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Abstract

The use of accumulation bioindicator to assessIrbatavailability has mainly
concerned individual species. This work addredsiesdsue at the plant community level.
Metal content within different species from plantamunities found at three contaminated
and one uncontaminated site were compared. Reshultged that for two contaminated sites,
leaf metals concentrations were comparable to thmogkants from control site, i.e. approx
(mg/kg) 0.1 Cd, 0.2 Cr, 9.2 Cu, 1.8 Ni, 0.5 Pb 48dZn. Only plants from the third site
showed higher metal contents, ranging from 1.8-told those of the control community.
This contrasted with ammonium acetate-EDTA extoadj which indicated a very high
“availability” of metals at the three sites, as q@ared to the control site. Thus, metal content
in plant communities provided accurate informationactual transfer toward the ensemble of
vegetation, which could be used to establish gigeidic “fingerprints” of metal

bioavailability.

Capsule: Plant communities as accumulation bioindicatordra€e metal bioavailability in
contaminated soils.

Keywords. Soil contamination; Phytoavailability; Bioindicatipkletallurgical landfill
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1. Introduction

During the last two decades there has been arasiageawareness of the potential
adverse effects of soil pollution by trace metaldr{ano, 2001). As a consequence, assessing
soil metal contamination is today of major interfestgovernments and regulators who are
concerned with public health and sustainable dgweémnt policies (Fairbrother et al., 2007).
A number of standardized procedures have beena@lfor rapid, precise and reliable
measurement of total metal content in soils (AFN@®94, 2001, 2002). Nevertheless, it is
obvious that metal toxicity in soils depends on pter geochemical and biological
interactions (van Gestel, 2008) that cannot becimatied by the sole knowledge of total
content. Thus, it is widely admitted that simplyasering total metal concentrations does not
provide enough information for an accurate risleassent (McLaughlin et al., 2000).

In fact, when studying metal-enriched soils, on¢éhefmain questions is whether
contaminants can be transferred to living organjsraswhether these metals are bioavailable
(Schekel et al., 2009). Indeed, a number of chdrexiaaction methods have been developed
for assessing the likelihood of a metal’s bioavality. Basically, these methods use more or
less strong extractants, either in single stepopas (Beckett, 1989, Houba et al., 1990,
1996) or in sequential extraction procedures (Besdial., 1989, Quevauvillier et al., 1997).
However, although these approaches have brougfifisant knowledge about interactions
between metals and soil components, they seldorpreaiict the fraction of metal actually
interacting with living organisms (McLaughlin et,&000, van Gestel, 2008, Wilson et al.,
2009, Mouirier et al., 2011). Consequently, develepihof supplemental methods to evaluate
the bioavailability of metals remains necessary @horJimenez et al., 2011). From this
standpoint, the use of bioindicators (Péres e@ll1, Le Guédard et al., 2012) is a simple
and efficient complementary approach to chemictibekon procedures.

Bioindicators are organisms that help study thell¢laccumulation bioindicators”)
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and/or impact (“effect bioindicators”) of pollutanin the environment. Measuring the content
of metals or other toxic compounds in these livanganisms is of great interest to assess the
actual bioavailability of contaminants. During tlast decade, a few animal species have been
shown to be efficient accumulation indicators of sontamination by trace metals, e.g. the
snail Helix aspersa (Gomot de Valfleury and Pit2090), earthworm Eisenia foetida
(Nahmani et al., 2007) and collembolan Proistomautai (Nursita et al., 2009). Likewise, the
use of plants as accumulation indicators is a railteconcept, and several species are now
considered as good bioindicators of soil contanmmaie.g Taraxacum officinale (Kuleff and
Djingova, 1984, Simon et al., 1996), Capsella bypastoris (Aksoy et al., 1999) or Populus
alba (Madejon et al., 2004). In fact, when compaoeahnimal bioindicators, plants have a
number of advantages. They are sessile organisththam mineral nutrition is closely
dependant on the soil characteristics. They arguitioius organisms colonizing virtually all
terrestrial environments, even those that are higbhtaminated. Their classification is well
established and their taxonomic recognition isrofteproblematic. Lastly, plants are easy to
collect and generally produce enough biomass tavathemical analyses. However, using a
single plant species to assess metal bioavaikalslibpen to criticism (Mertens et al., 2005).
This is mainly because metal content in plantskmaboth element- and species-dependent
(Baker, 1981, Harada and Hatanaka, 2000, Broadlal,&001). Thus the indication of
metal bioavailability by plants needs further invgstion before being adopted in routine
assessments of soil quality.

In this work, we postulated that performing metadlgses for communities of plants,
rather than a single species evaluation, couldiera comprehensive and effective method
to judge contaminated soils with respect to metdailability. To assess this approach,
metal concentrations in a set of different plarcsps representative of local plant

communities from three contaminated sites, and aontaminated control site, were
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measured. Metal bioavailability, as estimated bytpéiccumulation data, was compared with
“metal potential mobility” determined by a chemieaxkraction procedure. Results are
discussed in relation to the concept of bioavdilgiin the area of risk assessment for

contaminated soils.

2. Materialsand method
2.1. Site descriptions

Three former metallurgical landfills of varying ageere studied. The first one (“Dor”
site) was situated near Saint-Etienne (Loire, Feanthis foundry waste site extended over
approximately 2 ha with a dense plant cover witmynaees and bushes. Although there was
not much historical data on this site, accordinthtotree sizes and the vegetation cover we
assumed it had been abandoned for at least 60. e second landfill (“Lay” site) was
located in the same commune, but about 5 km awawad been used from about 1916 to the
beginning of the sixties and was subsequently atrzedi The Lay’s entire area extended
over 4.5 ha with a relatively even vegetation cavigh grasses, shrubs and trees (Remon et
al., 2005). The third landfill (“Usi” site) was lated near Lyon (Rhone, France), about 30 km
away from the two other sites. The landfill wad joshind a steel and iron factory which was
still active. The Usi landfill had been used froboat 1850 to 2001, and extended over nearly
15 ha. The vegetation cover on this landfill wasimmmogeneous: some areas were still
periodically disturbed by heavy vehicle traffic andre scarcely colonized by plants or not at
all. However, there were other undisturbed areashgps for several years) that showed
greater plant diversity with relatively homogenewagetation cover, mainly constituted of
ruderal and pioneer species.

In addition to the three metallurgical landfill$y ancontaminated natural site (Nat site)

was included in the study, as a soil control.
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2.2. Soil analysis

For each site, 9 to 19 random soil samples weteatet at a depth of 0 to 20 cm, in
vegetated places. Samples were dried at 60°C forat&l sieved to 2 mm before analysis.

Measurements of pH values were carried out in detohwater with a soil/water ratio
of 1:2 following the NF ISO 10390 procedure (AFNCR05). Metal extraction was
conducted with aqua regia according to the NF XL.81procedure (AFNOR, 1994) for
“pseudo-total fraction” (i.e. considering metalssilicates are not leachable), and with
ammonium acetate—EDTA according to the NF X 31{i2@edure (AFNOR, 2003) for
“potentially available fraction”.

Concentrations of metals in various extracts weeasured by inductively coupled

plasma optical emission spectrometry (ICP-OES)guaifioriba Jobin-Yvon apparatus.

2.3. Plant analysis

For each site studied, a botanical survey of thatgtommunity was carried out and the
8 to 10 most abundant plant species were identffiath. 1). For the Usi site, only undisturbed
areas, with an homogeneous plant cover, were stuldeaf samples of each species were
collected from 6 to 10 randomly chosen locationsrdtie study areas, resulting in a total of
48 to 90 leaf samples from each site. Plant samplag performed in the beginning of June.

Leaf samples were thoroughly washed in tap watériased with distilled water. They
were then dried at 40°C to constant weight andrmplarp to pass through a 2 mm sieve.
Metal extraction was effectuated by digestion usiagHNG;, according to Zarcinas et al.

(1987). Metal concentrations in the extracts weeasared by ICP-OES.

2.4. Accuracy and quality control of metal analysis
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The detection limits for metal analysis by ICP-Ok&&e 0.06, 0.14, 1.17, 2.05, 2.38 and
15.51 ugt for Zn, Cd, Cr, Cu, Pb and Ni, respectively. Thalgtical precision was checked
by measuring in triplicate about 20% of the samplé® relative standard deviation routinely
was between 1 and 8%, and never higher than 10%.

For the quality assurance of soil analysis forltotetals, certified reference soils NCS
DC 73323 and 73006 from the China National Anal@ater for Iron and Steel were used.
They were also included in the batch of samplesnétid to aquae regia extraction. Average
recoveries (n=6) were 83, 73, 76, 85, 104 and 989, Cd, Cr, Cu, Pb and Ni,
respectively.

For the quality assurance of plant analysis, tefieel reference CTA-OTL-1 (Oriental
Tobacco Leaves from the Bulgarian Institute fomPRrotection) was employed. Average
recoveries (n=6) were 98, 87, 110, 97, 106 and 1fa8%n, Cd, Cr, Cu, Pb and Ni,

respectively.

2.5. Statistical analysis

Because of the non-normal distributions of bothahebntents in soils and in plants, we
used the median and the median absolute devidd&b] as descriptors of the central
tendency and dispersion of data distributions.rigteup comparisons were performed using
the distribution-free Kruskall-Wallis test. Postehmomparisons were done, when necessary,
by pair wise Wilcoxon rank sum tests using the Hslpavalue-adjustment method. All
calculations were performed using the R 2.13.0 ranog(R Development Core Team, 2010).

Differences were considered significanp k0.05.

3. Results

3.1. “Pseudo-total” and “potentially available” raketoncentrations in metallurgical soils
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Table Il presents pH values and “pseudo-total” insiatents of the soils studied. An
overview of these results show that a first cladretifference between metallurgical and
natural soils resided in soil pH. Median valueggethbetween 7.9 and 8.3 for the
metallurgical landfills, in other words “moderatelikaline”. It was 3.9 for the natural control
soil, or “extremely acidic”. Evidently, as expectsdjls from metallurgical landfills had
much higher metal contents than the natural sbis Was particularly noticeable for Ni, Cr
and Cu whose median concentrations were respectivelto 71-fold, 10- to 54-fold and 8-
to 26-fold higher in metallurgical soils than in tbentrol. Although to a lesser extent, soils
from metallurgical landfills were also clearly cantinated with Pb and Zn (median levels
respectively 4.5- to 15-fold and 2- to 10-fold hegtthan in the natural soil). For Cd, only the
Usi site showed a very high contamination, whike Bor and Lay sites were not significantly
different from the control, despite a few extrenadues in some instances.

Results presented in Table Il also show that “pedothl” metal contents in
metallurgical soils were highly heterogeneousndgcated by the MAD values which were
always very close or even higher than the medi@inis. high variability, combined with the
relatively low number of samples collected on esitd (n=12 to 19) and the use of
distribution-free statistics, makes it difficult determine if significant differences exist
between the three metallurgical sites. Neverthdlessay site had overall lower metal
content than the Dor and Usi sites. Furthermorkseat for Cr and Ni these differences were
statistically significant. Likewise, the Usi sitechsignificantly higher Cd and Cu levels than
the Dor and Lay sites. It had also a higher Zneaintout this divergence was only significant
in comparison with the Lay site.

When “potentially available” metal contents (ammuoniacetate-EDTA extractable
fractions) were considered, the patterns of comtatiun were slightly altered (Tab. III).

Despite the very high “pseudo-total” metal concatidns in the metallurgical soils, their



195 ammonium acetate-EDTA extractable metal fractioesewelatively low and, by comparison
with the Nat site no significant difference wasd®riced for Cd, Cr and Ni. In fact, only Cu
and Zn were significantly higher in the three matgical soils, with levels respectively 7- to
10-fold and 3- to 26-fold those of the natural .siter Pb, only the Lay site showed
significantly higher extractable levels than thetoolrsite.

200 Comparisons between the three metallurgical sédb (IIl) confirmed the trend
previously observed for pseudo-total contents caiiing that the Usi site had overall higher
amounts of available Cd, Cu and Zn. However, tiiferg@nce was not statistically significant
for Cu. They also confirmed the great variabilityeixtractable metal content as shown by the
high values for MAD.

205
3.2. Metal accumulation by plants

Metal build up in plants was measured in leaf sasphken from the eight to ten most
abundant species representative of the plant contynoinéerved on each site. For every
selected species six to ten separate samples wieted at various locations over the sites

210 and analyzed for their metal content. Results bosva in figure 1.

As a general rule, leaf metal concentrations welaively variable from one species to
the next on a given site. This was particularly kedrfor the metallurgical landfills (Fig. 1,
Dor, lay, Usi) where several species or groupgetes were systematically separated from
the others because of their different level in onseveral metals. On the control site,

215 differences in metal content between species vesedbvious (Fig. 1, Nat) and, except for
Cd, they were not statistically significant. Anywdnecause of high inter-specific variability
on contaminated sites, it was obvious that metalerds in an individual species couldn’t be
considered as representative of metal transferrtbii® ensemble of vegetation as a whole.

To overcome this problem, the overall data of leatal contents in each species were
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pooled, to get an overview of metal transfer towtaedplant community that was
representative for each site. Results (Tab. IV)aestrated that Cr content in the plant
communities from de Dor, Lay and Usi sites wer@eetively 3.5-fold, 4.9-fold and 8.3-fold
higher than that measured in the Nat site. Conagrifie other metals, the plant communities
from the “Dor” and “Lay” sites had not significapthigher contents than that of the “Nat”
site. Surprisingly, plant communities from the “Dand “Lay” sites had even significantly
lower contents in Cd, Cu, Pb and Zn than the conityfnom the natural uncontaminated
site. Contrarily, plant community originated frohret“Usi” site showed higher leaf
concentrations in all metals but Cd (no significdifiterence with the Nat site) by comparison
with the other studied sites. Aforementioned, Wés particularly marked for Cr, but also for
Ni whose foliar concentration was about 6-fold l@ghn the plant community from the “Usi”

site than in the community from the “Nat” site.

4. Discussion

The concept of metal bioavailability is rather corogied (Semple et al., 2004), and it is
virtually impossible to give it a clear and precisinition (Harmsen, 2007). Nonetheless, it
is recognized today that bioavailability of meta@soil is a dynamic process (Peijnenburg et
al., 1997, Lanno et al., 2004, Hodson et al., 20dvglving at least two distinct notions: the
stability of thermodynamic equilibriums of metatslae water/solid phases interface, also
called “bioaccessibility” or “environmental availéiby”, and the physiological uptake
processes by target organisms, also called “bityliy” or “environmental bioavailability”
(Semple et al., 2004, Harmsen, 2007). Consequéntlyntegrating these two aspects,
bioavailability can be operationally defined inntex of internal concentrations in living
organisms, which is indeed an important issue iratea of risk assessment.

From this point of view, the aim of this work wasiinplement a methodology based on

10
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vegetation analysis, to assess metal bioavailglilicontaminated soils. We assumed that
analysing a set of differing plant species thatenepresentative of the plant community at
the study sites was an efficient strategy to okdageneral insight into metal bioavailability.
To test this assumption we studied metal contengsiils (both in their “pseudo-total” and

“extractable” forms) and in native vegetation frtiimee metallurgical soils of various ages

and one natural uncontaminated soil.

4.1. Metal concentrations in plant communities frimuandry waste sites are not related
to “pseudo-total” or “extractable” metals in soll

Determination of pseudo-total metals concentratiorsoils from foundry waste dumps
showed they were highly contaminated, with metatle ranging from 2- to 70-fold those
measured in the control natural soil. Moreover, sneaments of metal concentrations in the
ammonium acetate-EDTA extractable fractions suggkistat significant amounts of Cu, Zn
and, in a lesser extent Pb, were highly “availabldiis was particularly noticeable for Cu,
whose extracted levels from the three metallurggods were even higher than total contents
normally found in unpolluted soils (median valudg-nench soil approx. 13 mg/kg, Baize,
2000). At the opposite end, despite very high psdothl concentrations, Cd, Cr and Ni
appeared to be no more “available” in the contatethaoils than in the natural soil. Thus,
while results of aquae regia extractions indicéled the metal contaminated soils were
clearly distinct from the natural soil becausehdit very high total metal contents, results of
ammonium acetate — EDTA extractions pointed outdhéy Cu, Zn and Pb should pose a
risk because of their high availability. Conversehe very low content of Cr, Cd and Ni in
the extractable fractions suggested a very lowlavidity of these metals and consequently, a
low risk of transfer.

In view of these results we expected to find higtwrtents in Cu, Pb and Zn, and lower

11
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contents in Cd, Cr and Ni in native plants colamjzmetallurgical sites when compared to
plants from natural site. However we did not fimy @&lear relationship between leaf metal
concentrations and soil’s levels. For instancentglérom the Lay and Dor sites had
significantly lower concentrations in Cd, Cu, Pliatm than those from the Nat site, albeit
soils from metal waste dumps had significantly hrgtentents in these metals, both in total
and extractable fractions. Conversely, plants froetallurgical sites had significantly higher
Cr contents than those from the natural site aljhd@r “availability”, as estimated by
ammonium acetate-EDTA extraction, was about theesarmetallurgical and natural sites.
Calculations of Kendall's coefficients correlation and associated p-valuegdgioned that,

whatever the metal considered, there was no ctioelaeither between pseudo total metal

contents in soils and metal contents in plabts@.6; 0.17<p<0.62), nor between extractable

metals in soils and metal in plants<€0.3; 0.37<p<0.83). Thus, as already emphasizeal by

number of authors for different types of soil almditamination levels (McLaughlin et al.,
2000, Murphy et al., 2000, Remon et al., 2005, @astel, 2008, Mourier et al., 2011, Lopes
et al., 2012), these results confirm that neitlpsetido-total” soil concentrations nor
“extractable” concentrations give enough informatiofioresee actual metal bioavailability
on contaminated solls.

It must be noticed that extraction methods usirgjating agents, such as EDTA or
DTPA, were first developed (Viro, 1955, Lindsay awaorvell, 1978) to assess trace metal
phytoavailability in agricultural unpolluted soilsjth the aim of detecting potential
micronutrient deficiencies. In others words, althlothese methods are routinely used for
extracting metals from contaminated soils (BecK89, Ure, 1996), they have inherently

not been designed to assess metals bioavailainilitighly polluted matrices.

12
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4.2 Bioavailability of metals is lower in metallucgl industrial sites abandoned earlier

In this work we demonstrated that plant communities the different study sites had
differing metal content, suggesting differencesigtal bioavailability. Comparison with the
control Nat site lead to the conclusion that forBfee and Lay sites the bioavailability of all
metal but Cr, is equal or lower than that obseme@ natural uncontaminated soil. At the
opposite end of the spectrum, for the Usi sitebilbavailability of all metals, except for Cd, is
significantly higher. It is interesting to note tha&o out the three metal contaminated soils
exhibit a low metal bioavailability while the thiahe, albeit of very similar origin, displays a
high bioavailability. The goal of this work was rtotstudy the underlying physico-chemical
or biological differences between the sites considebut simply to compare metal
bioavailability. However, because the main diffeenbetween the three metallurgical
landfills reside in the age of the deposits anthendegree of development of the plant cover,
we can suppose that both these factors may beddiathe decrease in metal bioavailability.
Actually, with time, beside the progressive leaghif the most labile metals, both
weathering and plant development lead to an inergaslay and organic matter content,
which are essential components controlling metatigtien. Thus, slow and progressive
pedogenic processes occurring on metallurgicalevdaposits could play a key role in the
decrease of “environmental availability” of metaidso, it is known for a long time
(Antonovics et al., 1971, Baker, 1987) that thestbn pressure exerted by metals on
contaminated sites may promote the emergenceerfid races or ecotypes from normal
populations (McNair, 1993, Remon et al., 2007)haAligh there are numerous strategies to
cope with excess metals (Baker, 1981), it is posshmst the plant communities colonizing
older metallurgical dumps have evolved towardspacay to exclude metals, due to a natural
increase in the number of excluder species (i.eispavhich maintain low leaf metal content

under a wide range of soil concentrations, by prarg either metals uptake or their

13
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translocation from root to shoot). Thus, such adein of excluder species would lead to a
decrease in the “environmental bioavailability’métals. Consequently, ageing and

successional changes in plant communities (Waadj,e2011) could promote a decrease in
both environmental “availability” and “bioavailaly”, hence leading to a decrease in metal

bioavailability as a whole.

4.3 Metals content in plant communities is a “chaahifingerprint” of metal
bioavailability

For an evaluation of soil quality, it is importdaathave reference values (i.e. values for
the metal content from plants growing in uncontan&daoil) to interpret field data. The
concept of reference values for plant mineral aoindeas first introduced by Héhne (1962)
and Duvigneaud and Denaeyer-de Smet (1970) witfect$o macronutrients contents in
plants (Ca, Mg, N, P, K). This concept was brougstiep further by Markert (1992) who
proposed, by analogy to the “Reference Man” esthbll by the International Commission on
Radiological Protection, to define the “ReferentanP, i.e. average content of all the
inorganic elements found in plants. Thus accortliniglarkert (1992), the following values
could be considered for leaf metal concentratior@ants from uncontaminated
environment: 0.08 mg kCd, 1.50 mg kg Cr, 8.90 mg kg Cu, 1.50 mg kg Ni, 0.84 mg
kg Pb and 40.60 mg Kgzn. It is noteworthy that these values are inelagreement with
those of Harada and Hatanaka (2000) suggestedfpanése plants. These reference values
can thus be used to establish the baseline ofctieiical fingerprint” (Markert, 1992) for the
native vegetation for any kind of soil.

To illustrate this approach, figure 2 shows thatreé deviations (RD) in metals content
of plants from the sites studied in this papecamparison with the Markert’s “Reference
Plant”. Plants taken from the “Nat” site are veimitar to the “Reference Plant”, with relative

deviations in terms of metal concentrations varyegveen -85 and +50%. Likewise, plants

14



345 originating from the “Lay” and “Dor” sites are clely related to the “Reference Plant”, with
slightly lower or higher leaf metal levels (-92%®R +27%). This confirms that their metal
bioavailability is low, and anyway not significanthigher than in a normal situation, despite
very high total and extractable levels in soils. @Gasely, plants from the “Usi” site show
systematically higher metal contents than the “Refee Plant”, resulting in positive values

350 of the RD (+22%<RD<550+%) for all the analyzed neetéhis is particularly noticeable for
Ni, whose relative leaf concentration is 550% wéhpect to “Reference Plant”. This clearly
confirms that metal bioavailability is dramaticahligher in the “Usi” soil than in normal

uncontaminated soil.

355 5. Conclusion
There is no doubt today (AFNOR, 2008) that ther® ieed for developing
complementary methods to chemical extraction pra@sguvhich could be used to monitor
soil’s quality with respect to metal bioavailahjliin this context we hypothesized that plant
communities living on contaminated sites might bigable accumulation bioindicators.

360 Results presented in this study illustrate thatysigof the ensemble of vegetation as a whole
indeed clearly differentiated the studied sites prodided a characteristic fingerprint of metal
bioavailability.

It must be kept in mind that such an evaluatiohio&vailability gives information
about real field situations, i.e the equilibriuratstbetween the abiotic and biotic

365 compartments at a given time. Consequently any fication of one or the other of these
compartments, either due to natural changes @it®redevelopment purposes, can alter the
bioavailability of metals and thus, their fate In@ tenvironment, in such a way that cannot be
anticipated.

Also, it is obvious that the accuracy of the residtclosely dependent on the choice of

15
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the “Reference Plant”. In this work we used theadd#tMarkert (1992) but in a risk
assessment procedure these values could be rehasigecountry or even regional scale.
Whatever the reference value is, our results siaivthe analyses of plant communities, in
terms of metal contents, could be a useful addititowd to complete soil chemical analyses,
to more accurately evaluate metal bioavailability.

Evidently, the small number and types of sitesistlijdneans that an expansion of this
approach to other areas and differing pollutedssgen excellent path for further research.
Another question that merits examining, concerngebpective effects of soil ageing and
successional changes in plant communities, in theedse (or increase) in the bioavailability

of metals on vegetated contaminated sites.
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Table |: selected species representative of the plant coiiesircollected on the three
metallurgical landfills (Dor, Lay and Usi) and dretcontrol uncontaminated site (Nat). O or 1

indicates presence or absence.

Species Familly Code name*Dor La)S/IteUsi Nat
Acer platanoides Aceraceae ACPL 1 1 0 0
Acer pseudoplatanus Aceraceae ACPS 0 0 0 1
Ailanthus altissima Simaroubaceae AIAL 0 0 1 0
Artemisia campestris Asteraceae ARCA 0 1 0 0
Chelidonium majus Papaveraceae CHMA 1 0 0 0
Clematis vitalba Ranunculaceae CLVI 1 0 0 0
Cornus sanguinea Cornaceae COSA 0 1 0 0
Crataegus monogyna Rosaceae CRMO 0 1 0 1
Elytrigia campestris Poaceae ELCA 0 1 0 0
Galium aparine Rubiaceae GAAP 0 1 0 0
Geranium pyrenaicum Geraniaceae GEPY 1 0 0 0
Hedera helix Araliaceae HEHE 1 0 0 1
Lactuca serriola Asteraceae LASE 0 0 0 1
Lactuca virosa Asteraceae LAVI 0 0 1 0
Melilotus albus Fabaceae MEAL 0 1 1 0
Oenothera biennis Onagraceae OEBI 0 0 1 0
Plantago arenaria Plantaginaceae PLAR 0 0 1 0
Populus nigra Salicaceae PONI 0 0 1 0
Reseda lutea Resedaceae RELU 0 0 1 0
Robinia pseudoacacia Fabaceae ROPS 1 1 0 1
Rubus sp. Rosaceae RUSP 1 1 0 1
Scrophularia canina Scrophulariaceae SCCA 0 0 1 0
Taxus baccata Taxaceae TABA 1 0 0 0
Teucrium scorodania Lamiaceae TESC 0 0 0 1
Urtica dioica Urticaceae URDI 0 0 0 1
Verbascum densiflorum Scrophulariaceae VEDE 0 0 1 0
Vicia sativa Fabaceae VISA 0 1 0 0

*Code names refer to Figure 1.
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Tablell: pH and “pseudo-total” metal contents (extracteth\agua regia) in soils from three
metallurgical landfills (Dor, Lay and Usi) and onentrol uncontaminated site (Nat). n=12,

n=15, n=19 and n=3 for Dor, Lay, Usi and Nat, resipely. Metal contents are in mgkg

540 DW.
. Distribution .
Site pH Cd Cr Cu Ni Pb Zn
parameter
10" centile 7.1 bdl 292 52 144 23 46
Sor M edian 8.3 03 1623 208  1357° 178*°  208*°
90" centile 8.5 71.2 7221 1120 5146 3159 9222
________________ MAD .04 05 1937 230 1704 224 315
10" centile 7.7 bdl 106 59 68 171 78
Lay Median 7.9 bdl 305" 158% 260 581  206°
90" centile 8.1 2.2 662 203 503 1513 394
________________ MAD .02 00 225 61 219 606 128
10" centile 7.7 6.7 530 149 327 71 139
Usi Median 81*  140° 1392*  502° 755% 6017 1152°
90" centile 8.8 83.7 3900 1602 1705 12018 7740
________________ MAD .04 103 1171 321 460 657 1440
10" centile 3.9 0.2 31 19 17 38 103
Nat Median 3.9° 0.2% 33° 19° 19° 39° 108?
90" centile 4.1 0.4 34 19 19 39 110
MAD 0.0 0.0 2 0 0 1 3
*In a given column, values followed by the sameelest are not significantly different at
p<0.05
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545 Tablelll: “potentially available” metal contents (extract@dh ammonium acetate-EDTA)
in soils from three metallurgical landfills (Lay,oband Usi) and one control uncontaminated
site (Nat). n=12, n=15, n=19 and n=3 for Dor, LBgj and Nat, respectively. Metal contents

are in mg.kg DW.

. Distribution _
Site Cd Cr Cu Ni Pb Zn
parameter
10" centile  0.07 0.08 13.6 4.1 0 16
Dor Median 020*® 0977 254 872 9? 307P
90" centile  29.67 395  101.8 489 75 706
________________ MAD 016 064 167 92 14 29
10" centile  0.01 0.02 11.7 1.5 46 10
Lay Median 022° 002> 295° 36 298" 20°
90" centile  0.33 0.51 37.3 6.0 1248 53
________________ MAD 007 000 73 23 328 11
10" centile  0.10 0.19 10.6 1.6 11 6
Usi Median 058 026 39.2° 43P 109"  156°
90" centile  11.30  1.13 86.0 12.7 2684 544
________________ MAD 064 009 353 44 80 166
10" centile  0.11 0.40 3.7 1.2 14 5
Nat Median 0.12*°  046*®  38° 147 16°¢ 6°
90" centile  0.15 0.52 4.1 1.9 22 6
MAD 0.01 0.10 0.1 0.3 3 1
550 *In a given column, values followed by the samedelet are not significantly different at
p<0.05
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Table 1V: Metal contents in leaves of plant species reptatiga of communities grown on
three metallurgical landfills (Lay, Dor and Usi)danne control uncontaminated site (Nat).
Number of representative species were 8 (Dor) La9)( 9 (Usi) and 8 (Nat). Number of leaf

560 samples were n=80, n=100, n=88 and n=48 for Doy, Lisi and Nat, respectively. Metal
contents are in mg.KgDW.

. Distribution _
Site Cd Cr Cu Ni Pb Zn
parameter
10" centile  0.04 0.22 1.72 0.63 bdl 11.76
Dor Median 007 070* 331* 191*° 0.07* 2359°
90" centile  0.33 2.29 6.19  10.99 0.26  59.40
________________ MAD 003 047 154 173 011 1143
10" centile  0.04 0.30 1.70 0.23 bdl 11.64
Lay Median 006° 107" 364 072 012° 2022°
90" centile  0.16 4.03 6.83 3.30 0.87  31.64
________________ MAD .. 002 09 154 068 015 993
10" centile  0.00 0.52 7.44 1.49 bdl 32.38
Usi Median 015° 1.8 11.84° 975°  127° 62.40°
90" centile  0.62 8.00 20.15 60.84 381 427.12
________________ MAD 014 162 417 1236 116  44.63
10" centile  0.06 0.12 6.13 0.88 0.31  19.82
Nat Median 012° 022 920° 180" 053 41.70°
90" centile  1.76 0.37 1342  4.03 0.66  116.60
MAD 0.09 0.10 2.34 1.23 0.13  30.79
*In a given column, values followed by the samdelet are not significantly different at
p<0.05
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Figure caption
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Figure 1. Distribution of metal content in the vegetationtbfee metallurgical sites (Lay,
Dor, Usi) and one control uncontaminated site (Nit@asured were performed on leaves
taken from the 8 to 10 most abundant species df sae, 10 individuals were sampled for
each species. For each site, values with the setter lare not significantly different at
p=0.05. For code names, see Table I.
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Figure 2. Fingerprintsof metals contents of plant communities from threetallurgical
landfills (Lay, Dor and Usi) and one control natusde (Nat). Results expressed as relative
deviation from the “Reference Plant” of Markert 929.
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