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1. INTRODUCTION

Giant reed (Arundo donax L.) is a perennial rhizomatous grass (Poaceae
family), native to the freshwater regions of Eastern Asia, but nowadays considered as a
sub-cosmopolitan species given its worldwide distribution. It is a hydrophyte, growing
along lakes, streams, drains and other wet sites. The genus Arundo is able to reach the
height of 14 m and is among the fastest-growing terrestrial plants. It can produce more
than 50 t ha' aboveground dry biomass. As a consequence of its high and fast
biological productivity, giant reed is widely cultivated to yield non-food crop that can
meet requirements for energy, paper pulp production, bio-fuels and construction of
build materials, but it has other different uses such as music tools with stem, medicine

with roots and soil erosion control through re-vegetation.

Giant reed displays unique physiological features whereby it readily absorbs and
concentrates toxic chemicals from contaminated soil with no appreciable harm to its
own growth and development. It is one of the mostly used plants as a trace element bio-
accumulator, especially via phytoremediation processes, due to its capacity of absorbing
contaminants such as metals that cannot be easily biodegraded. Giant reed can grow in
different environments with spacious ranges of pH, salinity, drought and trace metals
without any symptoms of stresses and can easily adapt to different ecological conditions
and grow in all types of soils. However, because of its great adaptability to different
ecological conditions, giant reed is considered noxious invasive weeds in riparian

habitats throughout the world.

In 2010 thrand flooded many towns with toxic red mud. At least 10 people were
dead and over 150 hospitalized. Bauxite residue is often referred as red mud due to the
colour of the bauxite ore and iron oxides. Red mud is separated during the refining
process. The production of 1 t of alumina generally results in the creation of 1-1.5 t of
red mud. Red mud is toxic for the environment due to high alkalinity, salinity and trace

metals.

Soil quality refers to the capacity of soil to perform agronomic and
environmental functions. Changes in soil quality, resulting from, for example, bush fires

or the presence of waste residues from bauxite mining (through the Bayer process) can



be measured through physical, chemical and biological indicators. The chemical
indicators include pH, EC, soil organic carbon, phosphorus availability, nutrient
cycling, and the presence of contaminants such as heavy metals, organic compounds,
and radioactive substances. These indicators determine the presence of soil-plant-related
organisms, and nutrient availability. The biological indicators that have been widely
studied are the chemical compounds or metabolic products of organisms, particularly
enzymes such as cellulases, arylsulfatase, phosphatases, urease, dehydrogenase related
to specific functions of substrate degradation or mineralization of organic N, S or P.
Soil enzymatic activity assays act as potential indicators of ecosystem quality being
operationally practical, sensitive, integrative, described as "biological fingerprints" of

past soil management that relate to soil tillage and structure.

The objectives of this study were:
e monitoring the short- and long-term effects of the red mud on the
Hungarian soil quality using synthetic plantlets of A. donax L.
e study the effects of red mud on growth and chemical composition of
giant reed plantlets (using red mud, mud-polluted soil, mud/control soil

mixture and control soil).

e investigate the trace metal uptake and translocation of metals by A.
donax seedlings and the changes (decrease) of salinity and pH of red

mud.

e investigate the ability of giant reed to restore ecosystems of different
soils, including bauxite-derived red mud-amended soil and pure red mud

especially after exposure to high temperatures

e measure selected soil properties - including soil dehydrogenase, alkaline
phosphatase, urease and catalase activities, soil organic carbon, soil pH,
EC, available soil macronutrients NPK, - and above- and below-ground

plant biomass yield.



2. LITRATURE

2.1. History of Arundo donax L.

Many literatures stated that Arundo donax L. is indigenous to the Mediterranean
region, but different sources suggest that Arundo was introduced to the Mediterranean
region from subtropical parts of the world like in India, China and in southern USA and
some genotypes are also adapted to cooler climate conditions. Under natural site
conditions Arundo donax L. is usually found along river banks, creeks and generally
moist soils but it grows also successfully on relatively dry and infertile soils such as
roadsides and is used to mark field sites (Tucker, 1990; Sharma et al., 1998; Gilines and
Saygin, 1996). Arundo donax L. was known by different names such as Giant cane,
Carrizo, Arundo, Spanish cane, Colorado River Reed, and Wild cane. The science

community has adopted the common name, giant reed (Bell, 1997).

The uses of giant reed have been dated back to 5,000 B.C. where the Egyptians
used giant reed leaves as lining for underground grain storage. In the 4™ Century giant
reed was used for medicinal purposes such as a sudorific, diuretic and for the treatment

of dropsy. Also, it has been stated that mummies were wrapped with giant reed leaves.

It has been reported well that giant reed was introduced intentionally to
California in the early 1820’°s by the Spanish for erosion control. Also the Spanish used
giant reed as building material, firewood, and fodder (Frandsen, 1997). In addition,
governmental agencies over time have encouraged farmers to plant giant reed for
erosion control in drainage canals (Boose and Holt, 1998). Arundo donax L. was first
introduced to Australia in 1788, by the first fleet bringing the British to Australia for
colonization (Lee, 2009). In Australia, it has been used especially for windbreaks
around horticulture crops, to stabilize sand drifts and the immature canes cut when
shorter than 1.8m for use as a drought reserve grass for ruminants (Spafford, 1941;

Williams and Biswas, 2010).



2.2. Characteristics of giant reed

Giant reed (Arundo donax L.), Poaceae, is a robust erect perennial grass species
reaching up to 14 m height under optimal growth conditions, growing in many-
stemmed. Individual tough and hollow stems, 3- to 5 cm in thickness, have a cane-like
appearance similar to bamboo with alternate leaves, 30- to 60 cm long and 2- to 6 cm
broad, tapered tips and hairy tuft, at the base. Stems produced during the first growing
season are unbranched and photosynthetic (Bell, 1997).

Giant reed has a widespread network of rhizomes under the soil surface, 5- to 30
cm in depth (Fig. 1). The fibrous roots originating from the rhizomes are able to grow
into the soil to 5 m in depth in certain moist soils, whereas, most roots are more than
100 cm long. The rhizomes (3- to 8 cm wide and 10- to 25 cm in length) grow tough,
fibrous and long tap roots (Bell, 1997; Frandsen, 1997; Sharma et al., 1998). The giant
reed stem is a hollow, segmented culm that measures from 1- to 4 cm in diameter and is
able to branch. The culms’ walls range from 2- to 7 mm in thickness, and the internodes
can reach 30 cm in length. This stem structure is able to support the erect position of
such a tall plant, as its mechanical stability is not dependent on turgor pressure (Spatz et
al., 1997). Several stems grow from the rhizome buds during all the vegetative season,
forming dense clumps (Fig. 1). In the Mediterranean basin, where the warm, temperate
climate is characterized by mild, wet winters and hot, dry summers, giant reed new
shoots emerge from buds on rhizomes (Fig. 1), in late winter/early spring, achieving
maximum growth rates in mid-summer. Under optimal conditions stems can grow 10
cm per day, placing it among the fastest growing plants (Perdue, 1958; Bell, 1997). The
culms carry alternate leaves (5 to 8 cm wide and 30 to 70 cm long) that originate from
the rhizome and are very hard and brittle with a smooth glossy green surface that turns
golden-yellow at the end of the growing season (Perdue, 1958; Frandsen, 1997; Spatz et
al., 1997). Giant reed spreads from horizontal rootstocks below the soil, and forms

dense stands on disturbed sites, sand dunes, in wetlands and riparian habitats.



Fig. 1: Rhizomes of giant reed plant grow around drains (Left), several stems grow

from the rhizome buds (Right)

Giant reed has the ability to survive in a wide range of soils, including
apparently inhospitable and marginal land (Fig. 2). It can grow in heavy clays to loose
sands and gravelly soils. After the first year of growth, it is also able to survive in sites
of high moisture and salinity, including marshes (Perdue, 1958). Sandy soil is the most
common type of soil in which it is found (Frandsen, 1997). Giant reed can grow year
around but optimal growth occurs between February and October. It grows well when
the water table is close or at the soil surface but will be retarded if there is lack of
moisture in the first year of growth. Droughts have little effect on the established stands
that are in the second or third year of growth. Giant reed can survive extended droughts
because of the drought resistant rhizomes and roots that can reach water supplies. It also
can survive very low temperatures in the dormant winter season but is subjected to
possible damage with frost events after the start of the spring growth. Its force makes
giant reed an effective potential competitor for other plant species. Once established,
giant reed tends to cover large areas with dense clumps, compromising the presence of

native vegetation not able to compete (Bell, 1997; Coffman et al., 2010).

In turn, although giant reed is a Cs-grass, it shows high photosynthetic rates and
unsaturated photosynthetic potential compared to C4 plants (Papazoglou et al., 2005;

Rossa et al., 1998). Despite being a Cs species, the biomass yield of giant reed, was
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higher than the other C,4 species tested by Angelini et al. (2009) and Kering et al. (2012).
The plant species develops clumps but can also spread vigorously due to its long woody
rhizomes and can invade natural plant communities under certain environmental
conditions. When planted, several buds are mobilized and up to 10 stems per rhizome
may emerge until the end of the first growing period. In southern France, giant reed
produced 20-25 t/ha dry matter (Toblez, 1940). Other authors reported dry matter yields
of 35 t/ha in northern Italy (Matzke, 1988) while also 53 t/ha dry matter were measured
in wild stands of giant reed in Turkey (Gunes and Saygin, 1996). First results from field
plots in southern Germany showed in the years 1989 and 1990 dry matter yields between
7 and 26 t/ha (Oster and Schweiger, 1992) (Fig. 2).

Fig. 2: Giant reed plantation at demonstration garden of Debrecen University, Hungary,

2012 (compared to Prof. Fari M) (Left), giant reed plants grown on pure red
mud (Right)

The water requirement of giant reed is about 300-700 mm in the vegetation
period and a transpiration coefficient of approximately 200 1 kg™ DM was calculated
(Chiaramonti et al., 2000). These data are comparable with Miscanthus growth
requirements (Transpiration coefficient: 250 1 kg'1 DM, Water requirement 500-700
mm/vegetation period). For plant cultivation not more than 100 kg nitrogen/ha and 150
kg P,Os as well as 200 kg K,O are recommended for fertilization (Dalianis, 1996).

11



Furthermore, in giant reed stems and leaves, there are several noxious chemicals
such as tri-terpines, sterols, cardiac glycosides, curare-mimicking indols and hydroxamic
acids (Bell, 1997); these compounds together with the thickness of the tissues can protect
them from the attack of herbivorous insects and other grazers (Bell, 1997; Spencer et al.,

2010).

2.3. Propagation of Arundo donax L.

Giant reed reproduces vegetatively by rhizomes and also by stems, which will
root at the nodes along the stalk. Rhizomes in perennial grasses are underground stems
that produce adventitious roots and shoots. Stems produce adventitious roots and shoots
near the tips of branches or from sprouts at the stem base or stump. It flowers in late
summer and produces a plume-like flower. It has been observed that giant reed
produces seeds; however, they are usually infertile. Therefore, the multiplication of
giant reed by seeds and reproductive organs is difficult. Many articles have been
reported that giant reed produces infertile seeds in many regions around the world such
as in European conditions (Lewandowski et al., 2003; Mariani et al., 2010), in Asia
(Bhanwra et al., 1982; Popov and Belyaeva, 1987), nor in the USA (Balogh et al., 2012)
and in Australia (Williams et al., 2008b). So, conventional breeding through sexual
hybridization cannot be performed. Since it is an asexually reproductive species due to
seed sterility, its genetic variability and the chances for finding new genotypes or
varieties are low (Lewandowski et al., 2003). Since it is a sterile plant without viable
seeds, giant reed requires in vitro cell and tissue culture large-scale propagation for
plantations. In the USA, Marton and Czako (2004; 2007) developed a universal cell
culture procedure which established embryonic cell cultures, micropropagation and
genetic engineering protocols for successful use in many species of monocots such as

giant reed.
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2.4. Arundo donax L. as biomass plant

In recent years, many national and international initiatives have started in order
to identify new sources of renewable energy. This growing interest in renewable energy
is driven by two main reasons. Firstly, fossil fuels such as oil, coal, and natural gas are
limited resources on our planet and if the level of our consumption does not change, the
estimated times of depletion of these energy sources will be approximately 50 years for
oil, 70 years for natural gas, and 170 years for coal (International Energy Outlook,
2006). Secondly, the combustion of fossil fuels emits large amounts of gas into the
atmosphere, increasing the natural greenhouse effect. Carbon dioxide (CO,) and
methane (CH4) are the main components of greenhouse gases (GHGs). Since 1870,
annual CO2 emission from fuel combustion dramatically increased from near zero to 29
Gt in 2007 (International Energy Agency, 2009). In this context, the use of biomass for
fuel is proposed as one of the options to reduce greenhouse gas (GHG) emissions. The
new policies for sustainable energy production in recent years have endorsed for the use
of non-food, perennial grasses for biomass plantation for the next generations of bio-
fuels production. The combustion of fossil fuels has not only led to their inevitable
depletion, but has also introduced a huge amount of pollution, including greenhouse
gases (GHQG) into the biosphere. To maximize the limit of carbon dioxide emissions
(recognized as the main source of the greenhouse effect), in January of 2007, the
European Commission has to recommend an obligatory minimum biomass participation

in the energy balance of 20% by 2020 (Borkowska and Molas, 2012).

In particular, in the European agricultural sector, the spread of non-food crops
for energy production could provide a good opportunity for the integration of income
margins (McKendry, 2002). In Europe, the cropping of high yield biomass plants
(energy crops) on less rich land and fallows can provide farmers with a subsidized
opportunity to diversify their production, increase their profit margins and hedge their
financial risks without compromising the food supply (McKendry, 2002). From the
energy point of view, 4. donax can be used to produce energy by direct combustion or
to produce second generation bio-fuels, such as bio-ethanol, generated by alcoholic

fermentation of lignocellulosic biomass pre-treated to facilitate sugar release (Scordia et

13



al., 2012). Of course, the pre-treatment processes used to increase carbohydrate

degradability (e.g. steam explosion, acid and heat treatment) consume energy.

A. donax is one of the tallest herbaceous plants, its lignin content is similar to
that of other grass species, with an average value equal to 21%, while it equal to 19% in
switchgrass, 20% in sugarcane, and 23% in miscanthus. The latter values are however
still higher than in maize, with lignin content close to 11%. Lignins of 4. donax are
composed of guaiacyl (G), syringyl (S), and p-hydroxyphenyl (H) units with an S/G
ratio of 1.13 - 1.32 (Seca et al., 2000), which is a little lower value than in maize
(Méchin et al., 2000). In fact, Jeon et al. (2010) showed that little differences were
noticed, for example, between sorghum straw and 4. donax capabilities to produce
ethanol after acid pre-treatment and enzyme hydrolysis using Zymomonas mobilis. In
another work, A4. donax, elephantgrass (Pennisetum purpureum), miscanthus and
sugarcane were compared for their capacity to produce bio-ethanol using cellulose
solvent-based lignocellulose fractionation (CSLF) pre-treatment and enzymatic
(cellulase) hydrolysis (Ge et al., 2011). The results obtained showed no significant
differences among these energy crops, consequently indicating that one of the most
important parameters to be considered to optimize the EROEI value (Energy return on
energy invested) is the biomass production per hectare. Another promising way to use
these energy crops is through the direct anaerobic digestion of chopped biomass to
produce biogas without any pre-treatment. However, for both bio-ethanol and biogas
production, a higher susceptibility of the biomass to pre-treatments will allow the use of

more environmentally friendly processes, lowering pollution and energy costs.

2.5. Phytoremediation potentials of Arundo donax L.

2.5.1. Trace metals uptake

Giant reed (Arundo donax L.), a perennial plant, which is widely used as energy
material and paper pulping, has received considerable attention for remediation soils
polluted by multi-metals due to its capacity of thriving in various range of adverse
conditions with rapid growth and high yields (Lewandowski et al., 2003). The

adaptability to extreme soil conditions combined with rapid and vigorous growth makes
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giant reed an interesting candidate for environmental studies on phytoremediation
treatments (Table 1). The use of plants to remove contaminants from polluted water and
soil can be an advantageous strategy, which can also be used to remove metals that

usually cannot be efficiently biodegraded.

The potential of giant reed to serve as a phytoremediation plant is dependent on
the condition that it meets the general characteristics of phytoremediation plants. A

plant is a hyper accumulator, if it meets the following criteria:

1. Concentrations of trace metals in plant shoots should reach hyper accumulating
level depending on type of trace metals e.g., it is more than 1000 mg kg ' for Pb
and Cu (Baker and Walker, 1989; Brown et al., 1994), for As (Ma et al., 2001),
for Ni and Co (Brooks, 1998) and for Cr (Lombi et al., 2001), and more than
10,000 mg kg ' for Zn (Brown et al., 1994).

2. Concentrations of heavy metals in shoots should be 10-500 times greater than

those in normal plant (Shen and Liu, 1998).

3. Trace metal concentration in shoots should be invariably greater than in roots

(Brown et al., 1994).

4. An enrichment factor (the ratio of metal concentration in shoot to that in soil)

should be greater than one (Brown et al., 1994).

Many studies (Table 1) indicate that giant reed may have a potential use for
phytoremediation purposes (Shabana et al., 2012; Miao et al., 2012; Mirza et al., 2010;
Papazoglou, 2007; Papazoglou et al., 2005 and 2007). Though the extremely high
evapotranspiration, giant reed can remove large amounts of nutrients and water from
wastes and has a potential for treating saline wastewaters or pollutants (bioremediation)
(Idris et al., 2012). The plant is able to efficiently transfer arsenic (As), absorbed from
the growing medium and efficiently accumulate it into the shoots, showing good
tolerance to the presence of the metal (Mirza et al., 2010). Giant reed is a plant only

slightly affected by the presence of metals such as cadmium (Cd), nickel (Ni), arsenic
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(As) and lead (Pb) in the rhizosphere, and because of this trait, it can be a potential crop
for contaminated soil, capable of high biomass production in polluted areas (Papazoglou
et al., 2005 and 2007; Guo and Miao, 2010). Giant reed is able to grow well in trace
metal polluted soils, since these trace metals were not stress factors, they did not inhibit
stomatal opening and did not affect the function of the photosynthetic machine of giant

reed (Papazoglou et al., 2007).

Miao et al. (2012) investigated the effect of different five amendments such as
acetic acid (AA), citric acid (CA), ethylenediamine tetraacetic acid (EDTA), sepiolite
and phosphogypsum on growth and trace metal uptake of giant reed grown on soil
contaminated by As, Cd and Pb. They found that the concentrations of As, Cd and Pb in
giant reed shoots were extraordinarily increased when 2.5 mmol kg AA and CA, 5.0
mmol kg' EDTA, and 4.0 g kg sepiolite were applied to soil as compared to the
control. Furthermore, the accumulations of As and Cd were also significantly increased
under the above condition, while the shoot Pb accumulation was clearly enhanced by
adding 4.0 g kg™ sepiolite and 8.0 g kg™ phosphogysum to soil, respectively. Based on
above data, we can conclude that AA, CA and sepiolite could be used as optimum soil

amendments for giant reed remediation system.

It is well documented that increased soil trace metal content resulted in toxic
effects on biochemical and physiological plant processes and on growth reduction
(Dalla-Vecchia et al., 2005; Das et al., 1997; Parida et al., 2003; Ryser and Sauder,
2006; Sheoran et al., 1990). Such extremely high Cd contents have been reported in
surface soils near metal processing industries, e.g. 3.2-1781 mg kg ' Cd in Belgium and
26-1500 mg kg' Cd in the US (Kabata-Pendias and Pendias, 1992). Ni concentrations
up to 10,000 mg kg’ have been reported in soils derived from some ultra-basic igneous
rocks (He et al., 2005). Papazoglou (2007) studied the stress tolerance of giant reed
plants under irrigation with trace metal aqueous solution. A 2-year pot experiment was
held in the field and an automated drip irrigation system was established to provide
daily the plants with aqueous solutions of Cd and Ni in concentrations of 5, 50 and 100
mg 1™, against the control (tap water). At the end of experimental second year, the soil
total Cd and Ni contents were 973.8 mg kg ' Cd and 2543.3 mg kg ' Ni under 100 mg I’

! treatments. The observed morphological features such as the number of the branches,
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the plant height and the fresh and dry weight of stems, leaves, branches, root system,
above ground part and total plant did not differ among treated and control plants,
indicating the high tolerance ability of giant reed to the examined concentrations of Cd
and Ni. Moreover, giant reed showed great potential for growing in nutrient solution
supplemented by increasing concentrations of chromium (Cr) up to 900 pg 1" for three
weeks under greenhouse conditions (Shabana et al., 2012), generally, results showed
that the accumulation pattern of chromium in various plant organs was as under: root >
stem > leaf. However, it probably shows possible using giant reed to decontaminate Cr-

contaminated streams.
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2.5.2. Salt tolerance

Salt is a necessary element for all life, but too much can be a problem. High soil salinity
or "salt-affected soils" are problems in many parts of the world. Salt in irrigation waters
and subsoils is often associated with the elevation over time of the salt content of the
root zone, which in turn results in reduced crop biomass yields (Lazarova and Bahri,
2005). Saline soils will have a relatively high number of sodium ions compared to
healthy soils. Excessive salt not only destroys the soil structure, but it also attracts water
and blocks its absorption to plant roots. As a result, plants may exhibit signs of drought

even when the soil is wet or waterlogged (Williams et al., 2010).

Soil salinity of agricultural land threatens agricultural productivity in 77 Mha of
agricultural land; of which 45 Mha (20% of irrigated area) is irrigated and 32 Mha
(2.1% of dry land) is unirrigated. Soil salinity is a major abiotic stress in plant
agriculture strongly, influencing plant productivity world-wide. Just as the results of
high soil salinity on plants are seen in leaf and stem burns, it is hard on earthworms and
microorganisms as well. Classical breeding for salt tolerance in crop plants has been

attempted to improve field performance.

Phytoremediation is an appropriate option for improvement of deteriorated saline soils.
Phytoremediation means the introduction of salt removing plant species on salt affected
soils to reduce salt content and to improve sustainability of salt affected soils. In
addition, it can be done by cultivating suitable plant species as well as by exploiting the
ability of plant roots to improve the dissolution and enhance levels of Ca in soil solution
to efficiently remove Na from the soil cation exchange complex and leach it from the
root zone. Plants having capability to remove the maximum quantity of salts by
producing higher biomass with some economic importance are mainly selected for
phytoremediation (Qadir and Oster, 2002). Flower et al. (1986) defined salt loving
plants (Halophytes) as those plants that can complete their normal annual life cycle

under conditions of EC =15 dS/m in root zone.
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Giant reed was classed as halophyte plant. William et al. (2008a) was reported that in
South Carolina, USA, giant reed was able to grow with irrigation by diluted sludge and
a salt tolerant stand of giant reed plants was monitored on a tidal creek bank, which
received over 90% of seawater salinity. As well as, Williams et al. (2009) showed that
giant reed can be classified as a halophyte due to its tolerance to salinity of up to 25
dS/m in the soil water for long-standing periods. Giant reed produces more cellulosic
biomass than any other comparable crops currently reported in scientific literature.
Therefore, giant reed has competitive advantages with other perennial grasses and
energy crops such as Phragmites australis (common reed), for the treatment of
wastewaters in wetlands (Rezk and Edany, 1979; Cronk, 1996) and in non- riparian
zones (Williams and Biswas, 2009; Biswas and Williams, 2010), where giant reed can

be managed as a low weed risk crop (Virtue et al., 2010a,b).

2.6. Tolerance mechanism of Arundo donax L. for abiotic stresses

Study of plant mechanisms for accumulating metals and countering their toxicity
stress helps to improve our comprehension of the processes of metal nutrition and
detoxification. Enhanced tissue tolerance, metal sequestration and anti-oxidative
response, collectively determine the ability of plants to trounce destructive effects of

trace metals (Jin et al., 2008).

In plants, high concentrations of trace metals such Cd, As, Ni and Pb inhibit
photosynthesis, and diminish water and nutrient uptake (Shamsi et al., 2008; Meng et
al., 2009; Dalla-Vecchia et al., 2005; Das et al., 1997; Parida et al., 2003) resulting in
chlorosis, growth retardation, browning of root tips, ultra-structural damage and
ultimately to death (Daud et al., 2009; Zhou and Qiu, 2005; Baryla et al., 2001; Yang et
al., 1996). The higher concentration of trace metals causes oxidative stress to the plants
by accelerating the production of reactive oxygen species (ROS) and lipid peroxidation
(Jin et al., 2008). In order to combat oxidative damage, plants have evolved anti-
oxidative enzyme defense system consisting of superoxide dismutase (SOD), catalase
(CAT), guaiacol peroxidase (GPX), ascorbate peroxidase (APX) (Kanazawa et al.,
2000). These enzymes catalyze the dismutation of highly reactive O,- into non-toxic

forms like O, and H,O. However, in spite of irrigating giant reed plants with aqueous
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solution containing 100 mg 1" of Cd and Ni for two years, such symptoms have not
been observed, all plants were very healthy indicating that giant reed is a good
candidate for trace metal phytoremediation policy (Papazoglou et al., 2007). The
activities of superoxide dismutase (SOD), catalase (CAT), increased resistance to the
stress of multi-metals, especially CAT played a role in defying As, Cd, Pb-induced

oxidative stress in plant (Miao et al., 2012).

Physiological processes, such as photosynthesis and water status, are sensitive to
trace metals (Monni et al., 2001) in several plant species. Trace metals have been found
to inhibit electron transport in photosynthetic systems (Becerril et al., 1989) and the
regenerative phase of the Calvin cycle (Weigel, 1985). Papazoglou et al., (2005)
reported that photosynthetic rates (Pn) of giant reed were unaffected by irrigation with
trace metal aqueous solution containing 5, 50, 100 mg "' of Cd and Ni, indicating that
the photosynthetic system was not harmed and showed a strong tolerance of this plant to
the increased trace metal concentrations in the soil. The values of giant reed Pn rates
found in this study were higher than those usual for C; plants (18-20 pmol CO, m™ s™';
Mohr and Schopfer, 1995). In a comparative study on photosynthesis of five C; and
three C4 grasses, Rossa et al. (1998) found that giant reed had high Pn rates, higher than
the other grasses (37.0 pmol CO, m™ s) under similar environmental conditions. The
same authors suggest that the high Pn rates of giant reed are attributed to the higher
level of irradiance for saturation of electron transport through PSII and less photo-
inhibition compared to other grasses. The high photosynthetic activity of giant reed
indicates the ability of this plant not only to produce high biomass yield compared to
other similar grasses with lower photosynthetic but also shows that giant reed is able to

grow in trace metal contaminated soil.

Stomata play a crucial role in controlling the balance between water loss and
carbon gain, therefore biomass production. Thus, measurements of stomatal
conductance and resistance and intercellular CO, concentration provide a useful tool to
qualify the effects of stress factors on stomatal opening (Bolhar-Nordenkampf and
Oquist, 1993). Decreased stomatal conductance (Pankovic et al., 2000) and increased
stomatal resistance (Sheoran et al., 1990) in Cd-treated plants have been reported. The

inhibition of stomatal openings in plants exposed to trace metals may depend on metal
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concentration, exposure time and also on the degree of toxicity suffered by the plants.
Prasad (1995) has reported that concentrations above 50 mM for more than 5 weeks
cause turgor loss and hydropassive stomatal closure on the exposed plants. Leaves
showed toxicity symptoms and senescence with concomitant metabolic breakdown and
loss of stomatal control. However, measured values of stomatal conductance,
intercellular CO, concentration and stomatal resistance in giant reed plants remain
unaffected after treating with 100 mg 1" Cd and Ni separately for two years. These
findings probably indicate that giant reed possess a very effective antioxidant system,
that protects chloroplast and stomatal function. Organelles with an intense rate of
electron flow, such as chloroplasts, are a major source of reactive oxygen species (ROS)
production in plant cells. Especially in chloroplasts, the primary sources of ROS
production are the Mehler reaction and the antenna pigments. Production of ROS by
these sources is enhanced in plants by conditions limiting CO; fixation under stress
factors such as high concentration of trace metals (Mittler et al., 2004). Indeed, trace
metals are an effective inhibitor of photosynthesis and cause alterations in PSII activity
to various degrees (Pankovic et al., 2000; Zhou and Qiu, 2005; Chugh and Sawhney,
1999). PSII including the water oxidizing step appears to be particularly sensitive to a

number of stress factors (Papazoglou et al., 2007).

Chlorophyll fluorescence is used as a tool in quantifying the stress response
under both laboratory and field conditions. The Fv/Fm ratio is a very useful measure of
photo-inhibition, which can be observed as a secondary stress response if the
photosynthetic process, as a whole, is restricted by a primary stress factor (Bolhar-
Nordenkampf and Oquist, 1993). Chlorophyll content declines in leaves of plants
growing in trace metal contaminated soils or even irrigating with wastewater (Das et al.,
1997, Parida et al., 2003; Monni et al., 2001; Chugh and Sawhney, 1999) and therefore
the plants would diminish their efficiency to absorb light. By interfering with the
activities of PSI and PSII, they would slow down the operation of photochemical
reactions even in pigment-sufficient photosynthetic units. However, the maximum
chlorophyll A content in giant reed leaves grown on Cr-amended nutrient solution was
observed to be 1.893 mg g ™' at 200 pg L' supplied Cr. The chlorophyll B content was
the maximum (1.187 mg g ') at 200 pg L' supplied Cr. As far as carotene content was
concerned, amount was the maximum (1.56 mg g ') at 100 pug L™'. Further increase in

the supplied Cr caused a significant (p < 0.05) decrease in carotene content (Shabana et
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al., 2012). Furthermore, measured chlorophyll content in giant reed plants was
unaffected by high concentration of Cd and Ni and no significant differences were
observed compared to control plants (Papazoglou et al., 2007). Miao et al. (2012)
reported that chlorophyll content in leaves of giant reed growing on As, Cd and Pb
contaminated soil was increased by 72.2% amended with 5 mmol kg citric acid in
comparison to the control, which was in agreement with the change of biomass,
suggesting that citric acid application did not deteriorate photosynthetic parameters of
plant (Jean et al., 2008). These results indicate that trace metals such Cd, Ni, As, Cr and
Pb are most likely sequestered in a very effective approach within giant reed plant, thus
providing a potent protection of the photosynthetic machine. Such sequestration is
usually caused by trace metal binding peptides and as giant reed plants were able to
grow under high Cd, Ni, As and Pb concentrations with no effects on the measured
physiological parameters, it seems that this sequestration mechanism is also strongly
supported by an effective protection by a highly dynamic ROS-scavenging system
(Mittler et al., 2004).

2.7. Environmental pollution

2.7.1. Bauxite residue (Red mud)

Bauxite ore contains aluminum hydroxides in large percentage and is therefore
largely used for the production of alumina (Al,O3). Red sludge or more euphemistically
red mud is the solid fine-grained residue left after alumina has been extracted from
bauxite by Bayer process, the principal industrial means of refining bauxite in order to
provide alumina by digestion with sodium hydroxide (caustic soda) under heat and
pressure. Alumina is the raw material for production of aluminum metal and also has
important uses in the ceramics and pharmaceutical industries (Christoph, 2006; Satish,

1996; Babel and Kurniawan, 2003).

Bauxite residue material is often described as red mud due to the colour of the
original bauxite ore and the iron oxide it contains, which can make up to 60% of the
mass of the red mud (Christoph, 2006; Satish, 1996, Babel and Kurniawan, 2003). In

addition to iron, the other dominant particles include silica, unleached residual
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aluminum, and titanium oxide. Red mud has a large acid neutralizing capacity (ANC)
between pH 12 and 7, and this is primarily attributed to the dissolution of
tricalciumaluminate (Ca;Al,Og) and Na,Al-silicate (NaAlSiO4) and to the neutralization

of AI(OH)*, NaOH, and NaCO”" in the pore water (Babel and Kurniawan, 2003).

The red mud is separated during the refining process when caustic soda and
alumina solution passes into thickener tanks in the clarification section. At this time,
solid impurities sink to the bottom as a fine, red mud. The red mud is washed several
times with water to recover caustic soda. Red mud from the washing stage is alkaline at
pH 14. Seawater, at pH 8§, is added to the mud to neutralize any residual caustic,
reducing the pH of the mud to 8. The mud is then thickened and deposited in the dam as
a slurry from multiple points around the dam perimeter to form drying beaches. The
water that drains from the red mud is of similar pH to sea water and is discharged
continuously  from  the  residual  disposal area into the  estuary

(http://www.qgal.com.au/Press_Release/red%20mud%20fact%20sheet.pdyf).

Red mud is composed of a mixture of solid and metallic oxide-bearing
impurities, and presents one of the aluminum industry's most important disposal
problems. Red mud can not be disposed of easily. Red mud is generally deposited in
lagoons or dumped in the sea (Christoph, 2006; Satish, 1996; Babel and Kurniawan,
2003). Approximately 0.5-2.5 t of red mud is produced per 1 t of alumina produced
(Fig. 3). The amount of red mud produced depends on the quality of the bauxite and the
processing conditions. By the year 2000, the alumina industry had produced circa 2
billion tons (Bt) of bauxite residue and is estimated to reach the 4 Bt mark at its current

production rate by 2015 (Power et al., 2009).
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Fig. 3: History of primary aluminum production from 1950 to 2012

It is well known that the continued production of alumina is restricted by a
reliable and long-term disposal system for bauxite residues (red mud). Consequently, in
the last 25 years considerable efforts have been undertaken to find suitable exploitation
for red mud, rather than storage. In particular, utilization as a soil amendment or
conversion into soil is high priority as they would enable a high-tonnage end-use
outside of existing bauxite residue disposal areas (Klauber and Grife, 2009). However,
the physical and chemical properties of red mud make re-vegetation challenging and
established floras are difficult to sustain without some special treatments before adding
red mud into soil. Neutralization of red mud is considered one of the most important
treatments, where it is intended to reduce the environmental impact of this highly
alkaline material. Also, it can potentially reduce the need for on-going management of
disposal impoundments post-closure, as well as open opportunities for re-use of the
residue material. Several methods are used to lower the alkaline pH to an acceptable
level to decrease the impact on the environment such as sea water, mineral acids,
soluble calcium or magnesium and carbon dioxide. Where, pH 10 is reduced to less than
1 % of its initial value by using mineral acid or a soluble calcium or magnesium
sources. On the other hand, using carbon dioxide the solution alkalinity is reduced by
about 40 %. Research is being performed to find a suitable way to use the mud for other

applications (Christoph, 2006; Satish, 1996; Babel and Kurniawan, 2003). Likewise,
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drying red mud is considered an effective way to decrease the pH and make red mud
somehow more save than fresh red mud, but drying the mud requires much energy
(latent heat for water evaporation) and can represent high costs if fossil fuels have to be
used in the drying process. In the event of improper disposal or willful discharge of red
mud in rivers or lakes, there are fatal environmental hazards. The rain water run off
from the red mud ponds increases river and stream water alkalinity which will convert
lands into Alkali soils when used for irrigation purpose. In some cases, the red mud is
partly neutralized, but in all cases its chemical and physical characteristics inhibit the

establishment of vegetation and pose a barrier for many possibilities for reuses.

2.7.2. The red mud as harmful waste

As there is a great deal of industrial alkali, fluoride, trace elements and other
potential pollutants in red mud, long-term stockpiling would not only occupy scarce
land resources, but also easily lead to serious pollution of the surrounding soil, air and
groundwater (Agrawal et al., 2004; Ruyters et al., 2010; Mayes et al., 2011). In
addition, the continuous increasing of stockpiling yard height may lead to potential
geological disasters (Qiao, 2004). Likewise, marine dumping of red mud may destroy
the ecological balance of the ocean. The dike breach at the red mud stockpiling yard at
the Ajkai Timfoldgyar Zrt alumina plant in Hungary on October 4, 2010 released
between 600,000 and 700,000 m® of caustic red mud suspension (Fig. 4). This accident
is unprecedented, given the scale of the release and the type of material involved, and it

is warning us to pay enough attention to the comprehensive treatment of the red mud.
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Fig. 4: Aerial photography for Ajka alumina waste pond, Veszprém County, Hungary
(photographs 1 and 2), (source of photograph 1: http://mystery tricycle.com/wp-
content/uploads/2010/10/Sludge.jpg) (source of photograph 2:

http://forums.atomicmpc.com.au/lofiversion/index.php? t36557.html)

For many bauxite residues, trace elements can be of concern and may exceed
regulatory soil limits in certain circumstances and this has created public concern
(Goldstein and Reimers, 1999; Anon, 2000; Kutle et al., 2004). The concentrations of
trace elements (e.g., As, Cr, Cd, Ni, Pb, Zn) depend on the composition of the bauxite
ore. Ruyters et al. (2010) reported that aqua regia soluble trace element concentrations
in red mud are above the soil limits for Co, Cr, Ni, and Pb. Red mud application to soil
increased the CaCl, extractable Na 70-fold compared to the control, but did not affect
any CaCl, extractable trace element except Fe. Wang and Liu (2012) reported that the
total concentrations of several hazardous trace elements including As, Pb, Hg, Cd and

Cr in Bayer red mud were larger than that of Sintering red mud.

2.7.3. Radionuclide activities in red mud

Some bauxite residues may emit ionizing radiation above natural background
rates due to the presence of naturally occurring radioactive materials (NORMs): **U
and/or **%, #*°, ’Th and members of their decay chains (McPharlin et al., 1994; Cooper
et al., 1995; Somlai et al., 2008). Little is known about the speciation of various metals
and NORMs in bauxite residues, particularly with regard to pH neutralisation and the
accompanying changes in the mineral and solution phases (Goldstein and Reimers,

1999; Kutle et al., 2004). Potentially toxic metals and NORMSs arise via the original
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bauxite; therefore, bauxite residues from different bauxite ores are likely to vary in type
and concentration of respective metal species. Thus, any single study is limited in its
scope to the origin of the bauxite and the processing conditions at a particular alumina
refinery. Application of red mud to vegetable and crops has been proposed as a solution
to increase the phosphorous and water retention and thereby reduce the leaching of
nutrients. If the thorium (Th) and radium-226 (Ra) concentrations in the red mud are in
excess of 1000 Bg/kg and 300 Bg/kg, respectively. Potentially, the use of this red mud
on agricultural land could result in increased levels of radionuclides in food crops
grown in amended soils (Cooper et al., 1995). However, data demonstrated that there is
no significant increase in radionuclide levels in vegetable crops such as lettuce,
cauliflower, cabbage and potato grown on these soils. The **K and '*'Cs activity
concentrations in the red mud are about 4-times lower than in soil, roughly in proportion
to the total elemental K. The ***U and ***Th activities, here measured as 219Bj and **!Ac
gamma activities, are 5- 10-fold above the soil background values and correspond to
activities detected in several Hungarian red mud samples (200-600 Bq kg for each

isotope) (Ruyters et al., 2010).

2.8. Effects of red mud on soil and plant ecosystems

Red mud presents a problem as it takes up land area and can neither be built on
nor farmed, even when dry. Red mud has a fine particle size (mostly <150 um in
diameter), contains large amounts of iron oxides, and thus has a very high
sorption capacity for phosphorus. Due to residual caustic soda (used in the Bayer
extraction process), the red mud is strongly alkaline and has a very high pH (9-12) and
has a high salt content and EC dominated by sodium (Na"), thus disposal is problematic
(Snars et al., 2004). The high sodium (Na) content and fine structure of the red mud
deteriorate soil structure. In addition, the salinity and alkalinity of the red mud can
affect plant growth on the short term. These factors primarily determine the adverse
effect of red mud on soil quality. The presence of high-soluble Al concentrations in the
alkaline red mud additionally affects plant growth as confirmed in independent solution
culture studies at alkaline pH (Fuller and Richardson, 1986). Field trials have shown
that bauxite residues can be vegetated by a combination of amendments with sand,

compost, and gypsum, leaching and equilibration, and the use of salt or Al tolerant
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plants (Courtney and Timpson, 2004; Courtney and Mullen, 2009). Gypsum
applications improve the red mud structure and gradually reduce the red mud pH to
about pH = 8, likely due to the formation of calcite (Ippolito et al. 2005; Jones et al.
2010; Courtney et al., 2009). Re-vegetation of red mud accelerates the pH

neutralization, probably because of enhanced carbonation in rooted zones.

The feasible detrimental effects of agricultural use of red mud on human health
as a result of its inherent radioactivity and trace element content have also been
investigated. Red mud contains measurably high levels of thorium and uranium and
may pose a risk if these elements leach into aquifers, or if there is direct uptake by
plants and/ or animals (Summers et al., 1993; McPharlin et al., 1994; Cooper et al.,
1995). However, application of red mud into soil by low rates up to 20 t/ha recorded
negligible contents of radioactivity and trace elements in soil (Cooper et al., 1995; Ho et

al., 1989; Summers et al., 1996a; Summers and Pech, 1997).

Ruyters et al. (2010) conducted pot experiment in which they investigated the
effect of different rates of red mud (0.1, 0.5, 1.4, 4.9 and 16.5 % based on wet weight)
adding to soil on growth of spring barley (Hordeum vulgare L. cv Mauritia). Data
showed that low red mud doses (<1%) stimulated the barley root elongation and barley
plant yield for unknown reasons. At the 4.9% and 16.9% red mud doses, barley plant
yield decreased significantly and effects did not disappear with leaching. Unexpectedly,
barley root elongation was almost completely inhibited at the largest red mud dose after
leaching. Many researches focused on the effects of red mud on soil and plant in three
broad agricultural contexts: i) increasing P retention of very sandy soils including the
use of red mud to prevent P run-off to rivers and estuaries (Snars et al., 2003; Kullman
et al., 1982; Scheffer et al., 1986; Scheffer, 2000; Ward and Summers, 1993; McPharlin
et al., 1994; Summers et al., 1996a; Summers and Pech, 1997); ii) increasing yields of
horticultural crops and pastures in Western Australia with and without extra additions of
P, K, etc. (Summers et al., 1996b; Robertson et al., 1999; Summers et al., 2001); and iii)

liming acidic soils (Snars et al., 2004; Simons, 1984; Summers et al., 1996b).
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2.9. Effect of red mud on phosphorous availability

Addition of red mud simultaneously increased soil pH and decreased P
availability. However, this reduction in availability of extractable-P is not a
consequence of increasing pH by using red mud. Since, using NaOH to raise the soil pH
resulted in increase extractable-P. Accordingly the decrease in extractable-P with
addition of red mud is not primarily a function of the increase in pH. Where, red mud
contains large amounts of Fe oxides and other microcrystalline minerals that have a
high capacity to adsorb P and it is likely that they play a major role in decreasing
extractable-P (Snars et al., 2003). An additional mechanism of P retention may be the
precipitation of P compounds, particularly at the high soil pH values (up to 8.5)
resulting from the high rate of red mud addition. However, there was no corresponding
decrease in extractable-P when NaOH was used to increase soil pH, so the existence of
this mechanism remains uncertain. Snars et al. (2003) reported that drying and adding of
microbial suppressant both could use to mitigate the effect of the red mud in decreasing
P availability. Furthermore, drying probably has the same effect as the microbial
suppressant as it kills and/or suppresses the microbes in the soil, as well as, drying
decreases red mud pH (Bottner, 1985). Microbes can immobilize P (Mengel and
Kirkby, 2001), thereby decreasing available P. With drying the microbes are killed and
may release some P so that the effect of red mud addition on reducing available P is
smaller. With suppression of microbial growth the associated biological P retention
does not occur but there was still a decrease in the amount of extractable-P, indicating
that some of the decrease is due to chemical reactions with the red mud. Neutralization
of soil acidity by applying red mud may increase the agricultural production (Summers
et al., 2001) and this could partly compensate for the cost of replacement P fertilizer as
will the decrease in leaching losses of fertilizer P achieved by addition of red mud. The
increase in electrical conductivity (EC) due to the addition of red is not sufficient to

adversely affect crop growth.

2.10. Phytoremediation of red mud by Arundo donax L.

Many authors have discussed the possibility of application red mud into soil as

an effective and safe way for disposal red mud (Courtney and Timpson, 2004; Ippolito
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et al., 2005). The major constraints in rehabilitation are the high alkalinity, salinity and
sodicity of red mud. Reclamation of red mud requires pre-treatments to decrease the
high pH and Na content; so many amendments have been suggested such as gypsum,
acidic gypsum, sulphuric acid (Ippolito et al., 2005; wong and Ho, 1993), drying,
calcium chloride and leaching (Ruyters et al., 2010).

Establishing vegetation on fine fraction red mud is limited initially by elevated
pH, Na content and trace metal content (Ruyters et al., 2010). So, giant reed (4rundo
donax L.) is a plant which has the ability to be tolerant of these abiotic stresses and can
decontaminate the polluted soil and not edible plant. However, few studies have
discussed rehabilitation of red mud by plants. Ruyters et al. (2010) have reported that
the red mud reduced the shoot yield of barley seedlings by 25 % when red mud was
applied to normal soil with 5 %. The biotechnologically propagated giant reed plantlets
grown on pure red mud and red mud-contaminated soil did not show any symptoms of

toxicity.

Many articles have reported that giant reed has the ability to uptake and
accumulate huge amounts of different trace metals with different concentrations in its
root and shoot tissues (Balogh et al., 2012; Papazoglou et al., 2007; Tzanakakis et al.,
2009; Mirza et al., 2011). It can grow in contaminated environments without symptoms
of toxicity. Uptake rate depends on certain concentration of such pollutants. The trace
metals’ tolerance capacity for giant reed has been tested with red mud and different
soils through Cd, Co, Pb, Ni and Fe. The first three metals were not detected in both
giant reed root and shoot samples. Many reasons may explain why Cd, Co and Pb were
undetected: (1) low available concentrations in soil samples, (2) high pH of red mud,
red mud-polluted soil and (3) high phosphate content in red mud. The pH of the soil is
usually the most important factor that controls metal uptake, with low pH favouring Cd
accumulation, and phosphate and zinc decrease Cd uptake (Kirkham, 2006). pH of red
mud was 9.80 and decreased to be 9.66 inducing Fe and Ni uptake by giant reed roots.
The highest Fe and Ni contents in both root and shoot of giant reed were measured in
red mud sample. Irrigated giant reed with trace metal aqueous solutions did not record
any differences among treated and control plants, indicating the high tolerance ability of

that species to Cd and Ni (Papazoglou, 2007). Giant reed rapidly grows with big
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biomass of shoots in Cd-, As- and Pb-contaminated soil, possessing strong metal
tolerance with limited metal translocation from roots to shoots (Guo and Miao, 2010).
Papazoglou et al. (2007) reported that stem height and diameter, number of nodes, fresh
and dry weight of leaves, and net photosynthesis were not affected, indicating that giant
reed tolerates the high concentrations of Cd and Ni. Giant reed has high potential for
cadmium removal in hydroponics culture; the removal rate was estimated as 0.12-0.15
mg Cd/day/plant after contact with cadmium solution of 1 mg Cd L' for 7 days
(Sagehashi et al., 2011).

2.11. Soil quality indicators

Soil quality, or soil health, refers to the capacity of soil to perform agronomic
and environmental functions. Important among these functions are: agronomic/biomass
productivity, response to management and inputs, and resistance to biotic and abiotic
stresses. With reference to agricultural land use, soil quality or health refers to its
capacity to sustain and support growth of crops and animals while also maintaining and
improving the environment. Such definitions of soil health imply an integrated holistic
or system level approach, and are based on the concept that the whole is bigger than
sum of its components. Key components include soil properties, processes, and
synergistic interactions among them. An integrated approach considers soil as a living
system which responds to managerial interventions as does an organism (Lal, 2011).

Although the terms “soil quality” and “soil health” have been used
synonymously (Doran, 2002), their definitions must be differentiated. Soil quality is
related to possible functions and uses of soil, but also on the location and scale of study.
In contrast, soil health represents a holistic approach for understanding the soil system,
independent of soil use and soil users. Soil health considers the soil as a finite,
nonrenewable and dynamic resource. Although originally based on the idea of soil as a
living entity, soil health has evolved to become the primary indicator of sustainable land
management (Garrigues et al., 2012). Because soil quality cannot be measured
comprehensively with a single indicator, soil quality assessments often focus on
determining a “minimum data set” (MDS) of soil characteristics with the greatest
influence on soil quality. A huge variety of MDS has been proposed, corresponding to
differing selection and combination of these properties depending on the location, scale

and objectives of different studies. In the MDSs proposed in the literature, soil organic
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matter (SOM), texture and density are almost unanimously present (Masto et al., 2008)
among numerous other physical and chemical properties. The biological properties of
soil can be taken into account directly (Bohanec et al., 2007; Kaschuk et al., 2010) or
indirectly by assuming a correlation between the density of soil microflora and the SOM
content in mineral soils (Garrigues et al., 2012).

Moron (2005) proposed that the indicators used to quantify soil quality must be
sensitive to detect changes, easy to measure and interpret, and accessible to many users.
In this way, they will constitute an effective tool to show changes in soil important
properties. There is a need to establish critical values in order to determine what soils
and what functions of those soils are being damaged or recovered.

The biochemical properties of soil have been used widely to evaluate soil quality, both
individually and combined in simple indexes and in more complex ones, which stresses
the fact that the scientific community recognizes their potential value. Generally,
biochemical properties related to the biocycles of the elements (C, N, P and S) are used
to diagnose soil quality. These properties include both general biochemical parameters
(i.e. microbial biomass C, dehydrogenase activity and N mineralization potential) and
specific biochemical parameters (i.e. the activity of hydrolytic enzymes, such as
phosphatase, urecase and B-glucosidase). Biochemical properties can be used both
individually, as simple indices, or in combination using complex equations derived from
mathematical combinations or the application of statistical programs (Gil-Sotres et al.,
2005).

Soil quality indicators are useful to policy makers as they can: monitor the long-term
effects of farm management practices on soil quality; assess the economic impact of
alternative management practices designed to improve soil quality, such as cover crops
and minimum tillage practices; examine the effectiveness of policies addressing the
agricultural soil quality issue; and improve policy analysis of soil quality issues by
including not only environmental values but also taking into account economic and

social factors (Kleinhenz and Bierman, 2002).

Changes in soil quality, resulting from, for example, bush fires or the presence
of waste residues from bauxite mining (through the Bayer process) can be measured
through physical, chemical and biological indicators. The chemical indicators include
pH, EC, SOC, phosphorus availability, nutrient cycling, and the presence of

contaminants such as heavy metals, organic compounds, and radioactive substances.
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These indicators determine the presence of soil-plant-related organisms, and nutrient
availability (Martinez-Salgado et al., 2010). Soil organic carbon (SOC) is an important
indicator of soil quality; it has positive effects on soil physical properties and promotes
water infiltration, storage and drainage (Pilu et al., 2012), and is directly related to the
maintenance of soil structure, presence of different groups of microorganisms,
mineralization of organic matter, and nutrient availability. The biological indicators that
have been widely studied are the chemical compounds or metabolic products of
organisms, particularly enzymes such as cellulases, arylsulfatase, phosphatases, urease,
dehydrogenase related to specific functions of substrate degradation or mineralization of
organic N, S or P. Soil enzymatic activity assays act as potential indicators of ecosystem
quality being operationally practical, sensitive, integrative, described as "biological
fingerprints" of past soil management that relate to soil tillage and structure (Dick,
2000). Microorganisms are also widely used as soil quality indicators. Soil contains a
large variety of microbial taxa with a wide diversity of metabolic activities (Nakatsu et
al., 2005). Soil microbial biomass is a sensitive indicator of soil health, and is
influenced by different ecological factors like plant diversity, soil organic matter
content, moisture, and climate changes. Microorganisms play a key role in nutrient
cycling and energy flow. Microbial communities respond to environmental stress or
ecosystem disturbance, affecting the availability of energetic compounds that support

microbial population (Marinari et al., 2007).

2.12. Bushfires effects on soil properties

Bushfires are uncontrolled fires occurring in the rural landscape. Fire is a major
landscape-scale perturbation in many ecosystems throughout the World, but it is
especially frequent in the tropical climate. Nevertheless, its cumulative effect has a
major impact on the ecosystem functioning. During the last two decades bushfires have
been identified as one of the causes of the decline in soil fertility. Fire is the most
devastating factor contributing to loss of vegetation, nutrients and especially to natural
resource degradation. During biomass combustion, nutrients can be volatilized or
transferred to the atmosphere as particulate matter. The particles are likely to be
deposited on or near the site of fire, but this is not the case for volatile elements such as

carbon and nitrogen (Romanya et al., 1994).
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3. MATERIALS AND METHODS

3.1. Sampling and preparation of soils and red mud

In early spring 2011, two composite top-soil samples (0-25 cm) were collected
from the demonstration Garden of Debrecen University, Debrecen city (47° 32' 0" N;
21° 38' 0" E). The first soil sample (S1) was collected from a field, which had grass
coverage for the previous 9 years; S2 was collected from a field of 1-year old giant reed.
An additional two composite soil samples and a sample of red mud (also 0-25 cm) were
collected from Kolontar town, western Hungary (47° 5’ 3.97" N, 17° 28" 30.08” E) in
October 2010 after two weeks from the Alumina factory catastrophe: S3 was collected
from a field with a maize, sun flower and rapeseed crop rotation; S4 (mud-polluted soil)
was collected from a red mud polluted field. The red mud sample was collected from
flooded grassland. A mixture (S5) of red mud and S3 soil was made by ratio 1:1 by
weight. After sampling, a portion of each fresh soil sample was sieved through 8 mm
and used directly for enzyme activity measurements and microbial counts. The rest was
air dried 25°C, ground in stainless steel crushing machine and sieved at 2 mm, then kept

in plastic bags for further chemical analysis at 25°C (Table 2).

3.2. Plant Material

The plant material used for the current study was somatic embryo-derived
plantlets of the Blossom ecotype of giant reed (4drundo donax L.) obtained from the
University of South Carolina (Marton and Czako, 2004; 2007) and propagated in the
Ott6 Orsos Laboratory, Department of Plant Biotechnology, Debrecen University,
Hungary. Sterile plantlets were directly transplanted to autoclaved samples; the other
sterile plantlets were acclimatized to the greenhouse environment before potting in non-

autoclaved samples.

3.3. Bioinocula treatments

Two different bioinocula were used after five days from plantation to enhance

the bacterial community around the root system of giant reed; a commercial biofertilizer
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(Phylazonit) (CB) contains (Azotobachter croococcum and Bacillus megaherium) was
obtained from Hungarian market. The other bioinoculum (Ar ex.) was prepared by
extracting the bacterial community in rhizosphere and rhizoplane fractions of Arundo’s
roots. To prepare this bioinoculum, the roots of giant reed were collected from 1-year-
age giant reed from the experimental garden at Debrecen University; the root extraction
method used was based on that described by Wieland et al. (2001), and was modified to
our work as follow:

Plants were removed from the soils and shaken carefully to remove non-
adhering soil. After the complete removal of the plants, plant roots were cut in smaller
pieces of 1- to 2- cm lengths, and were washed twice for 2 min in 40 ml of saline
(0.85% NaCl solution). The combined washing solutions were centrifuged (8,000 x g,
10 min, 4°C), and the resulting pellets were defined as the rhizosphere fraction. For the
rhizoplane fraction, the washed roots of the rhizosphere preparation were suspended in
20 ml of 0.1% sodium-cholate in a sterile plastic bag and twice treated mechanically in
a Stomacher blender for 120 s each time at the highest speed. After transfer of the
suspension into Erlenmeyer flasks, 0.5 g of polyethylene glycol 600 (Sigma) and 0.4 g
of Chelex 100 (Sigma) were added and the solution was stirred (50 rpm) for 1 h at 4°C.
The supernatant was stored on ice, while the roots were treated again by Stomacher
blending with sodium-cholate solution. This Stomacher-stirring procedure to separate
bacteria from roots was repeated two times, but only 0.5 g of polyethylene glycol 600
was added to the Erlenmeyer flasks after the first cycle. The supernatants were pooled,
and the remaining roots or soil particles were removed by filtration through gauze (70-
um mesh width). The suspensions were centrifuged (8,000 x g, 10 min, 4°C), yielding
the pellets that constituted the rhizoplane fraction. After isolation of both rhizosphere
and rhizoplane fractions’ bacteria, the fractions were suspended in sterile distilled water

to get total bacterial count density of 1x 10® CFU (colony-forming units) per ml.

3.4. Experimental Design

The experimental layout was a completely randomized design with three
replications. To study the phytoremediation potential of giant reed on red mud and its
effects on soil enzyme activities and microbial community in both red mud-
contaminated soil and non-contaminated soils, soil samples were divided into two

portions; the first portion was autoclaved at 121.5 °C and 1.5 atm. for 1 hour for three
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consecutive days with incubation at 28 °C between autoclaving. The second half was
left without autoclaving to compare the soil enzyme activities and microbial community
under giant reed. From each soil sample and pure red mud 300 g were added into plastic
pots and irrigated with tap water and left alone for one night. The next morning two
seedlings were planted in each per pot; the seedling height ranged between 10 and 12
cm. Five days later, half the seedlings received 10 ml of a commercial biofertilizer (CB)
(Azotobachter croococcum and Bacillus megatherium), and Arundo’s root extraction
(Ar ex.) and half the pots left unfertilized as a control (Cont). The water content was

kept at field capacity during the experimental period.

3.5. Microbiological components Analyses

The serial dilution pipette method (Allen, 1953) was used for the microbial counts

grew on different selective media as following:
e Total bacteria colony on Thornton's medium (Allen, 1953).
e Total fungi colony on Martin’s medium (Allen, 1953).
e Total Actinomycetes colony on Jensen's medium (Allen, 1953).

e Azotobacter sp number on modified Ashby’s medium (Abd-El-Malek and Ishac,
1968).

e Azospirillium sp number on N-deficient semi-solid medium (Dobereiner et al.,

1976).

e Spore-formers counted on nutrient agar medium, after heating the dilution tubes

for 10 minute at 80-90°C (Difco, 1976).

3.6. Biochemical activities analyses

e Organic carbon (OC) and total organic matter (TOM) were determined by wet

combustion of soil using Walkley and Black method, (Page, 1982).
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e Microbial biomass nitrogen was determined by fumigation- incubation methods

proposed by Jenkinson and Powlson (1976), After (Page, 1982).
e The phosphatase activity was measured as described by Szegi (1979).

e Dehydrogenase activity was measured according to the procedure cited by

Tabatabai (1994).
e Urease activity was measured by method of Kandeler and Gerber (1988)

e C(Catalase activity was determined using protocol described by Guwy et al.

(1999).
3.7. Chemical analyses of soil and red mud

e pH, was measured in (1:2.5 W/V soil water suspension) as reported by Page

(1982).
e Electrical conductivity (EC), dSm™, at 25° in 1:5 soil water extract (Page, 1982).

e Saturation percentage (%) of the soil was determined using the method

described by Rhoades (1982).

e Available nitrogen was extracted by KCI, 2N and determined by using the

conventional method of semi-micro Kjeldahl method according to Page (1982).

e Available phosphorus was extracted with 0.5 N sodium bicarbonate (Olsen et
al., 1954) and determined colorimetrically by ascorbic acid method

(Schuwenbury Van and Walinge, 1967).

e Available potassium was extracted with ammonium-—acetate extraction method
described by Cottenie et al. (1982) and determined using flame photometer
instrument according to the method described by Jackson (1973).

e For the available Cd, Pb, Co, Fe and Ni contents in soil samples and red mud,
the diethylene triamine penta-acetic acid (DTPA) as described by Lindsay and
Novell (Linday and Norvell 1978) was used using Atomic Absorption
Spectrophotometer (AAS, PERKIN ELMER 3300).
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3.8. Plant analyses

The giant reed plants were harvested after 3 months from planting. Wet weight
and length of both shoot and root parts were measured. The number of new buds also
was accounted. For the heavy metal and microelement analysis, 0.5 g of plant samples
was digested by addition of 10 ml H,SO4 and 1.0 ml HClO4 (Page, 1982). The
microelements and trace metal content of plants were determined by Atomic Absorption
Spectrophotometer (AAS, PERKIN ELMER 3300). The tissue concentration of N, P,
and K was determined both colorimetrically (Jackson, 1973), and by flame Photometer

(Page, 1982).

3.9. Translocation factor (TF)
Translocation factor (TF) or mobilization ratio (Barman et al., 2000; Gupta et
al., 2008) was calculated to determine relative translocation of metals from soil to other

parts (root and shoot) of the plant species.

[Conc. of trace metals] shoot

TF = X 100

[Conc. of trace metals ] root

3.10. The enrichment factor (EF)
The enrichment factor (EF) has been calculated to derive the degree of soil
contamination and heavy metal accumulation in soil and in plants growing on

contaminated site with respect to soil and plants growing on uncontaminated soil (Kisku

et al., 2000).

[Trace metals in soil or plant parts at contaminated site]

EF = X 100

[Trace metals in soil or plant parts at uncontaminated site]

3.11. Germination assay

To determine the effect of red mud on germination percent of some vegetables, a

germination assay was carried as follow; 250 g of S1, S2, S3, S4, S5, and red mud were
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transferred to plastic pots then irrigated by tap water to saturation capacity. Per each
pot, 30 seeds of Radish (Raphanus sativus), Carrot (Daucus carota) and Tobacco
(Nicotiana tabacum) were sowed. The numbers of germinated seeds were counted. This

work was repeated three times.

3.9. Statistical Analysis

Data analysis was performed using Microsoft Excel 2003 (mean values and
standard deviation). The effect of giant reed on soil properties before and after
experiment was compared with paired t tests. An effect was considered significant at the
5% level. The three-way fixed-effects analysis of variance (ANOVA) was conducted
using the SPSS 13.0 software package (SPSS Inc., Chicago, IL). Dependent variables
were checked for normality and homoscedasticity and transformed as necessary.
Separation of means was performed by post hoc test (Scheffe test), and significant
differences were accepted at the level p<0.05. All values are presented as

untransformed means and standard deviations.

Table 2: Chemical and biochemical properties for different soils and red mud before
giant reed cultivation

Soil properties or parameters s S $3 S4 Red mud
(unit)

pH 7.63 7.93 7.86 8.24 9.80
Electrical conductivity (dS m™) 0.45 0.50 0.80 1.82 3.44
Soil organic carbon (g kg™) 19.14 18.24 25.48 19.53 23.15
Dehydrogenase (ug TPF g™ soil) 30.2 25.4 24.0 55.2 59.6
S;‘i‘l’/szpﬁl)atase (mg P205/100g 0.54 0.45 0.45 0.53 0.22
Urease (NHs~ mg/100g soil) 363 339 317 239 417

Catalase (O, ml/ 2min) 13.0 14.1 11.0 46.1 43

E‘;%l/gb)a“erial count (x 10 1.24 1.00 0.54 9.56 1.47
Actinomycetes (x 10® CFU/g) 4.05 5.01 3.37 4.78 4.11

Total fungi count (x 10° CFU/g) 0.56 0.33 0.76 1.14 0.29
Azospirillium number(x 10%) 1.41 1.29 1.25 1.96 2.46
Azotobacter number (x 10%) 1.04 1.09 0.83 0.89 1.04

S1: soil after grass; S2: soil after giant reed; S3: soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil
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4. RESULTS AND DISCUSSION

4.1. Phytoremediation of bauxite-derived red mud

4.1.1. Characteristics of red mud

Physiochemical properties of red mud and tested soils are given in Table 3. The
dry red mud is alkaline with pH 9.8, the pH of semisolid red mud at flooding was 12
(Ruyters et al., 2010), the pH of control soil, near to catastrophe’s site, was 7.86, and the
pH of mud-polluted soil is drastically increased after accident (pH 8.24) as a result of
covering soil surface with thick layer of wet red mud more than 10 cm; at that time, red
mud had enough time to penetrate the soil profile and affects soil pH strongly. EC of red
mud (1.74 dS m™) and mud-polluted soil, S4, (0.91 dS m™) was four- and twofold more
than the EC of control soil (S3), respectively, as a result of high Na content in red mud
(Brunori et al., 2005). The liquid phase of red mud has an EC of 20 dS m™. Ruyters et
al. (2010) reported that dry red mud has EC of 2.4 dS m™ but EC of liquid phase of red
mud was 20.2 dS m™. High organic carbon content was measured from red mud (23.2 g
kg™) compared with control soil, S3, (19.5 g kg™). Moreover, the available N, P and K
contents of red mud were also higher than in mud-polluted soil (S4) and control soil

(S3) (Table 3).
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More and more attention is being paid to the biological status of red mud
because of the unexpected data on total microbial counts and some soil enzyme
activities, where red mud recorded valuable numbers of microbes and enzyme activities
under high pH 9.80 and EC 1.74 dS m™'. The highest number of total bacterial count
(9.56 x 10’ CFU ml™") was recorded at mud-polluted soil (S4). However, red mud also
contained higher number of bacteria than control soil (S3). The Azospirillium sp.,
Azotobacter sp. and spore-forming bacilli were separately grown, and both of them
were in the highest number in red mud (Table 2). Although, azotobacter is sensitive for
pH, but the highest number that found in red mud where pH was higher than 9 maybe
was due to natural selection of azotobacter and azospirillium that takes place at red mud
ponds where baxuite residues are stored for long time. As far as fungi are concerned, the
red mud contained 2.6-fold less than control soil (S3), maybe because the pH was too
high for fungal growing. However, there is a tiny relationship between the total number
of microbes and soil enzyme activity. Table 3 showed that among the measured soil
enzyme activities the dehydrogenase and urease activities were higher in red mud than
in other soils. On the contrary, the phosphatase and catalase were lower in red mud than

in other soils.

4.1.2. Arundo growth in red mud

The biotechnologically propagated A. donax L. plantlets growing on pure red
mud did not show any toxic symptoms. The plant toxicity, trace metal availability and
biomass production for A. donax L. were tested with red mud, mud-polluted soil (S4),

mud/control soil mixture (S5) and control soil (S3).

The vegetative parameters of 4. donax L. are showed in Table 4, after 3 months
of pot experiment in greenhouse. To ensure the principle of natural attenuation, our
treatments were using microbial extraction prepared from giant reed roots (Ar. ex)
compared with the commercial biofertilizer (CB). A two-way ANOVA revealed
insignificant differences between all treatments for plant fresh weight, plant length and
number of new buds. However, ANOVA has revealed significant effects for red mud on
giant reed fresh weight, whereas red mud recorded the highest fresh weight for plants

compared to mud-polluted soil (S4) and control soil (S3). Mud/control soilmixture (S5)
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has induced the giant reed growth compared with control soil (S3); the plants were so
dark green (unpublished data) and have higher fresh weight than control soil (S3). As

mentioned above, it becomes so clear that giant reed is red mud-tolerant plant.

Giant reed has potential effects on the chemical properties of red mud, mud-
polluted soil (S4), mud/control soil mixture (S5) and control soil (S5). Three months
after giant reed plantation in pots, most of the chemical properties of red mud and soils
were influenced positively (Table 3). The electrical conductivity (EC dSm™) of soils
and red mud was decreased in comparison with initial values before plantation by 24.9
% for red mud, 18.1 % for control soil (S3) and 5.9 % for mud-polluted soil (S4). Giant
reed has decreased the EC of red mud and mud-polluted soil (S4) by 37 and 4 %,
respectively. Moreover, the treatments have significant effects on EC, especially in red
mud and mud/control soil mixture (S5). Furthermore, pH of red mud was 9.80 before
experiment and decreased to 9.69 by the end of the experiment. It encourages data for
using giant reed as phytoremediation plant for soil health point of view; it was the
organic carbon content (OC %) in soils after giant reed harvesting. Giant reed increased
the OC content of all soils, as a result of the robust growth of root system and huge
plant’s residues. The main problems with red mud are high salinity, pH and trace metal
contents. Ruyters et al. (2010) have reported that the red mud reduced the shoot yield of

barley seedlings by 25 % when red mud was applied to normal soil with 5 %.

Table 4: Vegetative parameters and contents of Fe and Ni in giant reed (4rundo donax
L.) grown on different soils and red mud using different biofertilizers

Treatments Wet Plant length Number of Fe (mg kg Ni (mg kg
weight new buds per
-1

(e plant™) (cm) plant Shoot Root Shoot | Root
Cont. 1.63* 41.0™ 4.0 182%* 5022 497 76
S3 Ar. ex. 1.49** 343 4.0 206™ 54292 46 | 121*°
CB 1.23%* 31.5 2.8 188** 6461°° 28 | 156
Cont. 1.87** 30.3** 4.8 7792 11937°® 46™* | 99b2
S4 Ar. ex. 1.68%* 29.7%* 4.8 863" 10142°° 67" 97"
CB 1.70** 28.9%° 4.3%2 635°° 13422°¢ 61%* | 103"
Cont. 2.97% 34.0° 6.0* 8992 36422 67> | 97>
Red mud Ar. ex. 3.40™ 39.4* 5.0™ 1199°° 48822°° 63" 55%0
CB 3.44* 36.1** 5.5%2 1262°° 50422°° 61%* | 193°°
Cont. 3.03** 37.0%* 4.3 641% 11622%° 37%8 88"
S5 Ar. ex. 2.07** 30.4* 4.8 482%° 8182%° 67° 79%2
CB 2,67 33.4* 4.5%2 632°° 15122%° 51°® | 100°°

S3: Control soil, S4: Mud-polluted soil and S5: Mud/control soil mixture by ratio (1:1) by weight. Cont: control, Ar. ex:
arundo' root extraction, CB: commercial biofertilizer.

Different letters on the left show significant differences among the same treatment for the different soil types in same column.
Different letters on the right show significant differences among the same soil types for the different treatments in same
column
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4.1.3. Soil enzymes activity

Giant reed showed potential affects on soil quality indicators such as organic
carbon content as discussed above. Furthermore, most of the tested soil enzyme
activities are significantly increased after plantation except phosphatase activity that
was decreased in compared to its status before experiment (Table 3). The giant reed
took up phosphorous from soil with high rate, which could cause decrease in
phosphatase activity. On the other hand, significant increasing was recorded in case of
dehydrogenase, urease and catalase activities. Giant reed induced the growth of
microflora around roots because of the robust growth of its root system. Free-living
bacteria that fix atmospheric nitrogen grow well under such circumstances; therefore,
much amount of nitrogen is expected to be fixed in soils after giant reed plantation, and
the previous data on available nitrogen emphasize this explanation and also data on
urease, dehydrogenase and catalase. Soil quality becomes one of the most subjects that
gained much attention to ensure the sustainability of agricultural systems. Moreover,
soil enzymes are used to estimate the adverse effects of various anthropogenic and

natural activities on soil health (Masto et al., 2008).

4.1.4. Trace metal uptake, removal and translocation by Arundo donax 1.

Uptake rate depends on certain concentration of such pollutants. The trace
metals’ tolerance capacity for giant reed has been tested with red mud and different
soils through Cd, Co, Pb, Ni and Fe. The first three metals were not detected in both
giant reed root and shoot samples. Many reasons may explain why Cd, Co and Pb were
undetected: (1) low available concentrations in soil samples, (2) high pH of red mud,
mud-polluted soil (S4) and mud/control soil mixture (S5) and (3) high phosphorous
content in red mud. The pH of the soil is usually the most important factor that controls
metal uptake, with low pH favouring Cd accumulation, and phosphate and zinc decrease
Cd uptake (Kirkham 2006). pH of red mud was 9.80 and decreased to be 9.66 inducing
Fe and Ni uptake by giant reed roots. Statistical analyses showed that there were
significant differences in Fe and Ni contents between treatments itself and between soils
itself. The highest Fe and Ni contents in both root and shoot were measured in red mud.

Addition of commercial biofertilizer has significantly increased (P< 0.05) Fe and Ni
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uptake by plant roots with soils and red mud. On the other hand, mud/control soil
mixture (S5) has increased Fe contents than control soil (S3), but this effect was not
observed with Ni (Table 4). Irrigated giant reed with trace metal aqueous solutions did
not record any differences among treated and control plants, indicating the high
tolerance ability of that species to Cd and Ni (Papazoglou, 2007). Giant reed rapidly
grows with big biomass of shoots in Cd-, As- and Pb-contaminated soil, possessing
strong metal tolerance with limited metal translocation from roots to shoots (Guo and
Miao, 2010). Papazoglou et al. (2007) reported that stem height and diameter, number
of nodes, fresh and dry weight of leaves, and net photosynthesis were not affected,
indicating that giant reed tolerates the high concentrations of Cd and Ni. Giant reed has
high potential for cadmium removal in hydroponic culture; the removal rate was
estimated as 0.12-0.15 mg Cd/day/plant after contact with cadmium solution of 1 mg

Cd L™ for 7 days (Sagehashi et al., 2011).

Three months after giant reed plantation, the available concentration of tested
trace metals was decreased in soils; however, there were significant differences between
treatments and soils (Table 5). The reduction percentage of these metals in soils and red

mud was found in the following order:

$3: Co (100) > Fe (80.4) > Cd (78.8) > Ni (57.8) > Pb (55.3)

S4: Co (100) > Cd (83.3) > Fe (74.8) > Ni (61.9) > Pb (60.4)

Red mud: Pb (85.7) > Fe (79.1) > Cd (73.8) > Ni (25.3)

Many articles have reported that giant reed has the ability to uptake and
accumulate huge amounts of different trace metals with different concentrations in its
root and shoot tissues (Balogh et al., 2012; Papazoglou et al., 2007; Tzanakakis et al.,
2009; Mirza et al., 2011). It can grow in contaminated environments without symptoms

of toxicity.
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4.1.4.1. The translocation of different metals in Arundo donax L.

The translocation factor (TF) indicates the ability of the plant to translocate the
metal species from roots to shoots. TF is estimated from the result shown in Fig. 5 and
6. Ghosh and Singh (2005) reported TF = 54.3 for Phragmites karka under 10 mg-
Cd/kg-soil condition for a 90-day experiment. The simple comparison is difficult
because of the difference in experimental condition where we used natural heavy metal
contaminated soils and red mud; the available concentrations were not the same at all
samples. However, these results suggest that the translocation of Fe in giant reed under
such circumstances is not so active (Fig. 5); in contrast, the translocation of Ni in giant
reed is so active (Fig. 6). In general, giant reed has higher TF for Ni than Fe at all
samples. Furthermore, addition of Arundo roots extraction (Ar. Ex.) induced the
translocation of Fe and Ni from root to shoot at all soils and red mud. In case of Fe the
highest value that recorded among all soils and red mud was 8.51%. Whereas, it was
114.12% for Ni. It indicates that Ni has higher mobility from root to shoot than Fe.
Singh et al. (2010) has reported that the average TF for different heavy metals was
found to be in the order of Cu > Ni > Mn > Zn > Pb > Cd > Fe. This result emphasizes
our results. However, Ni is transported from roots to shoots and leaves through the
transpiration stream (Peralta-Videa et al., 2002) via the xylem. This essential element is
supplied to meristematic parts of the plants by retranslocation from old to young leaves,
and to buds, fruits and seeds, via the phloem (Welch, 1995). This transport is tightly
regulated by metalligand complexes (Rauser, 1999). Over 50% of the Ni absorbed by
plants is retained in the roots (Cataldo et al., 1978). This may be due to sequestration in
the cation exchange sites of the walls of xylem parenchyma cells and immobilization in
the vacuoles of roots. Furthermore, a high percentage (over 80%) of Ni in the roots is
present in the vascular cylinder, while less than 20% is present in the cortex. This
distribution suggests a high mobility of Ni in the xylem and phloem (Reisen and Feller,
2005)
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Fig. 5: Fe — translocation factor for giant reed plants grown on different soils
and red mud. (S3: Soil after maize, sun flower, and rapeseed rotation, S4:
Mud-polluted soil, S5: Mixture of red mud and S3 soil by ratio 1:1 by
weight)

Ghosh and Singh (2005) reported TF = 54.3 for Phragmites karka under 10 mg
Cd kg ' soil condition for a 90-day experiment. The results suggest that the
translocation of Fe in giant reed under such circumstances is less mobile, whereas the
translocation of Ni in giant reed is mobile. Furthermore, addition of giant reed roots’
extraction (Ar. ex.) induced the translocation of Fe and Ni from root to shoot in all soils
and red mud. In the case of Fe, the highest value was recorded 8.51 % in mud/polluted
soil, whereas it was 114.12 % for Ni. It indicates that Ni has higher mobility from root
to shoot than Fe. Mirza et al. (2010) reported that the highest TF value of arsenic was
4.93 by giant reed in hydroponics cultures and all values were above the reference value
(TF = 1). It could be concluded that giant reed can act as good hyper-accumulator plant

for trace metals.
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Fig. 6: Ni — translocation factor for giant reed plants grown on different soils
and red mud. (S3: Soil after maize, sun flower, and rapeseed rotation,
S4: Mud-polluted soil, S5: Mixture of red mud and S3 soil by ratio 1:1
by weight)

4.1.4.2. Enrichment of metal ions in soils and plant parts

The enrichment factor (EF) in contaminated soil, root and shoot parts of Arundo
donax L. were found in the following sequence;

DTPA-extraction heavy metals in soil before AD plantation:

S4: Cd (0.82) > Pb (0.73) > Ni (0.70) > Fe (0.69) > Co (0.34)
Red mud: Pb (2.36) > Fe (1.42) > Cd (1.27) > Ni (0.42) > Co (0.00)
DTPA-extraction heavy metals in soil after AD plantation:
S4: Fe (0.90) > Cd (0.69) > Pb (0.67) > Ni (0.64) > Co (0.00)
Red mud: Cd (1.67) > Fe (1.53) > Pb (0.78) > Ni (0.75) > Co (0.00)
S5: Fe (0.79) > Cd (0.78) > Ni (0.66) > Pb (0.49) > Co (0.00)
Trace metals in plant parts:
S4: Shoot: Fe (3.95) > Ni (1.54)

Root: Fe (2.11)>Ni (0.92)
Red mud: Shoot: Fe (5.82) > Ni (1.65)

Root: Fe (8.02) > Ni (0.99)

S5: Shoot: Fe (3.07) > Ni (1.36)

Root: Fe (2.05)> Ni (0.82)
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The enrichment factor in the edible part is an important criterion for the selection
of suitable crop species which can be selected for cultivation in a field having higher
level of metal concentration or receiving industrial effluent (Singh et al., 2010). The

enrichment values indicate ability to higher accumulation of Fe and Ni by giant reed.

Table 5: Available concentrations using DTPA-extraction of trace metals (mg kg') in
soils and red mud after giant reed (4drundo donax L.) plantation using Catalase
(0, ml/ 2min)different biofertilizers

Treatments Cd Ni Pb Co Fe
Cont. (0.22) 0.04** (1.20) 0.45™ (1.46) 0.56™ (0.64) nd (52.0) 9.8*
S3 Ar. ex. 0.06 0.60° 0.84*° nd 11.0*°
CB 0.04%° 0.46*° 0.56™° nd 10.0*
Cont. (0.18) nd (0.84) 0.28"* (1.06) 0.36™* (0.22) nd (36.0) 8.3%*
S4 Ar. ex. 0.02°* 0.30"* 0.40°™ nd 8.9"°
CB 0.06™° 0.38"° 0.50° nd 10.1>°
Cont. (0.28) 0.06°* (0.50) 0.32°° (3.44) 0.51™* (nd) nd (74.0) 14.1°°
Red mud Ar. ex. 0.06 0.36"* 0.525* 0.02 14.9°°
CB 0.10°° 0.44™° 0.44%° 0.02 17.2°¢
Cont. (-) 0.06°° (-) 0.38%° (-) 0.36"* (-)nd (-) 10.1%*
S5 Ar. ex. 0.02°° 0.30°° 0.30%° nd 7.7%
CB 0.02°° 0.30°° 0.26" nd 6.4°°

S3: Control soil, S4: Mud-polluted soil and S5: Mud/control soil mixture by ratio (1:1) by weight. Cont: control, Ar. ex:
arundo' root extraction, CB: commercial biofertilizer.

Values in parentheses are data before the experiment, whereas the rest represents data after experimentation

Different letters on the left show significant differences among the same treatment for the different soil types in same column.
Different letters on the right show significant differences among the same soil types for the different treatments in same column.
nd: not detected.

4.1.5. The effect of pure red mud and red mud contaminated soil on seed
germination

The main goal of germination percentage test was to evaluate the effect of pure
red mud and red mud contaminated soil on the edible crops cultivation. Soil (S3) was
used as a reference. 30 seeds of each following crops Radish, Carrot and Tobacco were
used for this purpose. Table 6 showed the germination percent (%) of different seeds
with different soils (S3, S4) and red mud before giant reed plantation, and red mud after
giant reed plantation to investigate the residual effect of giant reed on pure red mud..
For Radish and Carrot, the highest percent was recorded with S3, 76.7 and 56.7%,
respectively. While, the lowest percent was found with red mud, 26.7 and 0.0%,
respectively. Concerning Tobacco, the highest percent, 96.7%, was recorded with S4
and the lowest percent, 16.7%, was existed under red mud. After three months of giant
reed cultivation, it was clear that the giant reed has induced the germination percent of
all tested crops. However, the germination percent was increased from 26.7 to 46.7%
(Radish), from 0.0 to 46.7% (Carrot) and from 16.7 to 60.0% (Tobacco). This data

could clearly emphasize the ability of giant reed to reconstruct and decontaminate the
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polluted soils from different types of pollutants such as high pH, salinity and heavy
metals (Figures 7, 8 and 9).

Table 6: Germination percent (%) of some vegetable crops in red mud and mud-polluted soil

Sample Radish Carrot Tobacco
S3 76.7 56.7 93.3
S4 60.0 40.0 96.7
Red mud before giant reed plantation 26.7 0.0 16.7
Red mud after giant reed plantation 46.7 46.7 60.0

Red mud after AD

Red mud before AD

Fig. 7: Germinated seeds of radish in different soils and red mud. (S3: Soil after maize,

sun flower, and rapeseed rotation, S4: Mud-polluted soil and AD: giant reed)
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Red mud before AD Red mud after AD

Fig. 8: Germinated seeds of tobacco in different soils and red mud. (S3: Soil after
maize, sun flower, and rapeseed rotation, S4: Mud-polluted soil and AD: giant

reed)

Red mud before AD Red mud after AD

Fig. 9: Germinated seeds of carrot in different soils and red mud. (S3: Soil after maize,

sun flower, and rapeseed rotation, S4: Mud-polluted soil and AD: giant reed)



4.2. Restoring soil ecosystem by giant reed under microbial communities-depleted

soil

4.2.1. Soil properties

Planting giant reed affected some soil chemical and biochemical properties after
3 months (Table 7). For instance, soil pH increased by 5 - 9 % in all soils by the end of
experiment, except for red mud where planting giant reed decreased pH by 1% (Table
7). Electrical conductivity (EC dS m™) for all soils was decreased by 24 — 82 % in non-
autoclaved and autoclaved soils, respectively; the EC of red mud planted with giant reed
was decreased by 63 %. Planting the test soils with giant reed had a variable effect on
SOC after 3 months. For instance, without addition of inorganic fertilizers, SOC slightly
decreased in most soils, e.g. by 11 % in soil S3, but SOC was increased in S1 and S4
(Fig. 10). With respect to available soil P, a sharp decrease was observed in all
autoclaved and non-autoclaved soils. The amount of available potassium was increased
more than 15 — 150 % in most soils relative to levels before experimentation, but there

were no significant differences between treatments.

The presence of giant reed significantly increased the amount of available N in
all soils (Table 7). It was observed that non-autoclaved samples had significantly higher
concentrations of available N than autoclaved samples. These results are in agreement
with results from Alshaal et al. (2013), who reported that giant reed increased available
nitrogen in red mud and mud-polluted soil. The effects of autoclaving on
remineralization of labile inorganic P were clear - giant reed growth was much higher in
autoclaved soils than non-autoclaved. In this study, P concentrations were between 1.3 -
2.6 % in shoots, and 0.7 - 1.7 % in roots produced on autoclaved soils. Plant available P
is a critical growth determining factor, and it has been observed that the densest, tallest
stands of giant reed growing along streams and drains in Egypt do so beside drains with
high concentrations of soluble P. In addition, giant reed was one of the fast growing
plants in fields that had been burned deliberately to control vegetation. These results are
in agreement with results from Alshaal et al. (2013), who reported that giant reed

increased available NPK in red mud sample and mud-polluted soil.
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Fig 10: Soil organic carbon (SOC) content after giant reed grew in different soils and
red mud with and without soil autoclaving. S1: soil after grass; S2: soil after
giant reed; S3: soil after maize, sun flower, and rapeseed rotation; S4: mud-
polluted soil,. non-aut: non-autoclaved; aut: autoclaved; CB: commercial
biofertilizer. Vertical bars represent the standard error (n=3)
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4.2.2. Effect of soil autoclaving on some soil enzymes activity

4.2.2.1. Soil enzymes activity

4.2.2.1.1. Dehydrogenase activity

Overall, we detected high increasing in dehydrogenase activity for all soils and
red mud compared to initial status before giant reed plantation (Fig. 11). Twelve weeks
after planting of the giant reed was enough to significantly increase the activity of
dehydrogenase in all soils and the red mud. Compared to the status of samples before
the experiment (Table 2), it is clear that giant reed has induced the intracellular enzyme
(dehydrogenase) activity. In general, dehydrogenase activity has increased by 187 — 425
% 1in non-autoclaved soils compared to 262 — 705 % increases after autoclaving.
Significant differences were found between autoclave and non-autoclaved treatments,
where dehydrogenase possessed higher activity in autoclaved soils than non-autoclaved
soils. Moreover, using commercial biofertilizer did not significantly affect

dehydrogenase activity.

Dehydrogenase requires an intracellular environment (viable cells) to express its
activity (Dick, 2000), the higher activity found in planted soils compared to unplanted
controls indicates that giant reed has a unique microbial community which associates
with its robust root system, where, after using sterile seedlings of giant reed and
autoclaved samples, high numbers of bacteria and fungi were counted indicating that
ability of giant reed to induce the growth of microbial community around its root

system.
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Fig 11: Soil dehydrogenase activity in different soils and red mud cultivated by giant
reed using commercial biofertilizer. S1: soil after grass; S2: soil after giant reed;
S3: soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil.
non-aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer. Vertical
bars represent the standard error (n=3)

4.2.2.1.2. Urease activity

Urease activity is sensitive to autoclaving. A significant decrease in urease
activity was found under autoclaved tested soils and red mud in comparison with non-
autoclaved soils and red mud (Fig. 12). Planting giant reed in non-autoclaved soils
significantly increased urease activity compared to the activity seen before giant reed
plantation. Increasing of urease activity ranged between 195 - 591 and -35 — 46 % in
non-autoclaved and autoclaved soils, respectively. Similarly, there were no significant
differences between control and biofertilizer in most soils and red mud with or without
soil autoclaving. Urease has been widely used to evaluate changes on soil quality
related to management. This enzyme is an extracellular enzyme representing up to 63%
of total activity in soil. It has been show that its activity depends on microbial

community, physical, and chemical properties of soil (Corstanje et al., 2007).
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Fig 12: Soil urease activity in different soils and red mud cultivated by giant reed using
commercial biofertilizer. S1: soil after grass; S2: soil after giant reed; S3: soil
after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil. non-aut:
non-autoclaved; aut: autoclaved; CB: commercial biofertilizer. Vertical bars
represent the standard error (n=3)

4.2.2.1.3. Alkaline phosphatase activity

Alkaline phosphatase activity decreased in all tested soils and red mud compared
to that observed in soils before experimentation (Fig. 13). In autoclaved and non-
autoclaved samples, biofertilizer did not affect alkaline phosphatase activity
significantly. The reduction of phosphatase activity ranged between 0.3- 0.8 folds in
both autoclaved and non-autoclaved studied soils. Phosphatases are a group of enzymes
that catalyze hydrolysis of esters and anhydrides of phosphoric acid. Its activity, as
extracellular enzymes, can be free in the soil water phase or stabilized in the humic
fraction or clay soil content (Turner and Haygarth, 2005). Phosphatase activity in
temperate grassland was investigated by Turner and Haygarth (2005), and they found a
strong correlation between enzyme activity and soil properties such as pH, total N,
organic P and clay content. The significant decreasing of alkaline phosphatase activity
in tested soils maybe refers to shortage of available P concentration in the soils after
experiment. These results emphasize that 4. donax L. is a good candidate for marginal

and wetland soil construction with soil health point of view.
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Fig 13: Soil phosphatase activity in different soils and red mud cultivated by giant reed
using commercial biofertilizer. S1: soil after grass; S2: soil after giant reed; S3:
soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil. non-
aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer. Vertical bars

represent the standard error (n=3)

4.2.2.1.4. Catalase activity

In general, the variation of catalase activity in all soils was similar to the
variation in dehydrogenase activity. However, catalase activity increased in tested soils
and red mud by 51 - 385 and 87 — 207 % in non-autoclaved and autoclaved tested soils
respectively, comparing with activity before giant reed plantation (Fig. 14). Autoclaving
treatment significantly affected catalase activity in all soils except in case of red mud
since higher activity for catalase was recorded in non-autoclaved red mud. On the other

hand, biofertilizer has no significant effects on catalase activity in both autoclaved and

non-autoclaved samples.
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Fig 14: Soil catalase activity in different soils and red mud cultivated by giant reed
using commercial biofertilizer. S1: soil after grass; S2: soil after giant reed; S3:
soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil. non-
aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer. Vertical bars
represent the standard error (n=3)

4.2.2.2. Microbial communities

4.2.2.2.1. Total bacterial count

Generally, total bacterial count decreased after planting giant reed, these
variations ranged between 29 — 93 %. The highest reduction was recorded under mud-
polluted soil (S4), as a result for unfavourable conditions after contamination with red
mud (Fig. 15). An increasing in total bacterial count was found with soil S3 (maize, sun
flower and rapeseed rotation). On the contrary, total microbial count was positively

affected by soil autoclaving than non-autoclaved samples.

4.2.2.2.2. Total fungal count

Total fungal count was higher in autoclaved samples than in non-autoclaved
samples (Fig. 16). In general, after giant reed experiment the total fungi number has

increased in most soils. This increasing ranged between 45 and 136 %, except soil Sl
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(9-years grass) and soil S4 (mud-polluted soil). Similar, biofertilizer did not affect total

fungi count in both autoclaved and non-autoclaved tested soils and red mud.

Microorganisms play a key role in nutrient cycling and energy flow. Microbial
communities respond to environmental stress or ecosystem disturbance, affecting the
availability of energetic compounds that support microbial population (Marinari et al.,
2007) Soil autoclaving did not negatively affect significantly the microbial communities
(e.g. bacterial, fungal and actinomycestes counts) growth under giant reed, but
autoclaved treatment recorded higher numbers than non-autoclaved treatment, maybe
because autoclaving allowed a large number of bacteria in autoclaved soil to grow
within a less diverse community. These findings maybe demonstrate that giant reed has
special microbial community, so further studies about microbial communities that
associate with giant reed root system are needed. Also biofertilizer addition did not

affect the total bacterial count in significant way.
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Fig. 15: Total bacterial counts after growing giant reed in different autoclaved soils and
red mud under commercial biofertilizer. S1: soil after grass; S2: soil after giant
reed; S3: soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted
soil. non-aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer.

Vertical bars represent the standard error (n=6)
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Fig. 16: Total fungal counts after growing giant reed in different autoclaved soils and
red mud under commercial biofertilizer. S1: soil after grass; S2: soil after giant
reed; S3: soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted
soil. non-aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer.

Vertical bars represent the standard error (n=6)

4.2.3. Growth performance of Arundo donax L.

Giant reed plants in autoclaved soils possessed more robust root systems (short,
very branched) than those in non-autoclaved soils (long, little branched), which means
the former plants have a greater ability to uptake NPK and other micronutrients from
the soils. The wet weight (Fig. 17a and 17b) and length (Fig. 18a and 18b) of shoots and
roots were higher in autoclaved treatments than non-autoclaved. Giant reed stem weight
and length were greater when grown in red mud-contaminated samples compared to the
non-contaminated soils, with or without autoclaving. Macronutrient (NPK)
concentrations were higher in the shoots than in the roots of giant reed (Figures 19,20
Ind 21), although there were no differences between autoclaved and non-autoclaved
treatments. However, the highest N concentrations in shoots and roots were 1.3 and 0.8
% under S4 (red mud-contaminated soils) and S2, respectively, whereas the highest
concentrations for P were 3.4 and 2.5 % for shoots and roots under S2 and S4. On the
other hand, the highest K concentrations in shoots and roots, 1.7 and 1.4% respectively,

were recorded in S1.
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Effects of heating and / or autoclaving on the soil properties have been widely
documented (Neary et al., 1999: Ketterings et al., 2000). However, heating affects the
nature of soil minerals and most probably their interactions with other plant nutrients.
Soil temperatures in excess of 500 °C can be reached during fires, which will modify
many hydroxylated soil minerals thereby changing their nature and nutrient retention
properties (Anderson and Magdoff, 2005). Heat generated during fire not only induces
chemical oxidation of soil organic matter by altering carbon and nitrogen
transformations but also has potential effects on the soil microbial communities, since,
higher temperatures than 50 °C are enough to kill the heat-sensitive microbes specially
fungi, and temperatures higher than 70 °C can directly affect cover vegetation (Neary et
al., 1999; Ketterings et al. 2000; Anderson and Magdoff, 2005; Chromanska and
Deluca, 2002). However, exposure soil to high temperature and pressure for long time
has negative effects on soil ecology where almost enzyme activity is stop and microbial
groups are going to disappear, but on the other hand, there are some positive effects
such remineralisation of nutrients such as P. Anderson and Magdoff (2005) reported
that autoclaving soil resulted in almost 60% more available P compared to non-
autoclaved samples, with 78% more orthophosphate monoesters, 60% more
orthophosphate diesters, and 54% more soluble inorganic P. Although at the same time
other nutrients, like N and C, may be lost by volatilization. In this study, giant reed
grew more vigorously in autoclaved soils and red mud than non-autoclaved soils and
red mud. The most promising and encourage data was the higher biomass production of
giant reed growing in autoclaved tested soils and especially in pure red mud. These
findings demonstrate that under these conditions, high temperature and pollution by red
mud (a caustic medium with high EC and trace metal content), giant reed could be
effective solution to restore this soil soon and at same time produce significant biomass
production. The root system architecture was entirely different and extraordinary
between autoclaved and non-autoclaved soils. There were no clear explanations for why
giant reed roots were short and denser in autoclaved treatment comparing with long and
few roots in non-autoclaved. Anyway, the root architecture for giant reed still needs
more investigations to get clear view for using giant reed as construct plant in marginal
soils. This data encourages using giant reed as a good candidate to restore soil

ecosystems after exposure to high temperatures for long time.
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Fig. 17a: Shoot wet weight of giant reed plants grew in different soils and red mud with
and without soil autoclaving. S1: soil after grass; S2: soil after giant reed; S3:
soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil,. non-
aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer. Vertical bars

represent the standard error (n==8)
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Fig. 17b: Root wet weight of giant reed plants grew in different soils and red mud with
and without soil autoclaving. S1: soil after grass; S2: soil after giant reed; S3:
soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil,.
non-aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer.

Vertical bars represent the standard error (n=8)
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Fig. 18a: Shoot length of giant reed plants grew in different soils and red mud with and
without soil autoclaving. S1: soil after grass; S2: soil after giant reed; S3: soil
after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil,. non-
aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer. Vertical

bars represent the standard error (n=8)
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Fig. 18b: Root length of giant reed plants grew in different soils and red mud with and
without soil autoclaving. S1: soil after grass; S2: soil after giant reed; S3: soil
after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil,. non-
aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer. Vertical

bars represent the standard error (n=8)
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Fig. 21a: Shoot potassium content of giant reed plants grew in different soils and red

mud with and without soil autoclaving. S1: soil after grass; S2: soil after giant

reed; S3: soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted

soil,. non-aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer
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Fig. 21b: Root potassium content of giant reed plants grew in different soils and red

mud with and without soil autoclaving. S1: soil after grass; S2: soil after giant

reed; S3: soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted

soil,. non-aut: non-autoclaved; aut: autoclaved; CB: commercial biofertilizer
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4.2.4. Restoring ecosystem of red mud-contaminated soil by Arundo donax L.

Our study aimed to investigate the possibility using of red mud in wetland and
marginal soils and the ability of giant reed to recover red mud-affected soil after
exposure to high temperatures. The data showed that giant reed is able to improve soil
quality after heating and after contamination with red mud. No wild fires were recorded
in the soil sampling area in Hungary, but bauxite mining occurs in other parts of the
world where wild fires do occur, and the results from this study suggest that in those
areas giant red can be used to rehabilitate soil containing red mud (Figures 22, 23 and
24). Recycling of bauxite derived-red mud becomes urgent where huge amounts of red
mud are generated every year, since, 1 t of alumina generally results in the creation of
0.5-2.5 t of red mud. There is limited information on the use of red mud as soil
amendment. However, red mud was used to reduce the availability of trace metals in
different environments because of its high pH (Brunori et al., 2005). Moreover, leaching
of phosphorus was decreased by adding red mud to soil as a result for the high retention

capacity of fine particles in red mud and its high pH.

Fig. 22: Giant reed plants growing on different non-autoclaved soils and red mud with
using Arundo’ root extraction (Ar ex.) and commercial biofertilizer (CB)
compared to control . (S1: soil after grass; S2: soil after giant reed; S3: soil
after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil, S5:

Mixture of red mud and S3 soil by ratio 1:1 by weight)
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Fig. 23: Giant reed plants growing on different autoclaved soils and red mud with using
Arundo’ root extraction (Ar ex.) and commercial biofertilizer (CB) compared
to control . (S1: soil after grass; S2: soil after giant reed; S3: soil after maize,
sun flower, and rapeseed rotation; S4: mud-polluted soil, S5: Mixture of red

mud and S3 soil by ratio 1:1 by weight)

Fig. 24: Root structure of giant reed plants growing on different non-autoclaved and
autoclaved soils and red mud. (S1: soil after grass; S2: soil after giant reed; S3:
soil after maize, sun flower, and rapeseed rotation; S4: mud-polluted soil, S5:

Mixture of red mud and S3 soil by ratio 1:1 by weight)
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5. CONCLUSIONS AND RECOMMENDATIONS

5.1. Effects of red mud on soil and plant

- In spite of, high pH and salinity content of red mud, giant reed not only was able
to survive in pure red mud sample, but also it can give a significant biomass

production compared to non-contaminated soil with red mud.

- High organic carbon content as well as high total numbers for bacteria, fungi,
actinomycetes, Azotobacter sp and Azospirillium sp were recorded in pure red

mud maybe due to natural selection that could occure at Alumina ponds.

- As a consequence for adding red mud into soil, the nutrition status of this soil

was improved, especially phosphorous and potassium contents.

- Before the giant reed plantation, Radish, Carrot and Tobacco seeds could not

germinate on pure red mud.

- After three months giant reed cultivation on pure red mud. The germination
percents of the previous seeds were increased, indicating that giant reed was able
to reconstruct red mud and make it suitable for germinating different vegetable

seeds.

From the information mentioned above, it can conclude that application of red mud
has pros and cons. So, pre-treatment for red mud to decrease its high pH and

salt content could be helpful for using red mud as soil amendment.

An environmentally friend and cost-effective technique to rehabilitate red mud is

using giant reed plant.
5.2. Restoring ecosystem of heated soil

- Heating soil such as in natural fires (bushfires) almost kills all types of living

organisms in soil as well as most of soil enzyme activities are disappeared.

- Giant reed showed high and fast potential to recover the microbial communities

as well as soil enzyme activities in heated soils.
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- For heated red mud-polluted soil, giant reed recorded same effects, where the

microbial communities were fast recovered.

- Three months of giant reed cultivation were enough to reconstruct the heated

soils.

- Giant reed showed potential growth and biomass production after soils
autoclaving compared to non-autoclaved soils. Where, the root structure for
giant reed plants in autoclaved samples was stronger and branched than in non-

autoclaved samples giving ability for better growing.

From all of the above, we can recommend that using Arundo donax L. (giant reed) as
phytoremediation plant for red mud-polluted soil as well as to reconstruct heated and

soils and environments.
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6. NEW SCIENTIFIC RESULTS

- Using giant reed for decontaminate red mud-polluted environements due to its

ability to translocate the metal species from roots to shoots.

- Possible use of red mud as soil amendment to decrease phosphorous leaching
especially under excessive phosphorous fertilization and irrigation as well as to
decrease the mobility of trace metals in soils, after pre-treatment for it.as well as

enrich the soil nutrients especially phosphorous and potassium.

- Recovering heated soils by using giant reed where the experiments demonstrated
robust and branched root system and dark green plants, so giant reed is

appropertiate for recovering heated soils.
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7. SUMMARY

Giant reed (Arundo donax L.) is a tall perennial rhizomatous grass (Poaceae
family). Arundo donax L. is indigenous to the Mediterranean region, but different
sources suggest that Arundo was introduced to the Mediterranean region from
subtropical parts of the world. Under natural site conditions Arundo donax L. is usually
found along river banks, creeks and generally moist soils. Under optimal growth
conditions, giant reed can reach 14 m height, growing in many-stemmed. Giant reed has
a widespread network of rhizomes under the soil surface, 5- to 30 cm in depth. The
fibrous roots originating from the rhizomes are able to grow into the soil to 5 m in depth

in certain moist soils, whereas, most roots are more than 100 cm long.

The giant reed has a variety of uses, such as for music tools with stem, for
medicine with roots and for soil erosion control as revegetation. When being cultivated
this fast-growing introduced crop attains a potentially high yielding non-food crop that
can meet requirements for energy, paper pulp production, biofuels and construction of
building materials. Giant reed may also act as chemically activated carbon or
biofiltering systems to treat wastewater, thus recycling nutrients and water, and produce
value added products. The high annual growth and cellulose content make the giant reed
a potential crop for converting solar energy to industrial fibre or biofuels. Although the
giant reed is interesting for many scientists to use all kinds of objectives, there is limited
information on the metal-tolerant capacity, the stress-related growth changes and tissues
anatomical characteristics of the giant reed used for the ecological remediation of
multiple-metal contaminated soils, especially for metal-contaminated soils from the

mining and smelting areas.

Bauxite contains aluminium hydroxides in large percentage and is therefore
largely used for the production of alumina (Al,O3) through the Bayer chemical process,
which is based on the reaction with sodium hydroxide under heat and pressure. The
overall refining of bauxite to alumina through the Bayer process implies the production
of a large quantity of a solid waste called ‘‘red mud’’ (the production of 1 t of alumina
generally results in the creation of 1-1.5 t of red mud) could be with pH up to 11 or
more. Bauxite residue is sometimes called ‘red sludge’” or more euphemistically ‘red

mud’’. Bauxite residues are strongly alkaline and have a high salt content and EC
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dominated by sodium, its constituent particles are compacted upon drying imparting a
high bulk density, and the trace metal content of red mud is going to depend on the
source of the bauxite from which the alumina was refined. Red mud contains toxic

metals like arsenic, chromium, cadmium and nickel.

The objectives of this study were to monitor the short- and long-term effects of
the red mud on the Hungarian soil quality using synthetic plantlets of 4. donax L. and
the effects of red mud on growth and chemical composition of giant reed plantlets using
red mud, mud-polluted soil, mud/control soil mixture and control soil. The trace metal

uptake and translocation by seedlings were highlighted as well.

In addition, we aimed to investigate the influence of giant reed plants on
ecosystems of red mud-amended soil (in case of adding red mud to marginal and
wetland soils) especially after exposure to high temperatures, monitoring the changes in
soil microbial community and soil enzyme activities under giant reed cultivation in case
of steamed soil compared to control soil. Besides these the goal was to investigate the

effects of soil steaming on giant reed seedling growth and biomass production.

The present study on Arundo donax L. (giant reed) was pioneer report
highlighting its phytoremediation potential when grown in red mud containing high pH,
EC and trace metals. The height and biomass of giant reed are positively affected by red
mud and addition of red mud to soil (S3) by ratio 1:1. The plant was capable of
transferring the metals absorbed into the shoot to give higher translocation factors
especially with Ni. The ability to accumulate metals in the stalk and leaves above the
root concentration is a positive indicator of its potential capacity to serve as a
phytoremediation. The plant being not consumed by animals, it might serve as an
effective phytoremediation plant. Giant reed has improved some soil quality indicators
such pH, EC, OC, microbial counts and soil enzyme activities. Here, we show that giant
reed is one of the most promising red mud phytoremediation plants that have huge
capacity to uptake not only one type of metals but also different types of metals from

polluted soils with significant rates.

In addition, the present study on giant reed focuses on its ability to restore and
recover soil ecosystems after exposure to high teperature such as bushfires. In addition,

giant reed showed considerable potential for recovering red mud affected soils. The
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cultivation of giant reed increased activities of most soil enzymes, especially
dehydrogenase, urease, and catalase. In addition, cultivation of giant reed enriched soil
NPK and decreased electrical conductivity (EC) after autoclaving. Concerning soil
organic carbon (SOC), no big changes were detected since the experiment was done
without any addition of inorganic fertilizers. Biomass production of giant reed was
higher in red mud-contaminated samples compared to autoclaved soils. In summary,
giant reed appears to be a good candidate species to restore ecosystems in wetland and
marginal soils, while at the same time generating feedstocks for the production of

bioenergy.
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8. OSSZEFOGLALAS

Az olaszndd (Arundo donax L.) egy magasra novo, éveld, rizomas fiiféle
(Poaceae csalad). Az Arundo donax L. a Mediterraneumban Oshonos, de kiilonb6zo
forrasok szerint az Arundo-t a vildg szubtrdopusi teriileteirdl vitték be oda. Természetes
koriilmények kozott az Arundo donax L.-t altalaban folyomedrek, patakok mentén és
nedves talajokon talalhatjuk meg. Ha novekedésének megvannak az optimalis feltételei,
akkor a 14 méteres magassagot is elérheti, és sok szarat noveszt. Az olasznadnak
sz¢élesen elteriil0 rizomahalozata van a talajfelszin alatt, 5-30 cm mélyen. A rizoméabol
eredd rostos gyokerek bizonyos nedves talajokba akdr 5 méterre is lehatolhatnak, és
legtdbbjiik hossza meghaladja a 100 cm-es hosszisagot.

Az olasznad felhasznalasa sokrétli, példaul a szarabol hangszereket, gyokerébdl
gyogyszereket készitenek, és rekultivacigjaval a talajer6zidt szabalyozzak. Ennek a
gyorsan nov0 novénynek a termesztésével egy potencidlisan magas terméshozamokat
produkalé nem-¢élelmiszerndvényt kapunk, mely az energia-, papirrost-, biolizemanyag-
¢s ¢épitdanyag-gyartas kovetelményeinek is megfelel. Az olasznad kémiailag aktivalt,
biofilter-rendszerként is mikodhet, mellyel szennyvizeket lehet kezelni, ezaltal
tdpanyagokat €és vizet lehet Gjrahasznositani és értékes termékeket 1étrehozni. Magas
éves novekedése ¢és celluloztartalma révén az olasznad lehetséges haszonndvény lehet a
napenergia atalakitdsdban ipari rostokka vagy biolizemenyagga. Habar az olasznad —
melyet tobbszordsen fémszennyezett talajok, kiilondsen a banyaszat ¢és
hasznalnak — sok kutatd szamara lehet sok célbol érdekes, fémtolerald képességérdl,
stresszel Osszefliggd novekedésbeli valtozasairdl, széveteinek anatémiai jellemzdirdl
kevés informécid van.

A bauxit nagy szdzalékban tartalmaz aluminium-hidroxidokat, igy széleskortien
hasznaljak a Bayer-féle kémiai timfoldgyartds (Al,Os) sordn, mely a natrium-
hidroxiddal magas hdmérsékleten és nyomason létrejovd reakciojan alapszik. A bauxit
Bayer-mddszerrel torténd timfolddé alakitdsa soran nagy mennyiségii szilard hulladék,
un. ,,vorosiszap” keletkezik (1 t timfold elallitasa sordn 1-1,5 t vordsiszap keletkezik,
melynek pH-ja elérheti vagy meg is haladhatja a 1l-et). A bauxithulladékot
,vOrosiszapnak” hivjak. A bauxithulladék erdsen lugos, magas a sotartalma ¢és
elektromos vezetOképessége, melyet nagyrészt a benn e 1évo natrium okoz. Alkotorészei
széaradas soran tomorddnek, és a vordsiszap nyomfém-tartalma a bauxit forrasatol fliigg.

A vorosiszap olyan toxikus fémeket tartalmaz, mint arzén, krém, kadmium és nikkel.
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Munkank célja az volt, hogy tanulmanyozzuk a voOrdsiszapnak Magyarorszag
talajmindségére gyakorolt rovid és hosszt tava hatasait, 4. donax L. in vitro
csirandvények hasznalataval, tovabba a vordsiszap hatasait az olasznad csirandvények
novekedésére és kémiai Osszetételére, talajként vordsiszapot, iszapszennyezett talajt,
iszap/kontroll talaj keveréket és kontroll talajt hasznadlva. A csirandvények nyomfém-

Emellett, célunk volt annak vizsgalata is, hogy az olasznad hogyan befolyasolja

a vOrdsiszap altal megvaltoztatott talajok Okoszisztémait (ha marginalis vagy vizi
¢lohelyi talajhoz adunk vordsiszapot), kiillondsképpen magas homérsékleteknek
kitettség utan. Tanulmanyoztuk az olasznadddal beiiltetett talaj mikrobidlis
¢letk6zosségeinek valtozasait és enzimaktivitasait gozolt talaj esetén, kontroll talajjal
Osszehasonlitva. Célunk volt tovabba a talajgézolés olaszndd csirandvények
novekedésére és biomassza-produkcidjara gyakorolt hatdsainak vizsgélata.
Munkank uttéronek mondhaté abbol a szempontbol, hogy leirta a magas pH-ju,
elektromos vezetoképességli €s nyomfém-tartalmi vorosiszapon névo Arundo donax L.
(olasznad)-ban rejlé fitoremedidcidos potencialt. Az olasznad magassagat ¢és
biomasszajat a vordsiszap €s az 1:1 ardnyl vordsiszap-talaj keverék pozitivan
befolyasolta. A ndvény képes volt a hajtasaba felvett fémek atalakitasara, a
transzlokacios faktorok nagyobbak voltak, kiilonosen nikkel esetében. Az a képessége,
hogy fémeket tud akkumuldlni a szaraban és leveleiben a gyokérbeni koncentracid
folotti mértékben, pozitiv indikator fitoremediacids potencialjara nézve. Mivel a
novényt az allatok nem eszik meg, ez is alatdmasztja, hogy hatékonyan lehetne
hasznalni fitoremediacidban. Az olasznad olyan talajmindség-indikatorokat javitott,
mint pH, elektromos vezetOképesség, szervesanyag-tartalom, mikrobaszdm ¢és
talajenzim-aktivitds. Azt mutatjuk be, hogy az olaszndd egyike a legigéretesebb
vorosiszap-fitoremediaciés ndvényeknek, mely nagy kapacitdssal bir tobbféle fém
jelentds aranyu felvételére szennyezett talajokbol.

Mindemellett, ez a tanulmény az olasznadnak arra a képességére is fokuszal,
hogy a névény képes a magas homérsékletnek, pl. erdotliznek kitett talajokoszisztémak
helyreallitasara is. Az olasznad ezen kiviil jelentds potencidlt mutatott a vordsiszap altal
megvaltoztatott talajok helyredllitdsdra nézve is. Az olaszndd termesztése olyan
talajenzimek aktivitasat novelte meg, mint dehidrogendz, uredz ¢és katalaz. Emellett
novelte a talaj NPK-tartalmat, és csokkentette elektromos vezetdképességét (EC)

autokldvozas utdn. A szerves széntartalom (SOC) tekintetében nem torténtek nagy
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valtozasok, mivel a kisérletet szervetlen mitragya adéasa nélkiil kiviteleztik. Az
olasznad biomassza-produkcidja a vordsiszap-szennyezett talajokban nagyobb volt,
mint az autokldvozottakban. Osszefoglalva, az olasznad megfelel jeldltnek tiinik abbol
a célbol, hogy a vizes ¢l6helyek ¢és marginalis talajok OkOszisztémainak
helyreéllitasaban fel lehessen hasznalni, mikdzben a bioenergia-eldallitds szamara

nyersanyagot lehet beldle 1étrehozni.
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