outcrops
(Bonzon et al. 1997; Brooks 1987; Chiarucci et al. 1999). Ultramafic vegetation
communities are the outcome of a long evolutionary process resulting in their
adaptation to the extreme soil conditions found on ultramafic outcrops.

Common plant strategies that improve nutrient uptake on infertile soils include
maximizing the absorptive area by formation of fine fibrous roots, cluster roots,
long root hairs, and the production of root exudates (Lamont 1982). To sustain
high levels of heavy metals in soil, plant strategies include the alteration of cell
membrane permeability, metal exclusion, excretion of metal-complexing
compounds, external metal precipitation, metal immobilization in the cell wall
and changes in redox state and in the pH of the rhizosphere (Wojcik and
Tukendorf 1995). Some plants can also accumulate heavy metals preferentially
in roots or leaves (Rengel 1997). Some plant species have exceptional
accumulation capacity and are defined as metal hyperaccumulators when the
metal concentration in their tissues is higher than 1g/kg dry weight (Gabbrielli et
al. 1991; Jaffre et al. 1976). In New Caledonia, several plant species
hyperaccumulate nickel. Sebertia acuminata, for example, accumulates up to
257 g/kg (dry weight) of nickel in its latex and 11.7 g/kg (dry weight) in its leaves
(Jaffre et al. 1976). In Western Australia, Hybanthus floribundus has been
recorded to have up to 7.1g/kg (dry weight) of nickel in its leaves (Jaffre et al.
1976).

Symbioses with soil microorganisms can also play an important role in plant
nutrition and metal tolerance. Plant association with mycorrhizal fungi is the
most ancient, common and widespread symbiosis in higher plants, more so
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than the symbiosis of nitrogen fixation (Hamel 1996; Smith and Smith 1996;
Srivastava et al. 1996). Mycorrhizal fungi have been suggested to facilitate the
acclimatization of plants to local soil conditions (Wilkinson and Dickinson 1995).
For example, in P deficient soils, mycorrhizal symbioses are known to improve
the uptake of phosphorus into plants. Improved plant nutrition from mycorrhizal
symbioses is believed to promote higher tolerance of plants to diverse
environmental factors, such as heavy metal contamination (Shetty et al. 1995;
Marschner and Dell 1994). Mycorrhizal fungi from metal contaminated sites
have evolved resistance to heavy metals and are likely to be more effective in
alleviating metal toxicity to plants (Galli et al. 1994; Griffioen 1994; Leyval et al.
1997). However, most of the previous studies on mycorrhizas have been
focused on agricultural ecosystems, neglecting disturbed and especially natural
ecosystems. There is limited knowledge concerning mycorrhizal fungal species
from soils with high level of metals, including ultramafic soils with Ni. In these
soils, mycorrhizal symbiosis is likely to be a strategy available to plants to
improve nutrition and heavy metal tolerance.

A research site with ultramafic soils was selected in Western Australia, and
some dominant plant species from the same site were used to assess the
contribution of mycorrhizal fungi to these plants. The soil constraints of the
selected site were defined, in particular the degree of Ni toxicity. Germination
requirements of the selected plant species were determined and their
association with mycorrhizal fungi was assessed. These steps allowed the
selection of suitable plant specie for this research. The contribution of
mycorrhizal fungi to the Ni tolerance and nutrition of the selected plant species
was assessed in sand amended with Ni and in ultramafic soil from the selected
site. The impact of disturbance on the infectivity of ultramafic topsoils may be
examined. Outcomes of this research are considered in relation to the
revegetation of Ni mines.
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CHAPTER 1

LITERATURE REVIEW
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5

INTRODUCTION

Ultramafic soils such as occuring in Australia and New Caledonia are a
weathered product of ultramafic rocks and support a unique, diverse and well
adapted flora. In certain cases, these soils are also enriched in Ni and a few
other metals, and they may be mined. Mining activities can represent a threat
to these rich natural ecosystems. In Western Australia, mining companies have
to carry out rehabilitation work, which includes revegetation, to comply with
existing legislation such as the Mining Act 1978 (sections 46 and 63) (Bates
1995; Gardner 1997). However, revegetation of mined ultramafic outcrops
represents a challenge because of a lack of knowledge concerning the complex
ecosystems affected.

Despite a broad but sometimes conflicting characterisation of ultramafic soils
(Brooks 1987; Kruckeberg 1992; Proctor and Baker 1994; Robinson et al.
1935), little is known about their constraints to plant growth. Ni toxicity is
commonly regarded as a major constraint in ultramafic soils, although
deficiency in major plant nutrients may be important in some cases (Brooks
1987; Gordon and Lipman 1926). The degree of Ni toxicity in these soils is
difficult to characterise (Proctor and Baker 1994; Shewry and Peterson 1976)
because various approaches exist to measure soil Ni toxicity. It may be
assessed by analyzing Ni in plant tissues, or by assessing Ni in soil (total Ni,
extractable Ni, Ni in soil solution).

Plants growing naturally in these extreme conditions have adopted various
strategies to persist. Although these plants are essential to the revegetation of
ultramafic Ni mines (Watt et al. 1997), their strategies to survive in ultramafic
soils are poorly documented. Most studies have been conducted on Nihyperaccumulator plants from ultramafic soils (Boyd et al. 2001; Davis et al.
2001; Jaffre et al. 1976; Martens and Boyd 1994; Reeves 1992). These
species are a remarkable example of plant adaptation to high levels of Ni in soil,
but they represent less than 1% of the plant diversity on ultramafic soils.
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Plant symbiosis with mycorrhizal fungi may also contribute to plant survival in
ultramafic soils. The symbiosis between mycorrhizal fungi and plants is
generally beneficial to plants under glasshouse conditions: better uptake of
phosphorus and certain micronutrients, and also higher tolerance to various
environmental stresses (Liu et al. 2000; Marschner and Dell 1994; Shetty et al.
1995; Srivastava et al. 1996). In metal-contaminated soils, improved plant
nutrition associated with mycorrhizas is thought to be responsible for an
increase in plant tolerance to metals (Meharg and Cairney 2000). Mycorrhizas
can also protect plants from heavy metals by restricting plant metal uptake and
shoot translocation through metal retention in fungal tissue (Galli et al. 1994;
Leyval et al. 1997).

The objective of this review was to assess the state of knowledge of ultramafic
ecosystems. This review focuses on the following :


the major constraints to plant growth in ultramafic soils;



the various plant strategies to cope with these constraints;



the potential role of mycorrhizal fungi in Ni-rich ultramafic soils.
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ULTRAMAFIC SOILS AND THEIR CONSTRAINTS TO PLANT
GROWTH

Ultramafic soils are derived from the weathering of ultramafic rocks (Coleman
and Jove 1992). These rocks are found in continents in association with gabbro
in ophiolite complexes. Peridotite and gabbro rocks are basic volcanic rocks
with high iron-magnesium content (as opposed to granite and diorite rocks, acid
volcanic rocks, richer in silica and alumina). Ultramafic rocks comprise more
than 90% ferromagnesian minerals, and contain olivine, orthopyroxene and
clinopyroxene +/- amphibole; they are rich in magnesium, iron, chromium, nickel
and cobalt (Coleman and Jove 1992; Quantin et al. 1997).

Natural processes, such as rain, led to concentrating Ni in ultramafic soils. The
chemical weathering of rocks takes place by hydrolysis in a neutral or slightly
acid environment when water is charged with carbon dioxide, or through
acidolysis in more strongly acid environments, due to organic acids (Volkoff
1998). In tropical humid climates, a strong hydrolysis takes place and leads to
the rapid destruction of all the weatherable minerals and a massive neogenesis
of clays and ferric hydrates. Different minerals can be formed depending on the
degree of hydrolysis: gibbsite (allitization) in a strongly leached environment,
1/1 clay (monosiallitization) when silicon and aluminium are recombined in the
form of kaolinite in a moderately leached environment, and 2/1 clay
(bisiallitization) when smectites as beidellite and nontronite are neoformed in
less leached environments (Tardy 1997; Volkoff 1998).

Ultramafic soils have elevated levels of certain metals, in particular Ni (500 to
10,000 mg/kg), as well as chromium and cobalt and have a high Mg to Ca ratio.
In general, these soils are described as infertile mostly due to their chemical
compostion rather than their physical characteristics (Brooks 1987). Major
constraints in these soils are the toxic levels of Ni and deficiency in major
nutrients, together with high Mg/Ca ratios (Becquer et al. 1997, 2002; Brooks
1987; Proctor and Woodell 1975).
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Nickel toxicity in ultramafic soils

Ni is referred to as a plant micronutrient (Brown et al. 1987; Pais and Jones
1997; Reuter 1997). It is involved as an enzyme activator in the metabolism of
urea (Dixon et al. 1975; Grundon et al. 1992). When its concentration in soil is
elevated above 100 mg/kg, it is considered toxic to plants (Pais and Jones
1997; Ross 1994a). Since ultramafic soils can have higher than normal levels
of Ni, Ni toxicity is often referred to as a major constraint to plant growth on
these soils (Becquer et al. 1997; Nagy and Proctor 1997; Robinson et al. 1935).

Concept of metal toxicity
A metal toxicity in soil has been defined as “a concentration range of metallic
ions … which causes inhibition of metabolism or physiological function in plants”
(Fitter and Hay 1987). A metal toxicity in soil therefore depends on:


The degree of plant resistance to metal which varies amongst plant species;



The availability of metallic ions to plants in soil which is governed by the
plant and the soil characteristics (Ross 1994b; Turner 1994).

Therefore, plants and soils have been anlaysed to predict the risk of Ni toxicity
in ultramafic soils.

Soil Ni to predict Ni toxicity

High levels of Ni in ultramafic soils suggest a risk of Ni toxicity to plants. Total
metal content in soil may be used to predict risk of metal toxicity. The
Australian guidelines for contaminated sites, for example, refer to total level of
metal in soil (NHMRC 1992). However, total concentration of metal in soil is not
necessarily correlated with the amount of metal available to plants (McBride
1994). The total level of metal in soil includes various pools and species of
metals that are not all directly available to plants. However, in association with
some soil parameters such as pH, redox potential, total Ni in a soil may reflect
the capacity of this soil to replenish pools of Ni available to plants.
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Chemical extractants are used commonly to determine the various “pools” of
metal in soils that may be available to plants. Extractants are selected to mimic
plant metal extraction of metals in soil. Extractants used include DTPA, neutral
salts, NH4Oac, HCl and KCl (Amacher 1996; Becquer et al. 1997). An
extractant such as DTPA removes micronutrient cations adsorbed on the solid
phases together with water-soluble constituents, and thus it might simulate the
action of plant roots (Rayment and Higginson 1992). In the case of Ni, the use
of KCl and DTPA extractants was more closely related to the plant Ni availabiltiy
in ultramafic soil than total Ni (Becquer et al. 1997). However, these extractions
were not always correlated with levels of Ni measured in soil solution (Becquer
et al. 1997). Although they are widely used in routine soil testing, extractants
have several limitations.

DTPA extraction for example, relies on an equilibrium

being reached with the soil, but this will vary depending on the element
extracted and the pH and equilibrium time. Also, the ability to mobilize metallic
ions from different pools in the soil will vary amongst plant species, and one
extractant may access more or less metal than a particular plant species.
Extractants also tend to be less successful at predicting plant-available
quantities of metals under field conditions (Amacher 1996).

Plants as indicators of soil Ni toxicity
Plants are commonly used to predict the risk of Ni phyto-toxicity in ultramafic
soils (Becquer et al. 2002; Rigault et al. 1997). As Ni is readily and rapidly
taken up by some plants and is highly mobile in plants (Pais and Jones 1997),
the Ni level in plant shoots is frequently measured and used to assess the
potentially toxic levels of Ni in soils. This approach is also used to assess the
effectiveness of soil analysis. Ni levels in shoots of some plant species from an
ultramafic outcrop in New Caledonia were correlated with soil Ni bioavailabiltiy
(as measured by resin extraction), but not with the soil total Ni (Rigault et al.
1997). In comparison with chemical extractants, it was suggested that Ni level
in plants gave better measure of bioavailability (Slingsby and Brown 1977).
However, plants can take up Ni to different extents. Table 1.1 illustrates the
heterogeneity in shoot Ni levels amongst plant species (also see Brooks 1987).
Therefore, levels of Ni in plant leaves should be used with care when trying to
predict the degree of Ni toxicity in soils. Some plants can accumulate Ni in their
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roots, restricting the Ni translocation to the shoots (L'Huillier et al. 1996;
Westerbergh 1994; Ye et al. 1997).

Table 1.1 - Ni uptake in plants from various studies in the literature
Ni concentration in
soil
(mg/kg)

solution
(mg/L)

shoot
(mg/kg)

Time
of
culture

References

Phaseolus vulgaris L.
carioca

-

2
4

112
312

10
weeks

(Piccini and Malavolta 1992)

Phaseolus vulgaris L.
b
IAPAR 14

-

2
4

92
312

10
weeks

(Piccini and Malavolta 1992)

Lolium perenne

90
180

-

154
321

4
weeks

(Khalid and Tinsley 1980)

Zea mays XL 94

-

2.4
3.5

68
94

1 week

(L'Huillier et al. 1996)

-

0.35

450

10
days

(Gabbrielli et al. 1990)

-

0.35

9000

10
days

(Gabbrielli et al. 1990)

Plant species

Silene Italica

a

Alyssum bertolonii
a

a

plant species from ultramafic soils with Ni

b

tolerant cultivar

Symptoms of Ni toxicity in plants may also be used to assess the risk of Ni
toxicity in ultramafic soils. Common symptoms of Ni toxicity include the
yellowing of leaves, or interveinal chlorosis that can be followed by leaf necrosis
in cases of severe Ni toxicity (Misha and Kar 1984). This symptom is often
related to Fe deficiency in leaves due to Fe accumulation in roots (Chino and
Mitsui 1967) although it has been suggested that Ni reduced the translocation to
the shoots of “active” Fe rather than total Fe (Mengel and Kirkby 1987; Piccini
and Malavolta 1992). More specific symptoms of Ni toxicity, such as leaf
necrosis along veins, were observed in water spinach plants (Sun and Wu
1998). Excess Ni can also depress plant growth. Ni was associated with
stunted growth of shoots and roots together with various leaf deformations
(Mishra and Kar 1974). An addition of Ni at 60 micromolar decreased the root
yield of maize plants by 80%, reducing the length of primary and lateral roots as
well as the root mitotic activity, while Ni accumulated in the root apex (L'Huillier
et al. 1996).
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Excess Ni in soil can also interfere with the uptake and transfer of various
elements in plants. For example, it competitively inhibits the uptake of Ca, Mg,
Fe and Zn in tomato (Chamel and Heuman 1987) and Cu uptake in rice (Tang
and Miller 1991). Ni also reduced the level of P, Ca, Mg and Fe in shoots of
birch (Betula papyrifera Marsh) (Jones and Hutchinson 1988a). In contrast,
Piccini and Malavolta (1992) noted that Ni impacted differently on each element:
Ca, Mg, Mn and Zn were not affected, while N, P, K and Cu levels were
increased with Ni in soil. Increased level of N, P, K and Cu could result from a
decrease in plant growth (dillution effect) or interaction of absorption (Piccini
and Malavolta 1992).

Another symptom of Ni toxicity in plants is an accumulation of starch in
chloroplasts (L'Huillier et al. 1996). Limited root growth causing a decrease in
the root “sink” was proposed as a major cause for this starch accumulation
(L'Huillier et al. 1996). Alternatively, Ni could directly inhibit the degradation of
starch into sucrose and the transport of sucrose to the roots (L'Huillier et al.
1996). Other researchers have also highlighted the direct impact of Ni on
physiological processes such as the photosynthesis or transpiration (Sheoran et
al. 1990). Assessment of chlorophyll content in leaves (Piccini and Malavolta
1992) or total phenols in plant parts (Gabbrielli et al. 1990) has been well
correlated to Ni toxicity. Although physiological symptoms might be more Ni
specific, they are complex, not yet fully understood, and their assessment can
be difficult.

Symptoms of Ni toxicity in plants may vary considerably between and even
within species. Therefore, it is important to choose appropriate plant indicators.
Ni toxicity symptoms commonly used, in particular visual symptoms, are not
necessarily Ni specific and might be confused with symptoms of toxicity of other
metals such as Zn, Cr, Pb, or Cd (Foy et al. 1978). The assessment of Ni
toxicity using plant symptoms is not quantitative and therefore very subjective.
Finally, most plants studied to derive these symptoms are agricultural species
because of their economic significance. How relevant are these symptoms to
ultramafic plant species that grow naturally on soils with potentially toxic levels
of Ni?
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Alternatives to assess Ni toxicity in soil

Ratios of Ni to Ca and Mg ionic activities in soil solution have been used to
assess Ni toxicity in soil. Metals are absorbed by plants as free ions from the
soil solution (Becquer et al. 1997). However, the metal concentration alone in
the soil solution is often insufficient to predict the risk of toxicity in soil (Becquer
et al. 1997). The presence of Ca and Mg in the soil solution has been shown to
limit the toxic effects of Ni on plants (Proctor and McGowan 1976; Robertson
1985). As for Al (Becquer et al. 1992), an index of Ni toxicity was defined by
taking into account Ca and Mg in the soil solution (L'Huillier 1994). This index
of toxicity, refered as ItoxNi is described by the following equation:

Itox Ni =

{Ni 2+}
{Ca 2+} + {Mg 2+}

x100

Root growth of maize seedlings in solution culture was depressed by 10% and
50% with an ItoxNi of 2.3 ±0.3, and 4.4 ±0.6 respectively (L'Huillier 1994).
Competition between Ni and Ca or Mg for the absorption sites of plant roots
may be responsible for such root growth depression (Robertson 1985). ItoxNi
was found to be a more useful index for assessing Ni toxicity in soil than
chemical extractants such as DTPA, and consequently it was proposed as an
alternative way to predict the risk of Ni toxicity in ultramafic soils (Becquer et al.
1997). On soils with similar Ni availability, but with different composition in Ca
and Mg, this method might be more appropriate to predict the Ni toxicity. This
index uses ionic activities that can be replaced by ionic concentration at low pH
and without taking into account the soluble organic matter (Becquer et al. 1997).
However, the measurement of ionic activities or even “free” Ni concentration in
soil solution can be difficult and time consuming. Given the acidic pH of most
ultramafic soils, another approximation of ItoxNi using the total concentration of
Ni in soil solution could be tested.

Alternatively, ion exchange resins have been used to assess the availability of
Ni to plants in soils. This method is probably more comparable to the process of
ion removal from the soil by plant roots than chemical extractions (Amacher
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1996; Yang et al. 1991). Ni extracted using resin bags in an ultramafic soil was
well correlated to the Ni uptake of some plant species but not to the amount of
Ni extracted using DTPA (Becquer et al. 2002). Resins do not cause sharp pH
changes of the soil solution and excessive mineral dissolution as do other
chemical extractants cited previously (Amacher 1996). Resins are also more
sensitive to ion diffusion, a governing factor in plant ion availability (Yang et al.
1991). In this regard, this technique may be more appropriate to predict metal
toxicity in soils compared to the methods cited previously. However, this
approach is less common and it is therefore difficult to assess its reliability.
Protocols of extraction used need to be standardized to allow comparison
between studies. Bags of resins were buried in ultramafic topsoil for 4 weeks in
one experiment (Becquer et al. 2002) while in another study resin beds were
submerged in saturated-paste soil samples for various periods of time (Yang et
al. 1991).

Nutrient deficiencies

Ultramfic soils are also characterised by their ionic imbalance reflected as
deficiencies in some of the major nutrients and excess of other elements
including metals (Menezes de Sequeira and Pinto da Silva 1992; Proctor and
Woodell 1975). As high levels of Ni can limit the uptake of some nutrients in
plants (Yang et al. 1996) such as iron, ultramafic soils are very hostile
environments for plant growth. Phosphorus, in particular, but also N, K and Ca
are deficient in ultramafic soils while Ni, Mg, Cr, Co and Cu are in excess (Table
1.2). Most ultramafic soils have a high Mg to Ca ratio. The ratio of Mg to Ca in
some central Queesland ultramafic soils ranged from 0.4 to 423 (Forster and
Baker 1997). Other ultramafic soils from the northern hemisphere also exhibited
high Mg/Ca ratio of up to 330 (Roberts 1991). As low Ca levels in ultramafic
soil have been shown to be correlated with higher soil Ni toxicity (L'Huillier
1994), Ca deficiency in ultramafic soil can be of importance (Kruckeberg 1954).
A higher level of Ca in soil solution has been previously shown to reduce Ni
toxicity to plants (Robertson 1985).
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Table 1.2- Average elemental composition of 21 ultramafic soils and 7 schistderived soils (Red Mountain, North-west Otago) (Lee et al. 1997)
Elements

Level in ultramafic
soils

Level in schist
derived soils

N

3.5

2.6

P

2.6

4.4

K

70.1

62.2

Ca

8.3

16.1

Mg

76.5

5.8

g/kg

mg/kg
Ni

1386

10

Cu

42

14

Co

205

24

Cr

1843

100

Total P in some ultramafic soils from New Caledonia ranges from 20 to 500
mg/kg (Bonzon et al. 1997). The extractable P in ultramafic soils is very low. In
some ultramafic soils from central Queensland, the available P was below 7
mg/kg (Forster and Baker 1997). Some ultramafic soils from New Caledonia
had between 0 and 26 mg/kg of available P (Bonzon et al. 1997). The nutrient
content of ultramafic plants is often used to predict nutritional imbalance in
ultramafic soils. Plant species growing on ultramafic soils generally have higher
concentrations of Ni, Mg, Cr, and lower levels of Ca in their leaves than similar
species growing on non-ultramafic soils (Lee et al. 1997). However, the
concentration of N, P and K in the leaves of plant species growing in ultramafic
soils does not always differ from levels in similar species growing on nonultramafic soils (Lee et al. 1997). This apparent similarity may be due to the
fact that non-ultramafic soils used in this study were also deficient in these
nutrients.

Although the nutrient deficiency stress associated with ultramafic soils is
overlooked and most of the time ignored, some authors have suggested that it
is a nutrient stress rather than a metal toxicity that is affecting the ultramafic
vegetation. In particular, one study demonstrated that amendments with N, P
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and K of ultramafic soils resulted in an improved plant growth while soil
amendment in Ca only, to alleviate the soil Ni toxicity, did not affect plant growth
(Chiarucci et al. 1998). However, the degree of Ni toxicity of the soil treated in
this study may have been low. Also, other more discreet changes in plants
such as increased membrane integrity with calcium amendment and reduced
shoot Ni translocation may have occurred.

As Ni can interfere with plant nutrition (Jones and Hutchinson 1988a; Piccini
and Malavolta 1992; Yang et al. 1996), it has the potential to exacerbate the
impact of nutrient deficiency stress on plants in ultramafic soils. In this regard,
Ni could be seen as a major constraint to plant growth in ultramafic soils that
contain a high level of this metal. However, plant nutrition may also be
important in determining the plant tolerance to Ni. Therefore, it is difficult to
conceive both constraints separately.

PLANTS AND ULTRAMAFIC SOILS

Despite hostile conditions, ultramafic soils are associated with a diverse and
unique flora (Brooks 1987; Cedeno Maldonado and Breckon 1996). In New
Caledonia, for example, around 1,300 plant species occur on the ultramafic
substrates that cover a third of the island surface (Bradshaw 1997). Similarly, in
Cuba, the serpentine flora, which is the third richest in the world, consists of 920
species that make up 15% of the whole Cuban flora (Iturralde 1997). Some
ultramafic outcrops have also been reported as having a lower plant diversity
(Kruckeberg 1984; Proctor and Woodell 1971). Unusual soil conditions are also
associated with a high degree of uniqueness of the ultramafic flora. In
Australia, in the Woko-Glenrock section of the Great Serpentine Belt (New
South Wales), the vegetation contrasts markedly with adjoining Eucalypt forests
and rainforests growing on other substrate (Davie and Benson 1997). Similarly,
the vegetation structure and compostition on the serpentine outcrop of Baryulgil
(New South Whales, Australia) differs signicantly from the adjacent vegetation
on other substrates (Specht et al. 2001). The serpentine flora of New
Caledonia is characterized by an extremely high level of plant species
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endemism (89% of the plant species) (Bradshaw 1997). In contrast, some
serpentinic sites have a lower proportion of endemic plant species (Kruckeberg
1984; Proctor and Woodell 1971; Reddy et al. 2001). The degree of endemism
and plant diversity found on ultramafic outcrops may be related to the time of
exposure of these outcrops (Berazain 2001; Kruckeberg 1986; Reddy et al.
2001) as well as their size. For example, New Caledonian and Cuban highly
diverse and unique ultramafic flora occur on areas larger than 5000 km2, with
substrates older between 5 and 24 million years in New Caledonia (Latham et
al. 1978; Trescases 1975), or over 30 million years in Cuba (Berazain 2001).
Both ultramafic flora also have a higher number of Ni hyperaccumulating plant
species which may result from the older age of these outcrops, at least in Cuba
(Borhidi 2001). Such unique and diverse flora reflects the various survival
strategies adopted by ultramafic plant species.

Plant Ni tolerance on ultramafic soils
Plant strategies to deal with high levels of metals in soil are generally grouped
under 2 major categories: avoidance and tolerance (Baker 1981). Common
strategies include (Rengel 1997):
•

Physical avoidance of contaminated areas;

•

Exudation of complexing agents into the rhizosphere;

•

Binding in the cell wall;

•

Efflux of metal ions from the symplasm;

•

Prevention of upward transport of metal ions into above ground parts;

•

Complexation with various ligands in the symplasm;

•

Transport of metal-ligand complexes into vacuoles;

•

Storage of metal ions in the vacuole by complexation with vacuole ligands;

•

Formation of metal-resistant enzymes to minimize the internal injury caused
by toxicity.

A common plant response to high levels of metal in soil is to grow fewer roots to
absorb less metallic ions. This has been shown experimentally for Al (Bennet
and Breen 1991; Hairiah et al. 1992). However, reduction in root growth may
not necessarily represent an avoidance strategy of plants in Ni contaminated
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soils but rather a poisoning of roots by Ni (Gregory and Bradshaw 1964; Piccini
and Malavolta 1992) as Ni can reduce root formation by depressing mitotic
activity in root tips (Gabbrielli et al. 1990). Plants can also limit the uptake of Ni
in roots and consequent translocation to the the shoots. Reduction in Ni uptake
and transfer to the shoots can limit the effect of Ni on the plant: mainly reduction
in root formation and decrease in photosynthic activity (Krupa et al. 1993). For
example, a maize cultivar less sensitive to Ni, Zea mays L. cvs. “Hycorn 80”,
showed reduced uptake of Ni into the roots and shoots (L'Huillier et al. 1996).
Some studies have suggested ionic exclusion mechanism as a potential plant
avoidance to Ni (Zurayk et al. 2001). Plants limiting utpake of Ni also tend to
accumulate Ni in their roots reducing its transfer to their shoots (L'Huillier et al.
1996; Westerbergh 1994; Ye et al. 1997). A high root exudate rate of Ni and an
enhanced accumulation of organic acids, malic acid in particular, in roots might
be associated with Ni avoidance of crop species (Yang et al. 1997). In cabbage
plants (Brassica oleracea var. capitata cv. Slawa), depending on the form of Ni
supplied in soil, different plant resistance strategies were observed as a
reduced uptake and deposition of Ni in the root apoplast or a deposition in cell
and cytoplasmic vacuoles (Molas 2001).

The study of plants from the ultramafic flora is more relevant than studies
made on non-ultramafic plant species but they are less common. For
example, a Ni-tolerant plant species originating from a serpentine soil, Silene
italica L. was shown to be able to limit Ni uptake (Gabbrielli et al. 1990). This
plant species is a Ni excluder (Baker 1981; Gabbrielli et al. 1990). Reduced
uptake of Ni in Alyssum serpyllifolium, an ultramafic plant species, has been
attributed to competition between Ca, Mg and Ni for uptake (Brooks et al.
1981). Another study on Empetrum nigrum from heavy metal contaminated
sites demonstrated internal Ni tolerance and showed in particular an
accumulation of Ni in old stem tissues (Monni et al. 2000). Many plants
growing in ultramafic soils have elevated Ni concentration in their tissues
(Proctor 1971; Proctor and Baker 1994; Rigault et al. 1997). Some species,
referred to as Ni-hyperacculmulators, can accumulate high levels of Ni in their
shoots. A species is categorised as a metal-hyperaccumulator when its metal
concentration in above-ground parts is equal to or more than 1g/kg (dry
matter) (Baker and Brooks 1989). Sebertia acuminata, an endemic of
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ultramafic soils from New Caledonia, accumulated 11.7 g/kg Ni in dry leaves
and 257.4 g/kg in dried latex (Jaffre et al. 1976).

Various mechanisms have been proposed to explain Ni hyperaccumulation.
They mainly involve binding on high-affinity ligands such as citric acid (Lee et al.
1977; Lee et al. 1978) or histidine (Kerkeb and Kramer 2003). Phytochelatins
that are widely involved in metal tolerance of plants, are not involved in the
tolerance of Ni hyperaccumulators (Sagner et al. 1997; Schat et al. 2002).
Malic acid in Alyssum bertolinii leaves was also proposed as a bindingtransporter agent of Ni (Vergano, 1987). Hyperaccumulation of Ni also implies
high and specific uptake of Ni from the soil together with efficient transfer to the
shoots (Sagner et al. 1997). Hyperaccumulation of Ni in plants has been
described as a true Ni tolerance mechanism (Boyd et al. 2001). Ni
hyperaccumulator plants also tend to tolerate a higher level of Ni in soil as
opposed to Ni excluders (Boyd et al. 2001). A large proportion of the literature
deals with Ni-hyperaccumulator species. The reason for the lack of studies on
non-Ni-hyperaccumulating ultramafic plants lies in the high potential of Nihyperaccumulators for phytoremediation and phytomining (Angle et al. 2001;
Brown 1995). However, these species only represent a small proportion of the
ultramafic flora. In New Caledonia, for example, 48 plant species accumulate
Ni, approximately 3.6% of the ultramafic flora of that country (Jaffre 1980), and
there are only 320 such species in the world (Borhidi 2001). Clearly, the Nihyperaccumulator strategy remains marginal, and it is essential to study more of
the non-hyperaccumulating plants species to gain a more complete
understanding of plant Ni tolerance in ultramafic ecosystems.

Nutritional adaptations on ultramafic soils
Plant adaptation to low nutrient levels found in ultramafic soils include various
aspects such as morphological changes and modification of nutrient acquisition.
A common and striking characteristic of most ultramafic vegetation is their
shrubby nature that contrasts markedly with the surounding vegetation on nonultramafic soils (Baker et al. 1992; Berazain 2001; Davie and Benson 1997;
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Kruckeberg 1984). Characteristic traits of ultramafic vegetation include plant
forms like grasses, sclerophyllous evergreen shrubs (Berazain 2001),
microphylly and thickened cuticule. Most of the morphological traits of
ultramafic plants are similar to plant characteristics from dry habitats (Freitas
and Mooney 1996) and it has been suggested that the “serpentine effect” of
these soils acts like a climate with less than 500 mm rainfall (Iturralde 1997).
Plants growing in nutrient-poor conditions can respond by changing their
morphology, including growing more roots than shoots (Breemen 1995; Fitter
and Hay 1987). Plants such as onions, tomatoes and beans with a low P
uptake efficiency had high shoot to root ratios in comparison with ryegrass and
wheat with a high P uptake efficiency that had low shoot to root ratios (Fohse et
al. 1988). Shifts in shoot to root ratio are observed in plants suffering from P, N,
S and Zn deficiencies (Pearson and Rengel 1997). However, no studies have
documented in detail the shoot to root ratio of plants growing in ultramafic soils
in comparison to these in non-ultramafic soils.

Apart from changes in morphology, ultramafic plants may also exhibit a higher
efficacy in nutrient use. Nutrient utilization efficiency, a potential plant strategy
in nutrient deficient soils (Pearson and Rengel 1997), is generally achieved by
building long lived tissues that deter herbivores, such as for example through
high contents of lignin and toxic secondary metabolites (Breemen 1995), or Ni
accumulation in their tissues (Jaffre et al. 1976; Proctor and Baker 1994). In
order to economise energy, the metabolism of ultramafic plants is slower than
plants occuring on other substrates, they have a low production of biomass, and
sometimes a lower production of pollen and seeds (Berazain 2001).
Remobilization of nutrients from older to younger leaves (Pearson and Rengel
1997) is another possibility which has not been assessed in ultramafic plants.

Strategies to improve nutrient acquisition by plants from ultramafic soils may
represent another important aspect of adaptation to nutrient deficiency in these
soils. Root hairs can increase the uptake of nutrients by increasing the contact
surface between soil and roots and the volume of soil exploited (Curl and
Truelove 1986; Fitter and Hay 1987). Root hairs length and density were found
to be correlated to plant nutrient uptake efficiency (Itoh and Barber 1983;
Schweiger et al. 1995). For example, in soil with low P, the contribution of root
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hairs can account for up to 90% of total P uptake (Marschner 1995). In the
context of ultramafic soils, there is no detailed study on the contribution of root
hairs to the nutrition of ultramafic plant species. Cluster roots are another
example of plant response to soil nutrient deficiency (Pearson and Rengel
1997). Cluster roots are described as bunches of hairy rootlets produced
optionally on the root systems of certain species (Lamont 1982). They are a
response to the heterogeneous distribution of nutrients in the soil (Grime et al.
1986). Families such as Proteaceae which have cluster roots include species
that can grow in ultramafic soils (Jaffre et al. 1997; Reddy et al. 2001).
Some plants can also increase the affinity of specific nutrient uptake systems on
the plasma membrane of roots (Pearson and Rengel 1997). Transporter
proteins are involved in the uptake of nutrients on the root plasma membrane.
Root exudates can also play an important role in nutrient acquisition. Root
exudates include both high- and low-molecular-weight solutes. The most
important components of the high-molecular-weight solutes are mucilage and
ectoenzymes and those of the low-molecular-weight fraction are organic acids,
sugars, phenolic and amino acids (including phytosiderophores) (Marschner
1995). These chemicals play various roles from allowing a close contact
between the root surface and the soil particles, to hydrolyzing organic P into
plant available P (Marschner 1995). The root surface acid phosphatase activity
of Allysum bertolonii, an ultramafic endemic plant species, was increased by
high level of Ni and Mg and might be an aspect of plant adaptation to ultramafic
conditions (Gabbrielli et al. 1989).

Such strategies may increase the availability of Ni in soil and its uptake by
plants. One study in particular showed that dense root hairs in a non Ni-tolerant
species caused Ni root poisoning of this species when it was grown in Ni
amended media (Nedelkoska and Doran 2001). Specialised structures such as
cluster roots, and root exudates that modify the soil chemistry and pH, could
also increase the bioavailability and uptake of Ni into plants. Rather than
maximizing the rate of nutrient capture, it was suggested that ultramafic plant
species are adapted to conserve mineral nutrients (Berazain 2001).
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MYCORRHIZAS IN ULTRAMAFIC SOILS

Plant associations with mycorrhizal fungi are the most ancient, common and
widespread symbiosis in higher plants (Hamel 1996; Smith and Read 1997;
Srivastava et al. 1996). Around 90% of plant species belong to families that
form mycorrhizas (Brundrett and Abbott 1991). Mycorrhizas are highly evolved,
mutualistic associations between soil fungi and plant roots where the host plant
generally receives mineral nutrients while the fungus obtains photosynthetically
derived carbon compounds (Brundrett et al. 1996). Most common mycorrhizal
associations are (Brundrett et al. 1996):


Arbuscular mycorrhizas (AMF), in which Glomeromycota fungi (Schussler et
al. 2001) produce arbuscules, hyphae, and sometimes vesicles within the
cortex of the root. They are found in most of the vascular plants.



Ectomycorrhizas (ECM), where Basidiomycetes and other fungi form a
mantle around roots and a Hartig net between root cells. ECM are found in
the gymnosperms and angiosperms (Smith and Read 1997).

Mycorrhizal fungi are found in soils with toxic levels of metals (Hopkins 1987;
Leyval et al. 1997; Weissenhorn et al. 1995) and they can tolerate the presence
of high concentration of metals (Colpaert and Van Assche 1992; Gadd 1993;
Weissenhorn et al. 1994). The roots of a grassland community on a Californian
serpentine was found to be densely colonized by arbuscular mycorrhizal fungi,
including some plant species belonging to non-mycorrrhizal genera (Hopkins
1987). Similarly, observations of plant roots from ultramafic soils in the northeast of Portugal revealed the presence of AM fungi (Goncalves et al. 1997;
Goncalves et al. 2001) and ECM fungi (Portugal et al. 2001). However, many
plant species colonizing ultramafic soils belong to families that are nonmycorrhizal such as the Proteaceae. A recent study highlighted the presence of
AM fungal structures (including characteristic arbuscules) in roots of a species
from the Brassicaceae family (non-mycorrhizal) in a metal contaminated soil
(Orlowska et al. 2002).
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Mycorrhizal effects on plant nutrition
A major benefit from the mycorrhizal symbiosis is to improve plant nutrition,
especially P nutrition in P deficient soils (Marschner 1995; Shetty et al. 1995;
Srivastava et al. 1996). Mycorrhizal fungi may also increase the uptake of
some relatively immobile metal micronutrients such as Cu, Zn and Fe at low
levels of these elements in soil (Liu et al. 2000). In utlramafic soils where
nutrients are scarce (in particular N and P), such a benefit may be important to
plant survival. Also, mycorrhizal symbioses may substitute for limited root
growth of ultramafic plants in response to soil Ni toxicity. Improved nutrition by
mycorrhizal fungi may contribute to plant metal resistance. An increase in plant
biomass due to improved nutrition, can lead to a dilution of Ni in plant tissues
and consequently reduce the Ni stress to mycorrhizal plants (Marschner 1995;
Van Duin et al. 1991). As Ni can interact negatively with the uptake and
translocation of various nutrients, such as P, Mg, Ca and Fe in plants (Yang et
al. 1996), an increased uptake of these elements in mycorrhizal plants could
also be beneficial to these plants in ultramafic soils. Some experiments have
highlighted such a benefit by recording an improved plant growth in the
presence of mycorrrhizal fungi (especially ectomycorrhizal fungi) in soil with
high levels of metals (Table 1.3). AM fungal species from non-contaminated
sites generally improve plant growth, and nutrient content under metal stress
(Table 1.3). This reflects the mycorrhizal contribution to plants in noncontaminated soils.

In contrast with AM species from non-metal contaminated sites, AM species
originating from metal contaminated sites do not all improve plant growth (Table
1.3). The absence of growth response with these fungal species does not
necessarily mean a lack of fungal contribution to plants by metal-tolerant fungal
isolates. Absence of a growth response can occur, depending on individual
fungus-plant combinations, on times of harvest, and on growth conditions
including soil nutrient levels, temperature and light intensity (Johnson et al.
1997; Koide 1985; Koide and Elliott 1989; Smith 1980). Pot size and root
density may also affect the benefits derived from AM fungi (Joner and Leyval
2001).
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Table 1.3 - Plant responses to mycorrhizal fungi in metal contaminated soils
from the literature (AMF, arbsucular mycorrhizal fungi, ECM, ectomycorrhizal
fungi)
Plant
species

Metal
tested

Shoot
growth

Root
growth

[Metal]
shoot

[Metal]
root

References

Cd

0

0

0

+

(Tonin et al. 2001)

Cu

+

na

0

na

(Gildon and Tinker
1983)

(Guo et al. 1996)

AMF species
Viola
calaminaria
r

Allium
porrum var.
Early
market

Glomus
r
mosseae
Glomus
mosseae

Phaseolus
vulgaris

Glomus
mosseae

Cd

0

0

0

+

Ni

0

0

_

0

Glycine
max L.
Merr Essex

mixed AMF

Zn
Cd
Mn

+

na

_

na

(Heggo et al. 1990)

Festuca
rubra r

Glomus
r
fasiculatum

Zn

0

+

0

0

(Dueck et al. 1986)

mixed
r
AMF

Cu

0

+

0

+

(Griffioen and Ernst
1989)

mixed AMF

Zn

+

na

_

na

(El-Kherbawy et al.
1989)

Agrostis
capillaris L
r

Medicago
sativa L.

ECM species

r

Amanita
muscaria
Hooker

Zn

+

na

_

+

(Brown and Wilkins
1985a)

Eucalyptus
urophylla
S.T. Blake

Pisolithus
r
sp.

Ni

+

+

_

na

(Aggangan et al. 1998)

Betula spp.
r

Paxillus
involutus Fr.

Zn

+

na

na

_

(Denny and Wilkins
1987)

Betula
papyrifera
Marsh.

Scleroderma
flavidum
E. & E.

Ni

+

na

0

+

(Jones and Hutchinson
1988a)

Eucalyptus
rudis Endl.

Pisolithus
tinctorius
r
(Pers.)

Al

na

na

_

+m

(Egerton-Warburton
1993)

Betula spp.

+ increased with fungi compared to control
0 no difference compared with control
r
fungi or plant from metal contaminated site

.

- decreased with fungi compared to control
na information not available
m metal within fungal tissues
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Mycorrhizal effect on metal uptake
Mycorrhizal fungi can also affect metal transfer and translocation into plants.
Metal levels in shoots of mycorrhizal plants are often reduced while mycorrhizal
roots tend to accumulate heavy metals. Tolerance mechanisms of mycorrhizal
plants are very closely related to mechanisms of tolerance of mycorrhizal fungi
themselves (Leyval et al. 1997) which mostly involve a metal immobilization
around, on or in the fungal tissues. Mechanisms taking place in
ectomycorrhizal plants are more extensively documented than for arbuscular
mycorrhizal plants. Ectomycorrhizal fungi can limit the metal uptake into plants
usually by acting as a sheild (Figure 1.1).
Ectomycorrhizal
tissues

Root

Dead fungal tissue

D
C
B

A

Various sources of metal
in soil and soil solution

Available metal
ions
(soil solution)

Figure 1.1 – Potential contribution of ectomycorrhizal fungi to plant metal tolerance.
Fungal tissues may act as a shield against metallic ions entry into plant tissues (B) and
immobilize metallic ions in its biomass (C). (A) replenishment of the soil solution in free
metal ions; (D) remobilization of metal ions from dead fungal tissues into the soil
solution.

Metallic ions usually acculumulate in the extramatrical hyphae by binding to the
cell wall of extramatrical hyphae (Denny and Wilkins 1987; Egerton-Warburton
1993) or internal chelation in cytoplasm and compartmentation into vacuoles. In
one study, Ni was accumulated in mycorrhizal roots together with P, and Ni
binding to polyphosphate complexes was proposed (Jones and Hutchinson
1988a). Modification of rhizosphere chemical properties (such as pH) by fungi
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can also limit metal availability and therefore toxicity (Dixon and Buschena
1988).

The effect of AM fungi on plant metal resistance remains less clear. AM fungi
may act as a “filters”, reducing the entry of potentially toxic ions into plants
(Joner and Leyval 2001; Leyval et al. 1997; Tonin et al. 2001). Metal
accumulation in roots colonized by AM fungi and subsequent reduced metal
translocation to plant shoots was recorded (Loth and Höfner 1995). However,
other experiments have shown an increased metal uptake in plants in the
presence of AM fungi (Gildon and Tinker 1983; Killham and Firestone 1983).
Depending on the nature of the metal and its soil availability, AM fungi can
either increase the shoot metal level or limit its translocation to the plant shoots
(Leyval et al. 1997).

Issues with previous studies
The use of mycorrhizal species from metal-free environments may be less
informative than species from metal-contaminated soils for understanding the
mycorrhizal contribution to plant survival in metal-contaminated soils. The use
of pre-selected ectomycorrhizal isolates in some studies (Aggangan et al. 1998;
Brown and Wilkins 1985a) may also have some limitations. Pre-selection for
metal-tolerance of ECM fungi is usually done in petri dishes at high levels of
metal (Aggangan et al. 1998). In soil contaminated with metals, only fungal
isolates that are metal-tolerant are likely to survive. Experiments using highly
metal-tolerant fungi may thus reflect fungi-plant interactions in soils with high
levels of metals, but not necessarily in soils with moderate levels of metals.
Fungi that are tolerant of moderate amounts of metal may interact differently
with plants compared with fungi that tolerate higher levels of metal. For
example, they may improve plant nutrition resulting in an increased plant metal
tolerance. Inoculation of plants with highly metal-tolerant fungal isolates may
thus not reflect all possible fungi-plant interactions in metal contaminated soils.
The use of ECM and AM spores rather than single fungal isolates may be more
appropriate to gain a more complete understanding of all possible interactions
between mycorrhizal fungi and plants in metal-contaminated soils. The use of
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AM fungal consortia from metal-contaminated soils may be more useful than the
use of single AM fungal species (Joner and Leyval 2001). Similarly, the nature
and degree of metal resistance of the host plant could affect the interaction
between fungi and plant in metal-contaminated soils (Leyval et al. 1997).
Studies may also fail to consider the compatibility between mycorrhizal fungi
and host plant. The compatibility between host and fungi might be more
important for promoting plant metal tolerance than fungal tolerance alone
(Leyval et al. 1997). Consequently, highly tolerant strains of ECM isolates do
not necessarily alleviate metal toxicity in plants compared to “sensitive” strains
(Colpaert and Van Assche 1992; 1993; Jones and Hutchinson 1988b).

Some studies have relied on the use of electron microscopy to describe a metal
accumulation in fungal tissues (Denny and Wilkins 1987; Egerton-Warburton
1993). Such technology has many limitations. Sample preparation may alter
the ionic composition and ion distribution within a sample. Also, the detection
limits for many metals are relatively high, restricting this approach to locally high
accumulation in tissues while ignoring minor accumulations that could be of
importance.

In addition, most studies fail to consider the capacity and rate of replenishment
of metallic ions into soil solution. To be benefitial, the contribution of AM fungi
to plant metal tolerance requires a rate of depletion of metal in soil solution by
fungi that is greater than the rate of replenishment by the soil (Figure 1.2).
However, the speed of metallic ion replenishment may vary considerably in soil
(in different soils and within a same area). Release of metallic ions from dead
fungal tissues may also fluctuate depending on temperature, moisture, or soil
pH. Quick decomposition of fungal material may increase the metal availability
to plants in a short time.
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Root

AM fungal tissue
Dead fungal tissue

D
C
B
A

Various sources
of metal in soil

available metallic
ions
(soil solution)

Figure 1.2 – Reduction in metal uptake by plants in the presence of AM fungi. To
reduce B (uptake of metal into plant), C must be higher than A + D (A, soil solution
replenishment in free metal ions; C, metal uptake and immobilization by AM fungi; D,
metal remobilization from dead fungal tissues into the soil solution).

CONCLUSION AND RESEARCH OBJECTIVES

Despite being hostile to plants, ultramafic soils are colonized by a unique and
diverse flora. Little is known about the adaptations of this flora that allow it to
colonize such an environment. Mycorrhizal fungi, including AMF and ECM
fungi, are common symbionts of plants and can promote their nutrition and
metal tolerance. Can mycorrhizal fungi contribute to the survival of plants to
ultramafic soil conditions ? To answer this question, the following points need
to be considered.

A site with ultramafic soils containing high levels of Ni needs to be selected for
such a study and the characterization of the soil constraints is important.
Although there is an extensive literature dealing with ultramafic soils, the
description of their constraints remains conflicting. While major plant nutrients
(in particular P) are scarce in these soils and the Mg / Ca ratio high, it is often
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assumed that Ni toxicity is the major issue responsible for the ultramafic flora.
Is the Ni toxicity the unique constraint in the selected site?

Symbiosis with AMF and ECM fungi are common amongst plants, including in
metal contaminated soils. Recent reports have also shown mycorrhizal
associations in plant species belonging to non-mycorrhizal families in metalcontaminated soils. However, very few studies have highlighted the presence
of mycorrhizas in ultramafic plant species. It is expected that ultramafic plants
in the selected site will be colonized by mycorrhizal fungi, including some plant
species belonging to non-mycorrhizal families.

The contribution of mycorrhizal fungi to plants in metal-contaminated soils is
variable. Both AM and ECM fungi species can improve plant nutrition or reduce
the metal translocation to the shoots through metal immobilization within
mycorrhizal roots. We may then expect AMF and ECM fungi of ultramafic origin
to improve the Ni resistance of ultramafic plant species by reducing the Ni
translocation to their shoots. Alternatively, an improved nutrition of mycorrhizal
plants may result in their Ni resistance in ultramafic soils. Ultramafic plant
species having adapted to the ultramafic constraints, they may be potentially
tolerant to various Ni concentrations in soil. In this regard, a reduction in Ni
translocation to the shoots of mycorrhizal plants may only be detectable at high
soil Ni levels (above the treshold level of plant metal tolerance). The
contribution of ECM and AM fungi to plants should then be assessed in sand
amended with increasing concentrations of Ni. Further experimentation may
assess the contribution of these mycorrhizal fungi to the Ni tolerance and
nutrition of some native plant species grown in ultramafic soil from the selected
site.
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CHAPTER 2

Characterisation of the infertility of some ultramafic soils from
Western Australia
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SUMMARY

Bandalup Hill, in the south west of Western Australia, is an ultramafic outcrop
that has the potential to be mined for Ni. This outcrop is associated with a
diverse and unique flora. However, ultramafic soils are generally infertile due to
Ni toxicity and deficiencies in major nutrients (N, P, K, S). The aim of this study
was to characterize the constraints of some ultramafic soils from Bandalup Hill.
Soil samples were collected at two locations on the hill, together with leaf
samples from some native plant species growing at these locations. Plant
species selected included Eucalyptus flocktoniae, Melaleuca coronicarpa,
Melaleuca pomphostoma, and Hakea verucosa. Total metals (Ni, Cr, Co, Zn
and Cu) and major plant nutrients, DTPA-extractable Ni, and available P were
analyzed in the topsoils. Ni, Ca and Mg were analyzed in the soil solution. In
addition, nutrients and metals were analyzed in the plant shoots. Topsoils from
Bandalup Hill and plant shoots had high levels of Ni, and very low levels of P, K
and N. Variation in DTPA-extractable Ni levels in the soil did not reflect the
variations of Ni levels in the soil solution. The variation in the DTPA-extractable
Ni levels between sites reflected the variations in shoot Ni levels of E.
flocktoniae and M. pomphostoma. In contrast, the variation of Ni levels in the
soil solution reflected the variation of shoot Ni levels of M. coronicarpa and H.
verucosa growing at different sites.
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INTRODUCTION

Ultramafic soils, found on Bandalup Hill in Western Australia support a unique
and diverse vegetation. Ultramafic flora are the result of the chemical
constraints associated with ultramafic soils rather than their physical constraints
(Brooks 1987). Ni toxicity, in particular, is commonly regarded as a major
constraint in ultramafic soils although deficiencies in major nutrients (N, P and
K) may be important in some cases (Robinson et al. 1935; Brooks 1987;
Gordon and Lipman 1926). Since high concentration of Ni can limit plant root
growth, and subsequent nutrient uptake and translocation to shoots, it may be
regarded as a primary constraint in ultramafic soils.
Various approaches have been used to assess Ni toxicity to plants growing in
ultramafic soils. Assessment of total soil Ni is frequently reported in the
literature, although it may not be directly related to the amount of plant available
Ni (McBride 1994). Chemical extractants such as DTPA, are commonly used to
assess plant Ni uptake. Although DTPA has been shown to be more
informative in predicting the plant Ni availability compared to total soil Ni, it was
not always correlated to the variations of Ni levels as measured in the soil
solution (Becquer et al. 1997). Since Ca and Mg ions in soil solution can limit Ni
phytotoxicity (Proctor and McGowan 1976; Robertson 1985), the ratio of Ni to
Ca and Mg can be used to predict the Ni toxicity in soil solution. In reference to
Al (Becquer et al. 1992), an index of Ni toxicity, Itox Ni , that takes in account Ca
and Mg in soil solution was defined (L'Huillier 1994). This index may be more
appropriate than chemical extractants to predict soil Ni toxicity to plants
(Becquer et al. 1997) and it is defined by the following equation:
Itox Ni =

{Ni 2+}
{Ca 2+} + {Mg 2+}

x100

In this equation, ionic activities measured in soil solution can be approximated
to ionic concentrations in soil solution at low pH and low level of dissolved
organic matter (Becquer et al. 1997).
Ni levels in shoots of plant growing in ultramafic soils are also frequently used to
test the prediction derived from the various soil analysis (Becquer et al. 2002;
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Johnston and Proctor 1977; L'Huillier and Edighoffer 1996). Ni levels in the
shoots of ultramafic plants are often related to the amount of Ni in the soil
solution since plants absorb free metal ions directly from the soil solution
(Becquer et al. 1997). However, the uptake of Ni in plants may vary
considerably between plant species and the choice of appropriate indicator
plant species needs to be considered carefully.
The objective of this chapter was to characterize the chemical constraints of
some ultramafic topsoils from Bandalup Hill. It was expected that Ni would be a
major constraint in these topsoils although, deficiency in some major plant
nutrients (N, P and K in particular) may represent another constraint to plants in
these topsoils. Variations in Ni levels in the soil solution may not reflect the
variations in DTPA-extractable Ni. The analysis of plant shoots may reflect
these soil constraints. In particular, to predict the Ni uptake in plants, the
assessment of Ni in the soil solution was expected to be more appropriate than
the measure of DTPA-extractable Ni.

MATERIAL AND METHODS

Soil sampling
Samples of ultramafic topsoil were collected at two sites (1 and 2) on Bandalup
Hill, near Ravensthorpe (Western Australia). Bandalup Hill, which is part of the
greenstone belt, is a 4 km long narrow hill that extends North-South. Redbrown clay loam with abundant lateritic gravel covers the mid and lower slope of
the outcrop, while shallow grey sand over laterite dominates the ridgetop and
upper slopes (Craig and Chapman 1998). Red lateritic soils have high levels of
Ni. Approximately 10 subsamples of topsoil (top 10 cm of the soil profile,
approximately 1 kg each) were collected at 3-metre intervals on 5 transect lines
(3 metres apart) at each site. Subsamples collected at each site were then
mixed thoroughly, air dried and then seived through a 2 mm seive. Subsamples
(5 per site) were taken randomly and analyzed. Part of the soil subsamples
was also ground finely using a silicon based ring mill (steel free).
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Plant material
Vegetation of the ultramafic soils of Bandalup Hill consists of an open shrub
mallee (1-2 m tall) and low myrtaceous heath, referred as Mallee Heath
flocktoniae (MHf) (Craig and Chapman 1998). Plant species selected were
characteristic of the MHf vegetation type, and occurred exclusively in ultramafic
soils within the region. Selection included Eucalyptus flocktoniae (Maiden)
Maiden, Melaleuca coronicarpa, and Melaleuca pomphostoma. Leaves of
these species were collected randomly from several trees on the same two sites
as the soil samples. Young shoots and older leaves of E. flocktoniae were
harvested separately. Fresh leaf samples were dried at 65 oC for 72 hours
before being crushed. Subsamples (3 per site) were taken randomly and
analyzed.

Chemical analysis
Dry samples of leaves (150mg) were digested in 70% nitric acid and analyzed
by atomic absorption spectrometer (AAS) to measure Ca, Mg, K; inductivelycoupled plasma mass spectrometer (ICP-MS) to quantify Ni, Co, Cr, Cu, Mn,
Zn, Fe; and XRF for the measure of P. Soil pH was assessed in 0.01M CaCl2
soil suspension using 1:5 (w/v) soil to solution ratio (Rayment and Higginson
1992). Electrical conductivity was assessed in soil suspension at a soil to water
ratio of 1 to 5 (w/v) (Rayment and Higginson 1992). Total elements in soil were
measured by XRF following preparation of fused beads from finely ground soil
(Sparks 1996). The amount of soil extractable Ni was determined by AAS
following an extraction using 0.005 M DTPA + 0.01 M CaCl2 buffered to pH 5.3
(Becquer et al. 1995; Lindsay and Norvell 1978) using 1 to 30 (w/v) soil-toextract solution ratio (Kukier and Chaney 2001). Total Ni, Ca, Mg in soil
solution were analyzed by AAS after extraction of soil solution by centrifugation
in closed system (Aitken and Outhwaite 1987). Total Ni, Ca and Mg levels in
soil solution were used to calculate the index of Ni toxicity, Itox Ni (Becquer et al.
1997; L'Huillier 1994). Bicarbonate-extractable P was measured in soil samples
using the Mo Blue / Ascorbic Acid method (Rayment and Higginson 1992).
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Statistical analysis
Data collected from this experiment were analyzed using a one-way ANOVA
test. No transformation of data was required prior to performing the ANOVA
tests. Treatment means were compared using the least significant difference at
p< 0.05.

RESULTS

Topsoil analysis

The analysis of topsoils from Bandalup Hill revealed that these soils had high
total levels of heavy metals, in particular Ni (6400 mg/kg), but also Cr, and Zn
(Table 2.1). High levels of Mn, Al and Fe oxides were also measured in these
soils. Soils from both sites had high DTPA-extractable Ni concentrations, but
site 2 had a significantly higher (p< 0.001) extractable Ni level compared with
site 1 (133 to 96 mg/kg soil). The analysis of the soil solution showed that both
sites had high concentration of Ni, and higher level of Mg compared to Ca. The
soil solution extracted from soils of site 1 had a significantly higher level of Ni
than the soil solution from site 2 (p= 0.002) and a lower level of Ca (p= 0.005)
and Mg (p< 0.001) compared to site 2. In consequence, the index of toxicity
derived from these data was significantly higher at site 1 compared to site 2 (p=
0.001).
Analysis of soils also revealed high levels of Mg and low levels of Ca, with high
Mg/Ca ratios (1.76 at site 1). Soil from site 2 had a higher level of Mg than soil
from site 1 (p< 0.05). The soil of both sites also had low levels of phosphorus
(< 200 mg/kg) and an extractable P level that was nil. Soil from site 1 had
acidic pH, while soils from site 2 tended to have higher pH (Table 2.1). Soil
from site 2 had also a higher EC compared to site 1.
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Table 2.1 – Main chemical characteristics of some ultramafic soils from Bandalup Hill
(Western Australia) compared to other ultramafic soils in the world.
Bandalup Hill
pH
EC (µs/m)

Other ultramafic soils in the world

Site 1

Site 2

A

B

C

D

E

5.9

6.8

5.3

5.2

5

6.8

7

105.3

158.6

-

-

-

<250

<250

2.2
62.4
-

9.1
53.9
-

7.3
56.3
-

12
0.24

13
0.26

0.4

0.8

0.4

-

-

0.9

1.2

1.2

0.25

0.46

-

-

-

0.53

0.71

Total (%)
Al203
SiO2
Fe2O3
MnO
CaO
K2O
MgO
P2O5
SO3

5.3
45.7
31.1
0.12
0.42
0.40
0.74
0.02
0.03

Ni
Co
Cr
Zn

0.64
0.03
0.25
0.13

Extractable
P (ppm)

<1

<1

-

-

-

5.4

7.2

Ni DTPAextractable
(ppm)

96.0

133.3

0

100

75

-

-

Total in soil solution (ppm)
Ca
Mg
Ni

4.9 ±0.4
19.4 ±0.6
3.10 ±0.19

13.2 ±0.6
44.8 ±2.7
1.58 ±0.05

170
50
0

150
30
0.9

220
30
5

-

-

ItoxNi

12.78 ±0.84

2.73 ±0.11

0.06

0.68

1.68

-

-

A, B and C, ultramafic soils rich in iron oxides from New Caledonia (Becquer et al. 1997). A, soil
from slopes of hill, B, soil from low slopes, C, soil from the footslopes D, E, serpentinite soils
from central Queensland (Forster and Baker 1997). D, stony red and brown clay loams and
clay. Crests and slopes of Hills and rises, moderately weathered serpentine, E, shallow stony
black clays. Lower slopes and footslopes and rises, partially weathered serpentinite.

Plant shoot analysis
Levels of metals in shoots of native plants varied amongst species. Plants had
moderately high levels of Ni that were above the critical threshold levels in
contaminated plants (Table 2.2). Concentrations of other metals also varied
amongst species but in general they were below the critical threshold levels.
Levels of Cr and Co assessed in plants were low (Table 2.2). E. flocktoniae
(old leaves) and M. pomphostoma had the highest levels of Ni. Ni, Cr, Co and
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Mn levels were significantly higher in older leaves of E. flocktoniae compared to
young leaves at both sites (p< 0.001). E. flocktoniae trees growing on site 2
had significantly higher (p< 0.05) shoot Ni and Cr levels in both young and old
leaves compared to site 1 (Tables 2.2 and 2.3). Levels of Ni as well as Cr, Co
and Mn in shoots of M. pomphostoma were also significantly higher in site 2
compared to site 1 (p< 0.05). ln contrast H. verucosa and M. coronicarpa had a
lower level of Ni, Cr, Co and Mn in site 2 compared to site 1 (p< 0.05) (Tables
2.2 and 2.3). Native plants growing on the ultramafic soils of Bandalup Hill had
low levels of N, P and K (below threshold levels of deficiencies for Eucalypt
species) (Table 2.2). Levels in N and P were similar at both sites.
Table 2.2 – Major nutrient and metal levels in leaves of native ultramafic plant species
from Bandalup Hill (Western Australia) and other ultramafic outcrops in the world as
compared to critical levels in plants. N, P, K, S, Ca, and Mg in g/kg (dry weight), other
elements in mg/kg (dry weight).
Location

Plant
species

Bandalup
Hill
site 1

Bandalup
Hill
site 2

N

P

K

S

Ca

Mg

Ni

Cr

Co

Mn

Zn

Ay
Ao
B
C
D

8.3

0.5

8.6

0.7

2.6

1.6

20.8

0.53

0.92

203.2

58.3

5.9

0.2

2.8

1

8.7

2.1

75.6

0.78

1.5

597

14.9

8.9

0.3

4.1

1.4

18.5

2.7

33.7

1.53

0.53

45.3

33.7

8.5

0.2

5.4

2.3

6.6

2.2

54.4

3.20

2.11

30.1

16.2

-

-

3.1

-

14.9

1.3

28.4

0.71

0.24

63

33.1

Ay
Ao
B
C
D

8.3

0.5

6.9

0.8

3.4

2.2

34.2

0.69

0.85

164.2

6.7

0.3

2.5

1

8.6

4.1

84.0

1.13

1.22

281

8.3

0.3

3.3

1.4

20.8

3.7

14.3

1.11

0.15

17.1

8.5

0.2

5.2

2.5

6.2

2.3

91.4

3.59

2.33

39.4

15.6

-

-

2.5

-

11.2

2.0

13.4

0.59

0.11

39.4

46.6

a

>1

Critical
levels

Other
ultramafic
outcrops

> 11

a

>1

a

>8

a

>1

a

>2

a

<10

b

<5

b

<15

b

<300

13.1
25.9

b

27.7

<100

E

36.3

2.1

9.7

-

1.8

6.3

165

-

-

-

-

F

-

0.3

5.7

-

8.5

2.1

20

0

0

1540

-

G

-

0.3

5.1

-

8.9

2.3

20

0

0

2280

-

H

7.9

5.1

7.8

-

8.4

2.4

8.9

3.4

1.4

-

-

Ay – E. flocktoniae young shoot, Ao – E. flocktoniae old leaves, B – M. coronicarpa, C – M.
Pomphostoma, D – H. verucosa, E – Cochlearia Pyrenaica (Nagy and Proctor 1997),
F, G - Average level in 5 native ultramafic plant species from the maquis (F), and the forest (G)
(Enright et al. 2001), H – Metrosideros umbellata (Myrtaceae) (Lee et al. 1997)
a
critical nutrient levels in young leaves of some Eucalypt species (E. globulus, E. grandis, E.
urophylla) (Dell et al. 1995) b critical heavy metal levels in non-contaminated plants (KabataPendias and Pendias 1984)

b
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Table 2.3 – P values for the analysis of variance testing the effect of collection sites on
shoot levels in various ions (values in bold indicate a significant difference between
collection sites).
Plant
species

N

P

K

S

Ca

Mg

Ay
Ao

0.834
0.003

0.184
0.023

0.006
0.015

0.016
0.51

0.006
0.915

B

0.006

0.225

0.001

0.609

C

0.905

0.423

0.118

0.005

D

0.001

Ni

Cr

Co

Mn

Zn

0.014
0.002

0.006
0.012

0.119
0.032

0.08
0.022

0.057
<.001

0.157
0.893

0.03

0.023

<.001

0.055

0.002

<.001

0.116

0.04

0.057

<.001

0.234

0.007

0.032

0.423

0.021

0.005

<.001

0.078

0.003

0.003

0.488

Shoot K concentration was lower at site 2 (except for M. pomphostoma). Levels
of N, P and K were higher in young shoots of E. flocktoniae compared to older
leaves (p< 0.05). Both Melaleuca species had a lower level of P and K
compared to young shoots of E. flocktoniae. The S levels in shoots of native
plants were above or equal to the threshold level of deficiency as defined for
some Eucalypt species (≥ 1 g/kg). Plant leaves contained more Ca than Mg
and their levels changed significantly between sites. Levels of Ca varied more
amongst plant species than levels of Mg and they were generally higher. M.
coronicarpa and H. verucosa had higher shoot Ca levels than the other two
species. Shoot Ca and Mg levels in E. flocktoniae and M. coronicarpa were
higher at site 2 compared to site 1. In contrast, levels of Ca in M. pomphostoma
and H. verucosa were higher in site 1. Mg levels in H. verucosa were higher in
site 2 but were similar in both sites for M. pomphostoma.
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DISCUSSION

Based on the previous observations, Ni may be a major constraint in the
topsoils from Bandalup Hill. Topsoils collected at two different locations on
Bandalup Hill had high levels of total Ni that were comparable to ultramafic soils
in other countries (Table 2.1). Topsoils of Bandalup Hill also had high levels of
Cr and Zn but moderate levels of Co. Along with high levels of metal,
ddeficiency in major plant nutrients (N, P and K mainly) was also measured in
the ultramafic topsoils from Bandalup Hill. Topsoils from Bandalup Hill also had
low levels of Ca and high levels of Mg which is common to many ultramafic soils
(Brooks 1987).
Levels of Ni measured in the soil solution were high compared to previous
studies (Becquer et al. 1997). Such observations may result from the different
protocol used in this experiment. Samples were watered to field capacity in this
study and let to equilibrate overnight while in previous studies, the soil solution
was directly extracted in the field. DTPA-extractable Ni levels in ultramafic
topsoils were also high compared to data in previous studies (Table 2.1).
These observations suggest a high risk of Ni toxicity to plants in the ultramafic
topsoils of Bandalup Hill. However, the variation in the DTPA-extractable Ni
levels between sites did not reflect the variation in the soil solution Ni levels.
DTPA extractant can access various pools of Ni in soil (adsorbed on the solid
phase and soluble constituents). Adsorbed Ni will be in balance with free Ni
ions in the soil solution. Acidification of ultramafic topsoils may increase the
dissolution of Ni into the soil solution (based on the competitive adsorption of
metal and H+) (Sauvé et al. 2000). In this regard, a lower level of Ni in the soil
solution at high pH in the topsoils of site 2 may be associated with more
adsorbed Ni and consequently higher DTPA-extractable Ni.
Plant shoot analysis reflected the ionic imbalance observed with the soil
analysis. Shoots of native plants had elevated Ni levels that were in the range
of values reported in the literature for other ultramafic outcrops (Becquer et al.
2002; Brooks 1987; Jaffre 1980b). Levels of Cr, Zn and Co in plant shoots were
below the threshold levels for plant toxicity (Kabata-Pendias and Pendias 1984)
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confirming their lesser contribution to the infertility of ultramafic soils. This
reflects the lower solubility of Cr in soil at a pH greater than 5.9 (Brooks 1987)
together with the lower total amounts of Co and Zn measured in these topsoils.
Changes is the soil solution Ni level was reflected in the variation in shoot Ni of
M. coronicarpa and H. verucosa only. In contrast to M. coronicarpa and H.
verucosa, variation in the shoot Ni levels of E. flocktoniae and M. pomphostoma
reflected the changes in DTPA-extractable Ni levels between sites. Previous
research has shown that variations in soil Ni DTPA-extractable levels may not
always reflect the changes in shoot Ni levels of plants (Amacher 1996; Becquer
et al. 2002). An extractant such as DTPA removes micronutrient cations
adsorbed on the solid phases together with water soluble constituents, and thus
it might simulate the action of plant roots (Rayment and Higginson 1992).
Observations from this study suggest that plant species studied may not access
the same sources of Ni in soil. E. flocktoniae and M. pomphostoma, which had
higher shoot Ni levels than the two other species, may access other Ni pools in
the soil (including sources accessible to DTPA) thus reflecting the changes in
DTPA-extractable Ni levels between sites. In contrast, M. coronicarpa and H.
verucosa which had the lowest shoot Ni level may access Ni ions from the soil
solution, but not the pools accessible to the DTPA extractant.
Concentrations in N, P and K measured in the plant shoots were low (below the
critical levels for some Eucalypt plant species) and reflected the soil deficiency
in these elements. Deficiencies in N, P and K are common in ultramafic soils
(Brooks 1987; Gordon and Lipman 1926). The concentration of extractable P in
soils from Bandalup Hill was extremely low. This may be due to a reduction in
P availability at pH lower than 6.5 in response to high P sorption with iron and
aluminium oxides (Dubus and Becquer 2001; Hernandez and Zamalvide 1998).
Sorption to clay minerals may also limit the availability of P and K to plants in
these soils (Henry and Smith 2002; Hernandez and Zamalvide 1998). Older
leaves of E. flocktoniae had lower concentrations in N, P, K and S compared to
young shoots. Such observation may reflect a remobilization of these major
elements between old and young tissues (Pearson and Rengel 1997) to
minimize nutrient loss and economize energy.
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The shoot analysis did not reflect the imbalance in Ca to Mg ratio as observed
in the topsoils. Plants had higher levels of Ca compared to Mg. H. verucosa
and M. coronicarpa in particular had high Ca levels compared to the other
species tested. Higher levels of Ca in plant tissues may also reduce the toxic
effect of Ni, especially in roots, by improving the membrane integrity. The
membrane integrity of roots is important in alleviating various stresses such as
Al toxicity (Sasaki et al. 1995) or high salinity (Alem et al. 2001). In this regard,
higher Ca uptake may represent another plant strategy to improve their Ni
tolerance. A similar mechanism of tolerance to ultramafic soils may be provided
by plants such as sedum which are calciotrophic and extremely efficient at
extracting Ca from the soil (Brooks 1987).
Observations derived from this study suggest that high levels of Ni in the soil, as
well as severe deficiency of P, K and N may represent major chemical
constraints to plant growth in the ultramafic topsoils of Bandalup Hill. Ni
analysis in the shoots of different native plant species naturally occurring at
Bandalup Hill suggest that these species may access Ni from various sources in
the soil and hence do not all reflect the changes in the soil solution Ni levels.
The low nutrient levels in the shoots of these plants, together with the different
levels between young and old leaves also suggest a high nutrient use efficiency
of these natives.
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CHAPTER 3

Germination requirements of some rare and priority native plant
species from an ultramafic outcrop in Western Australia
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SUMMARY
Bandalup Hill in the south-west of Western Australia is an ultramafic outcrop
enriched in Ni that is associated with rare and endangered plant species and
has the potential to be mined for Ni. To prevent potential loss of plant diversity
as a result of mining it is important to learn how to propagate these plant
species. Propagation from seeds is the most effective way of producing a large
number of plants. Consequently, the germination requirements for 10 rare and
priority plant species from Bandalup Hill was assessed. In general, the
germination requirements of the selected plant species were similar to the
requirements for common species in similar genera and families. Most seeds
had a high germination rate when incubated in the dark at 19ºC. Melaleuca
pomphostoma, Hakea verucosa and Kunzea similis germinated well without
additional pre-treatment. Seeds of Boronia oxyantha and Dampiera deltoidea
did not germinate and had a low viability. Seeds of Jacksonia elongata,
Chorizema trigonum and Acacia heterochroa germinated better if pre-treated by
heat or scarification. Seeds of Eucalyptus flocktoniae and Melaleuca
coronicarpa germinated better if pre-treated with smoke water and germination
of M. coronicarpa seeds was higher at 21ºC than 19ºC. The significance of
such unusual germination requirements for E. flocktoniae and M. coronicarpa in
the context of an ultramafic ecosystem is discussed.
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INTRODUCTION

Bandalup Hill, near Ravensthorpe in the south-west of Western Australia, is an
ultramafic outcrop enriched in Ni which is associated with rare and endangered
native plant species. This outcrop has the potential to be mined for Ni.
Revegetation following disturbance of the environment is requirement of mining
leases in order to restore as many aspects of the original ecosystem as
possible (Bates 1995; Gardner 1997). Revegetation must use indigenous
species including rare and endangered plant species from the affected sites
(Wildlife Conservation Act 1950, WA). Propagation from seeds is often one of
the most efficient and cost effective way of producing a large number of plants
(Cochrane et al. 1999; Murray 1997).

Unfortunately, seeds of many Western Australian plant species do not
germinate easily because they have a dormancy period (Bell et al. 1993) and
the germination requirements are often poorly understood (Cochrane et al.
1999). Dormancy has the major function of delaying germination until
environmental conditions are optimal for plant establishment. Various
environmental signals can break seed dormancy.

The germination requirements for rare and threatened plants can be similar to
the requirements for related common species (Cochrane et al. 1999). For
species belonging to the Myrtaceae and Proteaceae families, appropriate
temperature and moisture can trigger seed germination (Bell 1999). In Western
Australia, dormancy-breaking signals are often fire related, since fire leads to
enhanced light (due to a reduced canopy) and nutrient availability. Various seed
pre-treatments are generally used to mimic fire related signals. For example,
heat treatments (boiling), or seed scarification are used for hard coated seeds
from the Mimosaceae and Fabaceae families (Bell 1999). Various chemical
treatments have also been used, such as soaking seeds in smoke water (Tieu
et al. 2001; 1999) or in solution with growth hormone such as Gibberellic acid
(Bell et al. 1995; Cochrane et al. 1999). For some other genera such as
Boronia and Dampiera, seed germination is strongly inhibited (Murray 1997)
and treatments to overcome seed dormancy are not always successful.

48

The objective of this study was to assess the germination requirements of some
rare and endangered native plant species that occur on Bandalup Hill. Ten
species from six different families were used (Myrtaceae, Proteaceae,
Mimosaceae, Papilionaceae, Goodeniaceae and Rutaceae). This study was
used to select suitable plant species growing in the ultramafic soils of Bandalup
Hill to assess the contribution of mycorrhizal fungi to these plants.

MATERIAL AND METHODS
Species selection and seed provenance
The germination of several plant species from an ultramafic outcrop in the
south-west Western Australia, Bandalup Hill, in the Ravensthorpe district was
tested. Bandalup Hill, which is part of the greenstone belt, is a 4 km long
narrow hill that extends North-South. Red-brown clay loam with abundant
lateritic gravel covers the mid and lower slope of the outcrop, while shallow gray
sand over laterite dominates the ridgetop and under slopes (Craig and
Chapman 1998). The red lateritic soils found on Bandalup Hill have high levels
of Ni (around 6 g/kg). Vegetation consists of an open mallee and very dense
proteaceous/ leguminous thicket on the ridgetop, and an open shrub mallee (12 m tall) and low myrtaceous heath on the slopes referred to as Mallee Heath
flocktoniae (MHf) (Craig and Chapman 1998).

Plant species selected for this study included three poorly known plant species.
These species are arranged in categories to give an indication of the priority for
undertaking further surveys based on the number of known sites and the
degree of threat to those populations (Craig and Chapman 1998):
Priority 2 species: Kunzea similis Toelken (Myrtaceae);
Priority 3 species: Boronia oxyantha Turcz. var. brevicalyx (Benth.) Paul G.
Wilson (Rutaceae);
Priority 4 species: Dampiera deltoidea Rajput & Carolin (Goodeniaceae).
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The other seven species used, which are rare Western Australian species were:
Acacia heterochroa Maslin subsp. heterochroa (Mimosaceae), Chorizema
trigonum Turcz. (Papilionaceae), Eucalyptus flocktoniae (Maiden) Maiden,
Hakea verucosa F. Muell. (Proteaceae), Jacksonia elongata Chappill ms
(Papilionaceae), Melaleuca coronicarpa D.A. Herb. (Myrtaceae), and Melaleuca
pomphostoma Barlow. D. deltoidea, A. heterochroa, J. elongata, and K. similis
are part of the ridgetop thicket. E. flocktoniae and M. coronicarpa are
characteristic of the Mallee Heath flocktoniae vegetation (MHf) which occurs on
the Ni rich substrate. C. trigonum, B. oxyantha and H. verucosa are found in
both vegetation types, although these species seem to be restricted to the edge
of the MHf formation.

Seed collection and storage
Seed collection from the selected plant species took place on Bandalup Hill in
December 1999, and February 2000. After collection, pods and fruits were
stored in paper bags and left to dry at room temperature for approximately 2
weeks. Seeds were then gathered from the paper bags and stored in sterile
plastic vials at 3ºC in the dark. Seeds of C. trigonum, J. elongata and A.
heterochroa were treated with a pyrethrum-based insecticide spray prior to
storage. Viability was assessed by observing the embryos of 3 replicates of 25
seeds under a dissecting microscope (except for three species that had too
small seeds: K. similis, M. pomphostoma, and M. coronicarpa); whole and
healthy embryo tissue was scored as viable. Viability of all species was also
tested by submerging 3 lots of 25 seeds in 10ml distilled water for 5 minutes
and seeds that sank were counted as viable (Paynter and Dixon 1990).

Seed treatments
Three replicates of 25 seeds were taken randomly for each species for seed
treatments and germination testing. Various treatments were applied to seeds
prior to germination testing depending on the species:


Seeds of E. flocktoniae, K. similis, M. coronicarpa, M. pomphostoma, and H.

verucosa were either soaked in distilled water (control) or in a 10% solution of
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smoke water overnight at room temperature (Kings Park and Botanic Garden,
smoky water) (Tieu et al. 1999).


Seeds of A. heterochroa, J. elongata, C. trigonum and B. oxyantha were

heat treated or scarified. The heat treatment consisted of soaking seeds in near
to boiling water for 5 minutes (Murray 1997). Scarification consisted of rubbing
seeds between two sheets of sandpaper (Northon P100 for C. trigonum and J.
elongata and P320 for B. oxyantha) for 5 minutes. Scarification of A.
heterochroa seeds consisted of carefully chipping off parts of the external seed
coat with a scalpel under a dissecting microscope. Pre-treated and nonpretreated seeds (control) were then soaked in distilled water overnight at room
temperature before being incubated.


Seeds of D. deltoidea were either soaked in distilled water, or in a solution of

gibberellic acid (5 mg/L) (Bell et al. 1995; Cochrane et al. 1999) or a 10%
solution of smoke water overnight at room temperature before being incubated.

Incubation and assessment of germination
Following the treatments, seeds were surface sterilized by soaking them for 5
minutes in a solution of 5% sodium hypochlorite (Cochrane et al. 1999). Petri
dishes were sterilized with 70% ethanol. Each petri dish was laid with 2 paper
filters soaked with a solution of 2%V/v Previcure fungicide. Seeds (25 per petri
dish) were placed on the filter paper and the dishes were sealed with parafilm.
Petri dishes with seeds (3 replicates per treatment) were incubated at 19ºC in
the dark (petri dishes were sealed inside light-safe black plastic bags). Seeds
of M. coronicarpa and E. flocktoniae were additionally incubated at 21ºC in the
dark. Seeds of D. deltoidea soaked in distilled water were incubated at 19ºC or
15ºC, sealed in black plastic bags (dark) or exposed to a 12 hourly diurnal
photoperiod at 80 µmol m-2 s-1. All petri dishes were checked at least once a
week for the number of germinating seeds, assessed as radicle emergence,
which were removed each time.
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Statistical analysis

Data was analyzed using a one way Analysis of Variance (ANOVA) and no
transformation of the data was necessary prior to analysis. Treatment means
were compared using the least significant difference at
p< 0.05.
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RESULTS

The proportion of viable seeds was high for most selected species (over 85%)
(Table 3.1). However, only 19% of B. oxyantha were viable. D. deltoidea, and
J. elongata also had low viability (67 and 55% respectively). Inviable seeds
were observed to have incomplete or necrotic embryonic tissues.
Table 3.1 - Average proportion of viable seeds for some rare and priority plant
species from Bandalup Hill (Western Australia). Proportion corresponded to the
percentage of seeds that sink in water (flotation test), or the percentage of
healthy embryos observed under the dissecting microscope (cut test) (n=3
replicates; values in brackets indicate standard error of the mean).
Plant species

Family

Average proportion of viable seeds (%)
Cut test

Kunzea similis
Boronia oxyantha
Damperia deltoidea
Corizema trigonum
Jacksonia elongata
Acacia heterochroa
Melaleuca pomphostoma
Melaleuca coronicarpa
Eucalyptus flocktoniae
Hakea verucosa

Myrtaceae
Rutaceae
Goodeniaceae
Papilionaceae
Papilionaceae
Mimosaceae
Myrtaceae
Myrtaceae
Myrtaceae
Proteaceae

*

19
67
77
55
91

(+/- 3.3)
(+/- 1.2)
(+/- 2.3)
(+/- 3.5)
(+/- 0.7)
*
*

91 (+/- 1.4)
97 (+/- 0.3)

Flotation test
95
11
67
83
11
89
85
87
91
92

(+/- 0.9)
(+/- 1.4)
(+/- 1.2)
(+/- 1.8)
(+/- 1.2)
(+/- 1.3)
(+/- 0.9)
(+/- 0.3)
(+/- 1.5)
(+/- 0.6)

* cut test not performed due to small seed size

Germination (after which no more germination occurred) varied greatly amongst
plant species and treatments applied to seeds (Figure 3.1). In general, the
maximum germination occurred within 80 days of incubation at 19ºC in the dark.
High level of germination of M. pomphostoma , K. similis and H. verucosa were
obtained reaching 73%, 80% and 93% respectively. All other species exhibited
lower germination under these conditions (Figure 3.1), and no seeds
germinated for B. oxyantha, D. deltoidea and A. heterochroa without pretreatment.
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Figure 3.1 - Germination proportion for some native and rare plant species
occurring at Bandalup Hill after 80 days. (a) Seeds of Eucalyptus flocktoniae,
Melaleuca coronicarpa, M. pomphostoma, Kunzea similis, and Hakea verucosa
were soaked in 10% smoke water solution or soaked in distilled water (Control)
overnight prior to incubation at 19oC in the dark. (b) Seeds of Jacksonia
elongata, Acacia heterochroa and Corizema trigonum were heat treated (boiled
for 5 min), scarified or untreated (Control) and soaked in distilled water
overnight prior to incubation at 19oC in the dark. Vertical bars indicate the
standard error for each mean. Different letters above bars indicate a significant
difference at p<0.05 between treatments for each plant species.
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Germination of E. flocktoniae was increased by soaking seeds overnight in a
10% smoke water solution compared with soaking them in distilled water
(Figures 3.1 and 3.2). At 19ºC, seeds germinated quickly and few emerged
after 20 days of incubation (Figure 3.2a). In contrast, at 21ºC , fewer seeds
completed germination within 20 days and a lower final germination was
achieved by 80 days (Figure 3.2b). Incubating seeds at 21ºC reduced
germination of both the seeds that were soaked in water and those soaked in
smoke water.
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Figure 3.2 - Influence of smoke water pre-treatment on the cumulative
germination proportion of Eucalyptus flocktoniae incubated at (a) 19oC and (b)
21oC. Seeds were soaked in a 10% smoke water solution overnight or distilled
water (control) prior to incubation in the dark. Vertical bars indicate the
standard error for each mean.
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Figure 3.3 - Influence of smoke water pre-treatment on the cumulative
germination proportion of Melaleuca coronicarpa incubated at (a) 19oC and (b)
21oC. Seeds were soaked in a 10% smoke water solution overnight or distilled
water (control) prior to incubation in the dark. Vertical bars indicate the
standard error for each mean.
Incubation temperature also had a large impact on the germination of M.
coronicarpa seeds (Figure 3.3). In contrast to E. flocktoniae, increasing the
temperature from 19ºC to 21ºC increased the germination of seeds from 5% to
70%. Pre-treating seeds with smoke water further increased the germination at
21ºC to 96% (Figure 3.3b). Germination occurred gradually throughout the
entire 80 days whether treated with smoke water or not.
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Physical pre-treatment (boiling and scarification) of seeds improved the
germination of J. elongata, C. trigonum, and A. heterochroa seeds (Figures 3.1
and 3.4). A heat shock treatment promoted the highest germination of J.
elongata (60%) and C. trigonum (75%) seeds, while A. heterochroa seeds were
best germinated using scarification (nicking of seeds under a microscope),
achieving 84%. Across all three species, scarified seeds germinated faster than
the heat pre-treated seeds (Figure 3.4).
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Figure 3.4 - Cumulative germination proportion (a) of Chorizema trigonum, (b)
Jacksonia elongata and (c) Acacia heterochroa. Seeds were heat treated
(boiled for 5min), scarified, or untreated (control) and soaked in distilled water
overnight prior to incubation in the dark at 19oC. Vertical bars indicate the
standard error for each mean.
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No germination of D. deltoidea was achieved with any of the treatments
(Gibberellic acid, smoke water and light) at 19ºC or 15ºC. Similarly, no
germination of B. oxyantha seeds was achieved after scarification.

DISCUSSION
The germination requirements for the seeds of the selected rare plant species
from Bandalup Hill were generally similar to the germination requirements of
common species from the same genera and families. The germination of plants
from the Myrtaceae and Proteaceae families depended only on appropriate
incubation temperature (19ºC). For M. pomphostoma and K. similis
(Myrtaceae), and H. verucosa (Proteaceae), a temperature of incubation of
19ºC together with moist and dark conditions allowed seed germination. Such
observations are typical of plants which store seeds in the canopy (Cochrane et
al. 1999). Their incubation temperature reflects the optimal germination
temperatures for south-western Australian native plant species, usually between
15 and 20ºC (Bell et al. 1993; 1995; Bellairs and Bell 1990). This temperature
range represents winter conditions, a season with higher rainfall in SouthWestern Australia and favourable to plant establishment.

The germination requirements for J. elongata, C. trigonum and A. heterochroa
are also similar to other leguminous species with hard coated seeds which
belong to the soil stored seed group. Heat or abrasive treatments used in this
experiment are commonly used for hard coated seed species (Bell 1999;
Cavanagh 1987; Yates and Broadhurst 2002). Usually, a heat shock simulates
the effect of fire by cracking the seed coat of hard-seeded species (Bell and
Williams 1998). Heat pre-treatment, in particular, improves the germination of
J. elongata and C. trigonum while a scarification was less successful.
Scarification of seeds can be more damaging to the embryo than a heat pretreatment (Bonney 1994). Differences in level of response between these two
species can reflect a variation in sensitivity to heat shock as reported amongst
various hard-seeded species (Bell and Williams 1998; Cavanagh 1987). Such
differences may also reflect the variation in seed viability between these plant
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species. Nicking was more efficient than heat at inducing seed germination of
A. heterochroa. This observation has been made with some South African
Acacia species (Danthu et al. 2003). Nicking seeds under a microscope may
be less damaging to the seeds than scarification using sandpaper. For these
hard coated species, germination occurred earlier after scarification or nicking
compared with a heat treatment. The delay in germination observed between
heat treated and scarified seeds may reflect an inappropriate time of exposure
of seeds to the heat treatment or an inappropriate temperature. A narrow range
of temperature (100ºC) is needed to induce seed germination of Acacia
ausfeldii, a rare species (Brown et al. 2003).

The germination of Boronia oxyantha and Dampiera deltoidea was
unsuccessful. A lack of germination for these two selected species may reflect
the low viability of their seeds, especially for B. oxyantha. Most seeds from B.
oxyantha were collected from within flowers and may not have been fully
mature. D. deltoidea occurs mostly on cleared and disturbed areas, so
germination may depend on signals. However, these seeds did not germinate
when exposed to light and the germination stimulant GA did not induce
germination. These genera are usually described as “difficult” to germinate
(Murray 1997) and, B. oxyantha and D. deltoidea are similar in this respect.

Germination of E. flocktoniae and M. coronicarpa seeds, species from the
exposed high Ni soils, was improved by a pre-treatment with smoke water.
Seeds stored in the canopy that are associated with plant species belonging to
the Eucalyptus and Melaleuca genera, do not require a smoke pre-treatment to
germinate. In general, Eucalyptus and Melaleuca species, including rare taxa,
are readily germinable under basic conditions of light, temperature and moisture
(Bell 1999; Cochrane et al. 1999). For these species, fire results in the release
of seeds from the canopy. Subsequent rain and mild temperatures (between 15
and 20ºC) are usually enough to trigger germination of seeds after shedding.
The effect of smoke water on germination of E. flocktoniae and M. coronicarpa
may reflect the constraints of the soil in which these two species occur. The
soils have severe P, N and K deficiency as well as toxic levels of Ni. Some
studies have also highlighted the atypical germination requirements for some
ultramafic plant species, such as high levels of Ni in soil (Brej 1998; Rout et al.
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2000). A fire event usually leads to better conditions for the establishment of
germinating seedlings, especially in nutrient deficient soils such as found in
Western Australia (Bell 1999; Dixon et al. 1993). Fire related cues indicating
less stressful conditions to plant establishment may therefore influence the
germination of these two species.

Some studies have also shown that taxa found on non-fire prone habitats can
also respond positively to smoke treatment (Pierce et al. 1995). Up to 71
compounds have been identified in the stimulatory fraction of smoke (Baldwin et
al. 1994) and smoke water derived chemicals may be similar to chemicals
derived from other process such as soil microbial decomposition of organic
matter. Like for fire, soil microbial activity can increase the level of major
nutrients in soil, thus leading to more favourable soil conditions for plant
establishment. In this regard, germination cues for E. flocktoniae and M.
coronicarpa may not necessarily be related to fire, but to other processes such
as soil microbial activity.

Seeds of M. coronicarpa favoured 21ºC over 19ºC for germination. Most
species in the South West of Western Australia require an incubation
temperature between 15 and 20ºC (Bell et al. 1993). A higher incubation
temperature requirement for the germination of M. coronicarpa seeds may
indicate an early germination of this species during the first autumn rains.
However, seeds germinating in the winter rainy period are more likely to survive
than seeds germinating following the first intermittent rains of autumn (Bell et al.
1995). Since M. coronicarpa have morphological characteristics similar to
plants growing in a dry climate (like many ultramafic plant species), such as
microphilly and a thickened cuticule, this species may be able to sustain the
possible dry period following the early rains of autumn. The dryer conditions of
autumn may also be associated with a lower soil Ni availability. It has been
hypothesized that ultramafic plants would mostly grow during the dryer periods
to avoid high soil Ni availability that may arise during rain events (Robertson
1992). Such early germination may also help this species avoid to compete for
resources with other species. The slow seed germination rate of M.
coronicarpa may represent another strategy to restrain seedling death following
the early germination of autumn. Potential earlier germination of M. coronicarpa
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seeds during autumn, together with their slow germination rate may represent a
strategy to establish more successfully in the very hostile ultramafic conditions.

Most of the rare species tested in this study showed similar germination
requirements as common species in similar families and genera. However, the
ability of E. flocktoniae and M. coronicarpa seeds to respond to smoke water
may represent a strategy to establish more successfully in the ultramafic soils
with high Ni levels. Also, such unusual requirements for these two species may
explain their dominance in the vegetation on the exposed ultramafic soils with
Ni from Bandalup Hill (Craig and Chapman 1998). These results indicate that
both E. flocktoniae and M. coronicarpa are suitable species to study the
mycorrhizal contribution to plants in ultramafic soils.
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CHAPTER 4

Mycorrhizal associations in some native plant species from an
ultramafic outcrop in Western Australia
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SUMMARY

Ultramafic soils found in Bandalup Hill (Western Australia) are characterized by
high concentration of metals, in particular Ni, and low nutrient content,
especially P. Despite these hostile conditions, native plant species are found
on this outcrop. This study describes the mycorrhizal associations and root
characteristics of three native ultramafic plant species from Bandalup Hill. The
species were Eucalyptus flocktoniae (Maiden) Maiden (Myrtaceae), Melaleuca
coronicarpa gorse (Myrtaceae) and Hakea verucosa F. Muell (Proteaceae, a
non-mycorrhizal family) . Seedlings of these species were grown in undisturbed
ultramafic soil cores from Bandalup Hill for 8 weeks. Observations confirm the
presence of mycorrhizal fungi in some plant species from the ultramafic soils of
Bandalup Hill, including a species from a previously designated non-mycorrhizal
family (Proteaceae). Roots of E. flocktoniae and M. coronicarpa were densely
colonized by both arbuscular mycorrhizal fungi and ectomycorrhizal fungi.
Fungal hyphae, vesicles, as well as arbuscules and hyphal coils were observed
in the cluster roots of H. verucosa. All plant species observed had high shootto-root ratios, and their root characteristics reflected their association with
mycorrhizal fungi.
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INTRODUCTION

Ultramafic soils are generally described as having very low levels in major plant
nutrients and high concentrations of toxic heavy metals, in particular Ni. In
Western Australia, the ultramafic outcrop of Bandalup Hill has high levels of Ni
(6 g/kg) and is deficient in P, N, K and Ca (Chapter 2). To grow under these
hostile conditions, native plant species naturally occurring on these substrates
have adopted various strategies. Strategies may include mycorrhizas, a
common symbiosis between plants and fungi (Smith and Read 1997).

Mycorrhizal fungi are found in soils with toxic levels of metals (Hopkins 1987;
Leyval et al. 1997; Weissenhorn et al. 1995) and they can tolerate high levels of
metals in soil (Colpaert and Van Assche 1992; Gadd 1993; Weissenhorn et al.
1994). Mycorrhizal contributions to plants in metal-contaminated soils range
from an increased nutrient uptake to a reduced metal uptake in some cases
(Leyval et al. 1997; Meharg and Cairney 2000). Similarly, in ultramafic soils
with toxic levels of Ni, mycorrhizal fungi may contribute to plant metal tolerance
and survival. However, very few studies have described mycorrhizal
associations of ultramafic plant species. The grassland community of a
Californian serpentine was found to be densely colonized by arbuscular
mycorrhizas, including some non-mycorrrhizal plant species (Hopkins 1987).
Similarly, observations of plant roots from ultramafic soils in the north-east of
Portugal revealed the presence of AM fungi (Goncalves et al. 1997; Goncalves
et al. 2001) and ECM fungi (Portugal et al. 2001).

Amongst the ultramafic vegetation, some species belong to families that are
generally described as non-mycorrhizal, like the Proteaceae or the Cyperaceae
families (Jaffre et al. 1997). Instead of mycorrhizas, species from the
Proteaceae family have evolved cluster roots to extract some nutrients from
infertile soils. Cluster roots generally acidify the soil to mobilize nutrients.
Acidification of ultramafic soils by cluster roots may increase the dissolution of
Ni into the soil solution (based on the competitive adsorption of metal and H+)
and therefore its availability to plants (Sauvé et al. 2000). Association with
mycorrhizal fungi may help reduce the uptake of Ni in these plants. Mycorrhizal
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structures (mainly vesicles, sometimes arbuscules) have been previously
observed in roots of some species from the Proteaceae family. Recently, AM
fungal structures (including arbuscules) were recorded in plants from another
non-mycorrhizal family (Brassicaceae) grown in metal-contaminated substrates
with high levels of Pb, Zn and Cd (Orlowska et al. 2002).

Colonization of plant roots by mycorrhizal fungi can affect their characteristics
and morphology. In particular, plants that associate with AM fungi generally
have higher shoot-to-root ratios compared to plants that are not colonized with
mycorrhizal fungi (Jasper and Davy 1993). Plants that are not associated with
mycorrhizal fungi usually have longer root hairs than mycorrhizal plants and
they can have specialized root structures such as cluster roots in the
Proteaceae family (Brundrett and Abbott 1991).

The aim of this chapter was to describe the mycorrhizal associations of 3 plant
species that grow on the ultramafic soils from Bandalup Hill, Eucalyptus
flocktoniae, Melaleuca coronicarpa and Hakea verucosa. It was expected that
these species would have associations with mycorrhizal fungi. Mycorrhizal
structures may also be found in roots of H. verucosa, a species belonging to a
non-mycorrhizal family, the Proteaceae. Root characteristics of these plant
species may also reflect their association with mycorrhizal fungi.

MATERIAL AND METHODS

Plant species selection and seeds provenance

Seeds of plant species used in this experiment were collected on Bandalup Hill
near Ravensthorpe on two sites (1 and 2) with ultramafic soils enriched in Ni
(Chapter 2 and 3). Bandalup Hill, which is part of the greenstone belt, is a 4 km
long narrow hill that extends North-South. Red-brown clay loam with abundant
lateritic gravel covers the mid and lower slope of the outcrop, while shallow grey
sand over laterite dominates the ridgetop and uper slopes (Craig and Chapman
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1998). Red lateritic has a high level of metals: in particular Ni (6.4 g/kg).
Vegetation on the Ni outcrops consists of an open shrub mallee (1-2 m tall) and
low myrtaceous heath referred as Mallee Heath flocktoniae (MHf) (Craig and
Chapman 1998). Species selected are characteristic of this vegetation and
consist of: Eucalyptus flocktoniae (Maiden) Maiden, Melaleuca coronicarpa D.A.
Herb. (Myrtaceae), and Hakea verucosa F. Muell (Proteaceae).

Pot culture
Undisturbed soil cores (18) were collected randomly on two sites with ultramafic
soils from Bandalup Hill (Site 1 and 2 as described in Chapter 2). Cores
consisted of the top 10 centimeters of the soil. The cores collected were stored
for 1 week in a cool room (3o C) before being used. Seeds were soaked in a
10% smoke water solution overnight at room temperature (Chapter 3), then
surface sterilized by soaking them for 5 minutes in a solution of 5% sodium
hypochlorite (Cochrane et al. 1999). Seeds (100) were placed on the filter
papers soaked in DI water, inside sterilized petri dishes. Dishes were sealed
and incubated at 19 oC in the dark until seed germination had occurred
(approximately 1.5 week). Germinating seedlings were then transferred into
pasteurized Lancelin sand trays for approximately 2 months. Seedlings (5)
were then transplanted into each soil cores (one species per core). There were
3 replicates per site, and per plant species. Soil cores were placed in a 20
degrees temperature controlled water tank inside a 20 degrees glasshouse for 8
weeks. Cores were watered to field capacity. At harvest, soil was washed off
the roots carefully over a sieve, and roots were collected. Fresh weight of
shoots and roots was then recorded.

Root observations
Mycorrhizal formation for all 3 species was assessed after clearing and staining
(Jasper et al. 1989). Characteristics of stained roots for each replicate (5
plants) were assessed. Roots were cut into fragments of 1 cm. Total root
length for each replicate (5 seedlings) was measured under the dissecting
microscope and the average root length per seedling was derived for each
replicate. Fifty randomly selected root pieces of approximately 1 cm length for
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each replicate were mounted on glass slides (2 per replicate) (McGonigle et al.
1990). Also, 100 fragments of cluster roots of approximately 0.5 cm from each
replicate of H. verucosa were randomly selected and mounted on glass slides
(2 per replicate). Slides were examined under the compound microscope (200
X magnification) and the mycorrhizal colonization was assessed (McGonigle et
al. 1990). Root diameter, root hair length and percentage of roots with root hair
were also measured. Root hair density was rated by counting root hair-bases in
the same focal plane as the stele over a 1 mm length (Jasper and Davy 1993).

RESULTS

Mycorrhizal associations

E. flocktoniae and M. coronicarpa were colonized by both arbuscular
mycorrhizal fungi (AMF) and ectomycorrhizal fungi (ECM). Extent of root length
colonized was very heterogeneous amongst plant species, sites, and replicates.
The proportion of root length colonized ranged from 23.7% to 81.7% with AM
fungi and 7.3% to 29.7% with ectomycorrhizal fungi (Table 3.1). M. coronicarpa
seedlings grown in soils cores from site 2 had a higher extent of root length
colonized by AMF (over 81.7%) compared to seedlings grown in topsoil from
site 1 (44.3%) and than E. flocktoniae seedlings in soils from both sites (Table
3.1). In contrast, the extent of AM colonization of E. flocktoniae roots at site 1
was higher than in site 2. There was a much higher number of arbuscules
observed than vesicles or hyphae alone. Arbuscules were highly represented in
the roots of M. coronicarpa (up to 65% of root length). An increase in AM fungi
colonization of both E. flocktoniae and M. coronicarpa between site 1 and 2 was
associated to a decrease in ECM colonization for both species (Table 3.1).
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Table 3.1 – Mycorrhizal association in the roots of three native Western Australian
ultramafic plant species grown in undisturbed ultramafic soil cores for 8 weeks (means
± standard errors).
% or root length containing

Plant
species

Site

Eucalyptus
flocktoniae

% of root % of root
length with length with
AMF
ECM

Arbuscules

Vesicles

Hyphae alone

1
2

38 ±11
20 ±11

4 ±1
2 ±1

13 ±1
15 ±4

53 ±11
36 ±12

15 ±4
30 ±15

Melaleuca
coronicarpa

1
2

24 ±6
65 ±4

3 ±1
1 ±1

19 ±3
17 ±4

44 ±9
82 ±1

30 ±9
7 ±2

Hakea
verucosa

1

na

na

na

57 ±2

0

Arbuscular mycorrhizal colonization in roots of both species was an arum type,
with many arbuscules and few vesicles. Hyphae entering the root epidermis
formed an “appressorium” (Figure 3.1).

A
B

Figure 3.1- A - AMF entry point into E. flocktoniae roots (arrow indicates appressorium)
(x200) B - Arbuscules, oval vesicles with thick wall, and straight hyphae producing H
shaped branches (Glomus sp.) (x400)
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Most arbuscules were clearly stained and finely branched (Figure 3.1).
Colonization of the roots of E. flocktoniae and M. coronicarpa was patchy and
areas colonized by AM fungi showed a dense presence of arbuscules which
seemed to occupy the entire root cortex. Round vesicles of two different sizes
(around 50 µm and 80 µm) were also occasionally observed in the root cortex of
both E. flocktoniae and M. coronicarpa (Figure 3.1). Hyphae within the root
cortex were distributed in straight lines with “H” branching pattern, and it was
approximately 5 µm in diameter (Figure 3.1). Such hyphal distribution, round
vesicles and darkly stained arbuscules suggest the presence of the genus
Glomus in the roots of this species. Some arbuscules and hyphae within the
root cortex were also weakly stained, and more difficult to observe (Figure 3.2).

Figure 3.2 – Penetration of AMF in root of M. coronicarpa with weakly stained internal
hyphae and arbuscules (x200).

Hyphae observed in few cases formed loops in the root cortex (Figure 3.3). In
some cases, a thin ectomycorrhizal hyphal mantle and Hartig net was observed
on the root surface (Figure 3.4). It was sometimes possible to observe through
this fungal mantle, AM fungal vesicles and arbuscules within the root cortex.
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Figure 3.3 – Hyphal coils in the root cortex of M. coronicarpa (x200).

Figure 3.4 - Ectomycorrhizal mantle on the surface of a root fragment from E.
flocktoniae showing an Hartig net (x400)
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Mycorrhizal fungi were also observed in the cluster roots of H. verucosa but not
in other part of the root system of this species. The cortex of cluster roots had
fungal hyphae connected to arbuscules (Figure 3.5) or in some cases intracellular hyphal coils (Figure 3.6). However, due to a dense fungal presence in
the cortex, it was often difficult to visualize the arbuscules or cellular coils that
were more visible at the ends of the root fragments, especially in loose cells.
Hyphae was most of the time palely stained, and had a diameter of
approximately 2 to 3 µm. A few large vesicles were also observed in the cortex
of these cluster roots.

Figure 3.5 – Arbuscules in the cortex cells of a cluster root from H. verucosa (x400
magnification)
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Figure 3.6 – Intracellular hyphal forming coils in the root cortex of H. verucosa (x400
magnification)

Other plant characteristics
For all root parameters measured on E. flocktoniae and M. coronicarpa, no
difference was observed between site 1 and 2 (Table 3.2). All plant species
formed more shoots than roots with a shoot-to-root fresh weight ratio higher
than one (Table 3.2).
Table 3.2 – Characteristics of three native plant species occurring on the ultramafic
soils of Bandalup Hill. Plants were grown in undisturbed ultramafic soil cores for 8
weeks (standard errors are indicated next to the means)
Plant
species

Eucalyptus
flocktoniae

Melaleuca
coronicarpa

Hakea
verucosa
1

Site

Seed Shoot: root
weight
ratio
(mg)
(fresh wt)

1

% of root
Root
Specific
Root
length
with
length /
root length
hair
seedling (m/g fresh plant root hairs
1
Density
weight)
(cm)
(%)

1.31 ±0.2

77.6 ±22.5

9.7 ±1.2

32.7 ±1.3

15.4 ±6.8

1.33 ±0.1

72.9 ±15

10.4 ±1.6

35.3 ±8.2

14.7 ±3.6

1.49 ±0.4

25.1 ±3.9

12.4 ±0.8

11.3 ±5.2

19.1 ±8.6

3.06 ±0.6

31.0 ±6

16.6 ±1.4

15.3 ±2.9

7.5 ±2.7

1.94 ±0.2

250.4 ±2.4

12.5 ±1.3

31 ±3.5

61.4 ±3.9

44
2

1
11.3
2

1

271

average number of hair per 1mm root length.
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Root length was very variable amongst plant species and mirrored the seed
weight. M. coronicarpa had the lowest root length and H. verucosa had the
longest roots (250 cm per seedling). However, specific root length of M.
coronicarpa seedlings grown in site 2 was higher than all other seedlings. Root
diameter for these 3 plant species ranged between 200 and 270 µm. Proportion
of roots with hair was lower for M. coronicarpa seedlings, and similar in the
other seedlings. In contrast, similar root hair density was measured for E.
flocktoniae and M. coronicarpa while H. verucosa had the highest root hair
density (61.4).

DISCUSSION

Observations of E. flocktoniae and M. coronicarpa roots confirm the presence of
mycorrhizal fungi in the ultramafic soils of Bandalup Hill. Both species were
colonized by arbuscular and ectomycorrhizal fungi. Eucalyptus and Melaleuca
species usually form ectomycorrhizal associations (Chilvers and Pryor 1965)
but have also been shown to be colonized by arbuscular mycorrhizal fungi
(Brundrett et al. 1996; Brundrett and Abbott 1991; Malajczuk et al. 1981).
Presence of both fungi types on the same root fragments could represent a
transitional stage. It has been suggested that eucalypt seedlings may initially
form arbuscular mycorrhizas which are replaced by ectomycorrhizal fungi as
they mature (Gardner and Malajczuk 1988). However, one study has shown
dual colonization with AM and ECM fungi in aged eucalyptus trees (AdjoudSadadou and Halli-Hargas 2000). Such versatility in roots of many important
Australian trees may be an adaptation to survival in response to harsh
environmental conditions (Brundrett et al. 1996). Similar versatility of E.
flocktoniae and M. coronicarpa may represent an adaptation to survive the
hostile conditions of the ultramafic soils where they naturally occur. The extent
of root length colonized by AM fungi was high. Plant species from other
ultramafic outcrops averaged 25 % (Goncalves et al. 2001) to 75% (Hopkins
1987) of root length colonized with AM fungi. Arbuscules were very well
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represented in the roots of E. flocktoniae and M. coronicarpa, often occupying
most of the cortex cells. Similar patterns of colonization were reported in a
grassland community on a Californian serpentinic soil (Hopkins 1987).

Arbuscular mycorrhizal fungi were also observed in the cluster roots of H.
verucosa from the Proteaceae family. Plants from this family are generally
described as being non-mycorrhizal (Lamont 1984; Skene 1998; Tester et al.
1987). However, few publications have claimed the presence of mycorrhizal
fungi in the roots of plants from the Proteaceae family, such as Grevillea
robusta (Bakshi 1974), G. ilicifolia (McGee 1986) or Roupala luscens
(Thomazini 1974). Fungal structures commonly observed in roots of nonmycorrhizal plant species include intra-cortical aseptate hyphae and vesicles
(McGee 1986; Tester et al. 1987), although intra-cellular arbuscules are more
typical of AM associations (Harley and Smith 1983). In addition to aseptate
hyphae and vesicles, intracellular arbuscules and hyphal coils were observed in
the cluster roots of H. verucosa. However, such structures were restricted to
cluster roots. Similarly, AM colonization was restricted to fine cluster roots of
Lepidosperma gracile (Cyperaceae) and Lyginia barbata (Restionaceae)
(Meney et al. 1993). Arbuscules and hyphal coils were observed in the roots of
plants from the Brassicaceae family (non-mycorrhizal) grown in soil
contaminated with Pb, Zn and Cd (Orlowska et al. 2002). Mycorrhizal fungi may
preferentially colonize cluster roots because of the high quantity of root
exudates produced in this part of the root system which represents a source of
carbon for the fungi. However, the presence of intracellular arbuscules and
hyphal coils in non-senescing rootlets may reflect exchanges between
symbionts.

Root characteristics of the plant species observed in this experiment may reflect
the associations of these species with mycorrhizal fungi. Roots of seedlings
assessed in this study had few and short root hairs (under 300 µm) compared to
roots of plants free of mycorrhizal associations (Fitter 1991; Itoh and Barber
1983; Manjunath and Habte 1991). The high specific root length of the plant
species assessed in this study reflects the small diameter of their roots. Small
root diameter is typical of plants growing in low fertility soils (Fitter 1991).
Plants with fibrous root systems, however, may benefit less from mycorrhizal
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associations than plants with coarse root systems (Baylis 1975; Hetrick et al.
1988). The high shoot-to-root ratios are surprising for seedlings growing in a
soil that is severely P-deficient. Limited root growth may reflect either a
poisoning of roots by Ni ions in the soil solution (L'Huillier et al. 1996) or a plant
response to reduce Ni uptake. High shoot-to-root ratios have been reported in
mycorrhizal plants from the Eucalyptus and Melaleuca genera (Jasper and
Davy 1993). The high shoot-to-root ratio in a Hakea verucosa from the
Proteaceae family is also unusual. Hakea prostata (Proteaceae) grown in P
deficient conditions had a shoot-to-root ratio close to 1 (Shane et al. 2003).
Such a high ratio may reflect the dependency of these plant species on the
mycorrhizal symbiosis in such P-deficient and Ni-contaminated soil. Plant
species with high shoot-to-root ratios can have a higher mycorrhizal
dependency than those with low shoot-to-root ratios (Jakobsen 1991).

Observations in this study confirm the presence of mycorrhizal fungi in the roots
of Eucalyptus flocktoniae, Melaleuca coronicarpa and Hakea verucosa from the
ultramafic outcrop of Bandalup Hill. Root characteristics of these species also
reflect these mycorrhizal associations, and they may indicate a potential
dependency of these plant species on the mycorrhizal symbiosis.
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Chapter 5

The contribution of AMF and ECM species to the Ni resistance and
nutrition of Eucalyptus flocktoniae
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SUMMARY

Uninoculated and inoculated Eucalyptus flocktoniae (Maiden) Maiden seedlings
were grown for 10 or 16 weeks in sand amended with Ni at 0, 0.2, 1 and 2.3
mg/kg. Spores of arbuscular (AM) and ectomycorrhizal (ECM) fungi from two
different sites were used as inoculum. Both sites had ultramafic soils with high
level of Ni. Two inocula consisted of spores of Pisolithus and AMF originated
from one site in Western Australia (Bandalup Hill). The third inoculum consisted
of Pisolithus spores from one site in New Caledonia. E. flocktoniae seeds used
in this experiment were collected at Bandalup Hill. Inoculation with AM and
ECM fungal species with a geographical origin similar to that of E. flocktoniae
was beneficial to this plant species. Benefits were more distinct after 16 weeks
of growth and consisted mainly of a reduction in Ni shoot translocation at the
highest Ni soil level. A substantial increase in growth and nutrient uptake with
Pisolithus sp. from Western Australia was also observed. Inoculation with
Pisolithus sp. from New Caledonia led to a limited root colonization and did not
contribute significantly to the nutrition or growth of E. flocktoniae seedlings.
Non-mycorrhizal E. flocktoniae seedlings exhibited a certain degree of Ni
resistance up to 1 mg/kg soil Ni concentration. However, at higher soil Ni
concentration, Ni accumulated in non-mycorrhizal plant shoots.
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INTRODUCTION

Ultramafic soils, derived from ultramafic rocks, are generally infertile due to
deficiencies in various plant macronutrients and high levels of heavy metals, in
particular nickel (Brooks 1987). In the south-west of Western Australia, the
ultramafic outcrop of Bandalup Hill is characterized by high levels of Ni and low
levels of major nutrients, including P (Chapter 2). Despite such unfavourable
conditions, ultramafic soils are often associated with diverse, unique, and welladapted vegetation. Symbioses with mycorrhizal fungi may represent an
important survival strategy for ultramafic plant species. Mycorrhizal fungi have
the potential to improve plant nutrition in P-deficient soils (Brundrett et al. 1996).
Ultramafic plants have been shown to form associations with mycorrhizal fungi
(Duhoux et al. 2001; Goncalves et al. 2001; Koide and Mooney 1987). On the
ultramafic outcrops of Bandalup Hill, roots of some native plants were shown to
be densely colonized by both arbuscular and ectomycorrhizal fungi (Chapter 3).
Amongst these plant species, Eucalyptus flocktoniae is characteristic of the
ultramafic flora of Bandalup Hill (Craig and Chapman 1998).
The contribution of mycorrhizal fungi to plants in ultramafic soils with high levels
of Ni is unclear. The role of mycorrhizas in soils contaminated with heavy
metals is often compared to their role in non metal-contaminated soils, which
consists of supplying plants with P and other nutrients (Meharg and Cairney
2000). An improved nutrition of plants by mycorrhizal fungi may result in an
increased plant biomass that can help dilute toxic metallic ions in plant tissues,
thus improving the plant metal resistance. Such a nutritional benefit from
mycorrhizal fungi could also be essential in ultramafic soils of Bandalup Hill that
are severely deficient in P. Some studies have also highlighted a more direct
contribution of mycorrhizal fungi to plant metal resistance. For example, it was
suggested that mycorrhizal fungi tissues might bind metal ions preventing their
translocation to plant shoots (Gadd 1993; Galli et al. 1994; Leyval et al. 1997).
The diversity of mycorrhizal contributions to plants recorded in metalcontaminated soils may reflect the nature of fungal species used in
experiments. Most fungal species used originated from non-contaminated soils
and may be more sensitive to heavy metals than species from metal-
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contaminated sites (Gildon and Tinker 1981; Jones and Hutchinson 1986). It
was suggested that metal resistance of fungi was an important factor in
conferring plant metal resistance (Colpaert and Van Assche 1987). But there
may not always be a correlation between the metal resistance of mycorrhizal
fungi and the toxicity of the soil where the fungi originate (Brown and Wilkins
1985b; Darlington and Rauser 1988). Many studies also fail to consider the
compatibility between fungi and host plant. The resistance of ectomycorrhizal
fungi, as measured in the laboratory, was not necessarily related to their ability
to increase the metal resistance of plants (Jones and Hutchinson 1988a).
Cultivation time may also affect observations. Initiation of symbiosis may occur
at various times depending on fungal species. Growth rate of plants is also
variable. Ultramafic plant species generally grow slowly and it may take a
longer period of time before significant differences between mycorrhizal and
non-mycorrhizal plants can be observed. Since ultramafic plants have adapted
to the extreme conditions of ultramafic soils, they may also have developed
specific mechanisms to tolerate Ni without the contribution of fungi.
This experiment tested the hypothesis that ECM and AMF fungi of ultramafic
origin contribute to the Ni resistance of ultramafic plants in soil amended with
various levels of Ni. ECM and AMF fungi of ultramafic origin were expected to
reduce the Ni level in shoots of E. flocktoniae by binding Ni in their tissues
within roots in these soils. Due to potential metal resistance inherent to E.
flocktoniae, the mycorrhizal contribution to plant Ni resistance may only be
significant at high soil Ni level. ECM and AMF fungi may also contribute to the
nutrition of E. flocktoniae. Benefits derived from mycorrhizal fungi were
expected to become more significant with time.
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MATERIAL AND METHODS
Experimental design
In this experiment, a randomized complete blocks design was used with two
factors: 4 mycorrhizal treatments (nil, an AM fungi and 2 ECM fungi) x 4 Ni
amendments treatments (ranging from 0 to 2.32 mg/kg soil) (Table 5.1).
Eucalyptus flocktoniae seedlings were harvested after 10 and 16 weeks of
culture.
Table 5.1 - Experimental design to test the effect of mycorrhizal fungi on E. flocktoniae
seedlings grown in soil amended with increasing levels of Ni (AMF1, mix AMF spores
from Bandalup Hill, ECM1, spores of Pisolithus sp. from Bandalup Hill, ECM2, spores
of Pisolithus sp. from New Caledonia).
Fungus
Inoculation

Ni added in
soil (mg/Kg)

Harvest I
(10 weeks)

Harvest II
(16 weeks)

Nil

0
0.23
1.05
2.32

6*
6*
6*
6*

5*
5*
5*
5*

AMF1

0
0.23
1.05
2.32

6*
6*
6*
6*

5*
5*
5*
5*

ECM1

0
0.23
1.05
2.32

6*
6*
6*
6*

5*
5*
5*
5*

0
0.23
1.05
2.32

6*
6*
6*
6*

5*
5*
5*
5*

ECM2

* Replicates per treatment

The plant species used was Eucalyptus flocktoniae (Maiden) Maiden, a native
Western Australian plant that can occur on ultramafic soils associated with
elevated levels of Ni. A yellow sand was amended with 3 levels of Ni (Table
5.1) that corresponded to 3 levels of soil Ni toxicity based on the amount of Ca
in soil: 0.5 (moderate), 2 (high) and 4.5 (very high). Some seedlings were
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inoculated with spores of arbuscular mycorrhizal fungi (mixed spores, AMF1), or
two different species of ectomycorrhizal fungi from the genus Pisolithus (ECM1
and ECM2). Plants were harvested after 10 weeks (6 replicates) and 16 weeks
(5 replicates).

Experimental procedure
Plant material
Seeds of Eucalyptus flocktoniae (Maiden) Maiden were collected from Bandalup
Hill near Ravensthorpe in Western Australia. Bandalup Hill has an ultramafic
outcrop with high level of Ni (see Chapter 2 for details and characterization).
Seeds were soaked in smoke water overnight at room temperature, then
surface sterilized by soaking them for 5 minutes in a solution of 5% sodium
hypochlorite (Cochrane et al. 1999). Petri dishes were sterilized with 70%
ethanol. Each Petri dish had two filter papers soaked with DI water. Seeds
(100) were placed on the filter papers, petri dishes were sealed using parafilm
and incubated at 19 oC in the dark until germination (approximately 1,5 week).

Fungal isolates
Spores of Pisolithus species were obtained from sporocarps collected on two
ultramafic outcrops with soils enriched in Ni in July 2001. One species was
collected at Bandalup Hill (where E. flocktoniae seeds had been collected) and
the other in the south of New Caledonia, at Ouenarou (see Chapter 2 for soil
characteristics). Spores of both species were stored in sealed sterile plastic
tubes stored at 4oC until use. These isolates are referred to in the text as
”ECM1” and “ECM2”, respectively. A haemocytometer was used to assess the
spore density. Spores were added to sterile DI water (1.5 million spores per mL
of solution) that was then shaken overnight on an orbital shaker. AM fungi
spores were extracted by filtration / sugar flotation from topsoil of Bandalup Hill
(Walker et al. 1982) and surface sterilised (Brundrett 1996) before being resuspended in sterile DI water. This fungal inoculum is referred to in the text as
“AMF1”.
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Soil
A yellow sand (pH=5.5) was steamed at 75 oC for 1 hour, twice with an interval
of 24 hours and air-dried in a clean room. Undrained plastic pots were lined
with plastic bags and filled with 2.5 kg of pasteurized yellow sand. A nutrient
solution (250 ml) was added to each pot. Its composition was (mg / kg of dry
sand): Ca(H2PO4)2.H2O, 16.2; NH4NO3, 28.8; K2SO4, 232; CaCl2.2H2O,
140.53; MgSO4.7H2O, 109.52; MnSO4.H2O, 20.16; CuSO4.5H2O, 8.16;
ZnSO4.7H2O, 8.79; CoCl2.6H2O, 0.32; H3BO3, 0.68; Na2MoO4.2H2O, 0.67;
and FeEDTA, 0.064. A similar nutrient composition was added to a yellow sand
of the same origin in a previous study on the effect of Ni on the growth of
ectomycorrhizal Eucalyptus urophylla S.T. Blake (Aggangan et al. 1998). Ni
was added to soil solution as NiCl2.6H2O at the following rates: 0, 1.04, 4.17,
and 9.39 mg per kg of dry sand. Pots were left to dry for 2 weeks. The sand in
each pot was then thoroughly mixed before being watered to field capacity.
Before planting seedlings (6 per pot), 6 holes (4 cm deep) were made in each
pot and 1 ml of sterile DI solution with or without mycorrhizal spores was
injected into each hole. Pots were placed in 6 controlled-temperature tanks
(arranged as 5 tanks with 2 replicates of all treatment each and one tank with
one replicate) and soil temperature maintained at 28 degrees with ambient
temperature averaging 25 degrees for 10 weeks (harvest I) and 16 weeks
(harvest II). Pots were watered to field capacity twice a week and replicate
blocks were repositioned at each watering. Pots were randomly arranged within
each replicate. Top dressings of NH4NO3 were applied to pots at the rate of
14.4 mg per kg of sand during week 3 and 4 and then at the rate of 288 mg/kg
sand weekly thereafter. At harvest, sand was washed off the roots over a sieve,
and roots were collected. Fresh weight of shoots and roots was recorded.
Fresh roots sampled for each replicate were observed under a dissecting
microscope to measure root length and assess the presence or absence of root
tips formed by ectomycorrhizal fungi. A sub sample of fresh roots for each
replicate (20mg) was used to assess the extent of mycorrhizal colonization.
Ectomycorrhizal colonization was assessed first in fresh root samples under a
dissecting microscope. AM colonization was assessed after clearing and
staining root samples (Jasper et al. 1989). Fresh roots and shoots were dried
at 65 oC for 72 hours for dry weight determination.
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Chemical analysis
Dry samples of shoots and roots were digested in 70% nitric acid heated by a
microwave. At the first harvest, 50 mg samples of shoot and 25 mg samples of
root were used (although in a few samples with less than 25mg root dry weight,
material from replicate pots was combined). In the second harvest, 25 mg of
ground dry shoot material was used, and 25 mg of dry root material (or less
than 25 mg if not available) was used. Following an appropriate dilution,
samples were analyzed by:
•

atomic absorption spectrometer (AAS) to measure Ca, Mg, K;

•

inductively-coupled plasma mass spectrometer (ICP-MS) for Ni, Fe, Zn, Mn,
Cu;

•

spectrophotometer to determine P by the malachite green method (Rayment
and Higginson 1992).

Endomycorrhizal observations
Stained roots were cut into fragments of approximately 1 cm length. Fifty
randomly selected root pieces from each replicate were placed on a glass slide
and examined under a compound microscope at 200x magnification. The
extent of mycorrhizal colonization was assessed in the roots (McGonigle et al.
1990).
Statistical analysis
Data collected from this experiment was analyzed using a two-way ANOVA test
and one-way ANOVA tests amongst treatment means. For some parameters, a
logarithmic transformation was required before performing the ANOVA tests.
Treatment means were compared using least significant difference at p< 0.05.
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RESULTS

Nickel in plants
The concentration of Ni in shoots of mycorrhizal and non-mycorrhizal E.
flocktoniae seedlings increased significantly (p< 0.01 for both harvests) with soil
Ni (Figure 5.1). However, the pattern of increase in shoot Ni concentration
changed with increasing time of cultivation.

250

[Ni] in shoots (mg/kg)

200
Control
AMF
ECM1
ECM2

150
100

50

0
0

0.5

1

1.5

2

2.5

Ni added to soil (mg/kg soil)

Figure 5.1 – Ni concentration in shoot of 16-week-old mycorrhizal and non-mycorrhizal
E. flocktoniae seedling with increasing soil Ni. Plants were inoculated with AMF
(endomycorrhizal spores) or ECM1 (Pisolithus sp. spores) isolated from the ultramafic
soils of Bandalup Hill, Western Australia. ECM2 (Pisolithus sp. spores) originated from
ultramafic soils of New Caledonia. Control plants did not receive any mycorrhizal
inoculum. Error bars indicate the mean standard errors.

After 10 weeks of cultivation, the average Ni concentration in shoots of
mycorrhizal and non-mycorrhizal plants was very similar, ranging from
approximately 9, 30 and 65 mg/kg at 0.26, 1.03 and 2.32 mg/kg of Ni in soil
respectively. Shoot Ni concentration of control seedlings and soil Ni level had a
strong positive linear relationship (R2 = 0.99). After 16 weeks of cultivation, the
shoot Ni concentration of all seedlings was higher than at the first harvest
(Figure 5.1). However, the increase in shoot Ni level of control plants was not
linear, the Ni level increasing significantly from 1.03 to 2.32 mg/kg of Ni in soil
(p= 0.025). At 1.03 mg/kg Ni in soil, seedlings inoculated with AMF1 had a
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significantly higher mean shoot Ni concentration (p= 0.002) than control
seedlings. At the highest soil Ni level, mean Ni concentration in shoot of
seedlings inoculated with ECM1 and also AMF1 were significantly lower than
the shoot Ni level of non-mycorrhizal seedlings (p= 0.001 and 0.002
respectively). At 2.32 mg/kg Ni in soil, Ni concentration averaged approximately
223, 95 and 122 mg/Kg in shoots of controls and seedlings inoculated with
ECM1 and AMF1 respectively.

The concentration of Ni in roots was higher than level of Ni in shoots. Ni
concentration in roots of E. flocktoniae also increased with soil Ni at both
harvests for all plants (p< 0.001 at both harvests). Ni concentrations in roots
averaged 25, 95, and 200 mg/Kg (harvest 1) and 43, 130 and 350 mg/Kg
(harvest 2) from 0.26 to 2.32 mg/kg of Ni in soil respectively. In general,
mycorrhizal inoculation had no impact on root Ni concentrations.
After 10 weeks of cultivation, the proportion of Ni in roots (root Ni content to Ni
content in the whole plant) was not affected by mycorrhizal inoculation and
averaged 0.55. However, at the highest soil Ni amendment, plants inoculated
with ECM1 had a significantly higher root Ni proportion (0.7) compared to the
control (p= 0.009). After 16 weeks of cultivation, the proportion of Ni in roots of
E. flocktoniae was significantly affected by mycorrhizal inoculation (p= 0.017)
(Figure 5.2).

Root Ni proportion

0.6
0.5
0.4
0.3

Control

0.2

AMF
ECM1

0.1
0.0
0.26

1.03
Ni added to soil (mg/kg)

2.32

Figure 5.2 – Root Ni proportion (root Ni content to whole plant Ni content) in 16-weekold mycorrhizal and non-mycorrhizal E. flocktoniae seedlings with increasing soil Ni
(error bars indicate the mean standard errors; legends as described in Figure 5.1).
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Proportion of Ni in root of controls tended to decrease from 55% down to 36%
between 0.26 and 2.32 mg/kg of Ni in soil (p= 0.072). Seedlings inoculated with
ECM1 and ECM2 had a constant average Ni proportion in root with increasing
Ni in soil (approximately 55% and 45% respectively). At 2.32 mg/kg soil Ni,
plants inoculated with ECM1 had a significantly higher Ni root proportion (p=
0.013) compared to control plants. There was a strong relationship (R2 = 0.72)
between the proportion of Ni in roots of seedlings inoculated with ECM1and the

Number of root tips (x1000)

number of root tips formed with this fungi after 16 weeks of growth (Figure 5.3).
y = 40084 x - 19662
2
R = 0.719

16
12

0.26 mg/kg
8

1.03 mg/kg
2.32 mg/kg

4
0
0.0

0.2

0.4

0.6

0.8

Proportion of Ni in roots (%)

Figure 5.3 Relationship between the number of root tip and the proportion of Ni in roots
of 16-week-old E. flocktoniae seedlings inoculated with ECM1 (Pisolithus spores from
Bandalup Hill, Western Australia) at 3 soil Ni levels (0.26, 1.03 and 2.32 mg/kg soil) for
each replicate.

A strong relationship was observed between the root to total content (root

Proportion of P in roots

proportion) of Ni and P in seedlings inoculated with AMF1 (Figure 5.4).
y = 0.4x + 0.05
R2 = 0.898

0.3
0.2

0 mg/kg
0.26 mg/kg
1.03 mg/kg
2.32 mg/kg

0.1
0
0

0.2
0.4
0.6
Proportion of Ni in roots

0.8

Figure 5.4 – Relationship between the Ni and P proportions in roots (ratio of root
content to whole plant content) in 16-week-old E. flocktoniae seedlings inoculated with
AMF (AM spores from Bandalup Hill, Western Australia) at various soil Ni levels (0,
0.26, 1.03 and 2.32 mg/kg soil). Error bars represent the mean standard errors.
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However, no such relationship was observed in seedlings inoculated with ECM1
and ECM2 (R2 = 0.17 and 0.08, respectively).

Growth of E. flocktoniae
In general, the shoot and root dry weight of E. flocktoniae grown in sand
amended with Ni were significantly affected by mycorrhizal inoculation (p<
0.001 at both harvests) (Figures 5.5 and 5.6).

0.12

Shoot dry weight (g)

0.10
Control

0.08

AMF
ECM1

0.06

ECM2
0.04
0.02
0.00
0

0.4

0.8
1.2
1.6
Ni added to soil (mg/kg)

2

2.4

Figure 5.5 – Shoot dry weight of 10-week-old mycorrhizal and non-mycorrhizal E.
flocktoniae seedlings with increasing soil Ni (error bars indicate the mean standard
errors; legend as described in Figure 5.1).

Seedlings inoculated with ECM1 had significantly higher dry shoot weight
means than non-inoculated plants at 0.26 mg/kg soil Ni, harvest 1 and 2 (p=
0.021 and 0.018 respectively). However, mean shoot dry weight of seedlings
inoculated with ECM1 were affected by large standard errors (Figures 5.5 and
5.6). At the first harvest, mean shoot biomass of plant inoculated with ECM1
was significantly affected by Ni addition in soil (p= 0.01), decreasing significantly
(p= 0.023) between 0.26 and 2.32 mg/kg soil Ni (around 55%). However, after
16 weeks growth, seedlings inoculated with ECM1 had more shoot biomass and
mean shoot dry weight tended to reach a plateau at 0.26 and 1.03 mg/kg soil Ni
(approximately 0.26 g) with up to 5 times more shoot biomass than control
seedlings. Without Ni addition, inoculation with AMF1 did not increase the
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shoot biomass of E. flocktoniae. Average shoot dry weight of seedlings
inoculated with AMF1 remained constant with increasing Ni amendment in the
soil and was significantly higher than control plants after 10 weeks of culture (p=
0.024 and 0.018 at 1.03 and 2.32 mg/kg soil Ni respectively). ECM2 did not
enhance significantly the shoot growth of E. flocktoniae.

Log shoot dry weight (g)
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control
AMF
0.1
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2.4

Figure 5.6 – Shoot dry weight of 16-week-old mycorrhizal and non-mycorrhizal E.
flocktoniae seedlings with increasing soil Ni (error bars indicate the mean standard
errors, legend as described in Figure 5.1).

The root dry weight of inoculated and non-inoculated E. flocktoniae seedlings in
Ni amended soil reflected the patterns of the shoot dry weight for these
seedlings. The root dry weight of E. flocktoniae seedlings was significantly
affected by inoculation (p< 0.001 at both harvests), but not by soil Ni additions.
Root dry weight means of non-inoculated seedlings tended to decrease
between soil Ni level 0 and 3, 17% and 34% at harvest 1 and 2 respectively.
After 10 weeks of growth, seedlings inoculated with AMF1 had a higher root
biomass than control seedlings at 1.03 and 2.32 mg/kg soil Ni level (p= 0.019
and 0.037 respectively). Seedlings inoculated with ECM1 had a larger root
biomass than non-mycorrhizal seedlings. At the first harvest the root biomass
was higher than control seedlings at all soil Ni levels (p= 0.044, 0.004, 0.024
and 0.014 with increasing soil Ni). After 16 weeks of cultivation, the root
biomass of these seedlings was higher than controls at 0, 0.26 and 1.03 mg/kg
soil Ni level (p= 0.013, 0.032, 0.032 respectively).
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Nutrition of E. flocktoniae
Inoculation with ECM1 affected significantly the shoot content of P, Fe, K, Ca,
and Mg compared to non-inoculated seedlings for all elements at both
harvests). ECM1 increased significantly the shoot content of most nutrients in
soil amended with 0.26 and 1.03 mg/kg Ni (p<0.05). AMF inoculation also
affected significantly the shoot content of P, Mg, and Ca at both harvests (p<
0.001) and Fe (p= 0.014 at harvest 2) (Table 5.2). Inoculation with ECM2 did
not affect significantly the nutrition of E. flocktoniae.
Table 5.2 - Nutrient content in shoots of mycorrhizal and non-mycorrhizal E. flocktoniae
seedlings after (A) 10 and (B) 16 weeks of growth with increasing soil Ni level. P and
Fe in micrograms/ seedling, the rest in mg/ seedling (different letters within a treatment
for each element indicate a significant difference at p<0.05).
Nil

P

Fe

K

Ca

Mg

AMF1

Soil Ni
(mg/kg)

A

B

0

3.55 a

6.07

35.66 a 58.71 c

8.86 a

5.15 a

2.32

3.25 a

3.47

6.97 b

60.02 c

4.31 a

5.35 a

0

8.66

a

7.18 a

5.06 a 10.85 b

16.53 a 33.76 c

8.80 a

6.23 a

2.32

4.63 a

7.26 a

7.76 a

5.68 b

8.51 a

12.11 a

0

0.483 a

0.667 b

0.547 a 0.826 b

2.080 a 3.191 b

0.530 ab

0.443 a

2.32

0.412 a 0.426 b

0.635 a 0.626 b

0.532 a 2.793 b

0.535 ab

0.681 b

0

0.175 ab 0.205 a

0.194 a 0.239 a

0.697 a 0.960 c

0.168 a

0.173 a

2.32

0.123 ab 0.125 b

0.200 a 0.202 a

0.154 b 0.905 c

0.154 a

0.173 a

2.32

0.07

a

0.119

A

B

b

4.80 a

7.76 b

c

6.41 a

5.22 b

b

0.057 a 0.078 b

0.087

a

A

ECM2
A

0

B

ECM1

8.20 b

0.139

b

0.100 a 0.127 b

0.529

B

a

30.50 c

0.604

c

0.085 b 0.477 c

0.079

a

0.078 a

0.089

ab

0.144 b

The P and Fe shoot content in 10 weeks old seedlings inoculated with ECM1
decreased significantly with increasing soil Ni (p=0.018 and 0.002 respectively
for P and Fe). At the same time, the proportion of K, Ca, and Mg in roots of
these seedlings (root content to whole plant content) was increased significantly
(p= 0.015, 0.002, 0.008 respectively). After 16 weeks of cultivation, Ni did not
have any significant effect on the shoot content or the proportion in roots of Fe,
K, Ca, and Mg in inoculated plants (Table 4.2). Partitioning of P, Fe, K, Ca, and
Mg between shoots and roots was significantly affected by inoculation of E.

93

flocktoniae seedlings after 16 weeks of cultivation. Proportion of P in roots of
16-week-old plant inoculated with ECM1 was higher than control seedlings
(around 0.4 to 0.2) at all soil Ni levels (p= 0.048, 0.045, 0.003, 0.021 with
increasing soil Ni respectively). The proportion of P in roots of 16-week-old
seedlings inoculated with AMF was higher than control plants at the highest soil
Ni amendment (p= 0.013).
Shoot Ca content of non-inoculated seedlings was significantly reduced by soil
Ni amendment after 10 weeks of culture (p= 0.035) (Table 5.2). After 16 weeks
of cultivation, the shoot Ca and P content and root P content of control
seedlings were reduced significantly (p= 0.034, 0.025 and 0.039 respectively)
by soil Ni addition. Content in P, Mg and K in shoots of control seedlings
increased significantly with time of cultivation (p< 0.001 for P and Mg and p=
0.011 for K).

Mycorrhizal colonization of E. flocktoniae
Colonization of E. flocktoniae roots by arbuscular mycorrhizal fungi was not
affected by increasing level of Ni in soil (Figure 5.7). Root colonization by
arbuscular mycorrhizas was constant in time and averaged 14%. Most of the
colonization of E. flocktoniae roots occurred as fungal hyphae, arbuscules being
rare at both harvests. Clusters of vesicles were also observed in some root
fragments. Most common mycorrhizal fungi observed were fine endophytes
with an hyphae of 1 to 2 micrometres diameter and ovoid vesicles of 10 to 15
micrometers. No endomycorrhizal presence was recorded in control seedlings.
Ectomycorrhizal colonization of E. flocktoniae roots varied depending on the
isolate (Table 5.3). ECM1 (originating from Western Australia) formed more
root tips with E. flocktoniae than ECM2 (from New Caledonia) (p= 0.022 and p<
0.001 at harvest 1 and 2, respectively). The average number of root tips formed
with both isolates was not significantly affected by increasing soil Ni
amendments.

AMF colonization (%)
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Figure 5.7 – Extent of root length colonized by AMF (spores from Bandalup Hill,
Western Australia) in 10- and 16-week-old E. flocktoniae seedlings with increasing soil
Ni levels (error bars indicate the mean standard error).

The number of root tips formed with ECM1 increased strongly between 10 and
16 weeks of culture (p= 0.014) between 7 to 25 times. Most seedlings
inoculated with ECM2 did not form any ectomycorrhizal root tips.
No mycorrhizal tips were observed on the roots of control seedlings. A few root
tips were observed in one replicate of seedlings inoculated with AMF grown in
sand without Ni at the second harvest.
Table 5.3 – Average number of root tips formed by species of ectomycorrhizas (ECM1
from Western Australia and ECM2 from New Caledonia) in E. flocktoniae seedlings
with increasing soil Ni levels after 10 (A) and 16 weeks (B) of growth (different letters
within ECM species indicate a significant difference at p<0.05).

Soil Ni levels (mg/kg)
0

0.26

1.03

2.32

ECM1

A
B

348 a
2428 b

211 a
5261 b

150 a
2949 b

113 a
2481 b

ECM2

A
B

58 a
13 a

77 a
0a

94 a
159 a

23 a
50 a
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DISCUSSION

ECM and AMF fungi of ultramafic origin reduced the Ni level in shoots of E.
flocktoniae. Similar reduction in shoot metal level have been reported in plants
colonized with ectomycorrhizal fungi (Brown and Wilkins 1985a; EgertonWarburton 1993; Jones and Hutchinson 1988a) as well as endomycorrhizal
fungi (Griffioen and Ernst 1989; Guo et al. 1996; Tonin et al. 2001).
Inoculation with ECM1 and AMF1 from Bandalup Hill led to a significant Ni
accumulation in roots of E. flocktoniae compared to non-mycorrhizal seedlings.
In this experiment, a positive relationship existed between the number of root
tips formed by ECM1 and the proportion of Ni in ectomycorrhizal roots which
suggests a Ni accumulation within fungal tissues. Metal accumulation in
mycorrhizal roots is generally attributed to immobilization of metal ions in fungal
tissues within roots or in extramatrical hyphae (Denny and Wilkins 1987). In
roots colonized by AMF1, there was a strong positive relationship between P
and Ni partitioning in seedlings. Metal was shown to accumulate with P within
intracellular hyphae of endomycorrhizal roots mostly in phosphate-rich material
of vacuoles (Turnau et al. 1993). Similarly, Festuca brigantina, a serpentine
endemic, showed an accumulation of P and Ni in roots colonized by AM fungi
(Goncalves et al. 2001). Polyphosphate molecules having the potential to bind
heavy metals (Galli et al. 1994), Ni could be associated to P rich molecules as
“non-toxic complexes” within roots colonized by AMF1. At an intermediate soil
Ni level, however, Ni together with P accumulated significantly in shoots of
seedlings inoculated with AMF1. Plants colonized by AM fungi can show a high
shoot metal uptake at low soil metal levels (El-Kherbawy et al. 1989; Heggo et
al. 1990). An improved P uptake of plants colonized by AMF1 at intermediate
soil Ni level may result in an improved plant Ni resistance.
Lower translocation of Ni to E. flocktoniae shoots in the presence of AM and
ECM fungi of ultramafic origin was only significant at the highest soil Ni
concentration. At lower soil Ni levels (≤ 1mg/kg), growth and Ni partitioning in
mycorrhizal-free seedlings suggested a potential Ni resistance of E. flocktoniae.
While Ni generally impacts negatively on root growth (L'Huillier et al. 1996),
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moderate levels of soil Ni did not reduce E. flocktoniae root or shoot growth.
Also, Ni translocation to the shoots was limited while Ni accumulated in
mycorrhizal-free roots. Accumulation of metal in roots and lower translocation
to shoots generally represent a plant strategy to tolerate metals (Ernst et al.
1990; Rengel 1997). Such a response in non-mycorrhizal seedlings may mask
the mycorrhizal contribution to Ni resistance of E. flocktoniae at lower soil Ni
levels.
ECM and AMF of ultramafic origin also contributed to the nutrition and growth of
E. flocktoniae. ECM1 contributed highly to seedlings nutrition and growth.
Ectomycorrhizal fungi generally improve plant nutrition (Marschner and Dell
1994; Reid 1984). A large increase in plant biomass with ECM1 may have
contributed to dilute Ni in plant shoots or increase the plant Ni resistance.
However, in the presence of ECM1, no relationship was observed between
seedlings biomass and the shoot Ni concentration. Seedlings colonized with
ECM1 of various biomasses had similar shoot Ni levels. This suggests that the
contribution of ECM1 to the Ni resistance of E. flocktoniae may be independent
from the nutritional benefits derived from this fungal species.
In contrast with ECM1, the contribution of AMF1and ECM2 to plant growth and
nutrition was lesser and only significant at high soil Ni levels (≥ 1mg/kg). AMF1
inoculation increased the P uptake. Such benefit derived from AM fungi has
been reported in metal-contaminated soil (Goncalves et al. 2001; Shetty et al.
1995). The contribution to plant growth or nutrition by “metal-tolerant” AM fungi
can be limited or absent (Shetty et al. 1995; Tonin et al. 2001). Limited
nutritional benefit derived from ECM2 may reflect the different geographical
origins of E. flocktoniae and ECM2. Absence of growth response can occur,
depending on individual fungus-plant combinations, on times of harvest, and on
growth conditions including soil nutrient levels, temperature and light intensity
(Johnson et al. 1997; Koide 1985; Koide and Elliott 1989; Smith 1980). Pot size
and root density may also affect the benefits derived from AM fungi (Joner and
Leyval 2001). A small contribution to the nutrition and growth of E. flocktoniae
by AMF1 and ECM2 could improve the Ni resistance of this plant species.
However, a sustained growth and nutrient content (compared to nonmycorrhizal seedlings in soil without Ni amendment) of seedlings colonized by
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AMF1 or ECM2 at the highest soil Ni level may result from the Ni resistance
conferred by these fungi to E. flocktoniae.
Benefits derived from mycorrhizal inoculation were more significant after the
second harvest. The contribution to metal resistance by mycorrhizal fungi was
only significant after the second harvest. At the second harvest, Ni had
accumulated in shoots of non-mycorrhizal E. flocktoniae which allowed any
mycorrhizal effect on shoot Ni concentration to be visible and significant. Also,
the contribution of ECM1 to the nutrition and growth of E. flocktoniae was more
significant after the second harvest. Colonization rates with ECM1 increased
between the two harvests. These observations suggest that the symbiosis with
ECM1 took more than 10 weeks to extensively colonize the root system and
become effective.
This experiment demonstrated that both AM and ECM fungi can reduce the Ni
translocation to the shoots of E. flocktoniae at high soil Ni concentration. At
lower soil Ni level, ECM of same origin as E. flocktoniae contribute substantially
to the nutrition and growth of this plant species. Such nutrition effect may
contribute to the plant Ni resistance at lower soil Ni levels. Therefore, AM and
ECM fungi may contribute to the survival of E. flocktoniae in ultramafic soils of
Bandalup Hill (Western Australia).
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CHAPTER 6

The contribution of AM fungi to the Ni resistance and nutrition of
plants in ultramafic soil

100

101

SUMMARY
Ultramafic soils such as those found at Bandalup Hill (Western Australia) are
characterized by high levels of metals, in particular Ni and they are deficient in
P. Native plant species occurring at these sites can form associations with
mycorrhizal fungi, in particular arbuscular mycorrhizal fungi (AMF). AM fungi
from Bandalup Hill have been previously shown to improve the Ni resistance of
E. flocktoniae, a naturally occurring plant species from the same area. In this
study, 2 other plant species from the same area were used: Melaleuca
coronicarpa, and Hakea verucosa, in addition to a standard bioassay plant,
Trifolium subterraneum (clover). Plants were grown in ultramafic soil collected
from Bandalup Hill. Soil was either steamed or left untreated, and plants were
inoculated with an ultramafic AM fungal consortium originating from Bandalup
Hill. Inoculum consisted of fresh soil with root fragments from a pot culture
generated using the plant species selected for this experiment and ultramafic
topsoil from Bandalup Hill. Steaming of the ultramafic soil from Bandalup Hill
increased the availability and plant uptake of P in particular. Consequently,
native seedlings grew larger in steamed soil and their shoot P concentration
suggested a high P use efficiency. Inoculation with AM fungi reduced the
growth of each native plant species in steamed ultramafic soil. The Ni shoot
concentration of seedlings was not affected by the presence of AM fungi. AM
fungi increased the P concentration in shoots of native plants species.
Inoculation with AM fungi also increased the shoot concentration and content of
K in H. verucosa. Inoculation with AM fungi from Bandalup Hill had no
significant effect on subterranean clover.
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INTRODUCTION

Ultramafic soils from Bandalup Hill in Western Australia have phyto-toxic levels
of Ni and are deficient in major plant nutrients (Chapter 2). Roots of some plant
species naturally occurring in these soils were shown to be densely colonized
by arbuscular mycorrhizal fungi (AMF) and some of their root characteristics
suggested a strong dependency on the mycorrhizal symbiosis (Chapter 4).
Symbiosis with mycorrhizal fungi can be beneficial to plants in P deficient soils
(Smith and Read 1997) and may therefore contribute to plant survival in
ultramafic soils. In metal-contaminated soils, benefits range from increased
nutrient uptake to improved resistance to heavy metal stress (Leyval et al.
1997). AM fungi can act as a “filter” and reduce the entry of potentially toxic
metallic ions into plants (Cumming and Ning 2003; Joner and Leyval 2001;
Tonin et al. 2001). To assess the contribution of AM fungi to plants in metalcontaminated soils, the use of AM fungal consortium from contaminated soils
may be more appropriate than the use of single metal tolerant AM isolates
(Joner and Leyval 2001).
AM fungi consortium originating from the ultramafic soils of Bandalup Hill
improved the Ni resistance of one plant species occurring naturally on ultramafic
soils, Eucalyptus flocktoniae, by reducing the shoot Ni translocation (Chapter 5).
This benefit was significant at high soil Ni level, while Ni accumulated in
mycorrhizal roots together with P. At moderate soil Ni toxicity, Ni accumulated
with P in plant shoots. An increase in plant nutrient uptake in the presence of
this ultramafic AMF consortium was minor and may have resulted from the
improved Ni resistance conferred to E. flocktoniae. A more substantial
contribution to plant nutrition by this ultramafic AMF consortium may occur in
ultramafic soil. AM fungi may access non-plant-available sources of P (Bolan
1991; Joner and Jakobsen 1994; Smith and Read 1997) that may be present in
ultramafic soils but not in sand culture amended with nutrients, such as used in
previous experiment (Chapter 5).
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The aim of this experiment was to assess the contribution of an ultramafic AM
fungal consortium on the Ni resistance and nutrition of some plant species
naturally occurring in ultramafic soils, grown in ultramafic soil. It was expected
that inoculation with AM fungi would reduce the translocation of Ni to the shoots
of these plant species and also contribute to increase their nutrient uptake,
especially P, and consequently their growth in ultramafic soil.

MATERIAL AND METHODS

Experimental design
In this experiment, a randomized complete blocks design was used with two
factors: mycorrhizal inoculation x soil steaming. Table 6.1 illustrates the design
of this experiment. Four plant species were grown in ultramafic soil that was
either steamed or not steamed, for 3 months. Each treatment had 5 replicates.
Table 6.1 - Experimental design
Steaming of soil
Inoculation

+

-

+

-

+

-

Eucalyptus flocktoniae

5

5

5

5

Melaleuca coronicarpa

5

5

5

5

Hakea verucosa

5

5

5

5

Trifolium subterraneum

5

5

5

5

Experimental procedure
Plant material
Plant species used in the present study included Trifolium subterraneum
(subterranean clover) and 3 native Western Australian plant species,
Eucalyptus flocktoniae (Maiden) Maiden, Melaleuca coronicarpa D.A. Herb.,
and Hakea verucosa F. Muell. All three native plant species naturally occur on
the ultramafic soils with high Ni levels found at Bandalup Hill, near
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Ravensthorpe (Western Australia). Seeds of these plant species were collected
from the ultramafic soils of Bandalup Hill. Seeds of each species were soaked
in smoke water overnight at room temperature (Brown 1993), then surface
sterilized by soaking them in a solution of 5% sodium hypochlorite for 5 minutes
(Cochrane et al. 1999). Sterile Petri dishes with paper filters soaked in DI water
were used to incubate seeds in a dark room at 19 oC for approximately 1 week
(until germination). Germinating seeds were planted in trays of pasteurized
sand from Lancelin (Western Australia) for 5 weeks in a glasshouse at 20 oC.

Fungal inoculum
Undisturbed ultramafic topsoil cores from one site at Bandalup Hill (site 1, see
Chapter 2) where seeds had been collected were used to produce a
mycorrhizal inoculum. Topsoil cores were collected randomly at site 1 in winter
and summer. Winter cores were stored in a cool room (3 oC) for 2 months until
used. Seedlings (5 weeks old) of M. coronicarpa, E. flocktoniae and H.
verucosa were planted in the cores: 4 cores per species, including 2 winter
cores and 2 summer cores. Soil cores with seedlings were placed in a
controlled-temperature tank (20 oC) within a glasshouse maintained at 20 oC for
12 weeks. The soil was maintained at field capacity. After 12 weeks, shoots of
plants were removed, and roots were cut in small fragments (approximately 1
cm length). Soil with root fragments from these cores was mixed
homogeneously before being used as mycorrhizal inoculum. To exclude other
possible soil microbial influences in this study, a sieved soil solution extract from
the inoculum was added to the pots without mycorrhizal inoculum. This extract
was obtained by washing 100 g of soil from the inoculum cores with distilled
water through a 38-µm sieve.

Soil
Ultramafic soil with a high level of nickel (Chapter 2) collected from Bandalup
Hill, near Ravensthorpe (Western Australia) was used in this study. This soil
was sieved through a 2mm-sieve. Half of the soil was steamed three times for 1
hour at 75oC at 24 hour intervals and air dried in a thoroughly washed room.
Plastic pots (approximately 1.5 L) were filled with either steamed or untreated
ultramafic soil up to 4 cm from the top, 60 g of the inoculum mix was added, and
the rest of the ultramafic soil (steamed or untreated) was added to reach a dry
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weight of 1.5 kg. Pots that did not receive the inoculum mix received 20 mL of a
soil solution extract. Seedlings were then transferred into pots of ultramafic soil.
There were 8 seedlings of H. verucosa and T. subterraneum, 9 seedlings of E.
flocktoniae and 15 seedlings of M. coronicarpa per pot.

Culture and harvesting
Pots with seedlings were placed in a controlled-temperature tank (20oC) in a
glasshouse at 20oC for 3 months. Pots were watered with DI water to field
capacity and no nutrients were added. Pots were grouped as replicate blocks
which were repositioned at each watering. Pots were randomly arranged within
each replicate block. All pots from the same replicate block were harvested at
the same time. Shoots from each pot were cut and shoot fresh weight was
recorded. Shoots were sealed in paper envelopes and dried at 65oC in a an
oven for two weeks. Soil was washed off the roots very carefully on a 1 mm
sieve, roots were collected and then washed in distilled water. Roots were
blotted on tissues, and root fresh weight was recorded. A subsample of roots
(25 mg fresh weight per replicate) was retained to assess the extent of
mycorrhizal colonization. Roots were sealed in clean paper envelopes and
dried at 65oC for two weeks. After two weeks, dry shoot and root weights were
recorded.

Chemical analysis
Air-dried plant shoot material (0.1 g) was digested in nitric acid. Phosphorus in
shoots was determined using the method of malachite green (Rayment and
Higginson 1992). Nickel, cobalt, chromium, zinc, iron and manganese were
analyzed using Induced Coupled Plasma Mass Spectrophotometry analysis
(ICPMS). Calcium, magnesium and potassium were analyzed in samples using
Atomic Absorption Spectrophotometry (AAS).

Assessment of mycorrhizal colonization
Subsamples of roots for each replicate were cleared and stained (Jasper et al.
1989). Roots were cut into fragments of 1 cm length. Fifty randomly selected
root fragments from each replicate pot were examined under a compound
microscope at 200 times magnification. The extent and nature of mycorrhizal
colonization in the roots was then assessed (McGonigle et al. 1990).
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Statistical analysis
Data collected from this experiment was analyzed using a two-way ANOVA test
and one-way ANOVA tests amongst treatment means. No transformation was
required before performing tests. Treatment means were compared using the
least significant difference at p< 0.05.

RESULTS
Ni in plants
Ni shoot concentration varied amongst species (Figure 6.1). Subterranean
clover seedlings had the highest shoot Ni level, around 60 to 70 mg/kg, while
M. coronicarpa had the lowest, around 30 to 40 mg/kg. Seedlings inoculation
with AM fungi in steamed and non-steamed soil did not affect the shoot Ni level
(Figure 6.1).
a

Ni (mg/kg)

60

a

a

80

a
ab

ab

a
b b

b
a

40

b

steamed nil

ab a

ab
ab

steamed
inoculated
non-steamed
nil
non-steamed
inoculated

20
0
E. flocktoniae

M. coronicarpa

H. verucosa

T. subterraneum

Plant species
Figure 6.1 – Ni concentration in shoots of 3-month-old mycorrhizal and non-mycorrhizal
seedlings grown in steamed or non-steamed ultramafic soil (different letters for each
species indicate a significant difference between means at p< 0.05).

Steaming of soil significantly increased (p< 0.05) the shoot Ni content in native
plant species but not in subterranean clover seedlings. Approximately 80% of
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the total plant Ni was located in the roots of seedlings. Ni partitioning in
seedlings was not affected significantly by inoculation. However, inoculation of
H. verucosa in steamed soil significantly increased the proportion of Ni in roots.

Plant growth
Mycorrhizal inoculation significantly reduced the shoot and root dry weight of
native seedlings in steamed soil (Figure 6.2). In non-steamed soil, inoculation
had no effect on plant biomass. Steaming the ultramafic soil increased
significantly (p< 0.05) the shoot and root biomass of seedlings (Figure 6.2).
Shoot dry weight varied amongst plant species, and H. verucosa had the
highest shoot and root biomass.

a
b

Shoot dry weight (g per seedling)

0.4

0.3
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0.1

steamed nil

c c
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inoculated

a
b
c c

a

a a
b

non-steamed
nil
b b

c c

non-steamed
inoculated

0
E. flocktoniae

M. coronicarpa

H. verucosa

T. subterraneum

Plant species

Figure 6.2 – Average shoot dry weight of 3-month-old mycorrhizal and non-mycorrhizal
seedlings grown in steamed and non-steamed ultramafic soil (different letters for each
species indicate a significant difference at p< 0.05).

Inoculation had no effect on the shoot-to-root ratio of seedlings grown in either
steamed or non-steamed soil (Table 6.2). However, steaming significantly
decreased the shoot-to-root ratio of native plant species. E. flocktoniae and M.
coronicarpa had a higher shoot-to-root ratio in non-steamed soil, while H.
verucosa had a higher ratio in steamed soil (Table 6.2).
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Table 6.2 - Mean shoot-to-root dry weight ratio of 3-month-old mycorrhizal and nonmycorrhizal seedlings grown in steamed and non-steamed ultramafic soil (different
letters in rows indicate a significant difference at p< 0.05).
Steamed soil

Non-steamed soil

Nil

+AMF

Nil

+AMF

E. flocktoniae

2.1 a

1.8 a

2.6 b

2.4 b

M. coronicarpa

1.1 a

1.1 a

1.7 b

1.7 b

H. verucosa

1.9 a

1.7 a

1.4 b

1.4 b

T. subterraneum

1.1 a

1.2 a

1.1 a

1.1 a

Plant species

Plant nutrition
Inoculation of native plant species grown in steamed soil significantly increased
their shoot P concentration (Figure 6.3).
0.8

a

P (g/kg)

0.6
b
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b

b
b
a

ab ab

b

b

a
b

a
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b b

a

steamed
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non-steamed
nil
non-steamed
inoculated

0.2
0
E. flocktoniae

M. coronicarpa
H. verucosa
Plant species

T subterraneum

Figure 6.3 – P concentration in shoots of 3-month-old mycorrhizal and non-mycorrhizal
seedlings grown in steamed or non-steamed ultramafic soil with high level of Ni
(different letters for each species indicate a significant difference between means at p<
0.05).

Inoculated native seedlings grown in steamed and non-steamed soil had a
similar shoot P concentration. In contrast, steaming soil increased the shoot P
concentration of subterranean clover seedlings. Inoculated subterranean clover
seedlings grown in steamed soil tended to have a higher shoot P concentration
than subterranean clover seedlings grown in non-steamed soil. Subterranean
clover seedlings grown in steamed soil had a higher shoot P concentration than
native plant species. Seedlings grown in steamed soil had a higher P content in
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their shoots compared to seedlings in non-steamed soil (Figure 6.4). Except for
E. flocktoniae, inoculation of seedlings with mycorrhizal fungi did not affect the
shoot P content of seedlings in steamed and non-steamed soil. Inoculation of
E. flocktoniae seedlings in steamed soil significantly decreased their shoot P
content. H. verucosa seedlings mobilized the highest amount of P in their
shoots compared to other species.
a

P (micrograms/ seedling)

200

a

150

b
b

steamed nil

100

50

a

a a
bb

b
c c

a a
b b

steamed
inoculated
non-steamed
nil
non-steamed
inoculated

0
E. flocktoniae

M. coronicarpa

H. verucosa

T. subterraneum

Plant species

Figure 6.4 - P content in shoots of 3-month-old mycorrhizal and non-mycorrhizal
seedlings grown in steamed and non-steamed ultramafic soil (different letters within
species indicate a significant difference at p< 0.05).

Seedlings generally had higher shoot content of K, Ca and Mg in steamed soil
compared to non-steamed soil (Table 6.3). Differences were greater in native
seedlings compared to subterranean clover. Non-inoculated native seedlings
had significantly higher K, Ca and Mg shoot content in steamed soil compared
to inoculated native seedlings (p< 0.05) (Table 6.3). Inoculation with AM fungi
however increased significantly the shoot K content of H. verucosa and the
shoot Ca content of subterranean clover seedling in steamed soil (p< 0.05)
(Table 6.3). Inoculation of seedlings in non-steamed soil had no effect on the
content or concentration in K, Ca, Mg, Cu, Zn, and Mn.
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Table 6.3 – Nutrient content in shoots of 3-month-old mycorrhizal and nonmycorrhizal seedlings grown in steamed and non-steamed ultramafic soil ( in
mg / seedling; different letters for each species indicate a significant difference
between means of each element at p< 0.05).
Plant species

E. flocktoniae

M. coronicarpa

H. verucosa

T. subterraneum

K

Ca

Mg

A
B

16.2 a
8.7 b

16.4 a
8.7 b

5.4 a
2.6 b

C
D

2.9 c
3.6 c

3.0 c
3.7 c

1c
1.2 c

A
B

6.0 a
3.3 b

14.7 a
9.3 b

4.6 a
3b

C
D

1.6 c
1.5 c

2.9 c
2.7 c

1c
0.9 c

A
B

40.3 a
47.7 b

43.9 a
30.0 b

10.7 a
8.3 b

C
D

22.8 c
21.0 c

21.9 c
23.8 c

5.7 c
6.2 c

A
B

6.4 a
6.9 a

8.7 a
10.9 b

4.8 ab
5.7 b

C
D

3.7 a
4.7 a

5.5 c
6.5 c

3.8 a
4.3 a

A – steamed non-inoculated
B – steamed inoculated
C – non-steamed, non-inoculated D – non-steamed, inoculated

Extent of root colonization by mycorrhizas
The extent of root length colonized by AM fungi was very variable amongst
species and it ranged from 20 to 80% (Figure 6.6). Maximum colonization of
the root cortex was achieved in subterranean clover. Root colonization of
inoculated native plants grown in non-steamed ultramafic soil was significantly
higher compared to inoculated seedlings grown in steamed ultramafic soil.
The extent of root length with mycorrhizal arbuscules varied amongst plant
species. M. coronicarpa and subterranean clover seedlings had the highest
rates, around 30%. Arbuscules were more numerous in roots of native
seedlings grown in non-steamed soil compared to inoculated seedlings in
steamed soil.
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Figure 6.6 - Extent of root length colonized by arbuscular mycorrhizal fungi in 3month-old seedlings grown in steamed and non-steamed ultramafic soil
(different letters within species indicate a significant difference at p< 0.05).
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DISCUSSION

Inoculation with AM fungal consortium from an ultramafic soil did not contribute
to reduce the shoot Ni translocation in the native species tested including
subterranean clover. Shoot Ni level of E. flocktoniae and H. verucosa were not
affected by mycorrhizal inoculation while, the presence of AMF increased the
shoot Ni level of M. coronicarpa. Some experiments using AM fungi isolated
from metal-contaminated soils have also made mentioned a lack of mycorrhizal
effect on the metal concentration in plant shoots (Dueck et al. 1986; Griffioen
and Ernst 1989; Tonin et al. 2001). In other cases, inoculation with AM fungi
(including isolates from metal-contaminated soils) increased the shoot metal
concentration of plants at low soil metal levels (El-Kherbawy et al. 1989; Heggo
et al. 1990). A lack of mycorrhizal effect on the shoot Ni level of the native plant
species may result from the moderate level of Ni in the steamed ultramafic soils
from Bandalup Hill. In a previous experiment, E. flocktoniae accumulated Ni in
its roots at low soil Ni levels (usually ≤ 1 mg/kg), and no significant reduction in
the shoot Ni levels was recorded in the mycorrhizal seedlings (Chapter 5).
However, steaming of soil significantly increased the DTPA-extractable Ni
concentration as well as the soil solution Ni concentration. A lack of significant
effect on the shoot Ni translocation in native seedlings with inoculation may also
result from the increased shoot growth of native seedlings in steamed soil, in
particular non-mycorrhizal seedlings. An increase in shoot growth of nonmycorrhizal native seedlings in steamed soil may have contributed to dilute Ni in
non-mycorrhizal seedlings.
Inoculation with indigenous AM fungi decreased the growth of native seedlings
in steamed ultramafic soil. Similar observations have been made in previous
experiments that used metal-tolerant AM fungal isolates (Joner and Leyval
2001; Tonin et al. 2001). Such depression in growth was attributed to either the
presence of soil pathogens in the mycorrhizal treatment, a poor functional
compatibility between symbionts, or changes in nutrient availability in irradiated
soil (Joner and Leyval 2001). In the present experiment the influence of
pathogens is unlikely as mycorrhiza free seedlings received a soil solution
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extract (prepared from the inoculum pots to re-introduce the indigenous
bacterial fraction in the control). Fungi and native plant species being of same
origin (Bandalup Hill), a compatibility issue between symbionts is also unlikely.
Intraspecificity between AM fungi species and plant species determined plant
response in a serpentine grassland with high levels of Ni and low levels of P in
soils (Castelli and Casper 2003). However, in the present study, an ultramafic
AM fungal consortium (spore mix and infected roots with several AM fungi
species) was used, and such a variation in plant growth is unlikely.
This growth depression may reflect a change in nutrient availability following
steaming of the ultramafic soil. Steaming of soil can increase the amount of
soluble P, K, Mn, Zn or Cu (Lawrence 1956) and consequently increase the
growth of young seedlings (Smith and Smith 1981) . Since P is a limiting factor
in this ultramafic soil (Chapter 2), an increase in P availability in steamed
ultramafic soil may have stimulated the growth of seedlings. An increased P
supply in soil can reduce significantly the extent of root length colonized by AM
fungi (Gurumurthy and Sreenivasa 1999). Plants grown in non-steamed
ultramafic soil had a higher extent of colonization with AM fungi compared to
inoculated plants in steamed soil. Such a reduced root colonization by AM fungi
may also reflect the lower infectivity of the inoculum used in steamed soil. The
difference in growth between inoculated and non-inoculated seedlings in
steamed soil may reflect the symbiosis cost. AM fungi can induce negative crop
response when phosphorus availability is sufficient in agricultural soils because
the fungi are of no benefit in nutrient acquisition and yet continue to colonize
roots invoking parasitic costs (Graham and Eissenstat 1998).
Despite the reduced shoot growth of inoculated native seedlings in steamed
ultramafic soil, inoculation with ultramafic AM fungi increased the shoot P
concentration of native seedlings. Inoculation with indigenous AM fungi
increased significantly the ratio of P content to Ni content in plant shoots. Such
an increase has been previously observed in plants associated with AM fungi in
Zn contaminated soil, and it was suggested that an improved P nutrition by AM
fungi played a crucial role in plant resistance to Zn toxicity (Shetty et al. 1995).
It was also suggested in the case of Zn toxicity that an increased shoot P
concentration in the presence of AM fungi may indirectly provide metabolic
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energy (as ATP molecule) for the sequestration of metal ions within cell
vacuoles (Davies et al. 1991; Shetty et al. 1995). Immobilization of metal ions
as polyphosphate complexes or metal precipitation with P upon polyphosphate
degradation has also been described in the literature (Galli et al. 1994; Keyhani
et al. 1996). However, the higher shoot P concentration measured in
mycorrhizal seedlings grown in steamed ultramafic soil may result from a
dilution effect. The P concentration in shoots is higher since the inoculated
seedlings have a lower biomass compared to mycorrhizal free seedlings and
consequently the P content of mycorrhizal seedlings is not different from the P
content in mycorrhizal-free seedlings. In this regard, mycorrhizal seedlings
have not mobilized more P than non-mycorrhizal seedlings. Similarly the
inoculation with indigenous AM fungi in this experiment did not contribute to the
uptake of K, Ca, or Mg in steamed ultramafic soils. However, the uptake of K in
H. verucosa, which belong to a non-mycorrhizal family, was significantly
improved by the presence of AM fungi.

Steaming ultramafic soils from Bandalup Hill increased the availability of some
nutrients including Ni in this soil. Some native plant species naturally occurring
in this soil responded positively to these changes and had a higher biomass
than plants grown in non-steamed soil, hence diluting the Ni in their tissues.
Shoot P concentration of native seedlings and their improved growth in steamed
ultramafic soil suggested a potential high nutrient use efficiency of these native
species. Changes in the nutrient availability of steamed ultramafic soil
negatively affected the plant response to the inoculation with ultramafic AM
fungi. Consequently, the AM symbiosis is not the unique avenue for plant
nutrition and survival in ultramafic soils of Bandalup Hill.
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CHAPTER 7

Impact of disturbance and storage practices on the infectivity of AM
fungi in ultramafic topsoil

118

119

SUMMARY

The ultramafic outcrop of Bandalup Hill (Western Australia) is enriched in Ni,
and has the potential to be mined for Ni. However, mining activities have the
potential to reduce the mycorrhizal infectivity of topsoils. In consequence, the
effect of disturbance and various storage practices on the infectivity of topsoils
was investigated. Disturbance of a topsoil from Bandalup Hill consisted in
passing soil through a 2 mm sieve and cutting roots into small fragments.
Disturbed topsoil was then stored at room temperature in pots that were either
sealed from the atmosphere or open. All pots with disturbed topsoil were
watered to field capacity. Seedlings of E. flocktoniae were planted in
undisturbed topsoil and disturbed soil when the topsoil was collected and then
after 3, 6 and 9 months of topsoil storage. Topsoil was collected in winter and
in summer. Results indicated that topsoil collected in summer is less
susceptible to initial disturbance than topsoil collected in winter. Also, storage
of topsoil in sealed pots watered to field capacity was more detrimental to the
infectivity of the topsoil. Undisturbed soil cores collected in summer had higher
infectivity, and in general the infectivity of undisturbed soil cores was not
significantly affected by the time of storage.
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INTRODUCTION

Ultramafic soils, a weathered product of ultramafic rocks, generally support
unique, diverse and well adapted vegetation (Baker et al. 1992). This unique
flora reflects the infertility of these soils. Infertility of ultramafic soils is mostly
related to their chemical composition (Brooks 1987), in particular their
phytotoxic level of Ni and other metals like Cr, Co, Zn or Mn. Ultramafic
outcrops may be mined for Ni such as in New Caledonia (Bird et al. 1984) and
Australia (Brooks 1987). Mining activities can represent a threat to these rich
natural ecosystems. In Western Australia, mining companies have to carry out
rehabilitation works, which includes revegetation, to comply with existing
legislation such as the Mining Act 1978 (sections 46 and 63) (Bates 1995;
Gardner 1997).

Re-establishment of a vegetation cover is still a challenge for Ni mining
companies. High levels of metal in ultramafic soils may prevent the use of
commercial plant species. The use of ultramafic species is more appropriate
and also preferable to maintain the original biodiversity (Bradshaw 1997; Watt
et al. 1997). Topsoils are generally collected and stored on mine sites, before
being replaced on the surfaces to be revegetated. Topsoils are an important
seed bank and may represent an inexpensive alternative to restore plant and
soil microbial diversity. However, sufficient quantities are necessary to ensure
adequate soil depth for plant establishment (Bradshaw 1997). The disturbed
conditions arising from mining activities or the manipulation of topsoils may also
limit the success of native plant species re-establishment.

Mycorrhizal fungi may contribute significantly to plant re-establishment in
disturbed ultramafic soils. Symbiosis with mycorrhizal fungi is generally
beneficial to plants (Harley and Smith 1983) and in metal-contaminated soils,
benefits range from increased nutrient uptake to improved tolerance to heavy
metal stress (Leyval et al. 1997). Mycorrhizal fungi originating from the
ultramafic soils of Bandalup Hill in Western Australia significantly improved the
nutrition and the Ni resistance of some ultramafic plant species (Chapter 4).
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However, activities associated with Ni mining may be detrimental to the
infectivity of mycorrhizal propagules in ultramafic soils. The infectivity of
mycorrhizal propagules in soil is significantly reduced by soil disturbance during
mining operations (Hayman 1982; Jasper et al. 1989b; 1987). In general,
infertile soils are more susceptible to disturbance than fertile soils due to a lower
amount of spores (Jasper et al. 1992). It was suggested that external hyphae
may contribute to the infectivity of infertile soils (Jasper et al. 1989a; 1993).
Appropriate storage of topsoils may be of importance. Due to a lack of space
on mine sites, topsoils are generally stockpiled. Stockpiling topsoil can reduce
their infectivity (Gould and Liberta 1981; Rives et al. 1980; Visser et al. 1984).
Time of topsoil collection could also influence its infectivity. Topsoil collected
during the dry season, may be less susceptible to disturbance due to the
presence of spores.

The aim of this study was to test the impact of disturbance and storage of
ultramafic topsoil on its mycorrhizal infectivity. Disturbance was expected to
reduce substantially the infectivity of ultramafic topsoils. Topsoils collected
during the dry season (summer) may be less susceptible to disturbance.
Maintaining wet anaerobic conditions in topsoils may reduce more significantly
and quickly their infectivity.
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MATERIAL AND METHODS

Experimental design
In this study, a randomized complete blocks design was used with three factors:
season of topsoil collect x topsoil management x duration of topsoil storage.
Table 7.1 illustrates this design. Topsoil cores were collected in winter and
summer. Some cores were disturbed and stored sealed or unsealed at 20oC
and watered to the field capacity, while undisturbed soil cores were stored
sealed at 3oC. Cores were planted with E. flocktoniae seedlings after 0, 3, 6 or
9 months of storage. Seedlings were grown for 10 weeks in cores.

Table 7.1 - Experimental design for each set of collected cores (2 sets).
Time after cores collection
(months)
Undisturbed
soil cores

Disturbed
soil cores

0

3

6

9

stored sealed at 3oC

4*

4

4

4

stored sealed at 20oC
watered to field capacity

4*

4

4

4

stored unsealed at 20oC
watered to field capacity

na

4*

4

4

*number of replicate

Experimental procedure
Soil cores
Cores of ultramafic soil with high level of nickel (6 g/kg total Ni) were randomly
collected from one site (site 1) on Bandalup Hill, near Ravensthorpe, in the
south-west of Western Australia. The cores consisted of the top 10 cm of the
soil profile. Cores were placed in 1.5 L pots lined with a plastic bag. Cores
were then stored briefly at 3oC until the beginning of the experiment. Disturbed
cores were obtained by sieving soil through a 2 mm mechanical sieve. Root
fragments in sieved soil were trimmed to approximately 1 cm long before retransferring the disturbed topsoil into the plastic bags in the pots. Disturbed
cores were then watered to field capacity and the plastic bags of half of them
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containing the sieved soil were sealed with a rubber band while the others were
left open. All disturbed cores were kept in a 20oC sterile greenhouse until being
used. Unsealed stored cores were watered to field capacity every week.

Plant material
Seeds of Eucalyptus flocktoniae (Maiden) Maiden were collected from Bandalup
Hill near Ravensthorpe in Western Australia. Bandalup Hill has an ultramafic
outcrop with high level of Ni (see chapter 2 for details and characterization).
Seeds were soaked in smoke water overnight at room temperature (Brown
1993), then surface sterilized by soaking them for 5 minutes in a solution of 5%
sodium hypochlorite (Cochrane et al. 1999). Petri dishes were sterilized with
70% ethanol. Each petri dish had two filter papers soaked with DI water.
Seeds (100) were placed on the filter papers, petri dishes were sealed using
parafilm and incubated at 19 oC in the dark until germination (approximately 1
week).

Culture and harvesting
Germinating seedlings of E. flocktoniae (8) were transplanted into soil cores.
Soil cores with seedlings were placed in a controlled-temperature tank (20oC) in
a sterile glasshouse at 20oC for 10 weeks. Soil cores were randomly arranged
inside the tank. Pots were watered with DI water to field capacity. Shoots from
each pot were cut and shoot fresh weight was recorded. Soil was washed off
the roots very carefully on a 1 mm sieve and roots were collected and washed
in DI water. Root fragments were blotted on tissues, and root fresh weight was
recorded.

Assessment of mycorrhizal colonization
Subsamples of roots for each replicate were cleared and stained (Jasper et al.
1989). Roots were cut into fragments of 1cm length. Fifty randomly selected
root pieces from each replicate pot were examined under a compound
microscope at 200 times magnification. The extent and nature of mycorrhizal
colonization in the roots was then assessed.
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Statistical analysis
Data collected from this experiment was analyzed using a two-way ANOVA test
and one-way ANOVA tests amongst treatment means. Treatment means were
compared using the least significant difference at p< 0.05.
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RESULTS

Effect of disturbance on topsoil infectivity
The infectivity of topsoil cores collected in winter was significantly decreased by
soil disturbance (Figure 7.1). Plant grown in disturbed winter soil cores had
significantly less arbuscules (Table 7.2) and their infectivity remained constant
over time (Figure 7.2). In contrast initial disturbance of summer topsoil cores
had no significant impact on their infectivity. However, the infectivity of these
cores decreased significantly with time in a linear fashion (Figure 7.2).
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Figure 7.1 – Extent of root length colonized (A, B) and proportion of arbuscules in
roots (C, D) of E. flocktoniae seedlings grown in undisturbed and disturbed ultramafic
topsoil cores stored for various times (A, C, cores collected in summer, B, D, in winter;
different letters indicate significantly different means at p<0.05)
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The infectivity of summer cores (measured as the proportion of root length
colonized and arbuscule density) of either disturbed or undisturbed cores was
higher than the infectivity of cores collected in winter (Figures 7.1).
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Figure 7.2 - Arbuscular mycorrhizal infectivity of disturbed ultramafic
soil cores collected in summer or winter and stored for various time.

Table 7.2 – P values for the analysis of variance testing the effect of different
parameters on the extent of root length colonized by AM fungi and arbuscules
proportion (P < 0.05 indicates a significant difference between means of same
parameter or a significant interaction between 2 parameters)

Disturbance
summer

Disturbance
winter

Time

Season

AMF root length colonization
Disturbance
summer

<0.001

Disturbance
winter
Time

<0.001
0.036

0.176

Season

0.188
0.033

<0.001

Arbuscules proportion
Disturbance
summer

0.001

Disturbance
winter
Time
Season

0.023
0.075

0.384

0.043
0.341

<0.001
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Extent of root length colonized by AM fungi in undisturbed soil cores collected in
winter was significantly lower after 3 and 9 months of storage while it was at its
maximum after 0 and 6 months of storage (Figure 7.1). There was a similar
trend with the density of arbuscules in roots of plants grown in winter cores
(Figure 7.1). Root length colonized in cores collected in summer tended to be
higher after 3 and 9 months of storage while it was lower at 0 and 6 months
(Figure 7.1). The proportion of arbuscules in roots of seedlings grown in
summer cores was increased between 0 and 9 months of storage (Figure 7.1).

Effect of storage practices on disturbed topsoil infectivity
Sealing cores affected significantly their infectivity in terms of root length
colonized (for both summer and winter cores) and arbuscule density in roots
(only for cores collected in summer) (Table 7.3). The infectivity and arbuscule
density was significantly lower in disturbed summer soil cores that were stored
sealed compared to cores stored unsealed (Figure 7.1). After 9 months, sealing
summer collected cores had no effect on their infectivity. In contrast, no
difference in infectivity and arbuscule density was observed between sealed
and non-sealed stored winter cores (Figure 7.1).

After 3 months of storage, there was a significant difference in root length
colonized as well as arbuscule density between winter cores disturbed sealed,
disturbed unsealed and undisturbed. After 9 months of storage, disturbed
sealed winter cores had the lowest root length colonization and arbuscule
density (Figure7.1). In contrast, plants grown in undisturbed summer soil cores
had a higher root length colonization and arbuscule density than disturbed
sealed summer cores at each harvest (Figure 7.1).
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Table 7.3 - P values for the analysis of variance testing the effect of different
parameters on the extent of root length colonized by AM fungi and arbusules proportion
(P < 0.05 indicates a significant difference between means of same parameter or a
significant interaction between 2 parameters)

Storage
summer

Storage
winter

Time

Season

AMF root length colonization
Storage
summer

0.001

Storage
winter
Time

0.049
<0.001

0.423

0.006

Season

0.425

<0.001

Arbuscules proportion
Storage
summer

0.02

Storage
winter
Time
Season

0.113
0.253

0.275

<0.001
0.003

<0.001
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DISCUSSION

Disturbance reduced significantly the infectivity of the ultramafic topsoil used.
This reduction mainly concerned the ultramafic topsoil collected in winter.
It is well established that mechanical disturbance of soil such as occurring
during mining operations can reduce severely the infectivity of topsoils (Hayman
1982; Jasper et al. 1989b; 1987). In general, infertile soils are more susceptible
to disturbance due to a lower number of robust propagules such as spores
(Jasper et al. 1992). The ultramafic topsoil used in this experiment had low
numbers of endomycorrhizal spores. In such soil, colonized roots and external
hyphae may represent most of the propagules. External hyphae can contribute
substantially to the infectivity of infertile soils (Jasper et al. 1989a; 1993).
Disturbance of the fresh external hyphal network may cause a significant
decrease in infectivity of this ultramafic soil. Disruption of this network can lead
to a decrease in root colonization by mycorrhizal fungi (Fairchild and Miller
1988). Detached hyphae have the ability to colonize roots and is extremely
susceptible to mechanical disturbance (Jasper et al. 1989). In the present
experiment, disturbance did not suppress entirely mycorrhizal colonization of E.
flocktoniae. This may reflect a longer cultivation time (8 weeks). This may also
result from the presence of other more robust propagules in the disturbed soil,
such as spores. Such propagules may contribute to the colonization of
seedlings. Their low number, but also their delay in germination (Tommerup
1983) may be reflected in the lower colonization rate observed. Such structures
are also long lived which may explain the persistence of this limited colonization
over the course of the experiment.

In contrast, topsoil collected in summer was initially unaffected by disturbance
and its infectivity remained higher than the infectivity of topsoil collected in
winter. Reduced infectivity due to soil disturbance occurred in soils sampled
during the dry season (Jasper et al. 1987). The limited amount of spores in
these ultramafic topsoils cannot account for the higher rate of infections
observed in the undisturbed soil cores collected in summer (dry season). Dried
external hyphae may represent another propagule in this soil. However,
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previous observations have shown that dried hyphae network is also very
susceptible to mechanical disturbance (Jasper et al. 1989a). These
observations were made on Acaulospora laevis, while other AM species may
respond differently to disturbance. Dried root fragments colonized by
mycorrhizal fungi may represent another robust propagule in this topsoil.
Several species of AM fungi have been shown to survive in root fragments for
several years in very dry conditions (-50 Pa) (Tommerup and Abbott 1981). In
the present experiment, infectivity of disturbed topsoil collected in summer
decreased linearly with time. Such response may reflect the progressive
degradation of hyphae and root fragments by soil microorganisms due to the
moist conditions (cores were maintained at field capacity).

Storage of topsoil collected in summer or winter in anaerobic moist conditions
was detrimental to its infectivity. In this experiment, storing topsoil cores in
sealed bag at room temperature, watered to the field capacity, was supposed to
mimic the anaerobic conditions found inside a stockpile. Stockpiling topsoil has
previously been shown to reduce the infectivity of topsoils (Gould and Liberta
1981; Rives et al. 1980; Visser et al. 1984). It was also found that soil from a
stockpile with high moisture content was less infective compared to soil from a
stockpile under dryer conditions (Miller et al. 1985). In the present study, moist
conditions in the topsoil may have contributed to the degradation of mycorrhizal
propagules more quickly under anaerobic conditions of the sealed bag.
Reducing and moist conditions could induce chemical changes and increase Ni
bioavailability, which may reduce the survival of fungal propagules.

Results from this experiment suggest that ultramafic topsoils from Bandalup Hill
should preferably be collected during the dry season. Storage of these topsoil
in dry condition may help preserve their mycorrhizal infectivity for a maximum of
6 months. Finally, stockpiling wet topsoils may be detrimental to their
mycorrhizal infectivity while stockpiling topsoils during the dry season may be
less detrimental.
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CHAPTER 8

General discussion and future research
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General discussion

Significance of mycorrhizas in ultramafic ecosystems

A clear understanding of the infertility of ultramafic soils is essential in the
assessment of the significance and role of mycorrhizal fungi in ultramafic
ecosystems. It is generally believed that ultramafic flora are the result of Ni
toxicity in ultramafic soils although some authors have suggested that it is a
nutritional stress rather than a metal toxicity that is responsible. In this study
multiple deficiencies in major nutrients characterized the ultramafic soils
investigated and affected substantially the growth of native plant species
(Chapters 2 and 6). On the other hand, the soil used had high levels of Ni both
DTPA extractable and in soil solution. High levels of Ni can poison roots,
reducing their growth and consequently reducing nutrient uptake in plants. Low
levels of major nutrients in soil, especially Ca, may reduce plant Ni resistance.
In this regard, nutritional stress and Ni toxicity may affect together ultramafic
vegetation and should not be considered independently of each other.

If plants grow less extensive root systems to avoid (or as a result of) Ni
poisoning (Chapter 4), how can they access nutrients in ultramafic soils?
Mycorrhizal fungi may limit Ni poisoning of plants. At high soil Ni level, and low
level of P, some arbuscular and ectomycorrhizal fungal species can reduce the
Ni translocation to the plant shoots and confer Ni resistance to plants.
However, at lower soil Ni level, the major benefit derived from both mycorrhizal
fungi was improved nutrition, in particular P improved nutrition. One
ectomycorrhizal fungal species improved more substantially the plant nutrition
and growth than the arbuscular mycorrhizal fungal species used. In native soil,
it was clear that AM fungal consortium can affect the shoot Ni to P ratios at
higher P availability. Such effects may also contribute to increase plant Ni
resistance.

Ni availability and toxicity in ultramafic soils may vary considerably both spatially
as well as temporarily. Rainfall events can temporarily increase Ni availability in
ultramafic soils (Robertson 1992). Given the potential role of some AM and
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ECM fungal species at high soil Ni levels, these fungi may help the plants by
“buffering” the Ni availability and reduce the likelihood that it would poison
plants. Associations of some native plants with both ECM and AM fungi may
result from changes in colonization over time. It has been reported that
Eucalyptus seedlings may initially be colonized by AM fungi and later replaced
by ECM fungi (Gardner and Malajczuk 1988). In this way, AM fungi may help
young seedlings establish by limiting the uptake of Ni after a rainfall event that
led to their germination, as well as maintaining high shoot P levels which may
improve their Ni resistance. ECM fungi on the other hand, may colonize roots
of native plant species at a later stage of root growth and contribute to the plant
nutrition, leading to increased growth and potentially Ni resistance. ECM fungi
may also limit Ni uptake in plants and buffer temporary fluctuations in soil Ni
phyto-availability.

Therefore, in the context of ultramafic soils which exhibit both Ni toxicity and
nutrient deficiencies, mycorrhizal fungi may be of crucial importance to plant
survival.

However, mycorrhizal symbioses are certainly not the only strategy

enabling plants to survive in such hostile conditions. Native ultramafic plants
may also be tolerant to high levels of Ni in soil. One species showed a reduced
shoot Ni translocation at moderate soil Ni levels in the absence of mycorrrhizal
fungi. It is also clear from this study that some native ultramafic plants had a
higher nutrient use efficiency (Chapter 2 and 6) and limited nutrient
requirements (especially compared to Trifolium subterraneum). These species
may thus take advantage of small changes in soil nutrient availability. In
addition, the unusual germination requirements of some ultramafic species
(smoke water pre-treatment for Eucalyptus and Melaleuca species) suggested
that these plants may only germinate in response to changes in the soil
chemical conditions, in particular the nutrient availability in soil. Such changes
may represent better environmental conditions for plant establishment. Such a
trait may represent another strategy to survive the ultramafic conditions. The
presence of arbuscular mycorrhizal fungi in the roots of a plant species
belonging to a non-mycorrhizal family and their effect on this species
emphasizes the potentially important role played by these fungi in such
ecosystem.
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Implications for the revegetation of Ni mines

Findings in this study suggested that the mycorrhizal symbiosis may improve
the survival and establishment of young seedlings in ultramafic soils. Since
mining activities may considerably affect the chemical and physical properties of
the soils, symbiosis with mycorrhizal fungi may be a key element in determining
the success of revegetation operations. AM fungi, depending on the season of
topsoil collect, can be very sensitive to soil disturbance. Lower infectivity of the
topsoil may result in lower survival of establishing seedlings. Appropriate
topsoil management appears to be the cheapest and most effective way to
restore the soil microbial diversity. Alternatively, inoculation of topsoil may
represent another strategy to restore this soil diversity.

Soil amendment with N, P and K of ultramafic soils may be another option to
improve the success of plant establishment in mine sites. The success of such
approach will depend on the level of Ni in soil. Elevated Ni concentration in soil
solution may poison plant roots and therefore limit the uptake of nutrients into
plants. Also, ultramafic soils have high P sorption capacity. Although soil
amendments with N, P and K have been used in the past successfully, it may
not assist in the restoration of the soil microbial diversity. In this regard,
amending ultramafic soil with nutrients may only represent a short term
strategy. In addition, changing the nutritional status of these soils may increase
the risk for pioneer weed species to invade this ecosystem (Watt et al. 1997).

Future research

The accumulation of Ni in mycorrhizal roots visible at high soil Ni needs to be
clarified. This research demonstrated the possibility that Ni may be located in
the fungal tissues within roots thus limiting its transfer to plant root tissues and
consequently its translocation to plant shoots. A future experiment may use
pots with compartments separated with mesh allowing hyphae only to pass
through. Compartments that are only accessible to hyphal fungi would contain
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labelled Ni. Such approach may help assess the contribution of mycorrhizal
fungi to the uptake of Ni in plants and Ni translocation to the shoots. Care
would have to be taken to exclude contamination of soil compartment
accessible to roots with radioactive Ni. Additionally, electron microscopy could
be used to assess the Ni distribution in mycorrhizal roots. This approach may
be more appropriate to assess Ni distribution in mycorrhizal roots and it may
help locate potential Ni accumulation within fungal tissues. However,
observations derived from this approach may be biased due to changes in
metal distribution within root fragments following sample preparation.

At lower Ni availability in soil, changes in shoot P to Ni ratios due to AM fungi
and its effect on plant Ni resistance require further investigation. Again, an
experiment using pots with compartments separated by nylon mesh may be
used. Outer compartments only accessible to fungal hyphae would be supplied
with radioactively labelled P and Ni to assess the contribution of AM fungi to
plant P and Ni uptake. Care would have to be taken to exclude more thorough
exploitation of the soil volume by mycorrhizal plants as a possible explanation
for increased mycorrhizal utilization of P and Ni.

A clear identification of the constraints to plant growth in ultramafic soils is
essential to understand the contribution of mycorrhizal fungi to plants in
ultramafic conditions. As it is possible that Ni availability fluctuate in time (it
may increase after a rain event for example), changes in Ni availability in soils
need to be assessed. Measurement in the field may be closer to the reality
than investigation from soil samples in the laboratory. Extraction of soil solution
in the field needs to be carried out at various times including during and after
rain events. Such approach may also help to assess the spatial variability of
the Ni availability in the field.

It is clear that compatibility between fungi species and host plant is essential in
determining plant responses (Chapter 5 and 6). In future studies it may be
more appropriate to use various native ultramafic plant species together with
native ultramafic mycorrhizal fungi species of similar geographical origin. Nonultramafic plant species may be inappropriate for such studies (Chapter 6).
Furthermore, the use of fungal isolates selected for Ni resistance to study the
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contribution of mycorrhizal fungi to plant Ni resistance may not reflect all the
possible interaction between symbionts in the presence of high levels of Ni in
soil. The use of fungal spores of one or several species together may be more
appropriate to reflect the simultaneous occurrence of several fungal isolates
and species within plant roots. Also, well defined artificial media may prove to
be more beneficial in future experiments than the use of ultramafic soils.
Pasteurization of natural soil may considerably affect its fertility and therefore
the plant response to mycorrhizal colonization (Chapter 6). The main
parameters examined (Ni and/or nutrients) are not the unique parameters
affecting the symbiosis and plant response to it. Finally, the timing of
experiments may be of importance in determining plant responses as AM fungi
rate of colonization and activity may fluctuate between seasons (Chapter 7).

The presence of AM fungi structures in roots of one plant species belonging to a
non-mycorrhizal family (Proteaceae) suggested a broader association between
AM fungi and plants in ultramafic soils. Mycorrhizal status of other species
belonging to the non-mycorrhizal families (such as Cyperaceae) within the
ultramafic flora need to be further investigated. Plant species belonging to
these families and occurring in ultramafic soils should be planted in undisturbed
cores of ultramafic topsoil, and their root assessed for mycorrhizal presence. In
addition similar plant species should be grown in undisturbed topsoil cores
(non-ultramafic) collected from areas where these plant species also occur.

The mycorrhizal infectivity of disturbed ultramafic topsoils needs to be examined
during mining operations. Topsoils to be revegetated on the mine should be
used in pot bioassays. Native plants used for revegetation may be grown in
collected topsoils for various periods of time (4, 8, 12, 16 weeks for example)
and mycorrhizal presence in their roots should be assessed. In addition, roots
of plants growing in revegetated areas may be collected at different stages to
assess their mycorrhizal status. As the presence of AM fungi in the early stage
of the plant life may be important in determining its survival, collection in less
than 10 weeks old seedlings should be conducted.
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