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Abstract

Initial experiments using Mediterranean Ni-hyperaccumulator plants for

the purpose of phytomining were carried out in the 1990s. In order to meet

commercial phytoextraction requirements, a technology has been devel-

oped using hyperaccumulator species with adapted intensive agronomic

practices on natural Ni-rich soils. Ultramafic soils in the Balkans display a

great variability in Ni concentrations and available Ni levels, both in

Albania and the Pindus Mountains of Greece. In Albania, Vertisols are

currently being used for low-productivity agriculture (pasture or arable

land) on which phytomining could be included in cropping practices.

Alyssum murale occurs widely on these ultramafic Vertisols and is a

spontaneous weed that grows among other crops. This review chapter

presents the different steps that were investigated during the study of soil

suitability, and selection of plants up to optimization of agronomic

practices, at field scale, as recently developed to reach the implementation

stage of Ni agromining in Albania. During a 7-year study we addressed

the following questions: (i) what are the optimal soils for Ni agromining in

terms of fertility and Ni availability? (ii) what is the phytoextraction

potential of local populations of Ni hyperaccumulator species? (iii) what

should be the agronomical practices used to optimize the cropping of

A. murale for extensive phytomining adapted to a Balkan agricultural

setting?
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1 Introduction

Ultramafic soils cover large areas in the Balkans,

more than in any other part of Europe. Therefore,

this region is a potential target for agromining

activities (van der Ent et al. 2015). However, no

woody and perennial species such as Rinorea

bengalensis or Phyllanthus securinegioides

from Southeast Asia can be cropped under Med-

iterranean conditions (van der Ent et al. 2015;

Nkrumah et al. 2016). Moreover, the Balkans

also has the highest diversity in Ni

hyperaccumulator plants in Europe and is home

to the widespread plant A. murale, one of the

most studied species worldwide for phytomining

(e.g. Nkrumah et al. 2016). Initial experiments

using Mediterranean Ni-hyperaccumulators for

the purpose of phytomining were carried out in

the 1990s. In order to meet commercial

phytoextraction requirements, technology has

been developed using hyperaccumulator plant

species with adapted intensive agronomic

practices on natural Ni-rich soils. In a first

stage, several studies have been carried out in

order to identify the best soil conditions to estab-

lish field trials. Then the native species were

evaluated for their potential in phytomining;

finally, trials were set to optimize cropping

conditions in the Balkan context.

2 Agromining Nickel in The
Balkans

2.1 Properties of Ultramafic Soils
the Balkans and Suitability
for Agromining

Outcrops of ultramafic rocks in the Balkans

(Dilek and Furnes 2009) extend towards central

Bosnia, western and central Serbia, southern

Bulgaria, and north-central and southeastern

Albania to the ultramafic formations of Epirus

and Thessalia in Greece (Fig. 1; Stevanovič et al.

2003). The number of Balkan endemics growing

on ultramafic-derived soils comprises approxi-

mately 335 taxa, of which 123 are obligate. The

most floristically rich areas are situated in north-

western Greece (Epirus), the island of Evvia, and

northern Albania, together with southwestern

Serbia and northern Greece (Mount Vourinos).

The Pindus Mountains are located in northwest-

ern Greece and extend about 160 km from the

southern border of Albania. Ultramafic terranes

in Albania and the Pindus Mountains constitute

the largest blocks of ultramafic outcrops in the

Balkans. The ouctcrops are also part of similar

floristic assemblages: northeastern and south-

eastern Albania to northwestern Greece (Reeves

et al. 1983; Shallari et al. 1998; Tan et al. 1999;

Stevanovič et al. 2003), located in similar cli-

mate zones (a Mediterranean climate with mon-

tane influences). The ultramafic soils of Albania

and the Pindus Mountains (Greece) contain ele-

vated levels of metals such as Ni, Cr, Co and

Fe. Most soil cover on these ultramafic materials

falls into the Cambisol type (Echevarria, Chap. 8

in this book). Surface horizons of the soils are

characterized by extremely high Mg/Ca

quotients of up to 30 in Albania and up to 17.7

in Greece (Bani et al. 2009, 2010), typical of

ultramafic soils worldwide (Reeves et al. 1997).

Concentrations of Co in these soils are relatively

high, also typical of Mediterranean ultramafic

soils (Reeves et al. 1997; Wenzel and Jockwer

1999). Cobalt concentrations vary between 93 μg
g�1 (Malakasi-Soil 2) and 280 μg g�1 (Pojska

Soil 2); Cr concentrations in soils range from

667 μg g�1 (Pojska-Soil 1) to 3250 μg g�1

(Pishkash). The soils with the highest Ni contents

come from eastern Albania and have ca. 3000 μg
g�1. The Ni concentrations in soil samples from

the Gjegjan area, in northern Albania, vary from

1070 to 2580 μg g�1. In the Greek soils, Ni is also

lower than in eastern Albania: between 1280 to

2660 μg g�1. The soils of both areas have a

similar geological setting, varying from partly

serpentinized peridotite (harzburgite) to

serpentinite (Bani et al. 2014; Estrade et al.

2015).

The nature of Ni-bearing phases and the over-

all soil mineralogy strongly influence Ni avail-

ability. Because soil mineralogy depends on

pedogenetic properties, one can say that Ni avail-

ability depends on soil genesis. As observed for

222 A. Bani et al.

https://doi.org/10.1007/978-3-319-61899-9_8


other soils, the fate of Ni is strongly related to the

‘free’ status of Fe in the soils (Massoura et al.

2006; Chardot et al. 2007; Cheng et al. 2011;

Raous et al. 2013); ‘free’ Ni partition is strongly

related to the content of amorphous Fe-oxides in

the soils. In Albanian ultramafic soils, DTPA-Ni

ranges from 81 to 285 μg g�1. In the Pindus

Mountain Cambisols, DTPA-extracted Ni in

soils varies from 48 to 126 μg g�1 (Bani et al.

2009). The pH values of the Greek ultramafic

soils (6.3–7.0) are in general lower than those

in the Albanian soils (6.7–8.2), probably because

of the higher altitudes of the former (Bani et al.

2009). In this case, there is a direct effect of pH

on DTPA-Ni extractability. However, Ni

partitioning among mineral phases and its speci-

ation play the most important roles within these

ultramafic soils (Massoura et al. 2006). In partic-

ular, the association of Ni with amorphous

Fe-oxides (Cambisols and other Cambic soils)

and with secondary high-exchange clays

(Vertisols and Saprolites) are the main factors

determining Ni phytoavailability in these ultra-

mafic soils (Massoura et al. 2006; Bani et al.

2014). In our study, soils from the Pindus are

shown to be the least weathered from the point

of view of Fe speciation. Nickel is clearly

associated with unweathered clay minerals and

amorphous Fe-oxides in the Cambisols of the

entire region. The soil having the highest amount

of Ni associated with the amorphous Fe-oxides is

unsurprisingly the soil with the highest chemical

availability of Ni (Pojska, Albania). Vertisols

were selected among all candidates as the target

soils for agromining in these regions, because of

high Ni phytoavailability, and position in the

landscape (downslope soils and alluvial valleys)

that conditions water availability to crops and

easy access to agricultural machinery. In

Albania, ultramafic outcrops cover 10% of the

Fig. 1 Ultramafic sites of

Balkans (Stevanovič et al.

2003)
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surface, and the Mg-rich arable Vertisols have

been estimated to cover about 10,000 ha of the

700,000 ha of the total agricultural land available

in the country (Zdruli 1997). These Vertisols are

currently being used for low-productivity agri-

culture on which agromining could be included

in management practices (Bani et al. 2007).

2.2 Nickel Hyperaccumulation by
Plant Species of the Balkans

Ultramafic flora and vegetation have attracted

much interest from botanists in those parts of

the world where significant ultramafic terranes

occur. The largest number of

Ni-hyperaccumulators is found in the

Brassicaceae family in temperate climates, espe-

cially Mediterranean Europe and Turkey (Reeves

and Ad{güzel 2008). Hyperaccumulation of Ni is

defined as accumulation in aerial parts up to

concentrations of >1000 μg g�1 on a dry-matter

(DM) basis (Brooks et al. 1977; Reeves 1992; van

der Ent et al. 2013). This natural process was first

discovered in Alyssum bertolonii (Brassicaceae)
in Italy (Minguzzi and Vergnano 1948). Subse-

quently, similar reports have been given for

A. murale in Armenia (Doksopulo 1961), and

A. serpyllifolium ssp. lusitanicum in Portugal

(Menezes de Sequeira 1969). Later investigations

revealed that Ni hyperaccumulation is widespread

among Alyssum species on ultramafics of Medi-

terranean Europe, Turkey, and adjacent countries

(Brooks et al. 1979; Reeves and Ad{güzel 2008).
Nearly 50 taxa of Alyssum, all in Sect.

Odontarrhena (now accepted as a separate genus

by Španiel et al. 2015), act as Ni hyperaccu-

mulators (Brooks 1987; Baker and Brooks 1989,

Reeves and Ad{güzel 2008). Nickel hyperaccu-
mulation in the Brassicaceae of the Balkan

countries occurs not only in Alyssum species, but

also in species of the genera Thlaspi s.l.

(Noccaea), Bornmuellera, and Leptoplax
(Peltaria). Two additional Ni hyperaccumulators

are reported from other families: the Asteraceae

(Centaurea thracica and the Violaceae (Viola
vourinensis) (Psaras and Constantinidis 2009).

Thirteen Alyssum hyperaccumulator taxa are

distributed on the Balkan Peninsula (Bani et al.

2010, 2013). This number is a significant propor-

tion of Alyssum hyperaccumulators recorded in

Europe (Cecchi et al. 2010), suggesting that the

Balkan Peninsula is a ‘hotspot’ for ultramafic

flora of the continent. Although this number of

Ni hyperaccumulators will be reduced after new

molecular evidence and accepted taxonomy of

the genus (Cecchi et al. 2010; Španiel et al.

2015), it is higher than in other parts of Europe.

The majority of Ni hyperaccumulators distributed

in the Balkans are ultramafic endemics; Greece

has the largest number of local endemics. The

number of facultative hyperaccumulator species,

i.e. hyperaccumulator species that occur naturally

on both metalliferous and non-metalliferous soils

(Pollard et al. 2014) in the Balkans is small. They

occur on a variety of substrates having widely

varying Ni concentrations, and show a large

range of plant Ni concentrations as a result

(Reeves and Ad{güzel 2008). Data for Ni accumu-

lation carried out over the last 30 years on a wide

variety of herbarium and field-collected Alyssum
species on the Balkan Peninsula are listed in

Table 1. The highest Ni concentrations are

recorded in A. murale and A. heldreichii (Bani
et al. 2010, 2013). The taxonomically complex

genus Thlaspi s.l. (divided into many separate

genera, Noccaea being the largest) has numerous

Ni hyperaccumulator species. The highest Ni

concentrations are measured in N. ochroleuca

(15–23,400 μg g�1 according to Bani et al.

2010). Facultative Ni-hyperaccumulators

(N. ochroleuca, N. praecox and N. kovatsii have

Ni-accumulating potential only where growing on

ultramafic soils. Measured Ni concentrations in

the leaves of the above species from the Balkans

are approximately four times higher than those

reported for Turkey (Reeves and Adigüzel
2008). Local species endemic to ultramafic soils

in Greece are N. epirota, N. graeca and

N. tymphaea. Noccaea species are known to

hyperaccumulate more than one metal (Cd, Ni,

Pb, Zn). Noccaea ochroleuca grown on various

substrates shows a wide range of concentrations

of both Ni and Zn, each element exceeding

1000 μg g�1 (Reeves and Adigüzel 2008).
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The genus Bornmuellera is restricted to Greece,

Kosovo, Serbia, S. Albania, and Turkey (Marhold

2011). Some of its species are ultramafic-

endemics. The highest Ni concentration is

reported for Bornmuellera tymphaea from 1590 to

31,200 μg g�1 (Bani et al. 2010). Recently, in the

light of available molecular data (Rešetnik et al.

2013) and a re-evaluation of morphological

characters, the monotypic genus Leptoplax (previ-

ously considered closely related to and even

included in Peltaria) has been merged with

Bornmuellera (Rešetnik et al. 2014). A local

ultramafic-endemic species, L. emarginata, occur-

ringmainly in northernGreece and on the island of

Evvia, are reported to have varying Ni

concentrations of 2040 to 34,400 μg g�1 (Bani

et al. 2010). This species typically forms hybrids

with B. baldaccii and B. tymphaea. Psaras and

Constantinidis (2009) described two more

hyperaccumulator species from the flora of

Greece,Centaurea thracica andViola vourinensis,

with 3830 μg g�1 and 1023 μg g�1 Ni, respec-

tively. The leaves remain the most important plant

part to harvest for phytomining purposes, although

stems have intermediate Ni concentrations and

potential for high biomass production (Zhang

et al. 2014).

The percentage of leaves in the biomass of

different hyperaccumulator species is highly var-

iable, even within a given species, thus being

crucial for defining the potential phytoextraction

yield. In an Albanian Vertisols site, the mean

height of A. murale plants at flowering stage

varied from 45 to 93 cm, and for one plant, the

percentage of leaves in the whole biomass ranged

from 11.6 to �17.3% by weight (Bani et al.

2015b). The highest Ni contents in plants were

recorded for the leaves of L. emarginata with

more than 30,000 μg g�1 Ni (Zhang et al. 2014).

Alyssum murale with more than 20,000 μg g�1 Ni

in leaves (Bani et al. 2014) is the predominant

species on all ultramafic sites in Albania and

Greece (and many other Balkan countries). The

highest Ni concentrations recorded in A. murale
leaves collected from ultramafic sites of Bulgaria

(Rhodope massif) ranged from 5000 μg g�1

(Kardzali) to 1.5 μg g�1 (Kazak) (Bani et al.

2010), whereas for ultramafic sites in Serbia the

leaf-hosted Ni contents were 700 to 13,000 μg g�1

(Tumi et al. 2012). No relevant effect of pH on Ni

accumulation in Alyssum could be deduced from

our results in ultramafic sites of the Balkans (Bani

et al. 2009, 2010). The Ni concentration of this

species is highly dependent on the site of collec-

tion, and greatest in the area of Prrenjas and

Pojska in Albania where shoots contain

>10,000 μg g�1 (Bani et al. 2010, 2013,

2015a, b). Other Alyssum species have lower Ni

concentrations (Bani et al. 2009; Zhang et al.

2014). The concentration of Ni in tissues of

A. markgrafii collected at 10 sites in ultramafics

of Kosovo was moderately high, ranging from

1586 μg g�1 to 7564 μg g�1 (Salihaj et al.

2016). Distribution of Ni among the different

organs of hyperaccumulator plants depends on

the biology of the species and can be influenced

Table 1 Data for Ni accumulation in Alyssum species according to Bani et al. (2010, 2013)

Plant taxa Origin Ni in leaves (μg g�1)

A. baldaccii Vierh. ex Nyar. GR (Crete) 1430–17,670

A. bertolonii Desv. ssp. scutarinum Nyar. AL 6320–10,200

A. chalcidicum Janka GR 4800–11,680

A. chlorocarpum Hausskn. GR 4110

A. euboeum Halácsy GR (Euboea) 26–4550

A. heldreichii Hausskn. GR 1440–32,040

A. lesbiacum Candargy (Rech. f.) GR (Lesbos) 2900–22,400

A. markgrafii O.E. Schulz AL <3–19,100

A. murale Waldst. & Kit. ssp. murale AL, BG, GR 7–34,690

A. murale Waldst. & Kit. ssp. pichleri (Velen.) Stoj. and Stef. BG 10–4120

A. smolikanum Nyar. GR 1700–6600

A. tenium Halácsy GR (Tinos) 730–9460

A. saxatile L. AL 4125
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by edaphic factors such as climate, soil pH, etc.
It is clear that the endemic A. markgrafii, several

efficient populations of A. murale, L. emarginata,
and B. tymphaea (Greece), displayed the best

Ni-efficiency for use in phytomining (Chardot

et al. 2005; Bani et al. 2009; Zhang et al. 2014).

3 Case Study in Albania: 7-Year
Agromining Field Experiments
with Alyssum murale

Alyssum murale occurs widely on ultramafic

Vertisols (Bani et al. 2009) and is a spontaneous

weed to other crops. We consequently started

investigating the performance of a phytoextraction

system with some agronomic practices to evaluate

whether semi-extensive phytoextraction of Ni is

feasible on Mg-rich Vertisols. A. murale was the

easiest crop to plant, especially because of its high

rate of seeding and high frequency of occurrence in

ultramafic agricultural lands of Albania.

Experiments were undertaken from 2005–2009

and from 2012–2014 on in situ experimental

plots. Field experiments (Bani et al. 2015a, b)

were aimed at studying (i) the distribution of Ni

and other elements in plant organs, (ii) plant nutri-

tion and fertilization, (iii) weed control, (iv) the

crop establishment technique (natural cover vs.

sown crop), and (v) plant density. Firstly, the crop-

ping of native stands of A. murale was studied for

3 years. After this period, the A. murale cover was

renewed by sowing native seeds without density

control. Finally, in the last set of experiments, the

effect of density was studied from data on 1 to

6 plants per m2. The final aim was to propose a

cropping system for A. murale that would optimize

agromining in the Balkans.

3.1 Fertilization Regime
and Nutrient Requirements

At first, native stands of A. murale were cropped

in Pojska from 2005 until 2007 (Bani et al.

2015a). In March 2005, six 36 m2 plots were

designed, three of which were fertilized in April

with 120 kg ha�1 of N, P and K and 77 kg ha�1 of

Ca (ammonium nitrate, potassium sulfate, and

calcium phosphate). The three other plots were

not fertilized (Bani et al. 2007). In 2006, we used

the same fertilization protocol as above, but also

treated the three plots with anti-monocot herbi-

cide (FocusTM ultra 33 mL applied in 3 L water

sprayed onto 108 m2) (FH); a further three were

not treated (NFNH). The optimal fertilization

pattern for A. murale had been carefully studied

on the same soil in glasshouse pot experiments

(Bani et al. 2007; Nkrumah et al. 2016). Plants

were harvested for the first and second year at the

end of June (before studies on Ni distribution in

plant parts according to the phenological stage).

In 2007, the fertilization protocol involved

100 kg ha�1 P and K, and for N there was a

split application of 120 kg ha�1. In early April,

60 kg ha�1 were brought into early vegetation

and a further 60 kg ha�1 were fertilized at the end

of April, during the stem elongation stage. Fol-

lowing phenological studies (Bani et al. 2015a;

Estrade et al. 2015), plants were harvested in

mid-June for the last 3 years of the experiment.

The overall vegetation responded dramatically to

fertilization, by doubling the biomass and

phytoextraction yield. For the first year (2005)

in the fertilized plots we obtained a total biomass

for all species of 6.3 t ha�1 (dry weight) and a Ni

phytoextraction yield of 22.6 kg Ni ha�1; in

unfertilized plots, it was only 3.2 t ha�1 (Figs. 2

and 4) with a Ni phytoextraction yield of 1.7 kg

Ni ha�1. These data thus show a highly signifi-

cant difference ( p< 0.01) between fertilized and

unfertilized plots (Fig. 4). In total

phytoextraction yield, the main contributory spe-

cies was A. murale. In the third year (2007) after

we had changed the fertilization protocol and the

date of harvest, the biomass yield in the fertilized

plots was 6.0 t ha�1, whereas in unfertilized plots,

it was only 0.5 t ha�1 (Fig. 2) (Bani et al. 2015a).

3.2 Sowing Alyssum murale

In 2007–2008, the soils of the six initial 36 m2

plots were tilled to prepare appropriate seedbeds

(Bani et al. 2015a). Seeds had previously been

collected from the immediate vicinity of the

experimental plots. All plots were hand sown in

September 2007. Fertilized plots received 100 kg
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ha�1 P and K, 65 kg ha�1Ca, and 50 kg ha�1 N in

April, and were treated with anti-monocot herbi-

cide. A second N fertilization was performed

(50 kg ha�1) 2 weeks later. The N addition was

lowered in order to take into account the miner-

alization of plant residues. The other three plots

were not treated (neither fertilized nor herbicide-

treated). During the growth period the treated

experimental plots were irrigated by water from

a natural stream in the area. The harvesting date

was early July 2008, when the biomass was con-

sidered high enough (little flowering had

occurred in the newly planted plots). In 2009,

the protocol of fertilization and irrigation was

repeated exactly as carried out in 2008, and the

plots were harvested on June 12 at the

mid-flowering stage. In 2008, with split-N fertil-

ization, irrigation, and the herbicide treatment,

the biomass production was 4.6 t ha�1 in the

fertilized and herbicide-treated plots; the Ni

phytoextraction yield was 55 kg ha�1 (Figs. 2

and 4), in contrast to only 0.4 t and 4.3 kg Ni

ha�1, respectively, in the unfertilized plots with a

significant difference ( p < 0.05). In 2009, in

the fertilized plots the biomass production was

9.0 t ha�1 and Ni phytoextraction yield was

105 kg ha�1, which subsequently proved to be

optimal in such edaphic conditions (Bani et al.

2015a, b).

3.3 Competition with Other Species
and Density Effects

When enhancing natural vegetation stands by

fertilization (Bani et al. 2015a), A. murale,

Chrysopogon gryllus (Poaceae), and Trifolium
nigrescens (Fabaceae) were the most abundant

species identified on this site in the first year

(2005). Other species were reported on the

plots, although their contribution to total biomass

production was negligible (Fig. 2). Because

C. gryllus was identified as the most competitive

species and T. nigrescens tended to disappear

with fertilization, a good weed control was

obtained on the fields by addition of 120-kg ha�1

N fertilization and a single spraying with an anti-

monocot herbicide at the end of April of 2005

(Bani et al. 2015a).

Fig. 2 Evolution of biomass-production of Alyssum murale during 7 years of field-study in Pojska, Pogradec, Albania
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During 2012–2014 we evaluated the influence

of plant density on Ni phytoextraction yield in

the case of sown/planted crops of A. murale on

two representative ultramafic Vertisol bodies at

Pojska (POJ) in the municipality of Pogradec

(Fig. 3), and Domosdova (DOM) in the munici-

pality of Prrenjas (Bani et al. 2015b). Three dif-

ferent densities were studied: (i) at the

Domosdova site, A. murale was either

transplanted without density constraints (ca. 1.5

plant m�2) (DOM-1) or a density of 6 plants m�2

on an adjacent plot (DOM-6). It was grown at a

density of 4 plants m�2 in Pojska (POJ-4). In

2014, the Domosdova field was inadvertently

ploughed, and was therefore unavailable for

more cropping, hence only data for 2013 were

available for this site.

The biomass of DOM-1 (10.6 t ha�1) was

much higher, nearly twice as much as for

DOM-6 (4.8 t ha�1). Nickel yield followed the

same trend: DOM-1 (77 kg ha�1) was higher than

DOM-6 (41 kg ha�1) (Table 2). With a density of

4 plants m�2 (POJ-4), biomass was the highest

(10.2 t ha�1 in 2013 and 8.8 t ha�1 in 2014); in

Fig. 3 Photo of Alyssum murale in Albanian ultramafic sites. (a) Pojska site 2013, (b) Pojska site 2014, (c) A. murale
1 plant for m2, (d) Harvesting of A. murale in Pojska site (June 2016)
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2014, A. murale was in competition with its own

spontaneous recruits. The Ni yields in the bio-

mass of A. murale for 2013 (112 kg per ha�1)

were higher than in 2014 (95.9 kg ha�1) (Table 2

and Figs. 2 and 4). According to the process for

producing ammonium nickel sulfate hexahydrate

(ANSH) from A. murale ash (Barbaroux et al.

2012; Zhang et al. 2014), it is crucial to evaluate

the ash-producing yield and the percent recovery

of Ni at 550 �C (Zhang et al. 2014). The total

mass of ash that could be recovered was 1.3 t per

ha for DOM-1 and 0.4 t per ha for DOM-6.

Consequently, the total Ni mass in the ash of

A. murale in the DOM-1 treatment was 76 kg ha
�1 with almost no loss of Ni during the combus-

tion process. The quantity of ash of A. murale
produced in the DOM-6 treatment was only

41 kg ha �1, also without significant loss of Ni

during ashing. Using the optimized process to

produce ANSH from A. murale ash (Barbaroux

et al. 2012), at least 45 g of ANSH (close to

100% purity) was obtained from one plant of

A. murale, which represents 450 kg ANSH ha�1

in the DOM-1 plot.

Table 2 Nickel production by Alyssum murale for two consecutive years from the plots sown in Pojska and

Domosdova site (data from Bani et al. 2015b)

Site Years Plant density

Average plant mass

(g plant�1)

Ni concentration in

plants (g kg�1)

Biomass yield

(t ha�1)

Ni yield

(kg ha�1)

POJ4 2013 4 plant m�2 257 11.0 10.2 112

POJ4 2014 4 plant m�2 +

recruits

220 10.9 8.8 95.9

DOM-1 2013 1 plant m�2 1079 7.1 10.8 76.6

DOM-6 2013 6 plant m�2 74.5 8.9 4.84 41.0

Fig. 4 Evolution of phytoextraction yield kg Ni ha�1 of Alyssum murale during 7 years of field-study in Pojska,

Pogradec, Albania
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Nickel phytoavailability is thought to have a

stronger influence on uptake of this metal in

shoots than does plant density (Bani et al.

2015b). We also stress the fact that the biomass

yield of each plant does not impair Ni uptake,

and that no strong dilution effect is observed in

cropped A. murale (Bani et al. 2015a). Therefore,

on a given site, it is important to maximize the

yield of plant biomass. Biomass yield at harvest

under these edaphic conditions (i.e. ultramafic

Vertisols of southeastern Albania) seems to

reach a maximum of ca. 10 t ha�1 when using

seeds of native populations (Bani et al. 2015a, b).

Only genetic selection can further improve bio-

mass yields (i.e. 20 t ha�1), through more pro-

duction of performing cultivars (Li et al. 2003),

which are keys to increased Ni phytoextraction

yield (Bani et al. 2015b).

3.4 Elemental Balance in Fields
Cropped with A. murale

Calcium and potassium are strongly exported by

Alyssum crops (Bani et al. 2015a, b). It seems that

the Ca/Ni quotient varies between soils (Zhang

et al. 2014) and hence the soils from Pojska

produce biomass of better quality for Ni recovery

(Zhang et al. 2014; Bani et al. 2015a, b) as they

show lower Ca contents than at Domosdova.

Based on biomass yields and on the Ca and K

contents of A. murale at Pojska (Alyssum 6 in

Zhang et al. 2014), Ca and K exports can reach

approximately 135 and 100 kg ha�1 y�1, respec-

tively, when assuming a biomass yield of 9 t ha�1.

These results are somewhat balanced by the

fertilization pattern that was validated in previ-

ous pot (Bani et al. 2007) and field (Bani et al.

2015a, b) experiments. Potassium uptake is fully

compensated by fertilization, but Ca losses could

appear over time due to the imbalance (77 kg

added only). Calcium is not as essential as K, and

this may possibly lead to regulation by A. murale
and thus a decrease in Ca uptake. It is crucial that

the phosphate fertilizer used in Ni agromining

not be the common Di-ammonium phosphate

(DAP), widely in use worldwide, because

maintaining Ca fertility in soils is imperative

over the long term. However, as a consequence

of a lower Ca uptake, Ni uptake could be

increased in A. murale crops, as suggested by

our field data for these specific soils and native

populations (Bani et al. 2009). Nevertheless,

other studies have pointed out that Ca

concentrations enhance Ni uptake under con-

trolled conditions (Chaney et al. 2008). In any

case, when agromined soils are returned for cul-

tivation of other ‘normal’ crops, and therefore Ca

fertility will be of great importance.

4 Conclusion and Perspectives

Our experimental data should help in the devel-

opment of an improved growing system for Ni

agromining in the Balkans. Results obtained so

far demonstrate that it is necessary to sow or

transplant A. murale at a density of 4 plants m2

on well-structured (ploughed) soil under

conditions of non-limiting Ni availability on

ultramafic Vertisols (e.g. Pojska). The fertiliza-

tion pattern is now efficiently set for these soils,

at 120 kg N ha�1 with a split application and

additional P, K, S, and Ca fertilization (K2SO4,

and Ca(H2PO4)2) at 100 kg ha
�1 for K and P, and

77 kg ha�1 for Ca. Crops are likely to export

ca. 100 kg of Ni and K and more than 135 kg of

Ca annually. Calcium and K should be returned

by fertilization over the years to keep fertility of

the soil suitable for agromining. Nickel availabil-

ity had not changed after 3 years of cropping

(Bani et al. 2015a), but probably would decrease

eventually. Weeding is crucial and targets com-

peting species as well as young recruits of

A. murale to maintain an optimum density. Har-

vest can be carried out at the mid-flowering

stage, which maximizes the recovery of

Ni. Alyssum murale is harvested by hand and

allowed to dry on the field as a hay crop. It can

then be baled, ready for combustion. The tech-

nology can thus be applied to all ultramafic

terranes of the Balkans, where agromining has

the potential to become an economically justifi-

able agricultural cropping system and hence

enter traditional crop rotations. Other suitable

edaphic situations (including Cambisols) should
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also be tested under field conditions in order to

potentially widen the applications of agromining.

Other nickel products (e.g. ANSH) with high

purity can easily be obtained from A. murale

shoots, some of which may have a much higher

value than gross nickel metal (more than five

times for a given Ni yield). In this case, the profit

from the crop would be substantially higher

(Barbaroux et al. 2012; Zhang et al. 2016).
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