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Abstract
The development of a biomonitor in the context of multiple-
element contamination in urban environments was tested by 
comparing element transfer in edible crops and poplar (Populus 
trichocarpa Torr. ´ Populus maximowiczii A. Henry cutlivar 
‘Skado’). A multielemental analysis was performed with various 
common edible crops (cucumber [Cucumis sativus L.], pepper 
[Capsicum annuum L.], cabbage [Brassica oleracea L.], and lettuce 
[Lactuca sativa L.]) and the Skado poplar cultivar grown on soils 
that received sediments dredged from water canals in the 1960s. 
Sediments were distributed unevenly on the soil, allowing us 
to sample two types of areas that were either weakly (Area 1) 
or highly (Area 2) contaminated, mainly by Cd, Pb, and Zn. We 
registered an accumulation of Cd and Zn in the edible parts of 
crops, with higher values recorded for leafy vegetables than 
for fruit vegetables. We did not detect any accumulation of Pb 
in the plant species studied. We calculated the fresh mass that 
must be consumed daily to reach tolerable daily intake (TDI) 
recommendations for each element and found evidence that Cd 
could be ingested in sufficient amounts to reach the TDI in this 
context. Poplar and pepper leaves accumulated more Cd and Zn 
than the edible parts of the study crops grown on both substrates, 
which suggests that poplar and pepper may be suitable species 
for biomonitoring element transfer to vegetation in this context.

Trace Metal(oid) Accumulation in Edible Crops and Poplar Cuttings 
Grown on Dredged Sediment Enriched Soil

Mohamad Assad, Michel Chalot, Fabienne Tatin-Froux, Valérie Bert, and Julien Parelle*

Urban gardening has recently experienced rapid 
development; however, the type and the provenance of 
the soils vary and could be contaminated by a complex 

mixture of different toxic compounds, such as trace elements. In 
this context, the development of a biomonitor might be needed as 
a cost-effective method to indicate the potential transfer of trace 
metal(oid)s (TMs) to the vegetation. The biomonitor should 
indeed reflect the quantity of TMs in the edible parts of a large 
variety of crop vegetables, and this indirect quantification should 
have a sufficient accuracy to indicate whether the concentrations 
measured in the plant tissues would suggest a concentration 
above the safety limits defined by public agencies in the edible 
crops grown in the vicinity. The use of plants as biomonitors has 
been described for atmospheric pollution evaluation using moss 
(Ares et al., 2012) and trees (for a review, see Tarricone et al., 
2015). The use of trees has also been suggested for the biomoni-
toring of TMs in soils. For instance, poplar (Populus L. spp.), 
known for its ability to phytoextract Cd and Zn into its leaves 
(Laureysens et al., 2005; Migeon et al., 2009; Phanthavongsa et 
al., 2017), has been used as a biomonitor in different contami-
nation conditions (Madejón et al., 2004, 2013). However, TM 
accumulation in plants is highly dependent on the environ-
mental bioavailability of metals to plants, hereafter called metal 
bioavailability. This can be defined as the flux of metals across a 
given root surface area of a target plant species for a determined 
period of time (ISO, 2006; Harmsen, 2007). Metal bioavailabil-
ity is distinct from environmental availability and is currently 
estimated by using physicochemical methods (based on the uti-
lization of extraction methods that employ extractants such as 
CaCl2 or NaNO3; Menzies et al., 2007). The determination of 
metal bioavailability is indeed crucial for assessing food chain 
contamination and phytotoxicity (i.e., toxicological bioavail-
ability; Peijnenburg et al., 1997). Recently, a plant-based biotest 
has been developed for the estimation of the bioavailability of 
soil contaminants (Bravin et al., 2010), and it has been validated 
as the International Standard ISO 16198:2015. This biotest is 
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•	 We estimated element transfer from a dredged sediment enriched 
soil to plants.
•	 The suitability of poplar and edible crops as biomonitors was 
tested.
•	 The ‘Skado’ poplar cultivar was confirmed to be a suitable bio-
monitor candidate
•	 The pepper plant is a promising novel candidate in the context 
of urban gardening.
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applicable to the assessment of environmental bioavailability 
of trace elements to plants, and it suggests three plant species 
(cabbage [Brassica oleracea L.], tall fescue [Festuca arundinacea 
Schreb.], and tomato [Lycopersicon esculentum Mill.]) for use in 
the standardized biotest procedure. Poplar indeed proved to be a 
useful bioindicator to assess the pollution of the urban environ-
ment (Laureysens et al., 2005; Celik et al., 2010; Sluchyk et al., 
2014; Assad et al., 2016). Given our previous results (Assad et al., 
2017), we tested the ‘Skado’ poplar cultivar (Populus trichocarpa 
Torr. ´ Populus maximowiczii A. Henry) as a candidate model 
plant that would reflect the transfer of TMs from soil to different 
crop vegetables. However, this previous study was limited to the 
particular context of a titanium ore landfill that would not reflect 
the current TM mixtures found in urban environments (such as 
As, Cd, Cu, Pb, Zn, etc.), which is why we decided to extend our 
studies to other substrates that contained these elements.

The “Voies Navigables de France” is in charge of dredging 
canals in France, which is vital to maintain navigable waters and 
adequate depths for ship navigation. The management approach 
for the dredged material has usually been to dispose of it in 
neighboring areas (Bert et al., 2009). Traditional solutions to the 
management of dredged sediments, such as dumping at sea or 
disposal in landfills, have become increasingly inadequate, and 
alternative solutions such as beneficial use in civil engineering 
and manufacturing have been proposed. However, contaminated 
dredged sediments are often not readily recoverable due to their 
high content of contaminants and their consequent hazardous 
properties, especially when considering the growth of edible 
plants. Sediments are indeed a compartment in which contami-
nants mostly accumulate (for a review, see Akcil et al., 2015). 
The organic compounds can often be degraded by soil micro-
organisms, whereas the TMs show high persistence, although 
this depends on soil properties that may induce environmental 
problems. Because one of the major ecological concerns around 
the experimental site is the production of woody biomass, a 
large-scale field trial using woody species (including poplar) has 
recently been implemented in the site to test the impact of woody 
cover on metal phytostabilization potential (Ciadamidaro et al., 
2017; Phanthavongsa et al., 2017). Although dredged canal sedi-
ments are no longer useful for agricultural purposes, we chose 
this dredged sediment storage facility to design the present study 
because it offers unique opportunities: (i) the studied area con-
tain contrasting levels of contamination, which could be used 
to test the effect of soil element content; (ii) the TM mixture 
that has accumulated in these sediments (mainly As, Cd, Cr, Cu, 
Ni, Pb, and Zn) is of particular interest for the urban gardening 
issues; and (iii) the data recorded on poplar in this study will be 
compared with the long-term field results.

Previous studies showed that the TMs contained in amend-
ments might end up in plants, whereas the accumulation rate 
highly depends on the species and organs. For example, in grape-
vines (Vitis vinifera L.) grown in polluted urban or industrial 
contexts in Serbia, all plant tissues contain large amounts of Cu 
except for the fruit, which is the edible part (Alagić et al., 2014). 
Concerning dredged sediments, similar observations were made 
by Ebbs et al. (2006) on bean (Phaseolus vulgaris L.), broccoli 
(Brassica oleracea L. var. botrytis L.), carrot (Daucus carota L. var. 
sativus Hoffm.), pepper (Capsicum annuum L.), and tomato and 
by Canet et al. (2003) on tomatoes and lettuce (Lactuca sativa 

L.) grown on lake dredgings, in which the sediments had positive 
effects on nutrients contents. The authors concluded that these 
dredged sediments could be used for the production of vegeta-
bles intended for human consumption.

In the present study, we estimated element transfer from a 
soil that has received dredged sediments to various edibles crops 
in controlled conditions. Two leafy vegetables (lettuce and cab-
bage), two fruit vegetables (pepper and cucumber [Cucumis sati-
vus L.]), and the tested model tree Skado poplar cultivar were 
grown on two substrates (from different area) with different 
levels of contamination. We compared the plant element content 
with the tolerable daily intake (TDI) defined by public agencies 
(Baars et al., 2001; INERIS, 2005; WHO, 2005; EFSA, 2006, 
2009) and with the soil element content, as estimated by the 
total recoverable and CaCl2–extractible fractions. We hypoth-
esized that the poplar leaves would quantitatively reflect the 
global transfer observed in all of the species for all elements, and 
we tested the same hypothesis using the leaves of fruit vegetables 
because of their easier accessibility in a gardening context.

Materials and Methods
Substrate Preparation and Physicochemical Analyses

Soils were collected in 2013 from a deposit site of dredged 
sediments located at Fresnes-sur-Escaut (Hauts-de-France, 
France; 50°25¢47¢¢ N, 3°35¢7¢¢ E), which has been fully described 
in Ciadamidaro et al. (2017). The soil in an anthroposol derived 
from the sediments has a silt loam texture (sand = 18.6%, silt 
= 57.4%, clay = 15.1%, CaCO3 = 3.5%, organic matter = 5.4% 
pHwater = 7.6, total N content = 3.5 g kg−1, C/N = 9.2, cation 
exchange capacity = 164 mmolc kg−1, B = 0.5 mg kg−1, total P 
content = 190 mg kg−1, K2O = 248 mg kg−1, MgO = 124 mg 
kg−1, CaO = 7627 mg kg−1, Na2O = 19 mg kg−1; Ciadamidaro 
et al., 2017). Regarding TM soil contamination, we performed 
detailed analyses in 2011 and 2013 of the whole area, and we 
were able to clearly distinguish two areas (Ciadamidaro et al., 
2017; Phanthavongsa et al., 2017), which allowed us to collect a 
weakly (from Area F1, Plot 32) and a highly polluted area (from 
Area F2, Plot 5) for the present paper. Approximately 50 kg of 
each soil area was collected, thoroughly mixed, and diluted with 
sand (1/1 v/v) prior to use to limit compaction in pot experi-
ments. The sand–weakly polluted area and sand–highly pol-
luted area mixtures are referred to as Substrate 1 and Substrate 
2, respectively, throughout the text, tables, and figures. Fertilizer 
(11–11–18 N–P–K, Osmocote Exact, detailed composition: N 
= 11%, P = 4.8%, K = 14.9%, Fe = 0.25%; Mn = 0.03%, B = 
0.01%, Cu = 0.05%, Mo = 0.01%, and Zn = 0.01%) was added 
to each pot (1.5 g pot−1) at the beginning of the experiment to 
ensure nonlimiting plant nutrition in the different substrates. 
Soil subsamples were collected before adding fertilizers and 
dried for further physicochemical analysis, as described below.

Growth and Sampling Conditions
Seeds from two leafy food crops, lettuce (Lactuca sativa 

‘Batavia Kamikaze’) and cabbage (Brassica oleracea ‘Mozart F1’), 
and two fruit food crops, cucumber (Cucumis sativus ‘Raider 
F1’) and pepper (Capsicum annuum ‘Alby F1’), were allowed to 
germinate for 2 wk in a loam substrate and were planted after 
cleaning the roots to ensure root contact with the contaminated 
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substrates. Thirty-centimeter Skado poplar cuttings were planted 
directly into the contaminated substrates. Twelve plants per spe-
cies were planted. Each plant was planted in individual 0.5-L 
pots containing Substrate 1 or Substrate 2. The climatic condi-
tions of the growth chamber were as follows: daylight for 16 h 
(250–300 mmol m−2 s−1), daytime temperature of 22°C, night-
time temperature of 18°C, and daytime and nighttime humid-
ity of 30%. One-half of the plants were collected after 32 d of 
growth, and the other half were collected after 56 d. All leaves of 
the five species and the fruits of cucumber and pepper were sam-
pled. The fruit and leaf tissues were carefully washed in deionized 
water to remove potential substrate particles, placed in separate 
paper bags, and dried at 40°C before analysis.

Elemental Analysis
To determine the available fractions of elements from the two 

areas (Table 1), 5 g of 2-mm sieved soil was dried at 60°C for 
48 h and incubated with 50 mL of 10 mM CaCl2 under agitation 
(40 rpm) for 2 h at room temperature. The mixture was first filtered 
with ash-free filters, passed through a 0.45-mm mesh, and acidified 
at 2% (v/v) with HNO3 prior to being analyzed by inductively 
coupled plasma atomic emission spectrometry (ICP–AES, radial 
ICAP 6500 model, Thermo Fisher Scientific). The recoveries for 
the studied elements were between 77 and 110%.

The extraction of total recoverable TMs from plant tissues 
(using 1.75 mL of HNO3 and 0.5 mL of H2O2) or soils (using 
2  mL of HNO3 and 5 mL of HCl) was performed after mill-
ing the samples (125 mg) and mineralizing them in closed tubes 
placed in a block digestion system (DigiPREP, SCP Sciences). 
Gradual heating was used to achieve a final temperature of 
100°C (total run of 265 min). Then, ultrapure water (Millipore 
Milli-Q Integral 3 system) was added to a final volume of 
12.5 mL. Finally, filtration to 1 mm was performed. The element 
concentrations were determined using ICP–AES, and all sam-
ples were analyzed in triplicate with certified reference materials, 
including oriental ‘Basma’ tobacco (Nicotiana tabacum L.) leaves 
(INCT-OBTL-5, LGC Promochem), Cucumis sativus fruits 
(IPE-817, LGC Promochem), and loamy clay soil (CRM052, 
LGC Promochem). The limits of quantification (LQ) and per-
centage recoveries are given in Supplemental Table S1.

The fresh mass (kg) to be eaten daily by an adult of 60 kg 
(FM) to reach the TDI for each TM was calculated as follow:

FM = (TDI/[TM])/(1 – Wc)  

where TDI is the tolerable daily intake of the considered TM for 
an adult of 60 kg, [TM] is the concentration of the considered 
TM (mg kg−1 dry mass), and Wc is the mean water content mea-
sured in the crops (cabbage = 84%, lettuce = 93%, pepper fruits 
= 95%, cucumber fruits = 95%).

Statistical Analysis
All statistical analyses were performed using R software ver-

sion 3.2.0 (R Development Core Team, 2015). All tests were 
considered significant if p < 0.05. Differences in element con-
tents among species, sampling dates, organs (leaves and fruits), 
and soil areas were analyzed by a two-way ANOVA followed 
by Tukey–Kramer mean comparison test. To respect the postu-
lates of ANOVA, the element contents were log transformed. 
All categories containing at least one individual below the LQ 
were removed from the statistical analysis according to Helsel 
(2010), who considered that replacement methods induce sta-
tistical bias, particularly when the sample size is small (n = 6 in 
this study). The removed data were denoted “<LQ” in Table 1, 
and the median and the number of samples above the LQ were 
noted. When fruit production was too low (n £ 2), the category 
was removed from the statistical analysis, and the median and the 
number of samples were noted. For all of the categories included 
in the statistical analysis, we reported the median ± range. For 
the principal component analysis (PCA), all data from the fruits 
and leaves were pooled into two data frames (one per soil area), 
and data below the LQ were considered to be null.

Results and Discussion
Soil Characteristics

Although the entire area received dredged sediment in the 
early 1960s, the two sampled areas were clearly distinct based 
on the degree of contamination (Table 1; Phanthavongsa et al., 
2017). The total soil concentrations of the major contaminants 
(Cd, Cu, Pb, and Zn) were 12-fold (Zn), sevenfold (Pb), or 
1.4-fold (Cu) higher in Area 2 than in Area 1, whereas Cd was 
not detected in Area 1. The elements As, Co, Cr, and Ni were 
in the same order of magnitude, slightly above the indicative 
world means (Table 1). None of these TMs (except As and Zn 
in Area 2) could be recovered in the CaCl2–extractible fraction. 
This method is well approved for the estimation of Cd, Ni and, 
Zn extractible fraction available for plants; however, the other 
studied metal(oid)s could have been under estimated (reviewed 
in Kim et al., 2015). Whatever, the low mobility of these elements 

table 1. median and range trace metal(oid) concentrations in Area 1 and Area 2 (total recoverable concentrations and cacl2–extractible fractions) 
and indicative world averages (from Kabata-Pendias, 2011). the number of replicates is indicated in parentheses. cases in which the data were below 
the limit of quantification are denoted by <lQ.

Area trait As cd co cr cu ni Pb Zn
————————————————————————— mg kg−1 —————————————————————————

Area 1 (3) Total recoverable 
concentration

13.3  
(11–19)

<LQ 12.7  
(11–15)

56.7  
(50–68)

28.5  
(28–29)

24.3  
(21–29)

49.5  
(47–52)

154.5  
(137–172)

CaCl2–extractible 
fraction

0.02  
(0.01–0.03)

<LQ <LQ <LQ <LQ <LQ <LQ <LQ

Area 2 (2) Total recoverable 
concentration

24  
(23–25)

7.5  
(7–8)

17.5  
(16–19)

79.5  
(72–87)

95.5  
(87–104)

37  
(37–37)

366.5  
(328–405)

1895.5  
(1720–2071)

CaCl2–extractible 
fraction

0.01  
(0.01–0.01)

<LQ <LQ <LQ <LQ <LQ <LQ 0.1  
(0.1–0.1)

Indicative world average  
(Kabata-Pendias, 2011)

6.8 0.41 11.3 60 38.9 29 27 70
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should be due principally to the chemical characteristic of the 
studded soils; indeed the high level of organic matter (5.4%) and 
the high pH (7.6) are well known to highly reduce the mobility 
of metal(oid)s.

Transfer of Trace Metal(oid) to the Plants
The PCA revealed the similarities among the plants species 

(and between organs) in their capacities to accumulate TMs, 
regardless of the substrate (Fig. 1). The various tested plant spe-
cies and organs could be grouped into three categories: those 
accumulating mainly Cd, Zn, and Ni, mainly the poplar and 
pepper leaves; those accumulating As, Co, and Ni (and Cr on 
Substrate 1), mainly the fruits of cucumber; and finally, those 
accumulating TMs to a much lower extent, mainly the leaves of 
cabbage and lettuce and the fruits of pepper. None of the plant 
species tested in this experiment was able to accumulate all of the 
studied TMs.

A more detailed analysis of TMs in the tested plants revealed 
three groups of elements (Table 2). For the first group (As, Co, 
Cr, and Pb), we did not observe transfer from the soil to the plant 
tissues in either of the two substrates, which was consistent with 
the low or undetectable CaCl2–extractible fractions measured 
for these elements (Table 1). A noticeable exception was the 
presence of As, Co, Cr, and Pb in a few cucumber and pepper 
fruits. Arsenic has been reported to accumulate in the edible 
parts of different plant species (Li et al., 2016). McBride et al. 
(2015) also found a significant accumulation of As in carrot, let-
tuce, green bean (Phaseolus vulgaris L.), and tomato; however, 
the tested concentrations were much higher than those measured 
in our studied substrates. Rosas-Castor et al. (2014) observed As 
accumulation in maize (Zea mays L.) when grown on a soil with 
an As concentration comparable with that in our substrates, but 
their recorded values in the shoot were mainly below our LQ for 
As (1.24 mg kg−1, Supplemental Table S1). The elevated total and 

Fig. 1. Principal component analysis of trace metal(oid) content in plant tissues. data are shown separately for (a, b) substrate 1 and (c, d) substrate 
2. the percentage of explained variance by the components is indicated in parenthesis. Panels a and c show projections of the barycenter of each 
plant species (green squares) on the two main components (Pc 1 and Pc 2) for leaves and fruits after 32 d or 52 d of growth. Panels b and d show 
projections of each element vector on the two main components (black arrows); the elements specific to the environmental context are high-
lighted in red.
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CaCl2–extractible fractions of As were therefore not reflected by 
As content in plants. The lack of detectable Pb in most of the 
plants from our study confirmed the low CaCl2–extractible 
fraction of Pb in substrates from both areas. Yadav et al. (2015) 
found that Pb could be detected in many edible crops (wheat 
[Triticum aestivum L.], fenugreek [Trigonella foenum-graecum 
L.], radish [Raphanus sativus L.], spinach [Spinacia oleracea L.], 
bean, clover [Trifolium L. spp.], and sorghum [Sorghum bicolor 
(L.) Moench]); however, their plants were irrigated with con-
taminated sewage industrial effluents, which could have induced 
much higher bioavailability (because the authors measured the 
DTPA [diethylenetriamine pentaacetate]-extractable fraction, a 
direct comparison with our results is not feasible). Cobalt was 
only detected in cucumber fruits (on the two substrates) and in 
pepper leaves, although at much lower levels (on Substrate 1). 
Since Co may also have been added to the substrate by the fertil-
izer that was used in our study, we cannot confirm the transfer of 
Co from the dredged sediment.

The second group of TMs is represented by Cu and Ni, which 
were detected in the fruits and leaves of most of the edible crops 
and in the leaves of poplar (Table 2). Despite higher total Cu 
or slightly higher total Ni content in Substrate 2 compared with 
Substrate 1 (Table 1), we did not find significant differences in 
their accumulation in plant tissues between the two soils. As 
mentioned for Co, Cu might also originate from the fertilizer. 
The values obtained for Cu in the present study are similar to 
those given in the Ciqual tables (French food composition 
tables) for the edible parts of the crops (ANSES, 2013). The 
highest Ni content was found for poplar leaves and cucumber 
fruits (Table 2). For all other species, the measured Ni concentra-
tions were mostly <1 mg kg−1 or below the LQ (<0.47 mg kg−1).

Cadmium and Zn belong to the third group of TMs. They 
accumulated at significantly higher levels in most plant tissues 
grown on Substrate 2 compared with Substrate 1 (Table 2), which 
reflects the differences in TM soil concentrations. Cadmium and 
Zn are indeed well known to be highly correlated, mainly due to 
membrane-unspecific transporters of the two elements (Gupta 
et al., 2016). Cucumber and pepper leaves accumulated higher 
Cd and Zn levels than fruits, as previously observed in tomato, 
cherry (Prunus avium L.), grape, and strawberry [Fragaria 
´ananassa (Weston) Duchesne ex Rozie] by Bagdatlioglu et al. 
(2010) and in apricot (Prunus armeniaca L.) and fig (Ficus carica 
L.) by Oteef et al. (2015). As a consequence, the accumulation of 
TMs in cucumber and pepper fruits could have been lowered by 
the storage of excess TMs in leaf tissues in these species.

Tolerable Daily Intake of Elements
Public agencies recommend TDI values for each element, 

reflecting the maximum amount above which no effect for 
human health has been recorded. Using these values, we calcu-
lated the fresh mass that would need to be taken in daily to reach 
this TDI for each edible crop and for each element in our experi-
mental context (Table 3). Such calculations do not consider a 
complete exposure scenario of the human population, such as 
the target hazard quotients used by Harmanescu et al. (2011), 
but they do allow one to determine whether the recorded ele-
ment content could be taken in in sufficient amounts to have an 
effect on human health. According to our calculation method, 
we found that several kilograms of the studied crops must be 

eaten daily to reach the TDI of Cu and Ni in this context. For 
Co, we observed that only 100 to 200 g of fresh mass of cucum-
ber fruit would need to be consumed to reach the TDI; however, 
as mentioned above, the presence of Co in the fertilizer does not 
allow us to conclude that the Co content in crops originated only 
from the TMs present in the dredged sediments. For Cr and Ni, 
a number of values were below the LQ, but we observed that 
for the highest values recorded, several kilograms of fresh crops 
must be consumed daily to reach the TDI of these two elements. 
However, this observation could not apply to As nor Pb because 
of their elevated LQ compared with other elements (1.24 and 
1.18 mg kg−1, respectively, Supplemental Table S1).

For Cd, only several hundred grams of fresh mass of each of 
the edible crops tested in the present study must be eaten daily 
to exceed the recommended TDI. Although a similar accumula-
tion pattern was recorded for Zn in the different crop species, 
we observed that several kilograms of fresh mass must be eaten 
daily to reach the TDI of this element for all of the tested crops. 
For both elements, higher concentrations were recorded in leafy 
vegetables (lettuce and cabbage) than in fruit vegetables (cucum-
ber and pepper). As a consequence, the intake of a half portion 
of fruit vegetables, compared with leafy vegetables, is needed to 
take in Zn and Cd at a similar order of magnitude.

Despite the low transfer of TMs from the soil to the plant tis-
sues, these data prompted us to conclude that the consumption 
of vegetable crops grown on such soils (receiving dredged sedi-
ments highly enriched in Cd and Zn) represents a potential risk 
for consumers through Cd exposure. Although these sediments 
clearly must not be used for gardening¸ we could conclude that 
selecting the cultivation of fruit vegetable crops instead of leafy 
vegetables would be more appropriate for urban gardening with 
the potential for exposure to similar TMs.

Accumulation of Trace Metal(oid)s in Poplar 
and in Leaves of Cucumber and Pepper

We tested the leaves of the model plant poplar as a potential 
biomonitor for TM transfer from soil to crops. Additionally, we 
tested the leaves of pepper and cucumber for the same purpose, 
which are more directly accessible in a gardening context. The 
leaves of the three species showed similar patterns of accumu-
lation of TMs than those measured in the edible parts of veg-
etable crops. These leaves accumulated Cd and Zn and showed 
no significant accumulation of As, Cr, Cu, and Pb (Table 2). We 
observed an accumulation of Ni in poplar leaves in Substrate 1 
and of Co in the pepper leaves on Substrate 1. Across all organs 
of all the vegetables tested, the highest values of the accumulated 
TMs (resumed by the PCA, Fig. 1) were recorded for the leaves 
of pepper and poplar on both substrates.

Therefore, the leaves of pepper and of poplar had the capac-
ity to maximize TM content, which could be transferred to the 
vegetation in this experimental context. Additionally, we noticed 
that the nonedible parts (i.e., leaves) of these fruit crops should 
not be used for feedstuff. The maximum Cd level allowed in 
animal feed is 0.88 mg g−1 dry mass (EU, 2002), and this thresh-
old value is clearly reached in our experimental design (Table 2), 
which would induce the transfer of Cd and its accumulation in 
the higher trophic levels of the food chain and in turn cause indi-
rect impacts on human health.
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Biomonitoring Potential of the Tested Species
Assessing the risk for human health of TM intake due to 

crop consumption by simply measuring the concentrations of 
total soil TMs is now considered irrelevant (Harmanescu et al., 
2011). This measurement indeed does not allow one to predict 
the transfer of any element to vegetation, it does not provide 
information about limit values for human health toxicity, and 
it does not take into account the interspecific variations of TM 
uptake. The use of sentinel vegetation has been widely considered 
but mostly for atmospheric pollution for which direct prediction 
is difficult (Smodiš et al., 2004). To reflect risk, an efficient plant 
biomonitor should quantitatively reflect the level of element 
transfer from soil to the edible parts (Smodiš et al., 2004), take 
into account that the level of transfer varies among plant spe-
cies, and be relevant for all of the potentially toxic elements in 
the specific context. Matching the interspecific diversity and the 
quantitative assessment of the risk of transfer suggests, as a first 
approach, the use of a large panel of sentinel plants. However, the 
analytical and human costs associated with such a concept would 
be economically irrelevant. Reducing the approach to a single 
plant biomonitor would be more relevant if the plant biomoni-
tor reflects the transfer for all of the elements for which a transfer 
is suspected in a specific context. In the context of gardening, 
the objective is generally to conclude an absence of risk; for this 
purpose, the chosen biomonitor should assess the maximum ele-
ment transfer to vegetation.

Poplar is a particularly interesting candidate because of its well-
known and high capacity to accumulate various TMs (Laureysens 
et al., 2005; Migeon et al., 2009; Celik et al., 2010; Sluchyk et 
al., 2014). The Skado poplar cultivar is of particular interest, as 
demonstrated in our previous papers, because it may accumulate 
Cr, Ni, Mn (Assad et al., 2017), and Hg (Assad et al., 2016), in 
addition to Cd and Zn. Indeed, in the present study, the Skado 

poplar cultivar accumulated a significantly higher content of Cd in 
its leaves when grown on Substrate 2 compared with Substrate 1. 
Compared with edible crops, poplar leaves encompass the transfer 
of most TMs present at our experimental site to the vegetation. We 
also found that pepper is a particularly promising model. Indeed, 
the use of pepper as a passive biomonitor planted directly into gar-
dens should be a relevant development of the present study, since 
pepper leaves mostly accumulate the TMs Cd and Zn and have 
the capacity to accumulate Mn, Fe, Ni (Assad et al., 2017), and Hg 
(Assad et al., unpublished data, 2016).

Supplemental Material
The supplemental material includes the LQs for elements and 

recovery percentages for the certified material. 
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