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Pollution by TE is still a topical subject 
Chapter 1  General introduction 
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Table 1. World production of 19 trace elements of concern for the years 1990, 2000 and 2010, and 

percentage of increase by decades (data compiled from the Mineral Yearbooks published by the US 

Geological Survey website, http://www.usgs.gov/). 

The use of these contaminants of emerging concern are multiple and diverse. V is 

regarded as one of the hardest of all metals. Since 1992, the world production of has V 

increased by 50 % per decade (Fig. 5a). This ubiquitous TE is employed in a wide range of 

alloys for numerous commercial applications extending from train rails, tool steels, catalysts, 

to aerospace (Moskalyk and Alfantazi 2003).  

Antimony, whose mine production was 3 times higher in 2011 than in 1985 (Fig. 5b), 

greatly increases the hardness and the mechanical strength of lead, and is found in batteries, 

antifriction alloys, type-metal, small arms and tracer bullets, and cable sheathing. It further 

has many uses as a flame retardant (in textiles, papers, plastics and adhesives), as a paint 

pigment, ceramic opacifier, catalyst, mordant and glass decolouriser, and as an oxidation 

catalyst (Filella et al. 2002, Shtangeeva et al. 2011).  

compiled	  from	  the	  Mineral	  Yearbooks	  published	  by	  the	  US	  Geological	  Survey	  website,	  h>p://www.usgs.gov/	  

World	  produc*on	  of	  19	  trace	  elements	  	  

AIer	  suffering	  a	  slight	  slowdown	  at	  the	  end	  of	  the	  	  90s.	  	  
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Monitoring of TE: a topical subject 

Chapter 1  General introduction 
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Table 1. World production of 19 trace elements of concern for the years 1990, 2000 and 2010, and 

percentage of increase by decades (data compiled from the Mineral Yearbooks published by the US 

Geological Survey website, http://www.usgs.gov/). 

The use of these contaminants of emerging concern are multiple and diverse. V is 

regarded as one of the hardest of all metals. Since 1992, the world production of has V 

increased by 50 % per decade (Fig. 5a). This ubiquitous TE is employed in a wide range of 

alloys for numerous commercial applications extending from train rails, tool steels, catalysts, 

to aerospace (Moskalyk and Alfantazi 2003).  

Antimony, whose mine production was 3 times higher in 2011 than in 1985 (Fig. 5b), 

greatly increases the hardness and the mechanical strength of lead, and is found in batteries, 

antifriction alloys, type-metal, small arms and tracer bullets, and cable sheathing. It further 

has many uses as a flame retardant (in textiles, papers, plastics and adhesives), as a paint 

pigment, ceramic opacifier, catalyst, mordant and glass decolouriser, and as an oxidation 

catalyst (Filella et al. 2002, Shtangeeva et al. 2011).  

compiled	  from	  the	  Mineral	  Yearbooks	  published	  by	  the	  US	  Geological	  Survey	  website,	  h>p://www.usgs.gov/	  

World	  produc*on	  of	  19	  trace	  elements	  	  

AIer	  	  suffering	  a	  slight	  slowdown	  at	  the	  end	  of	  the	  	  90s.	  	  

Experiencing	  new	  growth	  as	  a	  result	  of	  the	  emergence	  of	  all	  a	  series	  of	  
na;ons	  
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Table 1. World production of 19 trace elements of concern for the years 1990, 2000 and 2010, and 

percentage of increase by decades (data compiled from the Mineral Yearbooks published by the US 

Geological Survey website, http://www.usgs.gov/). 

The use of these contaminants of emerging concern are multiple and diverse. V is 

regarded as one of the hardest of all metals. Since 1992, the world production of has V 

increased by 50 % per decade (Fig. 5a). This ubiquitous TE is employed in a wide range of 

alloys for numerous commercial applications extending from train rails, tool steels, catalysts, 

to aerospace (Moskalyk and Alfantazi 2003).  

Antimony, whose mine production was 3 times higher in 2011 than in 1985 (Fig. 5b), 

greatly increases the hardness and the mechanical strength of lead, and is found in batteries, 

antifriction alloys, type-metal, small arms and tracer bullets, and cable sheathing. It further 

has many uses as a flame retardant (in textiles, papers, plastics and adhesives), as a paint 

pigment, ceramic opacifier, catalyst, mordant and glass decolouriser, and as an oxidation 

catalyst (Filella et al. 2002, Shtangeeva et al. 2011).  

compiled	  from	  the	  Mineral	  Yearbooks	  published	  by	  the	  US	  Geological	  Survey	  website,	  h>p://www.usgs.gov/	  

from	  train	  rails,	  tool	  steels,	  catalysts,	  to	  
aerospace…	  

metallurgical	  addi;ves,	  electronic	  and	  
thermoelectric	  applica;ons.	  	  
for	  catalysts,	  pearlescent	  pigments	  in	  cosme;cs,	  
pharmaceu;cals,	  and	  industrial	  chemicals	  	  
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P.o. is well known as a TE bioindicator 

organism accumulating pollutants to levels representative of their 
habitat pollution status 



TE Cd Pb Cu Zn Cr Fe Ni 
# ref. 34 29 27 25 22 14 13 

TE As Se Ag Co Mn Al 
# ref. 3 3 2 2 2 1 

TE Be Bi V Mo Sn Sb 
# ref. 0 0 0 0 0 0 
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Monitoring of TE: a topical subject 

Number of references (1975-2012) on trace elements studied in Posidonia oceanica 

Luy et al. (2012; Ecological Indicators) 

widely	  used	  since	  the	  mid-‐70th	  :	  Cr,	  Ni,	  Cu,	  Zn,	  Cd,	  Pb	  and/or	  Fe.	  	  

“Classical”	  
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TE As Se Ag Co Mn Al 
# ref. 3 3 2 2 2 1 

TE Be Bi V Mo Sn Sb 
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Monitoring of TE: a topical subject 

Number of references (1975-2012) on trace elements studied in Posidonia oceanica 

Luy et al. (2012; Ecological Indicators) 

As,	  V,	  Ag,	  Be,	  Al,	  Mn,	  Co,	  Se,	  Mo,	  Sn,	  Sb	  and	  Bi	  have	  been	  
subject	  to	  nearly	  no	  ecotoxicological	  survey	  

widely	  used	  since	  the	  mid-‐70th	  :	  Cr,	  Ni,	  Cu,	  Zn,	  Cd,	  Pb	  and/or	  Fe.	  	  

“emerging	  concern”	  
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Since some years, we monitor 

19	  TEs	  
(Cr,	  Ni,	  Cu,	  Zn,	  Cd,	  Pb,	  As,	  Ag,	  V,	  Be,	  Al,	  Fe,	  Mn,	  Co,	  Se,	  Mo,	  Sn,	  Sb	  and	  Bi).	  
along	  the	  French	  coasts	  of	  the	  Mediterranean	  Sea	  

	  Data:	  
	  
Different	  spa;al	  scales	  
April	  2007:	  18	  sites	  along	  French	  coats	  (PACA	  and	  Corsica)	  
May	  2010:	  9	  sta;ons	  along	  a	  3	  km	  transect	  in	  Ajaccio	  Bay	  
June	  2010:	  4	  sta;ons	  remote	  from	  1-‐3	  km	  in	  Calvi	  Bay	  
+	  	  
Temporal	  scales	  (seasonnal,	  interannual)	  
March,	  June,	  November	  2008,	  2009,	  2010	  
+	  
Specific	  compartment	  instead	  of	  en;re	  organisms	  
	  
+	  
	  M	  galloprovincialis	  
	  	  
	  
	  



Ecological Indicators 36 (2014) 33–47

Contents lists available at ScienceDirect

Ecological  Indicators

j o ur na l ho me  page: www.elsev ier .com/ locate /eco l ind

Original  article

The  effect  of  size,  weight,  body  compartment,  sex  and  reproductive
status  on  the  bioaccumulation  of  19  trace  elements  in  rope-grown
Mytilus  galloprovincialis

J.  Richir ∗, S.  Gobert
MARE Centre, Laboratory of Oceanology, University of Liège, Sart-Tilman, B6c, 4000 Liège, Belgium

a  r  t  i  c  l  e  i  n  f  o

Article history:
Received 12 February 2013
Received in revised form 20 June 2013
Accepted 24 June 2013

Keywords:
Trace element
Mytilus galloprovincialis
Size
Weight
Sex
Gametogenesis
Body compartmentalization

a  b  s  t  r  a  c  t

Numerous  trace  elements  (TEs)  can  be  considered  as  potential  pollutants  of the  environment,  their  mining
productions  and  industrial  uses  increasing  worldwide.  Their  monitoring  can  be  achieved  through  the  use
of bioindicator  species,  such  as the  Mediterranean  mussel  Mytilus  galloprovincialis  (Lamarck,  1819).  That
species  has  been  widely  used  to  monitor  the  chemical  pollution  of  coastal  ecosystems  by  Cr,  Ni,  Cu, Zn,
Cd,  Pb,  As,  Ag  and  V. Conversely,  environmental  levels  of  Be,  Al,  Fe,  Mn,  Co, Se,  Mo,  Sn, Sb  and  Bi  have  been
little  or  not  monitored  so  far in  mussel  watch  programs.  Bioaccumulation  processes  of  these  19  TEs  in
rope-grown  M.  galloprovincialis  purchased  from  a salt  pond  with  good  chemical  water  quality  were  thus
investigated  in  the  present  study.

Mussels  efficiently  accumulated  the 19  studied  TEs.  Bioaccumulation  processes  were  driven  by  numer-
ous  mutually  dependent  biological  parameters  such  as  the  mussel  size  and  flesh  weight,  the sex  and  the
reproductive  status  and  the  body  compartment  considered.  TE bioaccumulation  was  a power  function
of the  mussel  soft  body  dry  weight;  total contents  linearly  increased  with  the  shell  length.  Small-size
mussels  overall  concentrated  more  TEs, with a high  inter-individual  variability,  consequently  influenc-
ing the  modelling  of  their  bioaccumulation  in  the  whole  rope  population.  Although  a  large range  of
rope-grown  M.  galloprovincialis  sizes  can  be  used  for monitoring  purposes,  one will  thus  take  care  not
to  use  extreme  size  individuals.  The  influence  of  gametogenesis  in determining  female  body  higher  TE
concentrations  prior  to spawning  could  not  be neglected  and  varied  depending  on  the element.  TEs  were
preferentially  accumulated  in the hepatopancreas,  except  for  Zn, Se,  Cd  and  Mo, more  concentrated  in
gills.  Gametogenesis  did  not  influence  TE  distribution  between  body  compartments,  but  likely diluted
their  concentrations  as a direct  consequence  of massive  reproductive  tissue  production.

So,  results  from  the  present  study  underline  the  potential  use  of  M. galloprovincialis  in the  biomonitoring
of  numerous  little  studied  TEs  and  give  some  insights  into  the  decisive  role  played  by  some  relevant
biological  parameters  in bioaccumulation  processes  of  the  19  investigated  TEs  in rope-grown  mussels.

© 2013  Elsevier  Ltd. All  rights  reserved.

1. Introduction

In the ocean, trace element (TE) biogeochemical balance varies
spatially and with depth depending on water masses physico-
chemical parameters (salinity, pH, temperature etc.) and biological
processes (Bruland and Lohan, 2003). Natural continental runoff
and atmospheric deposition of TEs to the oceans (Nriagu, 1989,
1990; Bruland and Lohan, 2003) can be dramatically increased in
coastal and estuarine waters due to anthropogenic activities such
as urbanization, industry, agriculture or mining (Laubier, 2005;
Fernandez et al., 2007; Benedicto et al., 2011). TEs are moreover
considered as non-degradable pollutants (Navratil and Minarik,
2011; Pan and Wang, 2012); this persistent character can thus alter,

∗ Corresponding author. Tel.: +32 4366 3329; fax: +32 4366 5147.
E-mail address: jonathan.richir@alumni.ulg.ac.be (J. Richir).

sometimes quite strongly, their natural biogeochemical balance in
contaminated environments (Doney, 2010).

Since the mid-70ies, when Goldberg (1975) proposed the
mussel-watch concept to record the quality of marine waters,
mussels from the genus Mytilus have been used worldwide in
biomonitoring surveys (e.g. Andral et al., 2004; Kimbrough et al.,
2008). To biomonitor the extend and the importance of the coastal
pollution by TEs, some researchers resort to indigenous populations
of wild or cultivated mussels (passive biomonitoring), while oth-
ers rely upon transplanting individuals from a reference site (active
biomonitoring). Indeed, the active biomonitoring using caged raft
mussels allows to bypass the natural variability of internal bio-
logical factors (size, sex, sexual maturity, reproduction stages,
seasonal growth cycles) governing TE uptake and depuration pro-
cesses in mussels (Casas and Bacher, 2006; Casas et al., 2008),
and to solve the scarcity of mussel stocks along certain coasts
(Andral et al., 2004).

1470-160X/$ – see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.ecolind.2013.06.021
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a  b  s  t  r  a  c  t

The  Mediterranean  seagrass  Posidonia  oceanica  (L.)  Delile has  been  used  for  trace  element  (TE)  biomoni-
toring  since  decades  ago.  However,  present  informations  for this  bioindicator  are  limited  mainly  to plant
TE levels,  while  virtually  nothing  is  known  about  their  fluxes  through  P. oceanica  meadows.  We therefore
contaminated  seagrass  bed  portions  in  situ  at two experimental  TE levels  with  a  mix  of  15  TEs (Al,  V,
Cr, Mn,  Fe,  Co, Ni, Cu,  Zn,  As,  Mo,  Ag,  Cd, Pb  and  Bi)  to study  their  uptake  and  loss  kinetics  in P.  ocean-
ica.  Shoots  immediately  accumulated  pollutants  from  the beginning  of  exposures.  Once  contaminations
ended,  TE concentrations  came  back  to their  original  levels  within  two  weeks,  or  at  least  showed  a clear
decrease.  P. oceanica  leaves  exhibited  different  uptake  kinetics  depending  on  elements  and  leaf  age:
the  younger  growing  leaves  forming  new  tissues  incorporated  TEs  more  rapidly  than  the  older  senes-
cent  leaves.  Leaf  epiphytes  also  exhibited  a  net  uptake  of  most  TEs, partly  similar  to  that  of  P.  oceanica
shoots.  The  principal  route  of  TE  uptake  was through  the  water  column,  as  no  contamination  of  superficial
sediments  was  observed.  However,  rhizomes  indirectly  accumulated  many  TEs  during  the  overall  exper-
iments  through  leaf  to rhizome  translocation  processes.  This  study  thus  experimentally  confirmed  that  P.
oceanica shoots  are  undoubtedly  an  excellent  short-term  bioindicator  and  that  long-term  accumulations
could  be recorded  in  P. oceanica  rhizomes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The Mediterranean Sea is a semi-enclosed basin experiencing
anthropogenic disturbances. Urban coastal development, tourism,
industries, shipping, etc., threaten and pollute Mediterranean
coastal environments (Laubier, 2005). The UNEP (1999, 2002) iden-
tified 101 geographic sites impacted by industrial and domestic
pollutions; among them, eight hot spots mainly concentrated in the
eastern Mediterranean basin are responsible for major discharges
of Hg, Cd, Pb, Cr, Cu, Zn and Ni (Laubier, 2005).

Posidonia oceanica (L.) Delile, the endemic marine magnolio-
phyte of the Mediterranean, forms monospecific meadows along
the coasts from the surface to depths of about 40 m (Boudouresque
and Meinesz, 1982; Gobert et al., 2006). This seagrass presents char-
acters of a good bioindicator: this sessile organism is abundant and
easy to sample; it effectively accumulates pollutants at high levels,
is resistant to pollution, persists in the vicinity of important con-
tamination sources and reflects the status of contamination of its
environment (water and sediments; Pergent-Martini and Pergent,
2000; Wright and Welbourn, 2002; Boudouresque et al., 2012).

∗ Corresponding author. Tel.: +32 4366 3329; fax: +32 4366 5147.
E-mail address: jonathan.richir@alumni.ulg.ac.be (J. Richir).

Furthermore, P. oceanica is expected to play a major role in the
cycling of trace elements (TEs) in Mediterranean coastal areas due
to its wide abundance, high productivity and capacity to accumu-
late these elements (Sanz-Lázaro et al., 2012).

P. oceanica has largely been used for trace metal biomonitor-
ing (Cr, Fe, Ni, Cu, Zn, Cd, Pb and Hg) since decades ago (reviews:
Pergent-Martini and Pergent, 2000; Luy et al., 2012). Moreover, Luy
et al. (2012) have also demonstrated that above-ground tissues of
P. oceanica could effectively be used for the monitoring of a series of
little studied and potentially toxic TEs (Be, Al, V, Mn,  Co, As, Se, Mo,
Ag, Sn, Sb and Bi), and that abnormally high levels of TEs compared
to baseline values could precisely be linked to specific human activ-
ities. However, ecotoxicological information for the genus Posidonia
is limited mainly to plant TE levels, while virtually nothing is known
about kinetics of TE fluxes through P. oceanica communities. These
observations made by Warnau et al. (1996) in the mid-1990s are
still topical as, to our best knowledge, no other kinetic study has
been driven since then.

The aim of this study was  therefore to experimentally investi-
gate TE kinetics in P. oceanica. Isolated portions of a seagrass bed
were contaminated in situ using multielement (15 TEs) exposures at
two pollution scenario levels: (i) a moderate level, simulating fairly
contaminated seagrass meadows, and (ii) an acute level, simulating
highly contaminated seagrass meadows. Kinetics were followed in
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a  b  s  t  r  a  c  t

Levels  of  Be,  Al,  V,  Mn,  Co,  As,  Se,  Mo,  Ag, Sn,  Sb, Bi  as  well  as of Cr,  Fe,  Ni,  Cu,  Zn,  Cd  and  Pb in  Posido-
nia  oceanica  (L.) Delile  from  the  Mediterranean  French  coast  were  analysed  using  DRC  ICP-MS.  The  first
twelve  elements  have  not  been  well  studied  and  can  be  considered  to  be  potential  pollutants  as  a result
of  potentially  increased  levels  resulting  from  anthropogenic  activities.  Spatial  variation  and/or  compart-
mentalization  were  found  for  all trace  elements.  Except  for Al,  Cr,  Fe,  Cu  and  Ag,  most  trace  elements
were  preferentially  accumulated  in photosynthetic  tissues,  suggesting  uptake  from  the  water  column.
Moreover,  for  Be,  V,  Mn,  Co,  Ni,  As,  Mo,  Sb,  Sn  and  Pb,  adult  leaves  had  higher  levels  than  intermediate
leaves,  suggesting  low  kinetics  of  accumulation.  Levels  in  the  third  intermediate  leaf  were  representative
of  the  average  levels  of the  integral  shoot,  and  thus  can  be  used  alone  in chemical  biomonitoring.  For
most  of  the  twelve  little-studied  trace  elements,  the  background  levels  of the  northwestern  Mediter-
ranean  Sea  can  be measured,  and their  spatial  variation  can  be  related  to  anthropogenic  activities.  Levels
of the  seven  widely  studied  trace  elements  seem  to decrease  or stabilize  over  time,  probably  due  to  their
reduced  anthropogenic  use. These  observations  show  that  P. oceanica  is  a sensitive  bioindicator  for  the
monitoring  of  chemical  contamination  of  a large  number  of  trace  elements.

© 2011  Elsevier  Ltd.  All  rights  reserved.

1. Introduction

Posidonia oceanica (L.) Delile, the endemic seagrass of the
Mediterranean, forms monospecific meadows from the surface to
depths of 40 m (Boudouresque and Meinesz, 1982). They cover
large areas in clear coastal regions estimated to be between 2.5
and 5 million hectares (Pasqualini et al., 1998). They constitute
an engineering ecosystem playing major ecological, geological and
economic roles, but are sensitive to human disturbances such as
coastal development, pollution, high water turbidity and trawling
(Boudouresque et al., 2006). In 2000, P. oceanica was selected as
a Biological Quality Element (BQE; Med-GIG, 2009) representative
of aquatic Mediterranean angiosperms for monitoring the ecologi-
cal status of coastal waters under the Water Framework Directive
(EC, 2000). Therefore, many indices based on physiological, mor-
phological and/or structural descriptors of P. oceanica have been
developed, e.g.  POMI (Romero et al., 2007a,b), PREI (Gobert et al.,
2009), BiPo (Lopez y Royo et al., 2010), etc.

∗ Corresponding author. Tel.: +32 43 66 28 36; fax: +33 43 66 51 47.
E-mail addresses: nicolasluy@yahoo.fr (N. Luy), jonathan.richir@ulg.ac.be

(J. Richir).

Metals are regarded as serious pollutants of the aquatic environ-
ment because of their toxicity, their persistence, their difficulty in
biodegrading and their tendency to concentrate in aquatic organ-
isms (Ikem and Egiebor, 2005). Many metalloids (As, Sb, etc.) and
some non-metals (Se, etc.) can also be considered as serious pol-
lutants of the aquatic environment. However, some of these are
needed for seagrass subsistence (micronutrients) such as Fe, Mn,
Co, Ni, Cu and Zn (Babula et al., 2008). In agreement with Duffus
(2002), we  use the term “trace element” (TE) for those elements
that are present in trace amounts in the environment.

Levels of some TEs (Cd, Hg, Cu, Cr, Pb, Zn, Fe and Ni) have been
largely studied in P. oceanica tissues (see Supplementary Table)
and both below- and above-ground tissues have been analysed. In
particular, P. oceanica leaves can give an indication of TE levels in
seawater over a short period with accuracy (Pergent-Martini et al.,
2005). Furthermore, Romero et al. (2007b) suggested that the third
intermediate leaf alone (bearing few epiphytes and between 100
and 150 days old) can be used for TE monitoring instead of the
integral shoot.

The development of new equipment and techniques now allows
us to measure many TEs found at very low levels (Wieser and
Schwieters, 2005); moreover, recent technological and industrial
developments still modify levels of TEs naturally present in the

1470-160X/$ – see front matter © 2011 Elsevier Ltd. All rights reserved.
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A simple transformation that uses the half-range and central value has been used as a data pre-treatment
procedure for principal component analysis (PCA) and pattern recognition techniques. The results obtained
have been compared with the results from classical normalisation of data (mean normalisation, maximum
normalisation and range normalisation), autoscaling and the minimum–maximum transformation. Three data
sets were used in the study. The first was formed by determining 17 elements in 53 tea samples (901 pieces of
data). The second and third data sets arose from two long-term drift studies performed to examine
instrumental stability at standard and robust conditions. The instruments used were an inductively coupled
plasma atomic emission spectrometer and an inductively coupled plasma mass spectrometer. Each drift
diagnosis experiment consisted of replicate determinations of a test solution containing 15 analytes at 10 mg l21

over 8 h without recalibration. Twenty-nine emission lines were determined 99 times, thus, each data set was
formed by 2881 pieces of data. Data pre-treatment was applied to the three data sets prior to the use of
principal component analysis, cluster analysis, linear discrimination analysis and soft independent modelling of
class analogy. The study revealed that the half-range and central value transformation resulted in a better
classification of the tea samples than that achieved using the classical normalisation. The loadings in the PCA
for the long-term stability study, under both standard and robust conditions, were found to be similar to the
drift trends only when the minimum–maximum transformation and the mean or maximum normalisations were
used as data pre-treatments.

Introduction

The use of chemometric tools such as principal component
analysis (PCA) and pattern recognition techniques has grown
rapidly in terms of their application to the classification of
product brands and produce origin.1 This growth has been
aided by the development of new and powerful chemometric
algorithms for data processing. However, the successful
application of many chemometric techniques to a data set
depends heavily on the data pre-treatment employed. It is
common to encounter experimental data sets formed by
variables of different natures (for instance, temperature,
pressure and concentration), which require some homogenisa-
tion before applying a multivariate method. Moreover, even
when the data set is homogenous (i.e., same units for all
variables) severe differences can be found in the magnitudes of
the variables. Since chemometric tools often work by explain-
ing variation, e.g., PCA, the variables with maximum variation
will be employed in the construction of the model. This is
important in many applications in analytical chemistry, where
the magnitudes of the different variables, e.g., the concentra-
tion of elements within a sample, are often very different,
resulting in the higher concentrations being more important in
the model. This may have the effect of masking the information
from the other variables that would have less weight in the
model. Thus, before using pattern recognition techniques, it is

important to prepare the data in an appropriate manner. This
preliminary stage is often called pre-processing or pre-
treatment.2

When considering pre-treatment, the direction (along
columns or rows) in which the pre-treatment will be performed
must be decided first. This will depend on the type of problem
under study. Then, the type of pre-treatment needs to be
selected. Most commercial software packages offer autoscaling
or mean centring as data pre-treatments.3 However, there are
few comparative studies of different data pre-treatments for
different data sets, and in fact, many published papers about
classification or authentication of product brands do not
specify the data pre-treatment (if any) employed. Of the
comparative studies that have been reported, de Braekeleer et
al.4 have compared different data pre-treatments prior to the
application of the orthogonal projection approach (OPA) and
soft independent modelling of class and analogy (SIMCA) to
study the end point of a polymorph conversion reaction by
near infrared spectroscopy (NIR), and Wu et al.5 have
compared different data pre-treatments in pattern recognition
of multivariate data.
In contrast, the situation is different for partial least-squares

(PLS), principal component regression (PCR), or multiple
linear regression (MLR) models where several comparative
studies on the data pre-treatment have been reported.6–15

In this work, transformations based on the half-range (hr)

352 J. Environ. Monit., 2001, 3, 352–360 DOI: 10.1039/b103658k

This journal is # The Royal Society of Chemistry 2001

Pu
bl

ish
ed

 o
n 

20
 Ju

ly
 2

00
1.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
id

ad
e 

de
 S

an
tia

go
 d

e 
Co

m
po

ste
la

 o
n 

05
/0

6/
20

13
 1

6:
55

:4
4.

 

View Article Online / Journal Homepage / Table of Contents for this issue



R
e
s
u
l
t
s

Chapter 2  TEs in P. oceanica 
!

"#!
!

 

F ig. 1. Map showing the locations of the study sites along the Provence-Alpes-

(PACA) and Corsican coasts. 

2.2. Sample treatment 

For each site, P. oceanica shoots were dissected according to the method proposed by 

Giraud (1979). Epiphytes were scraped from leaves using a ceramic scalpel blade. 

Furthermore, each shoot was sorted and recorded as follows: third intermediate leaves (3IL), 

other intermediate leaves (OIL), blades of adult leaves (BAL) and sheaths of adult leaves 

(SAL). Sorted tissues were lyophilized (BenchTop 3L, VirTis Company Inc.), weighed and 

then grouped together (by site) to constitute pools of dried tissues weighing a minimum of 

300 mg (mostly 5 pools, sometimes down to 3 for SAL). These pools were ground with liquid 

nitrogen in an agate mortar and then re-lyophilized to eliminate condensed ambient water 

vapour. Dried powders were finally mineralized in Teflon bombs using a closed microwave 

digestion labstation (Ethos D, Milestone Inc.). Two digestion procedures were performed: a 

nitric acid mineralization (HNO3/H2O2; all TEs except Sn and Sb) and an aqua regia 

•  P. oceanica sampled in 18 sites at 15 m depth 

•  19 TEs analysed  (Be, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, Pb, Bi) 

•  Anthropgenic activities  
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and Comeau, 2005). The levels of pollution are difficult to establish
regarding the very high variability of sources (type of pollution, lo-
cal or diffuse source. . .).

In order to verify the robustness of our PREI, we calculated an
anthropization index. The anthropization index was defined as
the sum of 7 impact factors affecting the seawater quality and/or
biotope quality: fish farming, industrial development, agriculture,
tourism, fishing, commercial ports and urbanization. Each impact
factor was classified from 0 (no impact) to 5 (dramatic effect on
the meadow) according to criteria listed in Table 7.

The proximity of the study stations to Marine Protected Areas
(Francour et al., 2001) and literature data was also taken into ac-
count. (Boudouresque et al., 2000).

The quality of seawater expressed by our anthropization index
was negatively correlated with the PREI (Fig. 2).

The lowest anthropization indices (=1) were attained by 3 Cors-
ican and 3 PACA stations (Bravone, Erbalunga, Aregno and Levant,
Blénat, Cap Roux, respectively); Ponteau and Corbière (PACA Dis-
trict) were the highest anthropized stations with an index of 20.

Most of the Corsican sites had a high or good ecological status
with a mean anthropization index of 3.8.

Corsican coasts are subject to a lower anthropogenic pressure
(no high level industrial activities and no highly urbanized areas)
than continental zones.

Four stations were classified as moderate: Ajaccio-sud, Porto
Pollo, Sant’Amanza fdb, Saint Florent. The Ajaccio-sud site is in a
semi-closed area where sewers, marinas and aquaculture are ac-
tive. Porto Pollo is an enclosed area principally developed for tour-
ism; anchoring systems which do not damage the seafloor are
installed but it seems that urban discharges are uncontrolled.
The site Sant’Amanza fdb is an enclosed zone, which is subject to
the effects of fish farming in a well developed tourist zone. Saint
Florent is a semi-enclosed area where marina, fishing and agricul-
tural activities are listed.

The case of Ajaccio-nord (high anthropization index: 10 – good
ecological status) can be explained by the position of the sampling
point: an open zone in an urbanized area where the anthropogenic
pressures do not reach and do not affect the meadow.

The majority of stations in the PACA District (82%) were classi-
fied as having a high or good ecological status, with a mean
anthropization index of 5.0. Four sites were considered as moder-
ate: Ponteau, Couronne, La Vesse and Plateau des Chèvres. Ponteau
is located in a Gulf (Gulf of Fos) highly impacted by human activ-
ities (anthropization index: 20) and directly exposed to the Rhône
Delta water. According to this description, the EQR value is close to
the boundary values between moderate and poor ecological status
(EQR = 0.325). The case of Couronne (low anthropization index: 6 –
moderate ecological status) can be explained by the exposure to
Gulf of Fos water through the existence of the Nerthe countercur-
rent (Blanc and Jeudy de Grissac, 1978). EQR values for La Vesse
and Plateau des Chèvres were consistent with a high level of
anthropization index (11) (urbanization, commercial harbour,
sewage outfall,. . .). Finally, two stations were considered to be in
a poor ecological state: Corbière and Villefranche are particularly
impacted by human activities linked to the proximity of big urban
centres and portuary zones.

Table 5
Reference conditions for each metric in the two studied French Hydrographic Districts
(PACA and Corsica).

CORSICA PACA

Shoot density (shoot/m2) 483 675
Leaf surface area (cm2/shoot) 546 465
E/L 0 0
Lower depth limit (m) 41 34

Table 6
PREI values calculated in Corsica and PACA.

Table 7
List of impact factors and criteria used to calculate the anthropization index.

Impact factors Criteria Reference

Fish farming Number, production Benoit and Comeau (2005), Boudouresque et al.
(2000), http://observatoire.oec.fr; http://
www.corse.eaufrance.fr http://www.rhone-
mediterranee.eaufrance.fr

Industrial development Type, zoning
Agriculture Exploited surface, type of exploitation
Tourism Number of camping, marina, beach and second home; tourism fluxes (airport, ferries. . .)
Fishing Fishing, fleetfishing port, employment, type of activity (artisanal, deep-sea. . .)
Commercial port Harbour traffic, type of activities
Urbanization Sewer, population density

y = -0.0243x + 0.761

R2 = 0.7417
0.000
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Fig. 2. Regression between the anthropization index of water bodies and the
classification obtained by the PREI index.
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e.g. 1 - V pollution 
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e.g. 1 - Sb pollution 
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2 – mining (Sb, Zn) / industrial (As) activities 

Culioli et al. (2009) 

e.g. 1 - Antimony pollution 
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1. How to compare TEs according to the 
overall spatial variability ?	  



Trace Element Spatial Variation Index (TESVI) 

TESVI = [(xmax/xmin) / (∑(xmax/xi)/n)] * SD 
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TESVI values were listed in ascending order : 
Se, Ni, Mn, Co, Sb, Ag, Be, Cu, Cd, Fe, Pb, Cr, Sn, As, Al, Zn, Bi, Mo, V 
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TESVI graphical representation 



TESVI values were listed in ascending order : 
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* highest xmax/xmin value 	   * highest xmax/xmin value 	  

TESVI graphical representation 

The	  graphical	  comparison	  of	  the	  overall	  spa;al	  variability	  of	  trace	  element	  (TE)	  
concentra;ons	  is	  based	  on	  the	  use	  of	  a	  propor;onal	  ordinate	  scaling	  between	  
TEs,	  obtained	  by	  mul;plying	  the	  minimum	  recorded	  mean	  concentra;on	  of	  each	  
TE	  by	  the	  highest	  xmax/xmin	  mean	  concentra;on	  ra;o	  (22.8	  for	  Mo)	  calculated	  
among	  the	  19	  studied	  TEs.	  
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TESVI values were listed in ascending order : 
Se, Ni, Mn, Co, Sb, Ag, Be, Cu, Cd, Fe, Pb, Cr, Sn, As, Al, Zn, Bi, Mo, V 

TESVI graphical representation 
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Levels	  remained	  
similar	  between	  sites	  

Pb	  contamina4ons	  in	  
the	  vicinity	  of	  big	  
ci4es:	  Marseille,	  
Villefranche,	  Ajaccio	  
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Classic graphical representation 



Ni:	  0.5	   Mn:0.5	   Sb:0.9	  

Fe:	  1.9	  Cu:1.2	  Ag:0.9	  

Sn:3.8	   Al:6.1	   As:	  4.9	  

Bi:7.9	   Mo:10.5	   V:12.3	  



Ni:	  0.5	   Mn:0.5	   Sb:0.9	  

Fe:	  1.9	  Cu:1.2	  Ag:0.9	  

Sn:3.8	   Al:6.1	   As:	  4.9	  

Bi:7.9	   Mo:10.5	   V:12.3	  

TESVI	  
An	   efficient	   tool	   to	   compare	   the	   overall	  
spa4al	   variability	   of	   TE	   concentra4ons	  
through	  the	  whole	  of	  a	  studied	  area	  



2. How to compare global pollution levels 
in TEs between several monitored sites ? 



How to compare global pollution levels in TEs between several 
monitored sites ? 

Trace Element Pollution Index (TEPI) 

TEPI = (Cf1 * Cf2 … Cfn)1/n,  

Trace Element Pollution Index 
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Trace Element Pollution Index (TEPI) 

where:  
•  Cfn is the mean normalized concentration of the TE n in a given monitored site.  
 
 
 
          The highest the index value, the more the 
monitored site is globally contaminated in TEs 
compared to the others. 

TEPI = (Cf1 * Cf2 … Cfn)1/n,  

a weighted version of the Metal Pollution Index (MPI) of Usero et al. (1996, MPB)  
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Trace Element Pollution Index (TEPI) 

where:  
•  Cfn is the mean normalized concentration of the TE n in a given monitored site.  
(divise	   la	   moyenne	   en	   1	   ET	   d'un	   site	   par	   la	   moyenne	   des	   moyennes	   des	   18	   sites	  
échan;llonnés) 
 
 
      The highest the index value, the more the 
monitored site is globally contaminated in TEs 
compared to the others. 

TEPI = (Cf1 * Cf2 … Cfn)1/n,  

a weighted version of the Metal Pollution Index (MPI) of Usero et al. (1996, MPB)  
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F ig. 1. Map showing the locations of the study sites along the Provence-Alpes-

(PACA) and Corsican coasts. 

2.2. Sample treatment 

For each site, P. oceanica shoots were dissected according to the method proposed by 

Giraud (1979). Epiphytes were scraped from leaves using a ceramic scalpel blade. 

Furthermore, each shoot was sorted and recorded as follows: third intermediate leaves (3IL), 

other intermediate leaves (OIL), blades of adult leaves (BAL) and sheaths of adult leaves 

(SAL). Sorted tissues were lyophilized (BenchTop 3L, VirTis Company Inc.), weighed and 

then grouped together (by site) to constitute pools of dried tissues weighing a minimum of 

300 mg (mostly 5 pools, sometimes down to 3 for SAL). These pools were ground with liquid 

nitrogen in an agate mortar and then re-lyophilized to eliminate condensed ambient water 

vapour. Dried powders were finally mineralized in Teflon bombs using a closed microwave 

digestion labstation (Ethos D, Milestone Inc.). Two digestion procedures were performed: a 

nitric acid mineralization (HNO3/H2O2; all TEs except Sn and Sb) and an aqua regia 
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Conclusion 

Trace Element Spatial Variation Index 

TESVI = [(xmax/xmin) / (∑(xmax/xi)/n)] * SD 

Trace Element Pollution Index 

TEPI = (Cf1 * Cf2 … Cfn)1/n  

Conclusion 

For	  A	  TE	  
High	  TESVI	  
A	  problem	  with	  a	  TE	  
At	  your	  spa;al	  studied	  area	  

For	  	  a	  site	  
High	  TEPI	  
A	  problem	  on	  a	  site	  in	  comparison	  with	  the	  
others	  



Ag,	  As,	  Cd,	  Cu,	  Hg,	  Ni,	  Pb	  

Richir,	  Pergent,	  Gobert	  in	  prep	  



Thank you for 
your attention 


