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    Chapter 2   
 Phytoextraction of Heavy Metals 
by Fast- Growing Trees: A Review                     

     Slobodanka     Pajević     ,     Milan     Borišev     ,     Nataša     Nikolić     ,     Danijela     D.     Arsenov     , 
    Saša     Orlović     , and     Milan     Župunski    

2.1           Introduction 

 The  accumulation   of heavy metals in excess concentrations in the biosphere leads 
to environmental contamination. The impact of chemical degradation is a very seri-
ous danger and threat for the environment and this process would be irreparable and 
irreversible with unforeseeable negative consequences if the process of bioremedia-
tion does not occur. Bioremediation employs most often microorganisms and plants 
which degrade, detoxify, or sequester toxic chemicals present in natural waters and 
soils [ 1 ]. 

 Excess  concentrations   of many metals in the environment could be easily 
absorbed by plants and animals and therefore affect humans by entering the food 
chain. The risk assessment for human health, therefore, is assuming an active effort 
of researchers to develop effective and inexpensive methods for the extraction of 
contaminants from polluted soils, sediments, and waters. The removal of pollutants 
from soil by traditional technologies could be more or less successful depending on 
specifi c circumstances and costs. During the last few decades, attention has been 
focused on innovative and cost-effective biological technologies such as phytore-
mediation, which is based on the use of plants to extract (absorb), destroy, or seques-
ter hazardous contaminants from contaminated growing media [ 2 ]. Using plants to 
clean up the environment is an effective in situ technology which is applicable in the 
restoration of contaminated soils and waters [ 1 ,  3 – 5 ]. 
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  Phytoremediation   is a complex technology which comprises several techniques 
with respect to the specifi city in physiological (morpho-anatomical, biochemical, 
and molecular) responses of plants to excessive concentrations of different contami-
nants. The main criteria for the selection of plants with good remediation potential 
are their potential to bioaccumulate pollutants and their ability to transform/translo-
cate them in above ground (harvestable) organs as well as high organic production. 
Many researchers have suggested that the use of trees (rather than smaller plants) in 
environmental bio-cleaning purposes provides good results because of their long 
roots which penetrate deep into the ground [ 6 ]. According to this, plants used in 
phytoremediation technologies in order to revitalize contaminated sites have to be 
hyperaccumulators with deep root systems, and they must possess good potential 
for using (polluted) groundwaters. All desirable properties are achieved by a spe-
cifi c metabolism defi ned by enzyme activity, particularly enzymes that are involved 
in a plant detoxifi cation strategy [ 7 ,  8 ]. 

 According to their ability to accumulate heavy metals, plant species are classi-
fi ed into two groups, i.e., “excluders,” characterized by preferential accumulation of 
heavy metals in roots and low translocation into aerial organs, and “hyperaccumula-
tors,” species capable of accumulating and tolerating considerable levels of heavy 
metals in their shoots [ 9 ]. The latter group is able to accumulate above 100 mg kg −1  
dry weight of Cd, more than 1000 mg kg −1  dry weight of Ni, Cu, Co, Pb, and over 
10,000 mg kg −1  dry weight of Zn and Mn [ 10 ] in aerial organs. Besides having a 
high production of biomass, the accumulation of target metals in harvestable 
(aboveground) plant organs is pivotal for effi cient phytoextraction. 

 There are several techniques involved in phytoremediation strategies, according 
to different metabolic processes in mobilization and uptake of metal ions from soil, 
effi ciency of metal translocation to shoots via symplast and apoplast (xylem), 
sequestration of metals within cells and tissues, transformation of accumulated met-
als into metabolically less harmful forms.   Phytoextraction    is the most commonly 
used technique of phytoremediation which involves the utilization of plant- 
hyperaccumulators for the absorption of pollutants from the soil, their transport, and 
accumulation (concentration) in the biomass of harvestable organs [ 11 ,  12 ]. High 
biomass production has been more than welcome in plants used in phytoremedia-
tion/phytoextraction projects. Therefore, fresh and/or dry biomass determination 
has been often included in investigations related to their (bio) concentration poten-
tial because it is a signifi cant indicator of specifi c tolerance to elevated metals in the 
environment. Plants suitable for successful phytoextraction of heavy metals should 
be tolerant to high concentrations of metals, and, at the same time, be able to accu-
mulate high amounts of essential and unessential metals in harvestable plant organs 
[ 13 ,  14 ]. 

 Therefore, the effi ciency of phytoextraction is determined by two main factors 
which should have high values:  biomass production   and pollutant bioconcentration 
degree [ 15 ].  Phytostabilization  involves the remediation of polluted soils (and 
waters) by cultivation of plants whose excluded metabolites in the reaction with 
metal (metalloids) ions reduce the solubility and mobility of contaminants within 
the rhizosphere. In this process, plants reduce the bioavailability of contaminants 
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by their absorption, adsorption onto the root surface, or by formation of insoluble 
compounds, therefore neutralizing their harmful effect on the environment [ 16 ]. 
Accumulation and precipitation of contaminants in the rhizosphere prevent their 
migration, reduce solubility, and minimize their bioavailability. Growing plants for 
phytostabilization is useful in preventing  soil erosion   and reduces the spreading of 
pollutants from contaminated localities. Phytostabilization can be enhanced by 
using soil amendments that are effective in the immobilization of metal or metalloid 
ions [ 17 ]. 

  Phytovolatilization  involves a process in which plants take up contaminants from 
the soil and release them in a volatile form into the atmosphere through transpira-
tion. The removal of contaminants, especially organic matters and mercury (Hg), by 
phytovolatilization could be achieved by the implementation of enzymes which pro-
mote plants’ capacity to convert metals into volatile chemical forms [ 18 ]. 
 Phytodegradation  is a metabolic strategy of plants in detoxifi cation which involves 
the uptake and degradation of different xenobiotics within the plant tissues or in soil 
(water) by enzymes. Rhizodegradation involves the use of plants associated micro-
organisms in the rhizosphere which carries out the degradation of contaminants in 
soils [ 19 ]. The main prerequisite for successful implementation of phytoremedia-
tion is to identify native plants and develop strategies for making hybrids and genet-
ically modifi ed plants which are good candidates for phytoremediation [ 20 ]. 
Signifi cant effort has been made with the aim to identify species suitable for decon-
tamination of heavy metal-polluted environments, primarily soil.  

2.2     Phytoremediation/Phytoextraction by Trees 

 Although herbaceous plants can accumulate higher concentrations of metals and 
have higher  bioconcentration factors   compared to woody plants [ 12 ,  21 ], a very use-
ful ecological solution for cleaning contaminated (forest) areas is growing woody 
plants which are characterized, primarily, by good accumulation capacities for pol-
lutants and high biomass production [ 22 ]. Generally, trees have been considered 
appropriate plants for the utilization of phytoremediation because of their fast and 
large biomass production with signifi cant economic value, genetic variability, estab-
lished cultivation practices, high degree of public acceptability, and their contribu-
tion to site stability prevention of downward migration of heavy metals by leaching, 
wind dispersion, or erosion by water [ 23 ]. Although the effi ciency of phytoremedia-
tion could be limited to sites with lower contaminant concentrations and might 
depend on soil properties and variation from year to year, growing woody plants for 
phytoremediation/phytoextraction purposes enables the recovery of contaminated 
sites to their natural conditions and also provides economic returns in obtaining 
woody biomass which can eventually be used in producing energy [ 24 ]. Compared 
to some other techniques, such as physical excavation and landfi ll, phytoextraction 
can signifi cantly reduce the costs of decontaminating and revitalizing chemically 
degraded lands [ 25 – 27 ]. 
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  Phytoextraction   by fast-growing, high biomass-producing Salicaceae species, 
poplar ( Populus  sp.) and willow ( Salix  sp.) have been recognized as a promising 
approach for the decontamination of polluted soils. However, new and additional 
data is necessary to improve its large-scale application in the fi eld [ 23 ,  28 – 31 ]. 
Poplar and willow forest populations are good vegetation options for phytoextrac-
tion and phytostabilization techniques applicable for in situ decontamination of 
heavy metal-contaminated soils [ 32 ,  33 ]. However, there are several limitations in 
applying phytoextraction techniques for the remediation of polluted sites, such as a 
relatively long duration of the process, better absorption of pollutants in shallow 
layers within the root area, and also the possibility of dissemination of contaminated 
plant organs (leaves) and the risk of transmission of contaminants to other sites [ 34 ]. 

2.2.1     Heavy Metals in the  Environment   

 The distribution and mobilization of heavy metals into the biosphere are involved in 
many forms of environmental contamination. Soil is contaminated when concentra-
tions of nutrients, different chemicals, and trace metals deviate from naturally 
occurring sources. Widespread accumulation of cadmium, copper, and zinc in soils 
has been the result of human activities, such as mining, fossil fuel production, irri-
gation with metal-containing wastewater, agricultural utilization of municipal sew-
age sludge, the application of herbicides and pesticides, and the application of 
organic and phosphorus fertilizers. Some heavy metals, especially Pb, enter soil and 
surface/ground waters directly, by deposition, precipitation, or drainage of atmo-
spheric polluted particles emitted from vehicles which use gasoline with lead as an 
additive [ 35 ]. 

  Pollution   is evident when contaminants are present in signifi cantly greater than 
natural concentrations and when nutrient content, organic matter decomposition, 
soil microfl ora, acidic and alkaline buffer capacity, etc. are not capable of enabling 
normal bioproduction and diversity of plants and animals [ 36 ]. Accumulated chemi-
cals and particularly heavy metals in excess concentrations disturb life and self- 
regulation processes in soil. There are many forest and agricultural localities polluted 
by heavy metals as the result of atmospheric deposition of industrial and traffi c 
emissions [ 37 ]. Regarding the applicability and effectiveness in cleaning the envi-
ronment, attention must be paid to the research of numerous environmental physi-
cochemical parameters and biological parameters related to plant metabolism.  

2.2.2     Physicochemical Properties of  Soil and Bioavailability   
of Metals 

 Successful phytoextraction can be achieved by the selection of the most suitable 
genotypes for growing on soils with specifi c physicochemical properties. The avail-
ability of metal ions for root uptake and their toxicity depends on many abiotic 
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factors such as their concentrations (total element content), chemical forms, types 
of binding, mobility, solubility, etc. According to Free Ion Activity Model (FIAM), 
the activity of particular metal species in the soil solution is a major determinant in 
bioavailability [ 38 ]. The phytoavailability of heavy metals in soil can be signifi -
cantly limited by neutral to alkaline pH values, texture, cation exchange capacity, 
mineral composition, and the concentration of organic matter [ 39 – 44 ]. Cadmium 
(Cd) is a highly toxic trace element and a soil pollutant which could be easily taken 
up by roots via metal transporters and translocated to the shoots [ 45 ,  46 ]. Borišev 
et al. [ 47 ] reported that the quantity of essential nutrients present in the soil can have 
a signifi cant infl uence on the uptake and accumulation of Cd in plants. They 
observed increased Cd accumulation in the leaves, stems, and roots of a  Salix vimi-
nalis  clone under conditions of Mg and Fe defi ciency. 

 These results indicated that Cd, Mg, and Fe ions use the same transport pathways 
for their uptake in roots and translocation to aerial plant parts. Thus, competitive 
interactions can occur between these elements, in both the apoplasm and symplasm 
regions of the plant. If Cd 2+  is present in soluble form in the root area, it can reach 
the root apoplast. In order to reach aboveground plant parts, it has to pass through 
the root cells’ plasma membranes, which requires mobility in both apoplastic and 
simplastic regions of the plant [ 20 ]. Cd ion solubility, and thus mobility, is reduced 
at pH values above 6–7 and is also dependent on other soil properties [ 48 – 50 ]. An 
increase in the concentration of other nutrients or heavy metals can also create 
antagonistic competition between different ions [ 51 ]. The capacity for metal ion 
adsorption in the apparent free space of the plant root can be reduced by competi-
tion for membrane transporters. Elevated concentrations of both essential and non-
essential metals can result in growth inhibition and toxicity symptoms which could 
be the result of competition with nutrient ions for the same membrane transporters; 
however, displacing of essential elements results in defi ciency symptoms [ 46 ]. 

  Plants phytoextraction   capacity (uptake, accumulation, and translocation of 
metal ions from roots to shoots) could be signifi cantly increased by the addition of 
chelating substances, which are present in soil. Therefore, different agronomical 
practices have been developed with the aim to enhance phytoextraction (pH adjust-
ment, addition of fertilizer, or chelating agents). Induced phytoextraction is achieved 
through the addition of chelating agents (and strong acids) to the soil in order to 
increase the metals’ bioavailability and their translocation from root to shoot [ 16 ]. 
Hammer et al. [ 32 ] observed that the use of chelating agents EDTA (Ethylene- 
diamine- tetra-acetic acid) in soil a few weeks before harvesting improves phytoex-
traction via better translocation of Cu, Pb, and Zn from roots to shoots of  Salix 
viminalis . The results of Hernandez-Allica et al. [ 52 ] indicated that proper 
 management of EDTA application can reduce metal phytotoxicity and increase the 
uptake of metals with low phytoavailability. Although the use of soil amendments 
such as EDTA should increase metal ion activity, the success of its application is not 
guaranteed. One of the problems is the depletion of ions around roots, so rhizo-
sphere conditions may not refl ect bulk soil conditions [ 53 ,  54 ]. 

 The use of  EDTA-metal complexes   in induced phytoextraction must be carried 
out with caution because they are highly stable and can easily reach the  groundwater 
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together with other heavy metals, consequently inducing environmental damage 
[ 52 ,  55 ]. Robinson et al. [ 29 ] reported that compared to control plants treated with 
EDTA accumulated higher concentrations of Cd which caused necrosis and abscis-
sion in most of the leaves. During this time, leaves were examined and a signifi -
cantly lower biomass and no signifi cantly higher Cd concentrations were observed. 
Meers et al. [ 56 ] suggested that EDDS (Ethylene-diamine- N , N ′-disuccinic acid) 
chelating agents might enhance the removal of Cd, Cu, and Zn by  Salix dasyclados . 
Although authors concluded that these results are limited to certain soil types, the 
effi ciency of chelating agents has been evident and these preliminary results should 
be implemented into strategies of fi eld trial organizing. In addition, authors sug-
gested that before applying the method of phytoextraction in fi eld conditions, pot 
experiments should be performed by screening suitable clones and evaluating the 
effi ciency of chelating agents.  

2.2.3      Physiological and Molecular Responses   to Excessive 
Heavy Metals-Plants’ Detoxifi cation Strategy 

 Heavy metals are potentially toxic because they cause many morphological and phys-
iological disorders in excessive concentrations in plant tissue. Phytotoxicity is caused 
directly or indirectly by the disturbance of cell membranes and the inactivation of 
many enzymes by the replacement of essential ions in enzymes, such as Fe, Mn, Cu, 
and Zn. Binding of metals with disulfi de groups (–SH) in proteins leads to an inhibi-
tion of activity or disruption of their structure [ 46 ]. Excessive Pb concentrations in 
plant cells impair the uptake of essential elements such as N, P, and Mg, which con-
sequently damages metabolism—mineral nutrition, photosynthesis, and transpira-
tion. The inhibition of nutrient cycling and the displacement of essential cations (Ca, 
Mg, K) by Cu and Ni cations result in a decrease of base cation concentrations in the 
organic layer [ 57 ]. Exposure to excessive Cd concentrations decreases plant growth 
rate by affecting the water regime and transpiration, photosynthesis, enzyme activity, 
absorption, and translocation of many macro- and micronutrients [ 58 ]. 

 Under stress caused by heavy metals, plants have developed defense mecha-
nisms in order to preserve metabolic rate and stable organic production. They can 
reduce the uptake of heavy metals into cells, sequestrate them into vacuoles by 
formation of complexes, bind heavy metal ions by phytochelatins, synthesize 
 osmolytes, such as proline. [ 59 ]. Mechanisms of absorption, translocation from 
roots to shoots and accumulation of metals, the rate of chemical transformation into 
less toxic compounds in plant cells and tissues, as well as metal redistribution in 
plant cells are implicated in plant metal tolerance and homeostasis and defi ne the 
level of tolerance and adaptability [ 60 ]. Plants cope with deleterious effects of 
heavy metal exposure and accumulation, such as oxidative stress and disturbance of 
cellular ionic homeostasis, by engaging physiological and biochemical detoxifi ca-
tion mechanisms such as the activation of enzymes involved in chelation, subcellu-
lar compartmentalization and exclusion of pollutants [ 46 ]. The activity of enzymes 
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involved in antioxidative protection, catalase, and superoxide dismutase levels 
increased in leaves and roots of plants grown in heavy metal-polluted soil compared 
to control plants. Also, the remarkable induction of glutathione  S -transferase activ-
ity in poplar plants grown under Cd excess in soil was recorded [ 61 ]. 

 The results of many studies suggest the occurrence of different detoxifi cation 
strategies in poplar species (clones, cultivars) exposed to heavy metals. For instance, 
the exclusion strategy has been employed by young poplar plants ( Populus  ×  canes-
cens, P. tremula  ×  P. alba ) exposed to different Cd concentrations, according to 
 specifi c accumulation and distribution of the metal in plant organs. Treatments 
resulted in signifi cant differences in Cd concentrations in the following order: 
roots > stem > leaves [ 62 ]. Phytochelatins (PCs) are reported to play a signifi cant 
role in metal sequestration in vacuoles; however, relationships between PC content 
and metal tolerance in hyperaccumulators are still under consideration [ 63 ]. 

 Considering the fact that low molecular mass cysteine-rich proteins, metallothio-
neins, can neutralize the toxic effect of heavy metals, and also take part in the regu-
lation of gene expression and cell metabolism, Castiglione et al. [ 64 ] analyzed the 
expression of genes belonging to class II metallothioneins (including all those from 
plants and fungi). The expression profi les of certain genes in stems, leaves, and 
roots of poplar plants exposed to Zn treatments were differentially affected by Zn in 
an organ-specifi c manner, and the relationship between Zn concentration and expo-
sure time was rarely linear. According to the lack of a strict dependency of gene 
expression and zinc concentration and/or exposure time, authors concluded that tol-
erance to metals in Villafranca poplar is not based on the “exclusion” mechanism 
(i.e., restricted uptake and/or limited root-to-shoot translocation). Obtained results 
indicated the participation of other mechanisms of plants’ detoxifi cation strategies 
(e.g., other low-molecular-weight chelators, vacuolar sequestration). 

 Results from the in vitro experiment of Macovei et al. [ 65 ] with cell suspension 
cultures have been used as a model system to investigate molecular mechanisms 
responsible for Cd, Cu, and Zn tolerance of  Populus alba  L. cv. Villafranca. The 
authors concluded that the  VFMT2  gene, encoding a type 2 metallothionein, was 
differently regulated in response to the type of metal and its concentration. 
Phytochelatins, cysteine-rich peptides capable for effi cient chelation of heavy met-
als, are synthesized inductively from reduced glutathione by phytochelatin synthase 
activity, following plant exposure to various heavy metals, such as Cd, Hg, Cu, Zn, 
Pb, and Ni [ 60 ,  66 ]. The signifi cance of glutathione in the tolerance of Zn stress in 
 Populus nigra ,  Populus canescens , and two transformed  Populus canescens  clones 
over-expressing a bacterial gene encoding γ-glutamylcysteine synthetase has been 
investigated by Bittsánszki et al. [ 67 ]. Considering an elevated level of glutathione 
recorded in transgenic poplars along with higher heavy metal uptake than in non-
transformed clones, authors concluded that the transgenic poplars were more suit-
able for the phytoremediation of soils contaminated with Zn than wild-type plants. 
Complexation of heavy metals with these peptides results in the sequestration of Cd 
in the vacuole, protecting plant cells from its toxic effects [ 68 ]. 

 Besides experiments under controlled/semicontrolled conditions, the perfor-
mance of the wild-type poplar hybrid  Populus tremula  ×  Populus alba  and a 
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 transgenic mutant over-expressing bacterial genes encoding the enzymes of 
 glutathione biosynthesis has been investigated via their cultivation under fi eld con-
ditions for 3 years on a relatively clean (control) site and a site contaminated with 
heavy metals [ 69 ]. Although considerable changes in aboveground biomass accu-
mulation were not recorded, changes in chloroplast structure, as a consequence of 
over-expression of bacterial gene gsh1 in poplar plants, were evident due to an 
exchange of the excess glutathione produced between the cytosol and the chloro-
plasts. The sequestration of heavy metals by phytochelatin complexes in the vacuole 
may partially prevent changes of chloroplast structure in plants from the contami-
nated site. 

 Investigating  physiological processes   related to the uptake and accumulation of 
heavy metals by woody plants is of great practical importance for a better under-
standing of phytoextraction and enlarges the possibilities of the exploitation of trees 
for the remediation of polluted sites. According to this, the determination of reliable 
physiological/biochemical indicators for plants successful survival and remediation 
potential in unfavorable ecological conditions is of crucial importance for distin-
guishing genotypes with high adaptive potential in contaminated environments. 
Plant selection criteria for high phytoextraction capacities are: photosynthetic and 
transpiration potential, produced enzymes involved in detoxifi cation and their activ-
ity, biomass production, which is related to growth and survival rate, root system, 
and other criteria which affect the adaptive ability to tolerate different contaminants 
[ 7 ,  70 ]. In this sense, the aim of breeding programs is to produce genotypes (culti-
vars, clones) characterized by superior growth and resistance to high levels of pol-
lutants which have to be extracted from the soil to aboveground plant parts.  

2.2.4     Phytoextraction, Photosynthesis, and Water Management 

 Preserved  photosynthetic activity   under heavy metal stress conditions benefi t plant 
survival and growth potential in unfavorable (polluted) ecological conditions and 
enables high biomass production, resulting in successful and effi cient phytoextrac-
tion. Defi ning CO 2  photosynthetic assimilation of different woody species is impor-
tant in order to choose genotypes which are suitable for phytoremediation breeding 
programs [ 71 ,  72 ]. The high toxicity of divalent heavy metal ions for overall plant 
metabolism is the most evident in the inhibition of photosynthesis. Multiple inhibi-
tory effects were detected such as leaf chlorosis, decreasing of leaf area, and bio-
mass production. The most depressive effect on the photosynthetic CO 2  assimilation 
rate according to investigated poplar and willow genotypes was evident in plants 
grown on diesel fuel and metal mixtures in soil [ 5 ]. Küpper et al. [ 73 ] observed that 
during excessive Cd-induced stress, a few mesophyll cells became more inhibited 
and accumulated more Cd than the majority of cells and this heterogeneity disap-
peared during acclimation in plants with good bioconcentration potential. 
 Chlorophyll fl uorescence parameters      related to photochemistry were more strongly 
affected by Cd stress than nonphotochemical parameters indicating that Cd inhibits 
photosynthetic light reactions more than the Calvin-Benson cycle. 
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 The substitution of Mg ion in chlorophyll by heavy metals leads to a breakdown 
in  photosynthesis  . By growing white poplar clones on excessive Pb concentrations 
in cell culture media, Katanić et al. [ 74 ] found that, depending on Pb levels, plant 
height was decreased, as was multiplication, and chlorophyll concentration in 
shoots. Excessive heavy metal presence in plant tissue can affect photosynthesis by 
reducing photosynthetic CO 2  fi xation as a result of the partial closure of stomata in 
leaves. Heavy metal uptake and translocation from the root zone to the stems and 
leaves of plants are driven by transpiration, and because of that the water status of 
the plant tissues and soil moisture are of crucial importance for photosynthesis and 
organic assimilation [ 11 ]. 

 According to Klang-Westin and Perttu [ 75 ],  water availability   is a critical factor 
for the growth of  Salix  and during some periods of the growing season, water avail-
ability will probably be the most limiting growth factor. Transpiration rate is affected 
by heavy metal stress, and plants which are more adapted to polluted environments 
need lower water amounts for nutrient absorption. Plant populations, which suffer a 
strong selective pressure in contaminated conditions, perform lower WUE and 
higher N, suggesting that plants may be “wasting water” to increase N delivery for 
photosynthetic apparatuses via the transpiration stream [ 76 ]. Becerril et al. [ 77 ] 
found that different metals may have different effects on transpiration and growth in 
the same plant. Pb caused a drastic reduction of water use effi ciency, while Cd 
inhibited transpiration and carbon assimilation to a similar degree and thus did not 
change WUE. 

 Extensive physiological characterizations of the genotypes under a variety of 
conditions, including heavy metal soil pollution, is likely to reveal more about the 
specifi c suitability of each hybrid for site-specifi c remediation.   

2.3      Salicaceae Trees   in  Phytoremediation/Phytoextraction 
Technologies   

 Plants from two genera:  Populus  and  Salix  (family: Salicaceae, order Salicales, 
class: Magnoliopsida-dicots) are recognized as the most commercially exploited 
forest trees with great economic importance. Although taxonomic subdivisions have 
been under continuous revision because of intra/interspecifi c differentiations [ 78 , 
 79 ], these 2 genera, together, consist of 480 species [ 80 ,  81 ] and form a monophy-
letic group [ 82 ].  Salix  L. (willows) is the largest genus of the family Salicaceae with 
about 450 species [ 8 ,  80 ]. The genus  Populus  L. (poplars) consists of 30 species 
with 6 taxonomic sections [ 80 ,  83 ]. It comprises fast-growing deciduous trees com-
monly named as poplars, cottonwoods, and aspens [ 84 ]. The wide distribution of 
these species over the northern hemisphere and potential to adapt to contrasting 
environmental conditions rely upon their wide natural variability [ 85 ]. Because of 
their rapid growth rate and a high biomass yield, adaptability to different ecological 
conditions, genetic intraspecifi c variability, as a result of a large number of intraspe-
cifi c hybridizations and differentiations, willows and poplars are valuable resources 
for bioremediation/phytoextraction uses [ 27 ,  86 ]. 

2 Phytoextraction of Heavy Metals by Fast-Growing Trees: A Review



38

2.3.1      Willows ( Salix  spp.)   

 The effi ciency of phytoextraction using  Salix  spp. depends on soil type, contamina-
tion level, the accumulation of metals in harvestable parts, as well as on the yield of 
aboveground biomass [ 87 – 89 ]. Next to the many favorable characteristics for phy-
toextraction such as rapid growth, high biomass production, deep root systems, as 
well as the ability to uptake large amounts of heavy metals, willow species have 
great potential for vegetative propagation having the ability to form roots from stem 
cuttings [ 90 ]. Easy vegetative propagation by cuttings and the production of a large 
number of new shoots leads to high biomass production in a short period of time. 
Therefore, willows are commonly used as an energy source [ 91 ,  92 ]. Vegetative 
propagation, i.e., clonal plantations, reduces variability between plants in compari-
son with plants produced from seeds [ 93 ]. Different species of this genus show 
signifi cant differences in the accumulation of heavy metals [ 28 ,  94 ]. Heavy metal 
accumulation and biomass production in  Salix  species showed a complex relation-
ship as a result of different developments of individual taxa [ 23 ,  95 ]. In general, 
 Salix  species are not hyperaccumulators, but some clones could be grown in heavily 
contaminated soils, accumulating large amounts of heavy metals due to their fast 
growing and high biomass production [ 96 ,  97 ]. 

 In recent years, a large number of studies have been conducted in order to iden-
tify the most effi cient willow clones which could be used in cleaning ecosystems 
which have been contaminated by heavy metals. Their tremendous genetic variabil-
ity could be used in creating genotypes with high biomass production in contami-
nated environments [ 28 ,  93 ]. Various literature data have been obtained from 
investigations conducted in different experimental conditions and the results are 
often diffi cult to compare. The in vitro studies performed with cell cultures and 
shoots (cuttings) in many controlled experimental conditions could reveal possible 
uses of selected plants in phytoextraction methods [ 98 ]. This technique is often used 
in short-term experiments with the aim of testing the effect of excessive heavy met-
als in growth media on their uptake, accumulation, and translocation in plants [ 99 , 
 100 ]. Several studies indicated that growing plants as tissue cultures enables the 
selection of genetic materials for use in genetic engineering [ 101 ]. In addition, 
numerous works highlighted this approach as suitable in the determination of rele-
vant  Salix  genotypes for phytoextraction [ 64 ,  102 ]. 

 Willows have a long life cycle, therefore short screening technologies such as 
growing plants in water culture—hydropones, are suitable for the selection of geno-
types for phytoremediation/phytoextraction utilization [ 100 ,  103 ,  104 ]. There are 
numerous advantages of applying this growing method, such as precise defi nitions 
of the substance concentrations taken up by roots, the possibility for controlling the 
temperature and aeration, visual monitoring of root growth and aboveground parts, 
etc. In addition, this technique reduces the period of growth, duration of treatments, 
and also variability due to environmental factors. The analyses of morphological 
parameters of  Salix  species exposed to excessive heavy metals in nutrient solution 
showed signifi cant variability. In general, disturbed plant growth as a result of 
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 elevated concentrations of heavy metals in nutrient solution was observed,  regardless 
of the applied metals and their concentrations [ 14 ,  97 ]. 

 Generally,  cadmium (Cd)   in plants suppresses root growth—length and biomass 
production [ 105 ]. The root length reduction and decrease in shoot biomass, as a 
primary toxic effect of heavy metals, are confi rmed on several  Salix  species and 
genotypes [ 54 ,  87 ,  94 ,  106 ]. Furthermore, Luković et al. [ 107 ] reported a higher 
reduction in biomass of roots, leaves, and stems in willows than in poplars, with the 
same applied Cd concentrations. Zacchini et al. [ 14 ] have found that total root 
length was signifi cantly reduced by 50 % in analyzed  Salix  clones treated with 
50 μM of Cd. Contrary to this, Cocozza et al. [ 108 ] found no reduction in root 
length of  Populus nigra  and  Salix alba  in the same experimental conditions regard-
ing applied Cd treatment and duration of the experiment. Root length and active 
absorption area play a predominant role in the absorption of water and nutrients; 
therefore, metal uptake is more strongly related to root length than root weight [ 28 ]. 
In addition to that, root elongation is an important parameter in screening tests for 
highlighting different plant sensitivity to Cd [ 14 ,  109 ]. 

 Analyses of growth parameters of six fast-growing trees (four willows and two 
poplars) showed that roots are more sensitive to the presence of Cd than shoots 
[ 110 ]. According to the tolerance index (Ti), a signifi cant negative correlation was 
estimated between plant biomass and Cd concentration in plants [ 72 ]. In this con-
text, Dickinson and Riddell-Black [ 93 ] reported that productivity represented the 
most important trait in the uptake of heavy metals. Beside the reduction of biomass, 
visual symptoms such as chlorosis and necrosis are common occurrences of heavy 
metal toxic effects in leaves. Cosio et al. [ 111 ] observed the occurrence of chlorosis 
in all plants with applied Cd treatments (5, 10, 50, and 200 μM Cd) while necrosis 
was obtained at concentrations of 10 and 50 μM Cd. At the same time, they recorded 
severe root and shoot biomass reductions which were more than 90 % in plants 
exposed to the highest applied Cd concentration. This indicated that the root growth, 
elongation, and absorption zones were restricted by exposure to Cd causing a 
decrease in root capacity for nutrient and metal uptake, resulting in the inhibition of 
plant growth. 

 Contrary to this, Borišev et al. [ 54 ] did not detect chlorosis and a decrease in 
shoot biomass production with Pb-EDTA-treated willow plants. Since the accumu-
lated Pb was retained mostly in roots, the photosynthetic plant parts were protected 
from the toxic effects of metals. The results also indicated an increase in root length 
of plants grown on media with excessive Cd. Literature data showed variation in 
biomass production as a response to different Cu and Zn concentrations. In a com-
parison between treated and untreated plants, excess concentrations of heavy metals 
may cause a decrease, an increase, or may have no signifi cant effect on plant growth 
and biomass production [ 105 ,  111 ]. The results of numerous studies illustrated high 
genetic variation associated with the tolerance of the  Salix  genus toward heavy met-
als [ 14 ,  112 – 114 ]. 

 The variation in accumulation of heavy metals between  Salix  clones is confi rmed 
in several studies, particularly pointing to the effi ciency of the use of willows in Cd 
phytoextraction [ 5 ,  115 ,  116 ]. Yang et al. [ 104 ] compared 39 willow clones in order 
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to establish the best clone for the application of phytoextraction. The authors 
observed that the shoot Cd contents varied up to 91-fold among the clones, ranging 
from 29.8 (a hybrid  S. babylonica  ×  S. alba ) to 2726.52 kg plant −1  DW ( S. babylon-
ica ), respectively. The accumulation and allocation of heavy metals in plant tissues 
determine various remediation goals and relevance. Therefore, three principal pat-
terns of Cd distribution can be distinguished [ 104 ,  117 ,  118 ]. Stem Cd accumulators 
are plant genotypes with a capacity of cadmium accumulation and retention mainly 
in the stem, while the leaves and roots have smaller Cd concentrations. 

 According to the same researchers, leaf Cd accumulators are characterized by 
high Cd content in leaves and clones with this type of Cd tissue (organ) allocation 
are suitable for phytoextraction. Root Cd accumulators are clones with high Cd 
content in roots with low transport to aboveground plant parts. Species/clones with 
such characteristics are good candidates for phytostabilization. Cadmium allocation 
is clearly species specifi c, but its visualization is important for understanding pat-
terns of Cd accumulation and translocation [ 119 ]. Different patterns were observed 
by mapping Cd distribution in roots between species and clones within the 
 Salicaceae  family in the accumulation of Cd [ 108 ]. Observations suggested that the 
allocation of Cd within the root profi le could not be used as a single parameter for 
the translocation of metals; other parameters must also be taken into count. 
Furthermore, the localization of Cd is dependent on the age of the leaves. It is 
smaller in young in comparison to old leaves, while in old leaves it is also dependent 
on the treatment duration and its concentration in nutrient solution. The superior 
ability of willows to translocate and concentrate Cd in leaves with respect to poplar 
clones is confi rmed in several studies [ 14 ,  107 ,  118 ]. 

 A hydroponic survey of  metal resistance   and accumulation of Cd and Zn in 20 
clones of willows and poplar species revealed that  S. dasyclados  (315 mg Cd kg −1 ) 
and  S. smithiana  (3180 mg Zn kg −1  dry weight) had the largest metal content in 
leaves, while  S. matsudana ,  S. fragilis , and  S. purpurea  have been shown as the best 
metal-tolerant species [ 113 ]. A very important characteristic for phytoextraction is 
metal tolerance which is manifested as a combination of high metal accumulation 
with a reduction of its damaging effects. Moreover, metal tolerance seems to be 
associated with low metal transport, thus protecting aboveground plant parts which 
are involved in photosynthesis [ 97 ]. Cosio et al. [ 111 ] indicated that  S. viminalis  
grown in hydroponics with 20 μM Cd performed as a highly tolerant plant species, 
with no reduction in biomass. The concentration of heavy metals which trigger the 
injury of leaves is still not established for tree species, due to the lack of consistent 
methods which are needed to characterize metal toxicity. According to Kabata- 
Pendias and Pendias [ 120 ], heavy metal toxicity in crop plants occurs when the 
heavy metal concentration in foliage exceeds 5–10 ppm for Cd, 150–500 ppm for 
Zn, or 15–20 ppm for Cu. The adaptation of willows to toxic metals could be 
achieved by gradually enlarging concentrations of heavy metals in the nutrient solu-
tion [ 121 ]. 

 The genes for metal resistance may become expressed if the clones were gradu-
ally adapted to high metal concentrations, therefore this could improve metal resis-
tance properties to elevated metal concentrations in media [ 113 ]. Furthermore, the 
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allocation of heavy metals in aerial plant parts is the most important feature in the 
effective utilization of plants for phytoextraction. Zn distribution in  Salix  demon-
strated that high amounts of Zn are concentrated in the leaves and the stem due to 
high mobility and easy transport to aerial parts [ 106 ,  122 ].  S. matsudana  showed 
high Zn content in shoots (4497.7 μg plant −1  dry weight) and in combination with 
high biomass production, showed the highest phytoextraction potential in 12 ana-
lyzed clones [ 112 ]. On the other hand, Cu noticeably accumulated in the roots with 
low transport to aerial parts. Short-term exposure in hydroponics may not be suffi -
cient for metal accumulation to occur in aerial parts of willows, causing higher 
metal concentrations in the roots [ 123 ]. Therefore, Zacchini et al. [ 14 ] pointed out 
fundamental aspects such as uptake, tolerance, and translocation to the aerial parts 
as the selecting criteria in screening tests for phytoremediation. 

 The  phytoextraction capacity   of plants could be changed if they were exposed to 
metal mixtures with respect to one metal which is present in excessive concentra-
tions [ 124 ]. Dos Santos et al. [ 113 ] observed the accumulation of metals with a 
cocktail treatment of Cd and Zn. They found a signifi cant reduction of Zn and Cd 
accumulation in mixed treatments in most cases. The possible reason for that is ion 
competition between metals. Consequently, the clones with a high uptake of combi-
nation heavy metals in their mixture are still not defi ned due to the effect of antago-
nism between metals [ 125 ]. 

 In order to investigate antagonism between Cd and Ni ions in plant absorption, 
two willow genotypes ( Salix alba —clone 68/53/1 and  Salix nigra —clone 0408) 
were analyzed in the presence of elevated concentrations of Cd, and Ni. They were 
subjected to a combined treatment of both Cd and Ni, in two concentrations (10 −4  
and 10 −5  M L −1 ) in water culture solutions. Some symptoms of toxicity were evident 
at 10 −4  M L −1  of applied heavy metals. 

 Both heavy metals accumulated mostly in roots, but translocation to aboveg-
round plant parts was suffi cient enough to confi rm a good phytoextraction potential 
of analyzed genotypes, especially regarding Cd. The combined treatment of both Cd 
and Ni signifi cantly reduced the metals’ accumulation indicating a strong antagonis-
tic relationship between these two elements. The determined antagonism between 
Cd and Ni probably occurs due to competition for the same metal transporters and 
carriers which enable the transport of metal ions to the stems and leaves of investi-
gated willow genotypes [ 126 ]. Pajevic et al. [ 127 ] found that the content of Pb in 
plant tissue was higher in the treatment where only Pb was applied, compared to the 
plants grown on soil contaminated with metal mixtures, which indicated competi-
tion between other ions in Pb uptake [ 127 ]. 

 The results obtained by investigations of phytoextraction capacity of  willow 
genotypes   grown under hydroponic experimental conditions should be confi rmed 
by experiments performed in soil/fi eld-growing conditions. Willows as pioneer 
trees are a common species grown on different soils, often severely contaminated, 
and therefore are widely used in screening strategies for identifying trees suitable in 
phytoextraction techniques [ 128 ]. Greenhouse experiments are conducted with the 
aim to separate different clones for their possible use in fi eld environmental condi-
tions. Willows showed considerable differences in metal uptake, translocation, and 
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accumulation. Their adaptability and resistance to excess metals in tissues depend 
on clone characteristics [ 129 ]. Although the capacity of willows for heavy metal 
accumulation varies due to experimental conditions, Watson et al. [ 130 ] have found 
a signifi cant correlation between Cu and Ni accumulation in the  Salix  clones grown 
in hydroponics and the accumulation of the same metals in  Salix  clones grown in the 
fi eld. 

 A large number of studies highlighted that among the fast-growing trees,  Salix  
species are leading candidates in the removal of Cd [ 131 ,  132 ]. In addition,  geno-
typic variation   in metal transport and allocation among the organs plays an impor-
tant role in remediation. Cd and Zn are mainly translocated to aboveground plant 
parts, whereas As, Cr, Ni, Cu, and Pb are dominantly retained in roots [ 30 ,  88 ,  94 ]. 
Several studies confi rmed that Cd and Zn are mostly concentrated in young leaves 
[ 23 ,  131 ,  132 ]. In addition, Vysloužilová et al. [ 87 ] showed that the amount of Cd 
and Zn removed by willow leaves were up to 83 % for Cd and 71 % for Zn with 
respect to total absorbed metal concentrations. The high  Zn-transfer factor   to 
aboveground plant parts might be the mechanism which enables the elimination of 
excess metals from plant via defoliation [ 33 ]. In many plants grown in chemically 
contaminated soils, the lead (Pb) mainly accumulates in roots, rather than in leaves. 
Jensen et al. [ 133 ] reported that in aboveground plant parts, Pb was more concen-
trated in leaves than in twigs, which is in disagreement with results obtained by 
Evangelou et al. [ 132 ] who found higher Pb content in the stem than in the leaves. 
In general, willows showed a low uptake of arsenic (As). 

 The removal of As from soil to aboveground parts was less than 1 %, which indi-
cated that willows are not suitable for cleaning sites contaminated with arsenic [ 88 ]. 
Many obtained results indicated that the highest removal of heavy metals could be 
found in moderately contaminated soils, while phytoextraction potential is signifi -
cantly decreased in extremely contaminated soils [ 88 ]. Heavy metal uptake and 
translocation are reduced in extremely polluted soils as a consequence of biomass 
reduction—leaves undergo chlorosis, necrosis, and partial defoliation [ 87 ]. Pot 
experiments have limitations that are refl ected in relatively short growing periods 
which alter heavy metal uptake by plants; therefore, long-term fi eld experiments are 
needed for the evaluation of results from hydroponic and pot experiments. 

 Although methods of growing plants under fi eld conditions are still not wide-
spread, these types of experiments provide more realistic data which indicate the 
ability of plants to carry out phytoextraction [ 134 ]. The infl uence of  soil properties   
on metal uptake and biomass production on moderately contaminated soils was 
specifi ed in different studies. It has been proven that willows are not suitable for the 
remediation of heavily contaminated soils, but they could be very effective in the 
remediation of moderately contaminated soils [ 133 ]. Their ability to remove heavy 
metals under fi eld conditions is particularly limited in calcareous soils because of 
strong metal-ions bonding at alkaline pH levels [ 55 ,  135 ]. The comparison of Cd 
and Zn uptake by  Salix viminalis  grown in acidic and alkaline (calcifi ed) soils 
showed that  Salix  produced more biomass and showed higher metal uptake and 
translocation in shoots in the acidic soils, with lower pH values [ 56 ]. Hammer et al. 
[ 32 ] found that during the 5 year-long experiments conducted on polluted soil, the 
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biomass of willows increased every year, whereas metal concentrations decreased 
linearly causing an increase in annual metal uptake with time. The total extraction 
of heavy metals was at a maximum of about 60 g Cd ha −1  per year and about 
5 kg Zn ha −1 . In addition, they confi rmed the existence of Cd storage in leaves as an 
important physiological trait for remediation and pointed out the necessity of col-
lecting leaves as well as shoots in order to clean up contaminated soils. 

 Many fi eld experiments confi rmed a dissimilarity incapacity for biomass produc-
tion and metal accumulation within the  Salix  genus [ 31 ,  136 ]. Mleczek et al. [ 92 ] 
revealed the signifi cant differences among the eight  S. viminalis  clones and one  S. 
alba  clone. The maximum rate of difference between the highest and lowest heavy 
metal content in the shoots of investigated  Salix  clones were 84 % for Cd, 90 % for 
Cu, 167 % for Hg, 190 % for Pb, and 36 % for Zn. Phytoextraction potential for Cd, 
Zn, Pb, Cu, Cr, and Ni using willows ( Salix  sp.) and poplars ( Populus  sp.) has been 
tested by Algreen et al. [ 137 ]. The results obtained after 10 years of fi eld experi-
ments, indicated very low phytoextraction effi ciency for investigated heavy metals: 
the highest was registered in willows for Cd, but still not very high, below 0.5 %. 
Despite this, benefi ts from using willows in the decontamination of soils by the 
process of phytoextraction techniques are signifi cant. 

 Rosselli et al. [ 33 ] found that the results of phytoextraction potential of fast- 
growing trees conducted in fi eld conditions are in correlation with those grown in 
pots, under controlled conditions. However, bio-concentration factors for Cu, Zn, 
and Cd were higher in pot experiments. Authors explained the obtained results by 
the restricted volume of soil prospected by the roots and thus better ion uptake. In 
contrast to this study, Jensen et al. [ 133 ] revealed a two to tenfold higher metal 
uptake (Cd, Zn, Pb, Cu) in fi eld trials in comparison to metal extraction by willow 
plants in growth-chamber experiments. Regarding Cd and Zn absorption by plants, 
authors obtained high percentages of their removal, up to 0.13 % of total soil Cd and 
0.29 % of total Zn. These percentages are small, but represent the most soluble frac-
tion. The risk, therefore, of groundwater and subsurface water leaching, is reduced.  

2.3.2      Poplars ( Populus  spp  .) 

 In order to investigate the effi ciency of poplar species, hybrids, and cultivars in the 
removal of heavy metals from contaminated sites, numerous experiments have been 
set differing in the type of nutrient medium, heavy metal concentration and applica-
tion (single metal or combined contamination using several metals), and the level of 
control of cultivation conditions. The results obtained from these experiments which 
were performed under controlled or semi-controlled conditions provide reliable 
guidelines for the selection of highly effi cient genotypes. The accomplishment of 
these experiments under laboratory instead of fi eld conditions enables precise con-
trol of growth conditions, as well as of heavy metal concentration and their bioavail-
ability. The phytoremediation/phytoextraction potential of poplars has been tested 
in vitro (cell culture experiments), in hydroponic systems, using pot experiments 
(sand or soil), as well as in fi eld experiments. 
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  In vitro experiments   have been successfully used to test the specifi city of poplar 
species’ (hybrids, cultivars) potential to withstand excesses of heavy metals in cul-
tivation media. Many authors marked in vitro screening as a useful tool in studies 
aimed to test the ability of poplar clones to take up, tolerate, and survive heavy 
metal stress [ 64 ,  102 ,  138 ]. However, considering the lower availability of heavy 
metals in soil, the higher juvenility of the in vitro material, and the complexity of 
interactions between plants and their habitat, reliable evaluation of the particular 
genotype performance under conditions of a contaminated environment becomes 
necessary [ 139 ]. 

 Recently, Di Lonardo at al. [ 102 ] investigated As, Cd, Cu, and Zn phytoremedia-
tion potential using in vitro multiplied microshoots of a commercial and two autoch-
thonous  Populus alba  clones. Obtained data showed that plants might be able to 
accumulate high levels of heavy metals with no unfavorable effects on their biomass 
production. Higher concentrations of applied metals in roots than in shoots of pop-
lar plants suggested a metal exclusion strategy of tested clones. Metal content was 
generally higher in the shoots than in the roots in all the clones. The highest content 
of all metals in shoots was recorded in the fast-growing commercial clone, suggest-
ing biomass production as the key factor in evaluating the phytoextraction capacity 
of  P. alba  clones. 

 With the aim to evaluate the potential of four white poplar ( Populus alba  L .)  
clones (Villafranca, L-12, L-80, and LBM) for nickel (Ni)  phytoextraction  , Katanić 
et al. [ 138 ] carried out experiments using the shoot tips for cultivation on a solid 
growth medium with the addition of different nickel concentrations. Higher concen-
trations of nickel in the growth medium had signifi cant inhibitory effects on plant 
fresh mass and especially on the photosynthetic pigments content, while the pres-
ence of Ni in the concentration of 10 −3  M caused a serious disturbance of growth and 
decay in investigated clones. Authors singled out genotypes L-80 and L-12 as con-
venient candidates for phytoextraction and phytostabilization, as well as for the 
reforestation of areas moderately contaminated with Ni. 

  White poplar ( Populus alba  L.)   genotypes have also been tested in vitro for Pb 
tolerance and accumulation. These tests were aimed to evaluate genotype perfor-
mance in phytoremediation projects and landscaping in areas endangered by Pb 
contamination [ 139 ]. Some white poplar genotypes considered to be interesting for 
biomass production, landscaping, and horticulture were cultivated on media supple-
mented with different concentrations of Pb. The obtained results distinguish inves-
tigated genotypes according to the ability of Pb accumulation and two of them 
achieved a signifi cantly higher lead shoot content compared to the widespread con-
trol genotype (almost 200 % and 125 % higher, respectively). The investigation of 
several poplar genotypes by Pajević et al. [ 127 ] showed a very high capacity for 
metal accumulation, especially for Pb (average content in plant tissue was 300 μg · g −1  
dry mass) with the highest translocation factor. Compared to the control group, 
bioaccumulation factors for Cd were also high, but the translocation factor was 
lower, depending on the genotype investigated. 

 A commercial clone Villafranca of  Populus alba  L. has been used in the experi-
ment conducted by Castiglione et al. [ 64 ] which was aimed to investigate tolerance 
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to high concentrations of zinc (Zn) using an in vitro model system with shoot 
 cultures. Applied Zn concentrations (0.5–4 mM) negatively affected chlorophyll 
content and the rate of adventitious root formation although to different extents. 
With the aim to explore the role of aluminum (Al) in the tolerance of poplars to 
heavy metals, Bojarczuk [ 140 ] carried out in vitro experiments using adventitious 
bud cultures of  P. tremula  L. ×  P. alba  L. Plants originating from cultures grown in 
the presence of Al showed greater tolerance to the presence of Al and Cu in the 
medium than plants derived from cultures grown on media without Al. Although 
high concentrations of Cu and Pb inhibited shoot and root development, the author 
recommended in vitro selection of tolerant plants in order to obtain valuable mate-
rial for research on mechanisms of plant sensitivity to metal toxicity. 

 Nikolić et al. [ 141 ] calculated the  tolerance index (TI  ) on the basis of shoot 
weight in both treated and control plants (shoot fresh weight in plants from polluted 
soils × 100/shoot fresh weight in control plants) in order to defi ne the tolerance of  P. 
deltoides  to soil contamination. The pot culture experiment was established using 
soil contaminated with Cd, Pb, and Ni. The metals were applied separately, or in 
combination in lower and higher concentrations. The lowest tolerance of  P. deltoi-
des  was found after Ni treatment, probably due to the highest ability of translocation 
of this metal from roots to shoots (with respect to cadmium and lead). The obtained 
results of a very high bioconcentration factor for Cd and moderate tolerance, indi-
cated that some poplar genotypes might be considered for evaluation of phytoex-
traction potential in outdoor/fi eld experiments. In hydroponic experiments with 
plants concurrently exposed to several metals, Migeon and coworkers [ 142 ] identi-
fi ed clones of  P. nigra  and  P. maximowiczii  ×  P. nigra  as highly tolerant to the heavy 
metals applied, with the TI value above 100. 

 The reliable evaluation of tolerance and performance in poplar plants exposed to 
excessive concentrations of heavy metals in the growth medium can be evaluated by 
other parameters, besides plant biomass, such as morpho-anatomical parameters, 
photosynthetic parameters, and water regime parameters [ 107 ]. The importance of 
different parameters in an indication and evaluation of tolerance to soil contamina-
tion was confi rmed by the results of Pilipović et al. [ 143 ]. They investigated the 
infl uence of excessive Cd, Ni, and Zn concentrations in soil on pigment concentra-
tions, photosynthesis, and activity of the nitrate reductase enzyme in  P. deltoides  
clones and  Populus  ×  euramericana . 

 The obtained results for heavy metal tolerance of poplars indicated a signifi cant 
correlation between investigated parameters: variations in aboveground and root 
biomass production, depending on heavy metal treatment, were in correlation with 
variations in obtained results for physiological parameters. Pietrini et al. [ 118 ] 
investigated the sensitivity of photosynthesis in  Populus  ×  canadensis  and  P. nigra  
L. plants to cadmium (50 μM CdSO 4 ) under hydroponic conditions. Both net pho-
tosynthesis and transpiration were considerably lower in treated plants, but high 
concentrations of phytochelatins were recorded in the leaves of both species. Also, 
the same authors showed that the confi nement of Cd accumulation accompanied 
with the absence of phytochelatins in necrotic tissues of  Salix alba  L. leaves repre-
sents an effi cient strategy for maintaining high photosynthetic activity in the willow 
genotypes. 
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 Bioindication and phytoextraction potentials of poplars ( Populus  
nigra  ×  maximovitzii  ×  P. nigra var. Italica ;  Populus  ×  euramericana ;  P. deltoides ) 
for Cd and Ni were investigated using hydroponic cultures under glasshouse condi-
tions by Nikolić et al. [ 144 ]. Although the highest accumulation of both heavy met-
als was found in roots, their distribution in shoots in the same experimental treatment 
was metal specifi c: poplars preferentially accumulated Ni in leaves while Cd in 
stems. The obtained results also elucidated the potential of tested poplars as bioin-
dicators of environmental pollution, even in the absence of other toxicity symptoms, 
such as growth reduction or chlorosis. There are implications in literature data 
which suggest that poplars might engage not only one, but several mechanisms 
related to accumulation patterns and tolerance to increased levels of heavy metals in 
the growth substrate. Sebastiani et al. [ 145 ] studied the effects of organic waste 
enriched with nonhazardous levels of Zn, Cu, Cr, and Cd on biomass partitioning 
and heavy metal accumulation in plant organs in two poplar clones. 

 Authors observed the presence of both phytoextraction and phytostabilization 
physiological strategies in studied plants, considering active ion transport and accu-
mulation of Zn in leaves of both clones, Cu retention in the roots, and nonspecifi c 
intermediate transport of Cr. Similar conclusions have been drawn for a poplar 
clone cultivated in a sand-vermiculite substrate under glasshouse conditions treated 
with different Zn concentrations [ 146 ]. The higher bioaccumulation coeffi cient of 
the control group than of Zn-treated plants, the continuous Zn uptake during the 
growing season, and accumulation of Zn in old leaves, suggest that investigated 
clones employ both excluding and compartmentation mechanisms, confi rming the 
potential of poplars to be used for plantations in Zn-contaminated soils. 

 Results related to heavy metal resistance and accumulation in various plant spe-
cies obtained by using in vitro experimental systems always need to be confi rmed 
by fi eld performance trials [ 102 ,  130 ]. The phytoextraction potential of many plant 
species has been tested in hydroponic systems. These methods of cultivation are 
useful means for the selection of appropriate plants for the removal of heavy metals 
from contaminated substrates, due to short periods of plant growth and the treat-
ment duration, as well as reduced variability of environmental factors [ 14 ]. Migeon 
et al. [ 142 ] employed the nutrient fi lm technique to screen poplar clones for the 
tolerance and accumulation of trace elements. After 4 weeks of exposure to mul-
tipollution solutions containing 10 μM Cd, Cu, Ni, and Pb, and 200 μM Zn, the 
highest Cd, Zn, and Ni concentrations in leaves were measured in  Populus tricho-
carpa  and its hybrids. Among studied clones, the highest concentration of Cu was 
measured in  Populus deltoides  hybrids. 

 In recent decades, researchers were faced with the necessity to fi nd alternatives 
for fossil fuel consumption in heat and electric power systems. With this aim, the 
short-rotation coppice (SRC) systems of growing plants were studied and developed 
with the aim to select appropriate bioenergy crops.  Short rotation coppice cultures 
(SRC  ) are intensively managed, high-density plantations of multi-shoot trees, and 
its cultivation regime allows higher biomass yields per unit of land area [ 147 ]. The 
establishment of SRC on soils contaminated with heavy metals might fulfi ll several 
objectives. First of all, considerable amounts of heavy metals might be removed 
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through repeated coppicing of the aerial biomass of plants [ 6 ]. Also, this renewable 
energy source is both economically and ecologically very attractive [ 148 ]. In this 
sense, extensive studies have been related to poplar cultivation in SRC systems [ 149 ]. 

 These investigations were based on the ability of poplars to accumulate relatively 
high concentrations of certain metals, along with high biomass production exploit-
able for energy production. Laureysens et al. [ 24 ] studied the variation in heavy 
metal accumulation and biomass production among 13 poplar clones cultivated 
under SRC systems, which were established on a site which was moderately pol-
luted by heavy metals. Clones with very high concentrations of all metals measured 
were not found, but signifi cant clonal differences in accumulation were evident for 
most metals. Among the heavy metals measured, Cd, Zn, and Al were the most 
effi ciently taken up by plants. Results presented by Laureysens and coworkers [ 147 ] 
related to an SRC fi eld trial with 17 different poplar clones established on a former 
waste disposal site suggested that the selection and improvement of poplar clones 
for phytoextraction should be focused on biomass production, shoot survival, and 
metal concentration in the biomass.   

2.4     Other Commonly Used Fast-Growing Trees 
in Phytoremediation/Phytoextraction Technologies 

 In the last 20 years, there have been numerous studies on heavy metal tolerance and 
uptake by plants, mostly examining willows and poplars from the Salicaceae family. 
Though they have great potential in the phytoextraction of pollutants and high bio-
mass production, species like  eucalypts  , black locust, birch, and  paulownia   are bet-
ter adapted to nutrient-poor, acidic soils, and harsh environments. In temperate 
regions, poplars, willows, and black locusts ( Robinia pseudoacacia  L.) predominate 
as short rotation woody crops [ 150 ]. They are characterized as excellent coppicing 
species with very intensive and fast growth [ 151 ]. They are able to survive droughts 
and severe winters, tolerate infertile and acidic soils in contrast to other tree species, 
and are widely used for erosion control and reforestation [ 150 ]. Concerning above-
mentioned characteristics and adaptations, they represent suitable candidates for 
phytoextraction purposes, which were confirmed in numerous researches 
[ 152 – 154 ]. Besides the aforementioned, it is noteworthy that the black locust is 
able to form a symbiotic relationship with nitrogen-fi xing bacteria, which repre-
sents a well-adapted trait for survival in soils rich with heavy metals. 

 Potentive biomass species include over 700 Eucalyptus species ( Eucaliptus  
spp.), commonly known as  eucalypts  , which are native plants to the Australian 
region. Eucalypts are the most promising energy crops in semitropical and tropical 
areas [ 150 ]. They have been successfully planted as exotics due to their fast growth 
and tolerance of harsh, disturbed environments involving many effective adapta-
tions: indefi nite growth, coppicing, lignotubers, drought, fi re, insect resistance, and 
tolerance of soil acidity and low fertility [ 155 ]. The potential of  eucalypts   in the 
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phytoextraction of different trace elements has been reported in several researches 
conducted in hydroponic trials [ 156 – 159 ], pot experiments [ 160 – 162 ], and fi eld tri-
als [ 163 ,  164 ] for the reclamation of sewage effl uents, municipal wastewater, and 
heavy metal-contaminated substrates. 

 Another promising species,  paulownia   ( Paulownia   spp  .), which was introduced 
into North America and Europe, has been recently used for phytoremediation due to 
its ability to tolerate high concentrations of metals, strong transpiration rates, rapid 
growth, and high biomass production [ 165 – 167 ]. The effects of heavy metals on 
plant biomass production may vary, from stimulating to deleterious effects, mostly 
dependent on the applied concentration and the duration of metal exposure. The 
effect of cadmium on plant biomass, metal accumulation, and distribution within 
plants tissue was the main object of research in several studies. Pietrini et al. [ 159 ] 
examined morpho-physiological and biochemical responses of two eucalypt geno-
types (hybrid clones of  Eucalyptus camaldulensis  ×  Eucalyptus globulus  spp.), by 
exposing 1-year-old rooted cuttings to Cd in solution during 1 month. The presence 
of Cd in nutrient solution reduced the root growth of selected clones up to 30 and 
50 %. The reduction of biomass was less pronounced in the aboveground parts, and 
this was followed with a similar decrease in root/shoot biomass between eucalypt 
clones. Noteworthy is the fact that the accumulation of Cd in roots of tested clones 
has been very high (up to 14778 mg kg −1 ), while the accumulation in stems reached 
the values of approximately 600 mg kg −1  of dry weight. Accumulation in the leaves 
of selected clones was 20-fold smaller compared to the values in the stem. These 
fi ndings unlock notable perspectives for the future utilization of these species in 
phytoremediation purposes. Fine et al. [ 158 ] reported that the biomass of  Eucalyptus 
camaldulensis  saplings was not adversely affected during a 1-month exposure to Cd 
and organic ligands (EDTA and EDDS) in hydroponic solution. Older and bigger 
plants were used for the second experiment where plants were treated with signifi -
cantly higher concentrations of Cd (89 mM Cd). 

 The obtained results indicated signifi cantly reduced growth of saplings after Cd 
treatments (with the absence of ligands), up to 40 % in comparison to the control 
group. Treatments with ligands added showed concentration-dependant infl uence 
on sapling growth, which had stimulating or deleterious effects. Also, EDTA has 
been proven as a more effective ligand than EDDS, possibly due to the higher stabil-
ity constant of its complex with Cd. In the author’s opinion,  E. camaldulensis  may 
successfully be used for the phytoextraction of cadmium from soils that are con-
taminated at environmental concentrations, with chelating agents’ assistance. 
Gomes et al. [ 168 ] had reported deleterious effects on  E. camaldulensis  plants 
grown in the presence of 90 μM of Cd in solution, with obvious symptoms of Cd 
toxicity, like wilted growth and leaf chlorosis, as well as blackened and thickened 
roots. Increased root/shoot translocation rate led to high Cd concentrations in 
shoots. Such adverse effects of heavy metals may be reduced by associating plants 
with arbuscular mycorrhizal fungi. The roots of  E. globulus  were inoculated with 
arbuscular mycorrhizal and saprobe fungi in order to prevent harmful effects of 
excessive concentration of Cd in nutrient solution [ 169 ]. According to the authors, 
inoculation with fungi led to the redistribution of absorbed Cd mostly in the stem of 
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plants where the harmful effects during the development of the plant were minor, 
explaining why arbuscular mycorrhizal fungi conferred resistance of eucalyptus to 
the toxic impact of Cd in spite of high accumulation of this metal in the plant. 
Contrary to the various responses in the presence of Cd, certain eucalypt species 
may have remarkable tolerance to aluminum (Al). 

 Silva et al. [ 156 ] have subjected six eucalypt species and clones to different 
concentrations of Al 3+  in solution. Root growth and elongation was either stimu-
lated or unaffected by low to intermediate Al concentrations and Al mostly accu-
mulated in the roots, and differed among investigated species. The restriction of Al 
translocation from roots to shoots may provide a mechanism of protecting the 
shoots from the harmful effects of the metal. Such results indicated the potential of 
selected  eucalypts   in the phytostabilization of aluminum-contaminated soils. It is 
suggested that aluminum phytoextraction potential of these species should be 
investigated further, with prolonged exposure to the contaminant. Furthermore, 
such trials would be very useful if we keep in mind that the exploitation of short-
rotation eucalypts may lead to a notable reduction in exchangeable Ca and Mg and 
enhance exchangeable Al in the soil over time [ 170 ]. Assareh et al. [ 157 ] have 
evaluated the bioconcentration (enrichment) coeffi cient, metal uptake, and translo-
cation among three eucalypt species ( E. camaldulensis ,  E. microtheca,  and  E. 
occidentalis ). 

 Enrichment coeffi cients varied between species and depended on metals applied: 
 E. occidentalis  had a greater ability to accumulate Zn,  E. camaldulensis  had a higher 
ability for Cu uptake, in the stem. Another promising species with a high affi nity to 
accumulate Zn in aboveground biomass are  paulownia   species. Their very high 
annual increment in biomass, up to 150 t ha −1  [ 171 ], with extensive deep-digging 
root systems and high transpiration rates makes these plants an effective natural 
pump capable of absorbing large quantities of water and pollutants from the soil 
[ 172 ]. The signifi cant removal of trace elements from substrates and a rather low 
rate of metal absorption [ 165 ] are useful parameters in specifying the future strategy 
for the utilization of these species in phytoremediation/phytoextraction. At rather 
high Zn concentrations (above 2000 μM in the nutrient solution), Azzarello et al. 
[ 172 ] have determined typical plant stress symptoms in exposed  Paulownia tomen-
tosa  plants, such as growth inhibition and the loss of leaf area. However, when 
plants were exposed to lower Zn concentrations in the nutrient solution, the accu-
mulation of zinc in aboveground biomass had exceeded 1500 μg g −1  with insignifi -
cant effects on plant growth parameters, confi rming the fact that paulownia species 
may be suitable candidates for phytoextraction processes. 

 Authors of this study have proposed a tolerance mechanism to high Zn levels in 
 P. tomentosa  plants, throughout the use of advanced mechanisms that are able to 
sequester the heavy metals in specifi c cell structures, such as the petiole cell walls 
and the vacuoles in the root hairs, or they may be capable of extruding a percentage 
of the Zn in exudates located on the surface of the petiole. To our knowledge, there 
is a lack of data when it comes to hydroponic screening of black locusts ( Robinia 
pseudoacacia  L.) and their phytoextraction ability. Župunski et al. [ 154 ] have 
 determined the importance of genotype (half-sib) selection in accumulation and 
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tolerance of Cd, Ni, and Pb. Specifi c half-sib families of black locusts have showed 
promising perspectives for phytoextraction of Cd and Ni. 

 The effects of different heavy metals on growth, uptake, and tolerance of fast- 
growing species like  eucalypts  , birch, and paulownia have been reported in several 
soil phytoextraction studies with the assistance of synthetic chelators [ 165 ,  167 ], 
and without chelator assistance [ 132 ,  160 – 162 ,  173 ,  174 ]. Doumett et al. [ 165 ] have 
grown paulownia plantlets in soil rich with Cd, Cu, Pb, and Zn in order to determine 
whether complexing agents (EDTA, tartarate, and glutamate) have infl uenced metal 
uptake by plants and mobilization in soil. The visual assessment did not show any 
signs of phytotoxicity, and neither did it affect the whole plant dry weight. Tartarate 
and glutamate have shown good potential in complexing heavy metals, very similar 
to those of EDTA, followed by the absence of a signifi cant increment of metal 
leaching probability. 

 A comparison between plant metal accumulation and the bioavailable metal 
fraction in soil has shown that uptake and translocation were not mainly dependent 
on the bioavailable fraction and that the predominant mechanism for metal accumu-
lation was not the concentration gradient between the soil and plant tissues. The 
phytoremediation potential of paulownia species is mostly assigned to its high bio-
mass production rather than its uptake and accumulation potential. The same 
authors [ 167 ] investigated the infl uence of repeated applications of tartarate and 
glutamate (50 mmol kg −1  of soil) on Cd, Cu, Pb, and Zn distribution between a 
contaminated soil sample and  Paulownia tomentosa . Cu, Pb, and Zn uptake was 
stimulated by repeated glutamate applications. Cd and Pb were mostly isolated in 
the roots of paulownia plants and were excluded from aboveground biomass. Such 
an exclusion mechanism can explain the observed tolerance of  Paulownia tomen-
tosa  to Cd and Pb, but with evident limits in phytoextraction potential for these 
elements. Furthermore, no signifi cant effect was found in soil on heavy metal bio-
availability and concentration, thus decreasing the potential risk of leaching into 
groundwater [ 165 ]. 

 The potential of 13 eucalypt clones for both heavy metal uptake and biomass 
production from natural and polluted soils was assessed by Mughini et al. [ 161 ]. All 
tested clones have survived and grown well under pollution, which indicated toler-
ance to the contaminant levels set during the early stress-sensitive growth period. 
The authors have reported that As, Cu, Pb, and Zn accumulated more in the leaves 
than in the stems and branches, suggesting that the removal of the entire aboveg-
round biomass, including the leaves, would enhance the phytoextraction potential 
for these contaminants using  Eucalyptus  spp., especially having in mind that  euca-
lypts   are evergreens. Similarly, Coupe et al. [ 160 ] investigated the potential of  E. 
camadulensis  for the phytoextraction of Pb and Zn due to the high bioconcentration 
factors for these elements and great ability for root/shoot allocation. The uptake and 
distribution to the aboveground parts in  eucalypts   was higher compared to the other 
two species, one of which was  Brassica juncea , a hyperaccumulator plant with a 
great ability for Pb and Zn uptake [ 175 ,  176 ]. 

 Further, Mughini et al. [ 161 ] pointed out important positive pair-wise correla-
tions between heavy metal average contents (Cd and Pb, Cd and Cu, Cd and Zn, Pb 
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and Cu, Pb and Zn, and Cu and Zn) detected in leaves, stems and branches  suggesting 
that clone selections based on the uptake of these contaminants may notably improve 
the potential for the remediation of abovementioned pairs. Characteristics such as 
high yield, tolerance to the presence of metals in soil, reallocating and partitioning 
of metals in aboveground tissues classify  eucalypts   and paulownia species side by 
side with poplars and willows, which were confi rmed in numerous researches as 
great phytoextractors for various trace elements. Wang et al. [ 162 ] conducted a pot 
experiment with six different species, including  Betula alnoides, Alnus nepalensis,  
and  Eucalyptus globulus , for the phytoremediation of mining-spoiled substrate. The 
obtained differences in growth and lead/zinc uptake differed within plant species, 
their parts and the kind of metals. For all three species, it was confi rmed that they 
were fast growing, highlighting  A. nepalensis  as a species with the most intensive 
growth and biomass yield, together with the highest obtained accumulations of Pb 
and Zn in aboveground tissues. As a conclusion, the authors stated that  A. nepalen-
sis  and  B. alnoides  could serve as appropriate species for the reforestation of mine 
tailing areas with high levels of Pb and Zn. 

 The possibility for heavy metal uptake from contaminated soils was assessed in 
three researches with  B. pendula  plants. Bojarczuk et al. [ 177 ] have tested the effect 
of aluminum-polluted soil and fertilization on the growth and physiology of silver 
birch ( Betula pendula  Roth.) seedlings. Treatments with fertilizers have a benefi cial 
effect on plant growth, not only in unpolluted soil, but also in soils with high Al 
content. The authors have suggested that lower Ca/Al ratio in polluted soils may 
contribute to reduced membrane permeability and to the leakage of some cations 
from the cytosol. The obtained accumulations for Al and other trace elements lead 
to possible implications in the phytostabilization of heavy metals, due to the reduced 
allocation of elements to aboveground parts. In other studies regarding the same 
species, Bojarczuk et al. [ 174 ] have indicated that young seedlings of  B. pendula  are 
suitable plant material for the recultivation of soils highly contaminated with Cu 
and Pb, especially in pretreatments with ectomycorrhiza and fertilizers. Cu and Pb 
were mostly isolated in the roots of the silver birch, with lower translocation to them 
stem and leaves. Furthermore, the effi ciency of the ectomycorrhiza/plant commu-
nity in the amelioration of the Cu and Pb toxic effects on birch seedlings may be 
enhanced by providing propagules of heavy metals tolerant ectomycorrhiza fungi, 
able to restrict allocation of the metals from the roots to the aboveground parts. 
Similar to these observations, Evangelou et al. [ 132 ] found that birch is most suit-
able for biomass production combined with phytostabilization of soils with high Cd 
and Zn, but low Pb concentrations. 

 The only limitation is the fact that birch cannot be coppiced, so it is not useful for 
short rotation, in contrast to the  eucalypts   and black locusts which are suitable for 
methods of biomass production. It is very often that the results of fi eld experiments 
are confi rmed by pot experiments under controlled conditions. Obtained accumula-
tions of trace elements might be the same in both pot and fi eld experiments during 
short periods of growth, while metal concentrations in the vegetative tissues of 
plants grown in pots are always higher than those from the fi eld after a longer 
growth period. This can be explained by the limited volume of soil available to the 
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roots and thus their better effi ciency.  Betula  and  Salix  species grown in (pot) fi eld 
conditions may be useful for phytoextraction as they are able to mobilize reasonably 
high concentrations of metals to their aboveground parts. Theriault et al. [ 178 ] sug-
gested that   Betula papyrifera  (  white birch) might play a key role in the phytoextrac-
tion of Zn and Ni in a mining-reclaimed region. 

 This was a dominant species in Northern Ontario after land reclamation, with 
high bioaccumulation and translocation factor for Zn and Ni, particularly due to the 
lower bioavailability of these metals in the soil.  Betula pendula  plants were also 
used for the monitoring of uranium mining dumps [ 179 ] on the basis of a signifi cant 
correlation between heavy metal content of foliage and soil. Promising results were 
found for the accumulation of Mn in the foliage (284–1724 mg kg −1 ) with a high 
accumulation ratio, which indicated the following heavy metal absorption capabil-
ity of  B. pendula  in order: Cd > Mn > Zn > Pb > Cu > Ni > Fe. The evaluation of heavy 
metal uptake and application of  Paulownia fortunei  for revegetation on heavy metal- 
polluted sites was carried out in two Chinese provinces with intense mining activi-
ties, which generate a signifi cant quantity of dust, slag, and tailings every year, and 
contaminate the surrounding areas over several square kilometers [ 153 ,  166 ]. The 
effect of the paulownia plant rhizosphere on soil properties was studied by Wang 
et al. [ 166 ], who found that immobility and bioavailability of heavy metals were 
enhanced, with an evident change in the microenvironment of the rhizosphere. 
Paulownia plants exhibited the threshold limit for lead uptake, by accumulating up 
to 2700 mg kg −1  in leaves during revegetation. 

 These results are very similar to those obtained from the research of Zhao et al. 
[ 153 ], who have also reported that Pb concentrations in leaves of  P. fortunei  
exceeded the hyperaccumulation threshold limit (>1000 mg kg −1 ). Along with a 
high uptake of Pb, a signifi cant uptake of Zn has been found in leaves (over 
1300 mg kg −1 ), pointing to prospective features of this species for phytoextraction 
purposes. Higher metal concentration in the leaves than in the branches and trunks 
imply that metal pollution might be removed by combining pulping management 
and harvesting. Short rotation coppicing has been proven as a useful and desirable 
operation for the dendroremediation of contaminated soils [ 180 ]. 

 Such a method of  harvesting plant biomass   is cheap and effi cient in the removal 
of pollutants, but highly dependent on a time scale for the removal of signifi cant 
amounts of metals. Since the time needed for remediation of contaminated localities 
may be very long, even up to 150 years for the remediation to environmentally 
acceptable levels of pollutants, different methods and approaches must be reconsid-
ered in order to decrease the duration of soil rehabilitation. According to the results 
obtained by Luo et al. [ 164 ], who subjected  Eucaliptus globulus  plants to different 
coppice systems in order to verify its viability as an alternative to the Cd phytore-
mediation practice in fi eld scale, the replanting treatment should be recommended 
as a suitable method which may shorten the phytoremediation time and its effi -
ciency. It is even more expensive to establish and implement replanting systems into 
practice, but in the long term it would be much faster to remediate soil for agricul-
ture production.  
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2.5     Treatment After  Phytoextraction   

 Trees grown on degraded and underused lands can bring both aesthetic and  economic 
improvements. Phytoextraction could improve soil quality of mostly moderately 
contaminated lands within realistic time scales. However, a biomass with a higher 
content of heavy metals, grown during phytoextraction, is potentially hazardous, 
and regarded as a “waste mass.” The disposal of such material must be carried out 
with special care in order to minimize heavy metal reentry into the environment. At 
the same time, crop biomass can bring some economic return [ 30 ]. The fi rst step 
after successful phytoextraction is to reduce crop volume and weight of harvested 
biomass for easier and safer disposal, and if possible, to utilize obtained energy dur-
ing this process. One of the most important benefi ts of dendroremediation is that 
tree biomass, after phytoextraction, can be used for different purposes. Although a 
number of crop disposal methods have been proposed, such as composting, com-
paction, incineration, ashing, pyrolysis, direct disposal, and liquid extraction, it 
seems that the energetic utilization of biomass by incineration or gasifi cation is the 
most feasible [ 181 ]. 

 Šyc et al. [ 182 ] investigated composting pretreatment of wood biomass, followed 
by incineration and fractional ash disposal. The success of this process depends on 
which heavy metal is present in the ash, but nevertheless the process can signifi -
cantly reduce biomass weight and heavy metal leach ability compared to usual land-
fi ll biomass disposal. After combustion, most heavy metals remain in the bottom 
ash, but on the negative side, some heavy metals such as Cd can partly be volatilized 
by stack emissions, thus reentering into the atmosphere [ 183 ,  184 ]. It seems that 
high volatility of heavy metals in the fl ue gas presents a serious restrain of the 
 biomass combustion process after phytoextraction. For example, Delpanque et al. 
[ 185 ] concluded that the combustion of  Salix  wood after the phytoextraction of Cd 
and Zn should occur only if combustion boilers are equipped with suitable fi lters, in 
order to reduce air pollution to an acceptable level. On the other hand, higher vola-
tilization and gasifi cation of heavy metals during thermal biomass treatments pro-
vide a possibility that bottom ash could be recycled and used as a fertilizer. All these 
technologies must be assessed based on each individual site characteristics. Thus, 
sustainability and economic valorization of phytoextraction are greatly correlated 
with the further development of appropriate methods for the effi cient treatment of 
biomass yield.  

2.6      Feasibility and Duration   

 The general phytoextraction effi ciency on each specifi c site depends on biomass 
production and the bioconcentration factor (ratio of metal concentration in the 
aboveground plant parts to metal concentration in the soil). It is widely accepted 
that, for a reasonable duration of successful phytoextraction, the bioconcentration 
factor should be higher than 1, or in many cases much higher. It is very diffi cult to 
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give precise predictions of phytoextraction durations on each specifi c site. For 
example, Dickinson and Pulford [ 30 ] state that the number of years needed to reduce 
soil Cd concentrations by 5 mg kg −1  using  Salix viminalis  could range from 3 to 33, 
7 to 67, and 14 to 133 years in different soil depths (10, 20, and 40 cm, respectively), 
depending on the rate of metal uptake into aboveground tissues. Delpanque et al. 
[ 185 ] determined that  Salix  could reduce Cd in a contaminated dredged sediment 
landfi ll site from 2.39 to 2 mg kg −1  in 19 years. Many different variables have sig-
nifi cant impact on the duration of phytoextraction, assessed on the basis of different 
hydroponic or soil tests and experiments. Pollution is often characterized by a het-
erogeneous spatial dispersion of heavy metals in soil [ 186 ]. Heavy metal uptake in 
trees is mostly confi ned to the roots [ 28 ,  130 ,  187 ], so the duration of the process 
could be signifi cantly reduced if root bole could be periodically removed along with 
aboveground parts. Microbiological activity in contaminated soil is often seriously 
depressed, so bacterial activity is not as supportive to plant growth as a result of 
Glick [ 188 ]. 

  Macronutrient   content in contaminated soil has a signifi cant impact on heavy 
metal availability and uptake [ 47 ], and it can change during the years, thus affecting 
heavy metal uptake. Specifi c physicochemical properties of soil highly affect the 
success of phytoextraction depending on soil pH values, texture, cation exchange 
capacity, mineral composition, and the composition of organic matter [ 38 – 43 ]. It is 
possible that the uptake ratio can change during different years in relation to many 
abiotic and biotic factors. For example, climate change will be one of the main driv-
ing forces in future yield performance and stability [ 189 ]. Low water availability is 
one of the main environmental factors affecting plant growth and yield in different 
regions of the world [ 190 ]. We can hypothesize that, in long-scale phytoextraction 
trials, climate shift will signifi cantly change their duration. All mentioned parame-
ters have a signifi cant impact on both metal uptake and plant biomass productivity, 
thus affecting the duration of successful site remediation. In general, on heavily 
contaminated sites, with high concentrations of heavy metals, phytoextraction with 
fast-growing trees would last unrealistically long. Nevertheless, it is widely accepted 
by scientifi c community that fast-growing trees had shown high potential for the 
phytoextraction of low- to moderately contaminated sites, especially if economic 
valorization of produced biomass is possible.     
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