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Abstract

For an accurate risk assessment of sites contagdiriay trace elements (TE), measurements of
bioavailability must be performed. This is routinelchieved using the standardized 0.01 M GaCl
method. However, the suitability of chemical exti@ts as proxies of bioavailability is questionable
We analyzed the correlations between chemicalljmestd TE bioavailability and TE actually
accumulated by coupling plant and snails bioindisatResults showed a better correlation between
plant TE contents and CaQtaction while total soil concentration better &iped snail TE contents.
However in both cases chemical measures were ntdbku to predict TE accumulation and
bioavailability. Considering the soil propertieslyonmprove the estimation of Cr, Ni and Pb
accumulation by plants while for snails, TE corgeintviscera were dependent both on soil and plant
contents and soil properties. It highlights the ptamentarities of biomonitoring methods to assess

bioavailability. This dual approach allows a “plogisgically defined” evaluation of bioavailability.

1. Introduction

Since a few decades, soil degradatesg erosion, loss of organic matter, sealing, padiuti...) is an
increasing problem worldwide. Contamination by ¢ratements (TE) is considered as one of the main
threats (Jefferyet al, 2010) because of human health issues (Qingeédral, 2007 and Science
Communication Unit, 2013), and also as they mayseasevere ecological disturbances to both
organisms and their habitats (Moriarty, 1999). theise reasons, various protective thresholds fal to
contents in soils have been proposed for differ€at (Carlon, 2007). However it is largely
acknowledge today that the toxicity of TE rathepeleds on their bioavailability than on their total
contents in soils (Van Gestet al, 2009). Consequently, protective thresholds basedotal TE
contents in soils are only coarse indications @ flotential hazard, and should be completed by

methods allowing to assess TE's bioavailability)(1$7402, 2008).
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However, although the term “bioavailability” can easily understood as how much of a coowever,
although the term “bioavailability” can be easilyderstood as how much of a contaminant is
available for living organisms, the underlying ceptis much more complex and a great number of
definitions, and assessment methods, have beenggdso far (Harmsen, 2007, Naiglal, 2008
and Semplet al, 2004). In an effort to offer a clear working dhtion of this concept, Sempkt al.
(2004) proposed to distinguish the part of the ammant which is “bioaccessibldl.e., “which is
available to cross an organism's cellular membfeora the environment, if the organism has access
to the chemical”), from that which is actually “biailable” {.e., “which is freely available to cross an
organism's cellular membrane from the medium tigamsm inhabits at a given time”). However this
distinction has not been retained in the definitamlopted in ISO 17402 ( 1ISO, 17402, 2008) which
simply states that “bioavailability is the degreeaathich chemicals present in the soil may be alexbrb
or metabolized by human or ecological receptorar@ available for interaction with biological
systems”. Whatever the terms and definitions camesid, there is however a consensus today to regard
bioavailability as a multi-level concept involvitigree distinct notions: the environmental availapil
the environmental bioavailability and the toxicdlmj bioavailability ( Gimbertet al, 2006, ISO
17402, 2008, Lannet al, 2004 and Peijnenburg al, 1997).

The environmental availability depends on multipleysico-chemical processes governing metal
partition between the solid and liquid phases @& #wil. Environmental availability is generally
assessed as the so-called “available” or “easibhamgeable” TE fractions, using more or less weak
chemical extractants, such as neutral salt solsi@how concentration or diluted weak acids. Beeau
these chemical extraction methods are easy taegeducible and based on an easily understandable
concept (the more the TE are easy to extract, thre ey can interfere with living organisms), they
are routinely used for risk assessment of contaietihsites. However numerous studies (Metral,
2007, Paugett al, 2012, Peakall and Burger, 2003 and Van Gest@i8Yhave shown that the level
of “available” elements, as determined by chem@dtaction methods, is often a poor proxy of the

fraction of TE that actually interacts with livingrganisms. By contrast, the environmental
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bioavailability refers to the fraction of contamintdahat is actually taken up by biological receptdt
depends on complex species-specific physiologitatgsses, controlling desorption of contaminants
from the solid matrix and their assimilation (aliion and excretion) by the organism. To assess the
environmental bioavailability of TE in soils, theaiof accumulation bioindicators is obviously hyghl
relevant (Peakall and Burger, 2003). Indeed, dutireglast two decades, plants (Le Guédstral,
2012, Remoret al, 2013 and Vergét al, 2002) or soil organisms, such as shails or eantims
(Dallinger and Berger, 1992, Gimbet al, 2008a, Paugedt al, 2013, Rabitsch, 1996 and Scheifler
et al, 2003), have been proposed as accumulation baztats. However, the transfer of TE and their
accumulation by living organisms and in food webpehds both on the species, its trophic level and
exposure pathways. It is thus questionable to usaghe species or to consider a single trophiellev
for assessing bioavailability, as this may leachisinterpretations.

In this work we hypothesized that considering défé organisms, representative of different
trophic levels (primary producers and primary canets), could be a relevant approach to get
information on the environmental bioavailability E in soils. Transfer to primary producers was
estimated by analyzing TE content in composite tgamples, as recently proposed by Remibal.
(2013). This passive biomonitoring approach inforams the phytoavailability of TE for a plant
community, considered as a whole. Transfer to mymeonsumers was assessed by active
biomonitoring with garden snails, informing on theoavailability of TE (Fritsctet al, 2011 and
Gimbertet al, 2008a). We also assumed that the transfer ofr®f Soil to organisms at various
spatial scales, could be partly conditioned by rtlegivironmental availability or/and by the soil
properties. To address these issues, we performegki@nsive study on 25 experimental plots (7
geographical sites) exemplifying different land ws® contamination levels. We analyze) the
correlations between environmental availability amyironmental bioavailability, as determined by
chemical and biological methods) ¢he influence of soil properties on TE accumuolatby snails and

plants andiii) the relationship between TE concentrations imtgland TE accumulation by snails.
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2. Materialsand Methods

2.1.Selected sites and studied soils
Seven sites (hereafter named Andra, Auzon, GISEtaMurop, RENECOFOR, SHSE and Yvetot,
S1) were selected throughout France (Fig. 1), antboge studied in the French national research

program “Bioindicators 27;http://ecobiosoil.univ-rennesl.frfADEME-Bioindicate Each site was

subdivided into two to six 100 110 m x 10 m) experimental plots, according to Il typology
and/or land use. The Auzon (6 plots), Metaleuroplfts), SHSE (3 plots) and GISFI (2 plots) sites
were industrial landfills or peri-industrial woodlds and grasslands more or less impacted by

industrial activities; the RENECOFOR site (4 plot®3longed to a network of French forests

(http://www.onf.fr/renecofdr, the Yvetot site (4 plots) was a cultivated glasd (Plassaret al,
2008) and the Andra site presented two plots, orzeforest and one in a grassland. All these aitels
experimental plots have been previously descrilmebllecated in Pérest al. (2011) and in Pauget

al. (2013).

Samples of each plot were taken on a grid (10 @ m}subdivided into 4 sampling-zones (5 m x 5
m). In each 25 fsampling zone, 12 randomized soil samples werentgR—-15 cm depth after

removal of the humus) and pooled to characteridgbgsico-chemical parameters.

Soils from the 25 plots studied were analyzed fairtpedological characteristics, as well as for
their total and “available” TE contents. All anagswere performed by the Laboratory for Soil
Analyses of the National Institute for Agronomicdearch (INRA Arras, France), which benefits from
the COFRAC (French Accreditation Committee) acdeditin n°1-1380 (available aww.cofrac.fi)
for its analytical insurance in soil metal(loid) aseirements. Briefly, total metals (Cd, Cr, Cu, Rb,
and Zn) in soil samples (routinely 250 mg dry sgilound at < 25Qum) were extracted using
hydrofluoric (HF) and perchloric (HCUWp acids, according to the NF X 31-147 procedureNAR,
1996). For the determination of total As, soil séeapwere extracted with a mixture of sulfuric acid

(H.SOy)/nitric acid (HNQ) (2/1, V/V) in the presence of vanadium pentoxideOs) at 100 °C for 3

5
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h. For the determination of “available” metal(lgidextractions were performed with 0.01 M calcium
chloride (Cad), according to the NEN 5704 procedure (NEN 57®86). Metal concentrations in
the various extracts were measured using indugtivetpled plasma atomic emission spectrometry
(ICP-OES). Selected pedological characteristicghef 25 plots studied and their total and GacCl

extractable TE contents are given in SupplemerNtaterial S2 and S3.
2.2. Biological material and sampling protocol

2.2.1. Plants

To get a general insight into TE transfer towardnfd, and to avoid species-specific responses,
metal analyses were performed at a plant commueitgl, i.e., using composite plant samples
(Remonet al, 2013). The basic assumption of this approachds TE concentrations in leaves of an
ensemble of species colonizing a site, is a relawaicator of TE phytoavailability in its whole.

Composite plant samples were prepared by collegiiegn leaves (during the months of June to
August) from the most abundant species identifieceach site,i.e., those species which were
representative of the plant community in place. T@ed5 g fresh weight (FW) of leaves was taken
from four to five different species collected irettame area (approx. 5)rThis elementary sampling
was repeated five times in each plot (at eachettiners and in the center), with different spetie
each replica, when possible.

For each elementary sampling, specimens of eadhespeere washed thoroughly with tap water
and rinsed with distilled water. They were theredrat 40 °C to constant weight and individually
ground up to pass through a 2-mm sieve. A compssiteple (“pool”) was then prepared by mixing
the same quantity (routinely 100 mg DW) of eachcgg®econstituting the pool. Five pools of plants

were prepared in this way, for each plot studied.

2.2.2. Snails
Garden snailsGantareus aspersyswere obtained from our laboratory breeding. Theyre fed

with commercial snail meal (Helixal®, Antigny Nutdn S.A., France) and reared under controlled

6
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conditions until the age of 7-9 weeks, as descriipedsomot-de Vaufleury (Gomot-de Vaufleury,
2000). To avoid strong modification of mass duritlte exposure time that could lead to
misinterpretation of internal concentration vaoas (Gimberet al, 2008b), only sub-adults weighing
5.0 £ 0.6 g (n = 1230) were used. At the beginmhthe exposure, TE concentrations in the viscera
were 0.33 + 0.11 Kd' for As DW, 0.73 + 0.10 mg kg Cd DW, 2.19 + 0.48 mg kg Cr DW, 139 *
40.1 mg kg* Cu DW, 0.59 + 0. 26 mg kg Pb DW, and 881 + 182 mg k§Zn DW (mean + SD, n =
10).

For in situ exposure, snails were caged in micnosof25 x 25 cm stainless steel cylinders), during
a 28-days period (during the months of June to Atjgas described by Fritseh al. (2011). They
were exposed to the soil and vegetation of each phaler natural climatic conditions, from June to
August, in 2009 (for Metaleurop, GISFI, FO8 and F2D10 (for Auzon, SHSE, Yvetot, F63 and F76)
and 2011 (for ANDRA). Fifteen snails were placeadath microcosm. On forest and grassland sites,
one microcosm per plot was used and 6 individuasevsampled for TE analysis after 28 days. On
sites contaminated by industrial activities, 3 mdasms per plot were used to account for the
heterogeneity in soil contamination, and two snpés microcosm (= 6 snails) were sampled for TE

analysis after 28 days.
2.3. Analyses of trace elements

2.3.1. Plants
Ground composite samples (“pools”) were dried oiggrnat 40 °C, before processing. Samples
were then weighted (500 mg DW) into clean, dry PTF&lon®) screw cap digestion tubes, and 4 ml
concentrated nitric acid (65% HNQanalytical grade) were added. Open tubes wertedheg to 50
°C for 1 h, and kept overnight at room temperatlieree ml hydrogen peroxide (36.5% 4,
analytical grade) were then added and tubes warel $br 30 min at room temperature; they were
then heated to 70 °C and allowed to evaporate aibtilit 1 ml. A final aquae-regia digestion was then

performed, by adding 2 ml concentrated HN(Dd 4 ml concentrated hydrogen chloride (37% HCI,
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analytical grade); the tubes were hermetically edoand heated up to 150 °C for 2 h. Samples were
then cooled, tubes were opened, and kept at 70ntiC aomplete evaporation. Dry samples were
finally solubilized in 10 ml HCI (2 M) by heatingif 1 h at 100 °C in closed tubes. Solutions were
cooled to room temperature and metal concentraiiortbe extracts were determined by ICP-OES
(Jobin-Yvon, Activa).

The detection limits for metal analysis by ICP-Ok&e 0.11, 0.060, 0.013, 0.080, 0.064, 0.341 and
0.028 mg/kg DW, for As, Cd, Cr, Cu, Ni, Pb and Aspectively. The analytical precision was
checked by measuring in triplicate about 20% ofsdi@ples. The relative standard deviation routinely
was between 1 and 8%, and never higher than 10%thEoquality assurance of plant analysis, the
certified reference CTA-OTL-1 (Oriental Tobacco kesa from the Bulgarian Institute for Plant
Protection) was employed. Average recoveries (1) wede 91, 87, 66, 98, 85, 58, and 79% for As,

Cd, Cr, Cu, Ni, Pb and Zn, respectively.

2.3.2. Snails

The snails sampled were fasted for 48 h (the fae¥e removed after 24 h) and then weighed and
sacrificed by freezing at — 80 °C. After thawinlge twhole soft body was removed from the shell and
the foot was separated from the viscera. The \ase@re studied because they are the main site of
metal accumulation in snails (Hopkin, 1989). Thecera were oven-dried at 60 °C until they reached
a constant weight (~ 0.2/0.3 g DW), digested in HN&®% HNQ, Carlo-Erba analytical quality) as
previously described (Pauget al, 2011) and analyzed by ICP-MS. The validity of tnalytical
methods was checked by analyzing standard biolbgieterence material (TORT-2, lobster
hepatopancreas; National Research Council of Calmatitute for National Measurement Standard,
Ottawa, ON, Canada). The quantification limits foetal analysis by ICP-MS were 0.081, 0.003,

0.104, 0.391, 0.065, 0.009 and 0.8%®@L, for As, Cd, Cr, Cu, Ni, Pb and Zn respectively
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2.4 Statistical analyses
In a first approach, simple linear regressions weéormed to assess the ability of soil chemical
extraction methods.€., total concentrations and Ca@xtraction for “available” concentrations) to
predict TE accumulation by plants and snails.
Then multiple linear regression (MLR) models wesgablished to better estimate the influence of
the soil's characteristics on TE accumulation anpband in snails (Eq. (1)):

Y=X*A+y*B+, ...z Q)

The dependent variables (Y) were the medians otemmations (C) of each metal(loid) in the
organisms studied, after log (C + 1) transformatibhe explanatory variables (A, B, ...) were the
main soil's related-parameters,, pH, cation exchange capacity (CEC), organic aali,) content,
clay content, sum of exchangeable cations (SEC CAl Fe, Mg, Mn, Na,), sands, silts, and total
metal concentrations (some parameters are congaaitin nature, but some were netq, pH,
CEC); thus MLR were used because they allow theifipénfluence of each soil parameter on the
biological response to be taken into account).\alues, except pH, were log (a + 1) transformed
before data processing and x, vy, ... represent tegicients of the explanatory variables.

Lastly, another set of MLR analyses was performgdynly considering the internal metal contents
in snails as the dependent variables, and by adtiiegnetal contents in plants as supplementary
independent variables. The goal of this last apgdroaas to integrate the trophic level of snails
(herbivorous) to better assess metal accumulatioims species.

For each set of regressions, the best mdde] the one providing the best adjusted coefficiént o
determination, with the lowest number of independemiables) was chosen using corrected Akaike
criterion —AICc— (Burnham and Anderson, 2004). Aéllculations were performed using the R

program (version 2.15.2) (R Development Core Tez01,1).
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3. Results

3.1. Accumulation of TE in plants and snails

The main distribution parameters of TE contenfglamts and snails sampled on the 25 plots studied
are given in Table 1. The median concentration€dn Cu, Pb and Zn were 7- to 21-fold higher in
snail viscera than in plant leaves. For Cr andhdimedian concentrations in snails and plants were
about the same, while for As the measured cond@rigawere about 2-fold higher in plants than in
snails. However there was a great variability incdatents, both in plants and snails, as showméy t
wide ranges of the data, and the median absolwiatds (MAD) values which were often close to
the medians. This was obviously due to the largerdity of the studied sites, in terms of pedolabic
characteristics and contamination levels (see 825&). Consequently, we further examined the data
in more details by separating values from the diffie sites and plots studied.

TE contents in plants and snails for each individoiat are given in Fig. 2. Comparison of
accumulation profiles allowed to easily distingiingh some plots, where both plant and snail TE
contents were distinctly above those measuredeattiier plots. For instance, at the four plots from
the Metaleurop site (RW, LW, IW and IW), the Cd tant in plants and snails was clearly higher. On
the same site, the Pb content in both types ofnigsges was also abnormally high for plots LW, IW
and HW. Likewise, the three plots (LCV, ICV and HCYom the industrial SHSE site were
associated with higher Cr contents in plants arallsnLastly at the LCV (SHSE site) and CoWwH
(Auzon site) plots, the Ni contents were partidyl&igh, both in plants and snails. It must be cedi
that the above mentioned sitése( Metaleurop, Auzon and SHSE) were all considergedighly
contaminated (see S2); thus high levels of Cd,@@nd/or Ni in plants and snails reflected thé soi
contamination. Nevertheless, soil contamination wead systematically associated with high
accumulation of TE in living organisms. Indeed s plots GHM and GHF (GISFI site) both plants
and snails showed low TE contents, despite a dugk soil contamination. Taken together these
results highlighted that measuring TE contentdamgs and snails, could clearly discriminate thetpl

studied, with respect to phyto- and zoo-availapilit

10
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However in several cases there were some discriggabetween TE contents in plants and in
snails. For example, the As content in snails eegam the CowWW plot (Auzon) was very high, but
no anomaly was observed in plant As content ors#ime plot. Likewise at the two Pa and Fo plots
(ANDRA) the Cr content in snails was particularightn while concentrations measured in plants were
quite low. At the opposite plant contents in Cd &idwere very high at the CoWH (Auzon) and F57
(RENECOFOR) plots respectively, while no anomalgmail contents were evidenced. Thus, on these
plots, there was no clear cut relationship betwmetal contents in plants and snails. This suggested
that the levels of metals accumulated in both tgbeorganisms probably depend on complex
environmental factors. Consequently, to go a stefhér in the understanding of metal accumulation

in plants and snails, we performed regression araljaking into account the soil's parameters.

3.2. Relationships between TE contents in soil and ddiaulation in plants and snails.

A synthetic representation of TE contents in stuita] fractions extracted with HF + HCJ@nd
“available” fractions extracted with Cafilin plants and in snails on the 25 plots studsediven in
Fig. 3. This representation illustrated a complaitgrn where no obvious relationship between TE in
soil and in living organisms was distinguished. §guently in order to better explain the observed
TE levels in plants and snails, we first perfornsgmple linear regression analyses and correlation
studies using total and “available” TE contentsail as explanatory variables, respectively. Rasult
are shown in Table 2 and Table 3.

When total TE contents in soil were considered las éxplanatory variables (Table 2) for
accumulation in plants, significant correlationsravenly evidenced for As, Cr, Ni and Pb. However,
the coefficients of correlation were relatively loWhe highest value was observed for é;dj(sz 0.49)
while for As, Ni and Pb thezardj values were comprised between 0.15 and 0.35. BpCG and Zn no
significant correlations between total TE in saidgplant contents were found. In contrast for snail
internal TE concentrations were significantly ctated with total contents in soil for all elements,
excepted for Cu (Table 2). The highest coefficintorrelation was observed for Ad.¢f= 0.63), the

r? values for the other elements ranging between &nii0.45.
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When “available” TE contents in soil were considkas the explanatory variables for accumulation
in plants and snails (Table 3), quite differentuitsswere obtained. For plants, significant, albeit
relatively low (0.23 < 2rad,- < 0.54), correlations were observed for As, Cd,aNd Pb, while no
significant correlation was evidenced for Cu and Eor snails, significant correlations between
“available” TE in soil and concentrations in visgevere only found for As and Cd’4; = 0.60 and
0.20, respectively); for the other elements stud@d Cu, Ni, Pb and Zn) no significant correlagon

were observed.

3.3. Influence of soil properties on TE accumulationptgnts and snails

Because simple regression models solely based aoiitents in soil poorly predicted the observed
TE contents in plants and shails, we further peréat MLR by adding the main soil characteristics as
supplementary explanatory variables. Results asengin Table 4.

For plants, the addition of the soil parameterstia regression models greatly improved the
estimation of Cr and Ni accumulation. The main afles influencing the accumulation of these
metals were the SEC for Cr, the pH for Pb and ptiptaad with silt content for Ni. On the other hand
for As multiple regression model did not improvee testimation of accumulation in plants, as
compared with simple models (using either totafayailable” contents in soil). Lastly, for Cd, Cu
and Zn no statistically significant regression @snd, suggesting that accumulation of these metals
in plants was not dependent on the soil paramédethe set of plot studied.

For snails, adding the soil characteristics inrdfgression models improved the assessment of metal
accumulation in viscera for Cd, Cr, Ni and Zn. Timsreased the adjusted coefficients of correlation
of approx. 10%, 22%, 12% and 10% for Cd, Cr, Ni,r&gpectively. Beside total element contents in
soils, the main parameters that modulated metalnactation were the SEC (for Ni and Zn), the
organic carbon content (for Cd) and the pH and Gas@tent (for Cr). On the other hand, for As and
Pb no significant influence of the soil parametses observed. Lastly for Cu, no significant model

was found.
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3.4. Influence of plants on TE accumulation by snails

In order to assess the impact of the different mi@k sources of contaminationg, plants and
soils) on snails' TE contents, we performed adasbf simple and multiple linear regressions.thirs
TE contents in snails were assessed with simplessmn models, using plants contents as the sole
source of contamination. Secondly, we performedtipial regressions using TE concentrations in
plants and in soils, as explanatory variables.l{.a$E contents in shails were estimated taking int
accounts both contamination sources and soil paessidresults are shown in Table 5.

Simple regression analyses using plant TE contastexplanatory variables showed significant
correlations with TE in snails' viscera for all tledements but Cu, with adjusted correlation
coefficients ranging from 0.21 for Cr to 0.56 fdv.RConsidering both sources of contamination (TE
contents in soil and in plants) did not improve sivaple regression models, except for Cd where both
soil and plant TE content were significantly coatetl with internal contents in snails. For Ni, fd a
Zn, the plant contents were the best predictorsnail's contents, while for As it was the soil tota
content that gave the be%gdir For Cr, considering either the soil or the plaagsxplanatory variable
gave comparablé;

Lastly using more complex multiple regression medéhking into account the two sources of
contamination plus the soil parameters (Table Bly anproved the assessment of Cd, Cr and Pb
accumulation. For Cd, both soil content, plant eabtand soil organic carbon significantly influedce
the concentration in snail's viscera. For Cr, theeoved increased in th?%d[was only due to the soil's
parameters (pH and Cag)OFor Pb, the concentration in snail's viscera significantly influenced
by plant content and soil parameters.( pH) but not by total content in soil. For the etiTE (As,
Cu, Ni and Zn), complex multiple regression modttsnot improve thezgdj values, as compared with

those using only soil or plant TE contents as exqtlary variables.

13



319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

344

4. Discussion

Although separating bioavailability into three og#wnal insightsi(e., environmental availability,
environmental bioavailability and toxicological #aaility) allows to clarify the concept and to
propose various measurement methods, the undeniggical, chemical and biological factors that
ultimately govern the transfer of TE from a contaateéd habitat to living organisms are still poorly
understood. In particular the question remains nowvk the relationships between environmental
availability and environmental bioavailability andtimately, how these descriptors should be hahdle
in a view of environmental risk assessment. In thask, we studied the correlations between TE
extracted by standardized chemical methods ane taosially accumulated in two model organisms
(plants and snails). We also investigated the amftee of soil properties and contamination source on

TE bioaccumulation.

4.1.Standardized chemical methods for TE extractiomfemils poorly predict TE accumulation
in plants and snails

Classically, two different points of view can benswered for TE analysis in soil, with the aim of
risk assessment for ecological receptors. The tefasumption is that the totality of TE presenthia
soil could pose a risk at a short-, medium- or lemn scalej.e, that availability could be 100%. A
less conservative assumption is that only paroti {TE is actually bioavailable and thus posessla r
to living organisms. From these points of view,usnber of total and partial extraction schemes have
been designed for soil analysis in risk assessmeotedures. Among the most commonly used
methods, are the standardized HF-HCneralization for total TE (AFNOR, 1996), and @1 M
CaCl extraction, for “available” TE (NEN 5704, 1996)hdse are the methods we retained in this
work.

Our correlation studies showed that the total THteats in soils (HF-HCIQ extraction) were
poorly correlated to the concentrations of TE measin plants. Indeed on average, only 18% of the
variability in plant TE contents was explained I ttotal contents in soils. There were however

noticeable differences between elements, with taifom coefficients ranging from 0 for Cd, Cu and
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Zn, to > 0.3 for Cr and Pb. To consider “availabl€ contents in soils (Cag&xtraction) was clearly
a better proxy for Cd ;(;dj = 0.3) and, in a lesser extent, for Ni and PbsT$iin accordance with the
basic assumption that plants take up TE from thilesstution (Degryseet al, 2009 and Smethurst,
2000), and that Cagéxtractions better reflect this soil compartmésatrt do total extractions (Kabata-
Pendias, 2004, Meegt al, 2007 and Romkeret al, 2009). However Cagkxtractions still did not
detect any correlation between soil and plant ¢asatéor Cu and Zn, while for As, plant contents
remained better explained by total than by “avddabE in soils.

For snails, about 29% of the variability of TE cemis in viscera was explained by total
concentrations in soil; at the opposite, “availabl& explained only 11% of the variability of
viscera's contents. The greater influence of swoihlt TE content, as compared to “available”
concentrations, on snail's internal TE levels cdagdpartly due to its foraging mode which multiplie
the sources of exposure. Indeed, in addition tar ghlant-based diet, snails also ingest significant
amounts of soil particles to satisfy their physgpéal needs (Gomatt al, 1989). This could allow
shails to pick up quite strongly bounded TE on smihstituents (Paugedt al, 2012). Thus, as
previously shown for earthworms (van Gestel, 20685! soil concentrations are a better indicafor o
the amounts of TE that are available for snailantthe CaGlextractable pools. However, as observed
for plants, there were clear cut differences betwelements, and Cu, Ni and Zn concentrations in
viscera were not, or slightly’(x 0.15), correlated with soil contents.

It is interesting to note that, whatever the estteecmethod used and the organism considered, there
was no, or very low, correlations between the aunite soils and the content in living organisms, fo
those elements that are essential for nutritien, Cu, Ni and Zn). This is likely due to the complex
biological processes regulating homeostasis of ndsseelements, allowing living organisms to
maintain almost stable internal levels under aagemange of external concentrations (Bargagli,8.99
and Menta and Parisi, 2001). Thus, it is only whemeostasis can no be longer controlled that the
internal levels of essential elements will risengfigantly. It is obvious that chemical extraction

methods cannot take into account such biologicgpparse, making these methods poor proxies for
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assessing environmental bioavailability of essémtiaments. At the opposite, for non essential TE
(As, Cd, Cr, Pb) whose concentrations in livingasrigms are not under strict homeostatic control,
correlations between contents in soil and in ograsiwere better, but were clearly dependent on the
fraction of TE (totaks“available” fraction) and the organism considefglntsvs snails).

Thus, as already emphasized by a humber of autbiodifferent types of soil, contamination levels
and living organisms (Lopext al, 2012, McLaughliret al, 2000, Mourieet al, 2011, Murphyet al,
2000, Remonet al, 2005 and Van Gestel, 2008), these results confirat neither total soil
concentrations nor “available” concentrations gigaough information to foresee the actual

environmental bioavailability of TE on contaminatates.

4.2. Factors modulating TE accumulation are differemntglant and snails

It is well known that the speciation of TE in sailspends on the soil's characteristics such as pH,
redox potential, CEC or organic matter content qudlity (Parket al, 2011, Unamunet al, 2009
and Zenget al, 2011). Thus, we hypothesized that beside totéawilable” TE contents in soils, as
determined by chemical extraction methods, the raatation of TE in plants and snails could be
partly correlated to some soil parameters. Moreotecause snails are mostly herbivorous, we
postulated that TE accumulation in viscera couldlbeely linked to plant contamination.

When plants were considered, MLR models indeed ongmt the assessment of Cr and Ni
accumulation, and highlighted that soil factorshsas pH, carbonates or total content of exchangeabl
cations may play a significant role in the phytakkility of TE. However for the other TE studied
(As, Cd, Cu, Pb and Zn) the MLR did not give betterrelation coefficients than simpler models
using only “available” soil contents as explanateayiable. At the opposite for snails, consideting
soil parameters and/or plant contents in the regreanodels improved the assessment of all TE, but
As and Cu. As a rule, TE contents in snail visseeae mostly correlated to plant contents, except fo
Cu. This is in agreement with the results of S¢ledt al. (2006) who showed that up to 90% of Cd
accumulated by snails came from plants. Internalcditents in snails were also correlated to total

contents in soil (As, Cd, Cr) and/or to organidocer (Cd), pH (Cr, Pb) and carbonates (Cr).
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The aim of this work was not to elucidate the pbgshemical drivers of TE accumulation in plant
and snails, but rather to compare the main parametelaining variations in TE contents in both
organisms. Our results showed that TE contentsaimtg and snails were depending on very different
parameters. These differences are obviously dubetdaifferent exposition pathways, and finally to
the specific physiology of each type of organismfdct, because of the development of their root
system, plants can accumulate TE from deeper agdr$ than do shails, which are only exposed to
the topsoil (Berger and Dallinger, 1993). Moreovére activity of plant roots and associated
microorganisms may trigger localized soil modifioas, leading to a significant increase or decrease
of pH, redox potential and/or organic matter contéhrenfeld, 2013). Thus, these so-called
rhizosphere processes, can considerably modifgpbeiation of TE (Kabata-Pendias, 2004) and their
availability for plants; at the opposite, snailsrdu significantly modify soil properties and haxery
likely no effect on TE speciation (Coeurdasgtal, 2007). Also, the fate of TE in plants and snigils
very different, in that snails are able to excesgime accumulated TE (Gimbettal, 2008b), while in
plants they are stored in the roots or above grdissdies but are rarely excreted (Weis and Weis,
2004). Lastly a major difference between these oickl receptors lies in their source of
contamination. Indeed plants are mainly exposetEia the soil, whereas snails are exposed to both
soil and contaminated plants. Our results indeetdirmoed that both sources of contamination had a

significant influence on snail's TE content.

4.3. Implications in risk assessment
It is widely admitted today that assessing and migapolluted soils on the sole basis of theirltota
contaminant concentrations (IEM, 2007, ISO 174@®&and US EPA, 2007) may lead to inaccurate
conclusions and decisions (Braeidal, 2013, Mourieet al, 2011 and Van Gestel, 2008), resulting in
misestimating the actual risk for biological reaspt Thus considering the bioavailability of
contaminants could be a more relevant approadhjsastegrates all aspects modulating their transf
to living organisms (Fig. 4) (van Gestel, 2008)vési this, it is now argued that integrating the

concept of bioavailability in risk assessment mdtiogies is a necessity (ISO, 17402, 2008). In this
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objective the use of Cagféxtraction is usually presented as a good cherpicaly for bioavailability.
However in this study we showed that such a chdmixaaction poorly estimated TE accumulation
in plants and snails in large scale in situ expernts, i.e, considering numerous elements,
contamination levels and soil types. This confirtime conclusions of several authors ( Femgl,
2005 and Van Gestel, 2008) who emphasized thedliimit of the CaGImethod for the prediction of
TE bioavailability in some field situations. Tolfthis gap a number of alternative weak extraction
procedures have been proposed so far, each focasipgrticular elements, soil types or biological
receptors ( Mourieet al, 2011 and Smitket al, 2010). This underlines the difficulty to find a
universal chemical extractant that could predict Qi&vailability. In fact, whatever the extractant
used, one of the major limitations of the “chemieatraction” approach to assess bioavailability, is
that it intrinsically considers the soil as theessburce of exposure. This may be a correct assumpt
for plants, but this is obviously not true for nuogs other organisms whose nutrition does not
exclusively depend on soil. For instance in snaile, showed that considering various exposition
pathways according to the trophic level of the ¢éargrganism, strongly improved the prediction of
accumulation of several TE in viscera. This rebighlights the importance of taking into accout al
contamination sources, and not only the total mallable” TE contents in soil, when assessing the
bioavailability of contaminants on a given site.nSequently, although chemical extraction methods
are routinely used with the underlying idea thagéythcan give a general insight into metal
bioavailability, they actually only inform aboutetteasiness of metal leaching from soil by chemical
weak extractions, which is a measure of the enwmemtal availability and not of the actual
bioavailability. So, owing that the accumulationTd in living organisms depends on both the metal
speciation in soil and the physiological traitstloé target organisms, the study of bioindicatonddato
be a relevant complement to chemical proceduresgeto insights into TE bioavailability on
contaminated sites (Reeves and Chaney, 2008).

In this study we considered two types of biointica (plants and snails), representative of two

trophic levels. Indeed we assumed that couplingobioal measures, by permitting the differences
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between organisms to be taken into account, shalilv a more accurate assessment of TE
bioavailability and a better site characterizatidior bioindication using plants, the “composite
sample” strategy (Remoat al, 2013) makes easy the prospection of large aradsalows to
overcome interspecific variations. Consequentlghsai passive bioindication approach informs on the
global phytoavailability of TE and their potentimhnsfer toward primary consumers. On the other
hand, bioindication using snails gives informatadout TE transfer to a specific link of the foodich
integrating multiple contamination source®( soil and plants) and being a prey for a number of
carnivorous species (Barker, 2004 and Scheifteal, 2006). The snail-watch approach permits
accurate between-sites comparisons of TE bioavkijakBeeby and Richmond, 2003) as it uses
laboratory-born and calibrated animals. This actiieindication strategy informs on a species-
specific zooavailability of TE, allowing their patigal transfer toward higher levels of the trophic
webs to be partly anticipated.

However, even though both bioindication stratediage many advantages, they also pose some
guestions or present some limits (Varrault and B 2011). For instance, because of the potential
adaptation of plants to contaminated soils (Schigpal, 2011), TE phytoavailability on a given site
may change if plant communities are modified. Lilsay because snails only inform on the
bioavailability of TE inside the small area of thecrocosms, the study of large and heterogeneous
sites may be relatively time consuming. Lastly iisthbe kept in mind that bioavailability of TE
cannot be quantified by a single value, as it ¢jodepends on the organism of interest. Nevertseles
accumulation bioindicators provide specific infotina about the extent of actual TE transfer toward
living organisms; consequently they allow a “physipcally defined” approach (Peijnenbueg al,
2007) for measuring bioavailability. Thus, togethéth the classical chemical methods for assessing
environmental availability, actual uptake studiesuld be used as a guideline to assess the
environmental bioavailability of TE. These dual cheal and biological approaches could constitute a
more accurate way for raising (or decreasing) tlena on soil quality for environmental risk

assessment.
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S 1: Main pedological characteristics of the 289fcom the 7 sites studied (median values, n=5)

S 2: Total (HF + HCI@ extraction) and “available” (CagCéxtraction) TE contents at the 25 plots
from the 7 sites studied (median values, n=5). Nd\available data. Italic values correspond toealu

below the detection limit

S 3: Principal plant species on the studied plots.
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Figure 2: TE contents (mg Kyin plants (up) and snails (down) sampled on 26sgrom 7 sites (median values, n= 5 for plarts6rior snails).
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TABLES

Table 1: Main distribution parameters of TE corsemig kg DW) in plants, snails and soil (total and

CaCl) sampled on 25 plots from 7 sites

Metal As Cd Cr Cu Ni Pb Zn
Median 0519  0.233  0.644 9.20 1.75 0.395 50.4
Plants Min 0.000  0.000  0.250 4.98 0.359  0.000 17.9
(n=125) Max 28.6 7.42 165 25.6 10.4 6.24 193
MAD 0.609 0.233  0.264 2.78 1.22 0.374 22.8
Median  0.227 1.65 0.839 121 2.57 5.26 1072
Snails Min 0.001  0.142  0.030 22.9 0.033  0.689 391
(n=150) Max 11.1 33.0 20.0 222 33.4 313 2422
MAD 0.237 1.01 0.532 44.4 1.11 4.91 381
Median  30.35  0.612 56.8 22.8 25.7 78.9 138
Soil Min 2.905 0.0165 6.55 1.73 1.4 21.045  8.61
concentration
(Total, n=25) Max 3285 34.4 4345 1555 1180 4575 2830
MAD 34.7 0.709 12.2 15.6 15.8 85.8 135
Median 26.925  33.6 5 76 150.5 19 689
Soil Min 10 1.415 5 10.65 7.5 15 5
concentration
(CaCh, n=25) Max 155050 578 41.9 681 847 924 15100
MAD 25.1 43.1 0 61.8 212 22.2 940
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Table 2: Simple linear regression analysis andetation study between TE contents in plants or in

snails, and total TE in soil (extracted with HF €18,). (n= 25)

Element Organism Regression equation rzadj p-value
As Plants Ag = -0.081° + 0.170 Ag** 0.27 0.005
Snails As,=-0.108* + 0.153 Ag*** 0.63 <0.001

"""" CdPIantngﬂ:ns
Snails Cd, = 0.324** + 0.395 Cgl** 0.45 <0.001

o Plants ~ Cp=-0.09%5+0.190 Cg** 049  <0.001
Snails Ct,=0.019° + 0.135 Cg™* 0.23 0.009

"""" cy  Plants cy=ns

Snails Cy,=ns -- --

o N| """"""" Plants  Nj=0.285*+0.140 Np* 015 0.032
Snails Ni,= 0.417** + 0.106 Nj* 0.15 0.031

oy Plants ~ PR=-0.070°+0.132 PR | 035 0001
Snails Ph,= 0.104° + 0.408 Ply** 0.42 <0.001

"""" sy PlantsZzp=ns
Snails ZR,= 2.821** + 0.091 Zp,* 0.14 0.037

Symbols fomp-valuesin the regression equations are: °<0.1, *<0.050*01, ***<0.001
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Table 3: Simple linear regression analysis andetation study between TE contents in plants or in

shails, and “available” TE in soil (extracted wittd1 M CaC)). (n= 25)

Element Organism Regression equation rzadj p-value
As Plants Ag = 0.034° + 0.103 Agaci 0.24 0.016
Snails As,=-0.017° + 0.093 Ag,ci™** 0.60 <0.001
o Cd """"""" Plants ~ Cg=-0.097+0.160Cdsce 032 0.001
Snails Cd,= 0.178° + 0.201 Cdacis* 0.20 0.013
"""" CrPlantsq;':ns
Snails Ct,=ns -- --
"""" cy  Plants cy=ns
Snails Cy,=ns -- --
o N| """"""" Plants  Nj=0.220° + 0.153 Nbei* 023 0.017
Snails Ni,=ns -- --
o 'PL """"""" Plants ~ Pp=-0.014°+0.149 Pb,cz™ 054  <0.001
Snails Ph,=ns -- --
"""" sn  Plants o Zzp=ns
Snails ZR=ns -- --

Symbols fomp-valuesin the regression equations are: °<0.1, *<0.050*01, ***<0.001
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Table 4: Multiple linear regression analysis andeation study between TE content in plants or in
snails, and the main soil parameters as indepenadegiaibles. Selected soil parameter were pH, cation
exchange capacity (CEC), sum of exchangeable sa(®BEC),organic carbon content,(L clay and

silts contents and total soil concentration (exedovith HF + HCIQ) of each studied element. (n=

25)
Element Organism Regression equation rzadj p-value
As Plants  Ag = -0.08T° + 0.170 Ag* 0.27 0.005
Snails  Ag,=-0.108* + 0.153 Ag*** 0.63 <0.001
&g Plams Cd=ns - -
Snails  Cg,= 0.750*** + 0.403 Cgi¢** - 0.271 Corg* 0.55 <0.001
""a""""ﬁl'éh't's """ Cp=0.178° + 0.205 Gg** -0.277 SEC* 069 <0.001
Snails  Cg,= 0.464** + 0.230 Gg*** -0.117 pH**+0.153 CaCQ* 0.45 0.001
o, Plams Cy=ns - -
Snails Cy,=ns -- --
T Plants iy = 14847+ 0.226 N - 0.089 pH - 0.310 Site® 062 <0.001
Snails  Nig,= 0.641*** + 0.128 Nj,** - 0.235 SEC* 0.27 0.012
"";t;m"mﬁl_éh_t_s """ Pp=0.106+ 0.184 PR - 0.046 pH* 045 <0.001
Snails Pl = 0.104° + 0.408 Pp** 0.42 <0.001
5, Plams zg=ns - -
Snails  ZR,= 2.960*** + 0.150 Zp** -0.245 SEC 0.24 0.02

Symbols fop-valuesin the regression equations are: °<0.1, *<0.050*01, ***<0.001
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Table 5: Regression analysis and correlation shelween TE content in snails, and various sets of

explanatory variables (n=25). PC: plant TE cont&TC: soil TE total content; SSP: selected soil

properties (pH, CEC, SEC . clay and silts contents).

Explanatory

Element variables Regression equation 2y o-value
PC As,= 0.075* + 0.310 Ag** 0.22 0.01
As STC + PC As, = -0.108* + 0.153 Ag*** 0.63 <0.001
STC+PC+SSP  As=-0.108* + 0.153 Ag*** 0.63 <0.001
T PC  cCd,=0365%*+0838Cg* 027 0.004
Cd STC+PC Cgh=0.272** + 0.324 Cg** + 0.530 Cd,* 0.54 <0.001
STC+PC+SSP  Gg= 0.660*** + 0.339 Cg*** + 0.468 Cd,* - 0.241 G4 0.62 <0.001
""""""" PC  C,=0146*+049%G* 021 0012
Cr STC + PC Cy, = 0.019°+ 0.135 Cg** 0.23 0.009
STC+PC+SSP  Gr=0.464* + 0.230 Gg*** - 0.117 pH** + 0.153 CaCO3* 0.45 0.001
) PC Cu,=ns - -
Cu STC + PC Cw= ns -- --
STC+PC+SSP  Gu= ns -- --
T PC  Ni=0376%*+0402Ny~ 025 0.006
Ni STC + PC Nin = 0.376*** + 0.402 Nj** 0.25 0.006
STC+PC+SSP  Nj=0.376** + 0.402 Nj** 0.25 0.006
""""""" PC  PR=0519"+2171Pg™ 056  <0.001
Pb STC+PC Ph = 0.519** + 2.171 PR*** 0.56 <0.002
STC+PC+SSP  Rb=-0.333°+ 2.085 PR*** + 0.139 pH*** 0.75 <0.001
T PC  Zn,=2196**+0481Zp™ 024 0.007
Zn STC + PC Zg, = 2.196** + 0.481 Zp** 0.24 0.007
STC+PC+SSP  Zp=2.196** + 0.481 Zp** 0.24 0.007

Symbols fop-valuesin the regression equations are: °<0.1, *<0.050*01, ***<0.001
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ASSOCIATED CONTENT Supporting I nformation

S 1. Studied sites: land use, soil occupation, constrains and number of plots.

Site Land uses

Soil occupation

No. of

constraints
plots

GISFI (French Scientific Interest Group -

Industrial wasteland) Contaminated

Metaleurop Contaminated
Auzon Contaminated

SHSE (Slag Heap of Saint-Etienne) Contaminated
Yvetot Cultivated

RENECOFOR (national Network of long-term

follow-up of the forest ecosystems) Forest

Andra (French noational radioactive waste

Cultivated / Forest
management agency)

Wastelands

Arable, woodlands

Arable, woodlands

Sesds

Arable, pastures

Forest

Arable, forest

Contamination in PAH 2

Multi-metals contamination (Cd,

Pb, As) !

Located contamingts) 6

Metal diffused contmaination
(Pb, Cd, Zn...)

Age of pastures 6

Scots pines, spruces, fir tree 4

Different sadlcoipations 2
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S 2: Main pedological characteristics of the 25 plotsrirthe 7 sites studied (median values, n=5)

Site Plot Clay Silts Sands Corg pH. CEC SEC CaCQ Niot
(9 kg?) (9 kg?) (9 kg?) (9 kg?) (cmol kg')  cmol+.kg* (9 kg?) (9 kg?)

GISE GHF 143 225 611 121 8.3 15.0 17.8 249 2.99
GHM 94.0 172 736 210 8.3 11.0 14.6 137 4.17

HW 298 601 101 48.3 8.0 29.3 31.4 50.6 3.40

Metaleurop W 294 609 96.0 26.6 8.2 24.3 27.0 66.4 2.05
LW 203 283 517 31.8 6.5 17.2 17.1 0.500 2.27

RwW 163 525 313 20.2 6.5 12.2 12.4 0.500 1.58

CoWww 238 427 346 59.6 54 19.1 19.5 0.500 3.96

CoWw 148 279 574 40.8 5.7 13.0 13.6 0.500 2.90

AUZON CoWH 89.5 167 757 44.2 5.2 11.0 11.5 0.500 3.33
CoWa 98.5 167 713 34.9 5.8 9.46 9.90 0.500 2.48

Ctw 138 299 556 40.8 6.2 14.9 15.6 0.500 2.90

CtwH 148 225 628 26.2 51 8.90 9.29 0.500 2.03

HCV 48.5 142 803 46.9 8.1 10.5 13.0 48.6 2.26

SHSE ICV 44.5 131 820 30.4 8.7 6.60 10.8 74.5 1.36
LCV 33.5 77.0 886 14.8 8.6 3.47 572 39.9 0.905

RP1 140 665 196 11.1 5.6 5.43 6.40 0.500 1.14

yvetot RP2 128 665 210 14.4 6.0 6.97 7.71 0.500 1.41
TP1 149 652 202 18.9 55 7.25 8.09 0.500 1.83

PP 163 634 203 25.8 55 8.06 8.59 0.500 2.45

FO8 262 630 106 87.4 4.0 10.4 9.76 0.500 4,72
F57 44.5 73.0 886 13.0 41 2.14 1.82 0.500 0.689

RENECOFOR F76 78.0 354 566 104 3.8 7.10 455 0.500 3.07
F63 257 411 326 156 4.9 9.42 8.94 1.40 9.17

Andra Fo 255 425 299 27.5 4.9 6.81 6.86 0.500 1.88
Pa 499 360 134 59.1 7.3 33.5 34.7 21.3 5.61

SEC : sum of exchangeable cations (Al, Ca, Fe,Mty,Na,)
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S 3: Total (HF + HCIQ extraction) and “available” (Cagéxtraction) TE contents at the 25 plots from theités studied (median values, n=5). NA: no
available dataitalic values correspond to value below the detectimit

Total fraction(mg kg% Available fraction(ug kg*)
Site Plot [As]it [Cd]iot [Crliwt [Culiot [Ni]tot [PBlot [ZN]iot [AS]cact [Cdlcact [Crlcac: [Culcack [Ni]cacz [Pblcact: [ZNn]cack
GISF| GHF 32.8 0499 571 30.3 29.0 165 408 15.5 6.12 5.00 84.6 7.50 6.39 55.1
GHM 585 123 172 453 269 309 323 23.4 7.56 5.00 143 7.50 6.52 94.8
HW 39.3 344 486 684 235 2485 1885 34.2 415 5.00 234 30.4 465 1965
Metaleurop W 30.9 133 503 27.6 198 731 745 10.0 79.3 5.00 93.3 18.3 39.1 340
LW 942 544 520 194 142 319 332 18.6 578 5.00 123 120 142 15100
RW 711 1.09 415 123 13.6 48.8 102 10.0 122 5.00 87.8 151 10.7 1835
CoWww 3285 997 76,5 159 41.4 4575 225 155050 326 5.00 681 466 617 5020
CoW 339 0.722 579 229 257 104 148 1238 53.8 5.00 47.7 163 19.0 1080
AUZON CoWH 661 132 518 386 36.3 282 140 16895 120 5.00 126 418 194 3500
CoWa 1087 6.73 52.3 140 25.7 1834 173 10735 219 5.00 538 318 377 6660
Ctw 123 0.612 67.3 27.7 350 60.1 138 233 33.6 5.00 76.0 136 3.54 689
CtWH 625 0.143 56.8 228 276 281 88.1 44.6 21.2 5.00 38.0 335 21.4 1006
HCV 73.3 21.0 982 1555 685 2525 2830 10.0 17.6 11.6 653 43.5 26.5 492
SHSE ICV 548 9.37 1158 570 405 1616 2180 10.0 3.98 41.9 200 17.4 11.8 153
LCV 30.3 1.99 4345 525 1180 513 577 10.0 1.42 10.2 118 69.5 4.35 42.2
RP1 6.93 0.236 66.3 10.3 146 21.0 427 NA 32.6 NA 34.3 NA 4.21 284
Yvetot RP2 6.76 0.243 490 144 139 306 47.0 NA 14.7 NA 46.1 NA 6.80 215
TP1 852 0.205 51.2 13.7 156 214 484 NA 29.3 NA 61.4 NA 4.04 587
PP 9.48 0.198 53.8 134 169 26.3 515 NA 32.3 NA 51.2 NA 7.24 640
Fo8 254 0.235 579 171 568 789 34.0 58.9 111 225 71.5 427 924 3175
RENECOFOR F57 3.83 0.017 655 1.73 140 211 8.61 30.5 11.7 5.00 325 179 826 604
F76 291 0.063 17.7 3.48 553 219 135 46.4 41.5 5.00 24.0 847 485 4290
F63 12.8 0.414 55.0 14.1 20.2 49.7 113 NA 64.0 NA 10.7 300 46.7 2035
Andra Fo 16.6 0.328 711 957 279 325 933 10.0 62.7 5.00 15.9 316 16.0 1410
Pa 18.4 0.447 827 185 423 299 104 10.0 1.45 5.00 38.9 7.50 1.50 5.00
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S 3: Principal plant species on the studied plots.

Site

Plot

Principal species on the plots

GISFI

GHF

Achillea millefolium Agrostis stoloniferaArrhenatherum elatiysArtemisia vulgarisArtemisia
campestrisBromus hordeaceyuBromus steriligCerastium sp Chenopodium albupbactylis
glomerata Echium ulgareEpilobium parviflorumErigeron annuusEuphorbia cyparissias
Hypericum perforatunrMedicago lupulinaMelilotus albusMalva moschataMyosotis sp
Oenothera biennj$etrorhagia rolifera Picris hieracioidesPlantago lanceolataPrunus spinosa
Robinia pseudoacacj&ubus sp Scrophularia sp Sedum acreSenecio jacobae&ilene latifolig
Tanacetum vulga, Tragopowon ubiu;, Veronica chamaedr, Vicia hirsute, Vulpia ciliata

GHM

Acer pseudoplatanuérrhenatherum elatiysirtemisia vulgarisAstragalus glycyphylloCentaurea
jacea Chenopodium albunCirsium arvensegClematis vitalbaDactylis glomerataDipsacus
fullonum Epilobium spErigeron annuusEuphorbia cyparissigsseranium robertianupHypericum
perforatum Medicago sativaOenothera biennjPapaver rhoeasPlantago lanceolataReseda lutea
Rosa spRubus spRumex acetosell&anguisorba mingiSilene latifolia Verbascum spVulpia
ciliata

Metaleurop

HW

Acer pseudoplatanuslnus glutinosaArrhenatherum elatiyBetula pubescen€alystegia sepium
Carex palustrisCornus sanguinea&Crataegus monogyn&lytrigia repensEpilobium sp, Fraxinus
excelsior Galium aparine Glechoma hederace®yosotis arvensjQuercussp., Ranunculus repens
Robinia pseudoacacj&ubus sp, Salix sgsambucus nigreSymphytum officinajéJrtica dioica

Acer pseudoplatanygrrhenatherum elatiysCornus sanguine&Crataegus monogyn®ipsacus
fullonum Elytrigia repensEpilobium sp.Fragaria vescaGalium aparing Glechoma hederacea
Myosotis arvensjPopulus sp., Ranunculus repgRsibus spSambucus nigreSymphytum officinaje
Urtica dioica

Lw

Acer pseudoplatanuginus glutinosa, Betula pubescef@arpinus betulusCastanea sativeCorylus
avellanag Crataegus monogyn&pilobium sp, Fraxinus excelsigrGalium aparine Geranium
robertianum Glechoma hederacebledera helixllex aquifolium Lamium albumMilium effusum
Myosotis arvensjParthenocissus insert®oa sp, Populus sp Prunus aviumQuercussp, Rubus
sp, Sambucus nigréStellaria holosteaSymphytum officinaléJrtica dioica

RW

Acer pseudoplatanu€lematis vitalbaCrataegus monogyn&pilobium sp, Equisetum arvense
Euonymus europaepBraxinus excelsigrGalium aparine Geranium robertianumGlechoma
hederaceaHedera helixLamium albumMyosotis arvensjPopulus spPrunus aviumQuercussp.,
Ranunculus repel, Rubus s., Salix s}., Urtica dioice, Vicia hirsute

Auzon

CoWww

Agrostis capillaris Arum maculatumCornus sanguingarataegus monogyn&quisetum arvense
Euphorbia dulcis subsp incomptdedera helixLonicera periclymenunQuercus sp Rubus sp
Sambucus nigrdJrtica dioica,

CoW

Apiaceae sp., Cornus sanguin€orylus avellanaCrataegus monogyn&uonymus europaeus
Hedera helixLigustrum vulgareLonicera periclymenupQuercus sp Rubus sp

CoWH

Agrostis capillaris Alliaria petiolata, Apiaceae sp., Cirsium arvensgornus sanguine&rataegus
monogynaEpilobium sp.1, Epilobium sp. 2, Equisetum arveEs®nymus europaeudumulus
lupulus Rubus sp Urtica dioica,

CoWa

Achillea millefolium Agrostis capillaris Apiaceae sp Cytisus scopariy€Epilobium sp.Euphorbia
cyparissiasGalium aparine Populus tremulaQuercus sp Rubus sp Rumex acetosell&rtica
dioica,

Ctw

Alliaria petiolata, Anthriscus sylvestrjArum maculatumnChelidonium majusCrataegus monogyna
Euonymus europaeu8alium aparing Hedera helixLamium galeobdolarLigustrum vulgare
Lunaria annui, Prunus spinos, Sambucus nigy, Tillia platyphyllos, Urtica dioica,

CtwWH

Euonymus europaep8alium aparing Glechoma hederaceéledera helixLamiaceae sp., Prunus
spinosaQuercus sp Rubus sp Tillia platyphyllos

SHSE

HCV

Ailanthus altissimaCalamintha nepetaClematis vitalbaCornus sanguined&chium vulgare
Euonymus europaepidypericum perforatunrLactuca serriolaMelilotus albusOenothera biennis
Urtica dioica, Verbascum pulverulentum

ICV

Ailanthus altissimaCalamintha nepetaraxinus excelsigHypericum perforaturrMelilotus albus
Oenothera biennjflantago sacbraubspscabra Populus nigraReseda lutegRosa sp Sambucus
nigra, Urtica dioica, Verbascum pulverulentum

LCV

Echium vulgareLactuca serriolaMelilotus albusHypericum perforatunDenothera biennjs
Plantago sacbraMoench subspcabra, Populus nigreReseda lutegScrophularia caninaVerbascum
pulverulentum

Yvetot

RP1

Carpinus betulusFumaria officinalis Lamium purpureuniolium perennePoa annuaRumex
acetosaStellaria mediaTaraxacum sp Trifolium repensUrtica dioica, Veronica chamaedrys
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RP2

Lolium perennePoa annuaStellaria mediaTrifolium repens

Cirsium sp, Holcus lanatusLamium albumLamium purpureunrLolium perenngRanunculus repens

TP1 Rumex acetos&umex acetosell&tellaria holosteaStellaria mediaTaraxacum sp Trifolium
repens Urtica dioica
Cirsium sp., Crataegus monogymagus sylvaticaLamium albumLamium purpureupPlantago
PP major, Ranunculus repenRumex acetosell&tellaria holosteaSymphytum officinaJdaraxacum
sp., Urtica dioica
Fo8 Picea abies, Calluna vulgaris, Carex pilulifera, f#&#bampsia flexuosa, Galium mollugo, Rubus
fruticosus, Sorbus aucuparia, Vaccinium myrtillus
F57 Abies alba, Deschampsia flexuosa, Fagus sylvaffieatuca altissima, Luzula luzuloides, Oxalis
acetosella, Picea abies, Rubus fruticosus, Rukamis, Sorbus aucuparia, Vaccinium myrti
RENECOFOR F76 Pinus sylvestris, Calluna vulgaris, Deschampsiautesa, Fagus sylvatica, Molinia caerulea, Rubus
fruticosus, Vaccinium myrtillus
Abies alba, Agrostis capillaries, Campanula rotuotia, Carex pilulifera, Cytisus scoparius, Digits
F63 purpurea, Epilobium montanum, Fagus sylvatica, @ailrotundifolium, Hypericum humifusum,
Picea abies, Rubus idaeus, Rumex acetosella
Fo Fagus sylvatica, Galium aparin&lechoma hederacgaedera helix, Lamium album, Lamium
ANDRA galeobdolonRubus fruticost
Pa Lolium perenneRanunculus repenRumex acetoselld araxacum sp Trifolium repens
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