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Peri-urban horticulture performs environmental and socio-economic functions and provides ecological services to nearby urban areas. Nevertheless, industrialization and water pollution have led to an increase in the
exposure of peri-urban vegetables to contaminants such as trace elements (TEs) and organic microcontaminants (OMCs). In this study, the occurrence of chemical contaminants (i.e., 16 TEs, 33 OMCs) in soil and
lettuce leaves from 4 farm fields in the peri-urban area of the city of Barcelona was assessed. A rural site,
outside the peri-urban area of influence, was selected for comparison. The concentration of TEs and OMCs
ranged from non-detectable to 802.5 mg/kg dw and from non-detectable to 397 μg/kg dw respectively in the
peri-urban soil, and from 6 · 10−5 to 4.91 mg/kg fw and from non-detectable to 193 μg/Kg fw respectively in lettuce leaves. Although the concentration of Mo, Ni, Pb, and As in the soil of the peri-urban area exceeded the
environmental quality guidelines, their occurrence in lettuce complied with human food standards (except for
Pb). The many fungicides (carbendazim, dimetomorph, and methylparaben) and chemicals released by plastic
pipelines (tris(1-chloro-2-propyl)phosphate, bisphenol F, and 2-mercaptobenzothiazole) used in agriculture
were prevalent in the soil and the edible parts of the lettuce. The occurrence of these chemical pollutants in
the peri-urban area did not affect the chlorophyll, lipid, or carbohydrate content of the lettuce leaves. PCA
(Principal Component Analysis) showed that soil pollution, fungicide application, and irrigation water quality
are the most relevant factors determining the presence of contaminants in crops.
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Peri-urban horticulture performs environmental and socio-economic functions and provides ecological services to nearby urban areas. These include fresh vegetables with a low carbon footprint, as
well as the provision of recreational, landscape structure, and other
ecological services (Van Veenhuizen, 2007). Nevertheless, peri-urban agriculture is exposed to atmospheric and water pollution. For instance, air pollution associated with transportation infrastructure (airports, harbors, highways) or the use of reclaimed water containing organic microcontaminants (OMCs) and trace elements (TEs) for irrigation lead to their accumulation in soil and potentially in plants (Colon
and Toor, 2016; Liacos et al., 2012). In particular, the application of
manure and biosolids for soil amendment and of reclaimed water for
irrigation have been reported as the main sources of OMCs in agriculture (Eggen and Lillo, 2012).
On the other hand, as water scarcity is increasing due to climate
change and population growth, the application of reclaimed water for
crop irrigation in peri-urban agriculture is becoming a reliable alternative water supply, especially in arid and semi-arid regions (WHO,
1989). Despite the widespread occurrence of OMCs such as pharmaceuticals or personal care products in reclaimed water, their concen
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trations are generally low, ranging from ng/L to μg/L; their continual release into the environment coupled with their transformation
products makes them behave in a “pseudo-persistent” way (Daughton
and Ternes, 1999). Reclaimed water irrigation is also one of the main
sources of TEs in agriculture, along with biosolid and manure amendments and atmospheric deposition (Liacos et al., 2012; Lough et al.,
2005; Nabulo et al., 2006). As a result, TEs have a significant impact
on peri-urban agriculture (Singh and Kumar, 2006).
Bioaccumulation of OMCs have been frequently observed in crops
grown under field conditions irrigated with treated wastewater (Wu
et al., 2014). The highest concentrations have been detected in the
edible parts of leafy vegetables (carbamazepine and its metabolites
at 347 ng/g dw lettuce) rather than in root or fruit-bearing vegetables
(Riemenschneider et al., 2016). Knowledge about the bioaccumulation
of OMCs in vegetables irrigated with treated wastewater under field
conditions is scarce (Calderón-Preciado et al., 2011). One long-term
study (3 consecutive years) revealed that a longer duration of treated
wastewater irrigation may lead to a significant uptake and bioaccumulation of some OMCs (Christou et al., 2017). Moreover, TEs such
as Pb, Cd, and Zn have been found at greater concentrations in crops
grown on the roadside in peri-urban areas than in those from rural
sites (Nabulo et al., 2010, 2006). Therefore, concerns regarding human exposure to OMCs and TEs have arisen as they have been detected in the edible parts of plants (Khan et al., 2008; Pan et al.,
2014). However, only field studies can fully assess the incorporation
of these compounds in real scenarios (Colon and Toor, 2016), and to
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2.1. Sampling site description
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their potential impacts on leaf constituents (i.e. chlorophyll, nitrates,
lipids, and carbohydrate content). The study was conducted in 4 farm
fields located in the peri-urban area of Barcelona (NE Spain) and a remote organic farming plot located in a rural area.

Five locations in the Llobregat River delta and its lower valley (NE
Spain) were sampled. This peri-urban area consists of 3300 ha of protected farmland in the metropolitan area of the city of Barcelona that is
furrow-irrigated by open air channels (P2–P4, Fig. 1) built in the early
19th century (Paül and McKenzie, 2013). It is characterized by a gradient of atmospheric and irrigation water pollution originating from
industrial, urban, and agricultural activities.
The sampling sites included four farm plots located in the peri-urban area (P2–P5, Fig. 1) and one at a rural site (P1, Fig. 1), each with a
surface area of >0.1 ha. The soil of all 5 sampling sites was sufficiently
fertile to grow vegetables, and all had a similar electrical conductivity
and pH (Margenat et al., 2017).
Most of the sampling sites (P2–P4) were irrigated with water from
the Llobregat River, which receives discharges from 80 urban and industrial wastewater treatment plants (WWTPs) that account, on average, for 18% of the total river flow (Marcé et al., 2012). The irrigation water is then distributed through open-air concrete channels
(P2–P4). The irrigation water for P3 in particular comes from the Infanta Channel, which is an effluent-dominated creek receiving effluents from 10 WWTPs. The P5 sampling site is irrigated with well water impacted by industrial and road runoff, and the rural site (P1) is irrigated with well and rainwater. A drip irrigation system is used at the
reference site (P1), while furrow irrigation (P2–P4) and sprinkler irrigation (P5) is applied at the other sites. The reference site is also the
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date few such studies exist (Malchi et al., 2014; Wu et al., 2014). Another important adverse effect of the use of reclaimed water in agriculture is its high nitrate content. Nitrate content in vegetables is the major human dietary source of nitrate, and 5% of ingested nitrate is transformed into the toxic form nitrite (Santamaria, 2006). In this regard,
nitrate fertilization and the reuse of treated wastewater contribute to
nitrate uptake by food crops (Castro et al., 2009).
The occurrence of TEs and OMCs in agricultural soils can also
lead to morphological and physiological changes in the exposed
plants. For instance, Hurtado et al. (2017) observed that the occurrence of OMCs in irrigation waters at environmentally relevant concentrations resulted in a decrease in the chlorophyll content, morphological changes, and alterations in the metabolic profile of lettuces. Carter et al. (2015) observed a reduction in biomass productivity and changes in hormone and nutrient content in zucchini due
to the presence of carbamazepine and verapamil at environmentally
relevant concentrations (0.005–10 mg L−1 in soil). The occurrence of
heavy metals such as Pb in plants can inhibit chlorophyll biosynthesis and decrease vegetable carbohydrate content (Gaweda, 2007;
Peralta-Videa et al., 2009), while the occurrence of Cd can cause lipid
peroxidation (Monteiro et al., 2007; Rodríguez-Serrano et al., 2006).
However, there is no available information about the impact of the
co-occurrence of OMCs and TEs in crops in real-life scenarios. Furthermore, although the occurrence of TEs and pesticide residues in
food products is regulated in the EU (EFSA), USA (FDA), China,
and Australia-New Zealand, and the FAO has published international
guidelines (Codex Alimentarius), no regulations exist for the other detected OMCs.
In a previous study, several chemical pollutants were detected in
irrigation waters from the peri-urban horticultural area of the city of
Barcelona (Margenat et al., 2017). The present paper aims to assess
the occurrence of these pollutants (16 TEs and 33 OMCs) in lettuce
cultivation (soils and plants), as well as bioaccumulation factors and
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Fig. 1. Map of the sampling area. P1. Begues; P2. Prat de Llobregat P3. Sant Joan Despí; P4. Sant Boi de Llobregat; P5. Viladecans.
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2.2.2. Lettuce
Lettuce was selected for being one of the most cultivated vegetables in the peri-urban agricultural area of Barcelona. The lettuces
(Lactuca sativa L. cv. Batavia) were harvested when they reached
their commercial size. The lettuce seedlings were planted in February–March and June 2016, and the plants were harvested in May 2016
(P1–P5) and June 2016 (P3–4) for the winter and summer seasons respectively (Fig. 1). Each farm field was divided in 5 sections, and 10
lettuces were collected per section. For each section, a quarter of each
lettuce was mixed and comminuted together using liquid nitrogen and
a porcelain mortar. These samples were then stored at −20 °C until
they were analyzed. Thus, 5 samples were obtained per plot.

2.3.4. Trace element (TE) extraction

2.3.4.1. Soil
A slightly modified pseudo-total digestion method (Lee et al.,
2006) using a strong acid (HNO3-HClO4) was used. A portion of 0.1 g
of homogenized, dried sample was sieved through 2 mm mesh (CISA,
Spain) and placed in a polyethylene tube. Then, 10 mL of 65% HNO3
and 10 mL of concentrated HClO4 were added, and the mix was heated
up to 135 °C for 16 h. The digested samples were then evaporated, resuspended with 3 mL of HNO3, and then heated to ensure dissolution.
A 1 mL aliquot was diluted with 24 mL of Milli-Q water, and the sample was filtered (0.2 μm) prior to analysis.
An inductively coupled plasma optical emission spectrometer
(Thermo Scientific, iCAP 6500 ICP-OES) and an inductively coupled
plasma mass spectrometer (Thermo Scientific, XSeries 2 ICP-MS)
were used for the determination of major and minor TEs respectively
in both the soil and lettuce samples. The content of Hg was determined
using an advanced mercury analyser (AMA-254, Altec, Prague, Czech
Republic).
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2.3. Analytical procedures
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2.2.1. Soil
Soil was sampled in May of 2016 when the lettuce was harvested.
A composite soil sample from a horizon of 0 to 20 cm was obtained
from five subsamples in each farm plot. Soil samples were sieved
through a 2.0 mm mesh and stored at −20 °C. According to the USDA
(1987) classification, soil samples from farm plots P1, P3, and P4
were loamy sand, while the soils from farm plots P2 and P5 were
sandy. The soil samples were also characterized by UNE-EN ISO/IEC
17025:2005 accredited laboratories. Table 1-SM provides information
about the physicochemical properties of each of the studied soils.
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2.2. Sampling strategy

2.3.3. Chlorophyll content in lettuce
Chlorophyll content in lettuce was measured with a chlorophyll
meter (CCM200Plus, Opti-Sciences) (Hudson, NH, USA) in triplicate
based on the outer and inner leaf absorbance of each head of lettuce.
A calibration curve was obtained to relate the chlorophyll content to
the absorbance previously measured with the chlorophyll content meter. To this end, rounded samples of leaves (4 cm diameter) were extracted with 5 mL of N,N-dimethylformamide (DMF) and kept in the
dark at 4 °C for 48 h before the spectrophotometric determination. The
extracts were measured at two wavelengths, 647 and 664.5 nm, so that
chlorophylls (a, b, and total) could be calculated using Inskeep and
Bloom's coefficients (Inskeep and Bloom, 1985; Porra, 2002).
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only one dedicated to organic farming. Further information is available in Margenat et al. (2017).

The chemicals and reagents used for the analytical methodologies
described below are listed in the supplementary material (SM) section.

2.3.1. Nitrate content in lettuce
Extraction was performed according to the procedure recommended by the AOAC (Guadagnin et al., 2005). Briefly, 40 mL of
Milli-Q water were added to a tube containing 5 g of fresh-weight (fw)
lettuce leaves, and it was heated to 70 °C for 15 min. Once the extract
was at room temperature, Milli-Q water was added to a total volume
of 100 mL. It was then filtered through a filter paper (Whatman No.
4) prior to spectrophotometric measurement. Nitrate content was measured with a Hach-Lange spectrophotometer (DR 1900 Portable Spectrophotometer) at a wavelength of 460 nm as nitrate nitrogen (NO3-N).

2.3.2. Lipids and carbohydrate extraction in lettuce leaves
The method was adapted from that described by Yang et al. (2016).
Extraction was carried out by adding 15 mL of ethanol/hexane (1:1, v/
v) to a glass tube with 3 g of fw sample. The sample was sonicated
for 15 min and centrifuged at 2500 rpm for 15 min. It was then filtered through a 0.22 μm nylon filter (Scharlab, Barcelona, Spain) into
a pre-weighed glass tube. After removing the solvent by purging and
drying with nitrogen gas, the tube and filter were weighed. The sample remaining in the tube was operationally defined as lipid content,
whereas the sample on the filter was operationally defined as carbohydrates.

3

2.3.4.2. Lettuce
A portion of 1 g of plant leaf tissues, dried and sieved, was digested
with 4 mL (1:1) HNO3 and 10 mL of (1:4) HCl in a closed Teflon
vessel using a six-position EvapoClean heating block (EvapoClean,
Deltalabo, France) at 95 °C for at least 3 hosed. Afterwards, samples
were transferred to a 100-mL volumetric flask and centrifuged; therefore, a 10 mL aliquot was diluted with 40 mL Milli-Q water prior to
analysis. The determination method was the same as for the soil, but
values are expressed in fw basis. The applied methodology was validated by NIST 1570a (Gaithersburg, USA), with certified values for
As, B, Cd, Co, Cu, Mn, Hg, Ni, Zn in lettuce. For accuracy, excellent
extraction efficiencies were noted for these elements (92–107%). Further information is provided in Section 2.1 of the SM.
2.3.5. Organic microcontaminant (OMC) extraction
Physicochemical properties (molecular weight, pKa, solubility,
and log KOW,) of the studied OMCs are provided in Table 2-SM.
2.3.5.1. Soil
Soil extraction was adapted from a previously reported method
(Xu et al., 2008). Briefly, 5 g of soil (fw), homogenized and sieved
through 2.0 mm mesh, were placed in a glass tube. It was fortified
with 31.25 ng of a mixture of 6 surrogates and left to equilibrate for
30 min. The extraction was performed by sonication for 15 min three
times with 5 mL of acetone/ethyl acetate (1:1, v/v). The extract was
then centrifuged at 3100 rpm for 10 min and the supernatants were

4
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of the occurrence of chemical pollutants between farm plots was performed with a two-paired (Wilcoxon) signed-rank test (the concentration of each compound was compared between farm plots). Principal
Component Analysis (PCA) was conducted on the concentration levels of TEs, OMCs, lettuce constituents (chlorophyll, nitrates, lipids,
and carbohydrates), and soil properties. Once the data matrix had been
completed, it was autoscaled to have zero mean and unit variance (correlation matrix). Statistical significance was defined as p ≤ 0.05.

2.3.5.2. Lettuce
The extraction of OMCs from plant leaf tissues was performed according to Calderón-Preciado et al. (2009). Briefly, the extraction of
samples (0.5 g fw) was performed with a matrix solid-phase dispersion method previously spiked with 12.5 ng of a mixture of surrogates
and equilibrated for 30 min. Neutral-basic and acid fractions were obtained by solvent partitioning at neutral and acid pH, respectively.
After clean-up, fractions were reduced to ca. 80 μL and 37.25 ng of
TPhA were added. A 50 μL aliquot and another one derivatized with
10 μL of TMSH were analyzed in GC–MS/MS. The extraction of
carbamazepine and 10,11-epoxycarbamazepine from lettuce samples
was carried out by sonication followed by liquid chromatography tandem mass spectrometry (LC-MS/MS). To this end, 0.5 g of fw lettuce was spiked with 50 ng of carbamazepine-13C and left to stand
for 30 min. Samples were sonicated with 10 mL of MeOH for 15 min
and centrifuged 15 min at 3000 rpm. The extraction was performed
twice and the extracts were combined and reduced to ca. 1 mL with
nitrogen gas and reconstituted with 10 mL of LiChrosolv water. The
samples were then percolated through SPE cartridges (STRATA X,
100 mg·6 mL), previously conditioned with 1 mL of MeOH and water,
respectively. The cartridges were washed with water/methanol (95:5,
v/v) and eluted with 2 mL of a mixture of MeOH/ethyl acetate (1:1,
v/v). The final extracts were reduced almost to dryness, resuspended
in 1 mL of water, and filtrated (0.22 μm) prior to LC-MS/MS analysis.
The LODs and LOQs were calculated for each analyte as three and ten
times the signal from the baseline noise (S/N ratio), respectively. Analytical quality parameters (LOD, LOQ, and recoveries) are provided
in Tables 6–8 in the SM section. Further details on the GC–MS/MS
and LC-MS/MS are provided elsewhere (SM Sections 2.2 and 2.3).

3.1.1. Soil
Table 1 shows the concentration of 16 TEs in the soil samples and
their corresponding maximum values established for agricultural use
by Catalan Law 5/2017 in accordance with Spanish Royal Decree 9/
2005. The TE concentrations ranged from non-detectable (Cd in all
plots except P3) to 802 mg/kg dw (Mn in P5). The most abundant TEs
were Mn, Ba, Cr, Pb, Zn, Cu, and B in all the sampling sites. The
total median concentration of TEs per site was as follows: 824 mg/
kg dw (P1), 1353 mg/kg dw (P2), 1518 mg/kg dw (P3), 1623 mg/kg dw
(P4), and 1896 mg/kg dw (P5). Based on these results, P1 was thus the
least polluted site, and P5 the most polluted. A two-paired test showed
that soil from the rural site (P1) was less polluted by TEs than any
of the soils from the peri-urban area of Barcelona (P2-P5, p < 0.05).
In fact, the concentration of Mo, Ni, Pb, Zn, and As in the soils of
the peri-urban area (P2-P5) exceeded the maximum soil concentration
limit established for agricultural use in the regional decree (Generalitat
de Catalunya, 2017). These results are consistent with the abundance
of Mn (103–13,584 mg/kg dw), Zn (23–214 mg/kg dw), Cr (12–57 mg/
kg dw), Ni (9–111 mg/kg dw), Cu (4–170 mg/kg dw), Cd (0.1–130 mg/
kg dw), and Pb (20–86 mg/kg dw) reported in soil from the Baix Llobregat area (Zimakowska-Gnoińska et al., 2000). Finally, the high
concentration of As in the peri-urban soil was in agreement with the
fact that phosphatic fertilizers generally contain the highest concentrations of most heavy metal(loid)s including As, Cd, U, Th and Zn
(Alloway, 2012), whereas in the rural site organic amending was used
for soil fertilization.
The high concentration levels of Pb are consistent with the fact
that, in the past, Pb particles were widely released into the environment through vehicle emissions from leaded gasoline engines (half-
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3.1. Occurrence of trace elements (TEs)
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2.4. Data analysis

F

combined and evaporated to ca. 0.5 mL under a gentle stream of nitrogen. Next, 2 mL of methanol were added to the final extract, which
was reconstituted with 250 mL of deionized water prior to percolation
through previously conditioned SPE cartridges (STRATA X, 100 mg,
6 mL). The cartridges were dried under vacuum and eluted with 10 mL
of ethyl acetate. The extracts were concentrated to ca. 250 μL under a stream of nitrogen and 37.25 ng of triphenylamine (TPhA) were
added as an internal standard. Finally, a 50 μL aliquot was analyzed
by GC–MS/MS without derivatization, and another 50 μL aliquot was
analyzed derivatized with 10 μL of TMSH. The analytical quality parameters (LOD, LOQ, and recoveries) are provided in Tables 3–5 in
the SM section.

Data values for the soil and plants are presented in dw and fw respectively. This is in agreement with legislated units for each of the
studied matrices. The bioconcentration factor (BCF) was calculated
for TEs and OMCs as the ratio between the concentrations in the edible parts of lettuce plants and soil content (Eq. (3)). The units used
were mg/kg dw for TEs and μg/kg dw for OMCs.

The experimental results were statistically evaluated using the
SPSS v. 22 package (Chicago, IL, US). All data sets were checked
for normal distribution using the Kolmogorov–Smirnov test to ensure
that parametric statistics were applicable. The comparison of means

Table 1
Concentration of TEs (mg/kg dw) in the agricultural soil from the different studied plots.
The generic reference levels (GRL, mg/kg dw) of these elements for contaminated soils
in Catalonia are shown.

B
Ba
Cd
Co
Cr
Cu
Li
Mn
Mo
Ni
Pb
Rb
Sb
Zn
As
Hg

Plot 1

Plot 2

Plot 3

Plot 4

Plot 5

GRL agricultural use

92.1
86.3
<0.56
5.7
25.5
33.3
10.1
361.0
2.0
16.9
14.7
28.4
<0.56
131.7
16.2
0.012

131.7
257.0
<0.56
11.1
42.3
68.3
27.4
439.3
3.7
30.9
83.0
35.0
<0.56
195.4
27.3
0.301

93.9
226.3
0.79
9.7
44.6
88.9
25.6
520.4
3.6
57.0
216.2
37.1
<0.54
148.1
45.3
0.372

80.9
304.5
<0.50
10.3
43.5
177.8
28.1
494.4
2.0
32.5
163.8
39.2
<0.50
208.2
38.1
0.374

58.0
411.7
<0.60
16.9
62.2
89.2
43.2
802.5
2.9
48.9
77.4
57.6
<0.60
198.2
27.3
0.191

–
500
2.5
25
400
–
–
–
3.5
45
60
–
6.0
170
30
2
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3.2.2. Lettuce
Table 4 shows that 8 of the 25 compounds detected in soil samples were above the LOQs in the lettuce samples. Similarly, as in the
agricultural soil, methylparaben (106–193 ng/g fw in P1), 2-mercaptobenzothiazole (2.39–40.5 ng/g fw in P1) and bisphenol F (17.8–104 ng/
g fw in P3) were among the ones detected at highest concentrations.
Whereas the occurrence of bisphenol F and 2MBT can be attributed to
the presence of plastic materials in the agricultural fields (pipelines or
plastic mulch or film), the high abundance of MPB may be due to its
use as a fungicide in agriculture, although it can also be biosynthesized
by some plants (Calvo-Flores et al., 2018). MPB is also released into
water bodies via domestic and industrial wastewater (Becerra-Herrera
et al., 2018). Fungicides, dimethomorph, and carbendazim were only
detected in winter in P3 and P5, at concentrations up to 39 ng/g fw
(Table 4). This is consistent with the need for an early application
of fungicide in winter to reduce downy mildew and lettuce drop disease. Hence, direct foliar application of these fungicides could be
the main source of their presence in lettuce crops. These results are
higher than the concentration levels at which carbendazim has been
detected in lettuce (2–7 ng/g fw) sold at farmers' markets from January
to March in Hatay (Turkey) (Esturk et al., 2014). In addition, carbamazepine, one of the most widely reported pharmaceuticals in crops
due to its high plant uptake, and its transformation product (epoxy-carbamazepine) were detected in almost all the farm plots. This is in
keeping with the results reported by Malchi et al. (2014), where carbamazepine and epoxy-10,11-carbamazepine were detected in carrots
and sweet potatoes irrigated with secondary treated wastewater under
field conditions.
In summary, although previous studies have reported the occurrence of 33 OMCs in the irrigation waters (Margenat et al., 2017),
only two were taken up by plants from the water (i.e. carbamazepine
and surfynol 104). Therefore, this study shows that the occurrence of
OMCs in irrigation waters is not the main source of OMCs in crops,
as other pollutants released by the irrigation system or pesticide applications (carbendazim, dimetomorph, 2MBT, BPF, and MPB) were
detected in higher concentrations. Based on the two-paired test, it was
concluded that the concentrations of OMCs in groundwater irrigated
vegetables (P1 and P5) are statistically different (p < 0.05) from those
observed in surface water irrigated crops (P2 to P4). Higher occurrence of 2MBT in groundwater irrigated crops (P1) can be attributed
to the use of drip and sprinkle irrigation, whereas the higher occurrence of MPB is of unknown origin. Conversely, although BPF appeared only in soil samples from drip (P1) and sprinkle irrigation
fields (P5), it was detected in the crops of all farm plots, which demonstrates its ubiquity. The values of the detected fungicides – carbendazim and dimethomorph (P3 and P5) – were compliant with the
levels established for lettuce by Regulation (EC) No 396/2005 on
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3.1.2. Lettuce
Table 2 shows the minimum, maximum, and median concentrations (mg/kg fw) of TEs in lettuce samples. B, Ba, Mn, and Zn were
the most abundant TEs, in keeping with the occurrence of these elements in soil samples (Table 1). The detected levels were in the same
range as those published for garden-grown vegetables (leafy greens,
herbs, roots, and fruits) (McBride et al., 2014) for Ba (3.7 mg/kg fw)
and Cd (0.028 mg/kg fw), but slightly higher for Pb (0.099 mg/kg fw).
The values of Cd were compliant with Commission Regulation (EC)
No 1881/2006 of 19 December 2006, which sets maximum levels for
certain contaminants in food stuffs. In contrast, Pb in P3 in the summer season slightly exceeded the maximum legislated concentration.
Since the winter levels were below the regulated concentrations, further studies are needed to establish the significance of these data.
A two-paired test was used to compare differences between sampling points regarding the TEs present in lettuce samples. No statistical differences (p > 0.05) were obtained for Cr, Mn, or Ba content at
the study sampling sites. In contrast, they were obtained among sites
for the rest of the TEs. The most polluted crops were found in site
P3 (total concentration of 192 mg/kg fw in winter and 170 mg/kg fw
in summer), whereas crops least polluted by TEs (total concentration
140 mg/kg fw) were grown in the rural farm plot. Nevertheless, no statistical differences were found in the total metal concentration measured in vegetable crops from each farm plot (p > 0.05).

material in the manufacture of polyester, plastic foam, binder, and
resins, while bisphenol F and other bisphenol analogues have gradually emerged as substitutes for bisphenol A in various applications,
such as the plastic and canning industries, due to their similar physicochemical properties (Regueiro and Wenzl, 2015). The concentrations of OMCs detected in the soils of the area of study were in
the same range as those published in the peri-urban horticultural area
of La Plata (Buenos Aires, Argentina) for azoxystrobin (0.8–153 ng/
g dw) and lower than those for chlorpyrifos (79–2258 ng/g dw) (Mac
Loughlin et al., 2017). The average concentration of OMCs in soil was
higher in P1 and P5 (>14 ng/g dw) than in P2-P4 (<4 ng/g dw). This is
probably due to the use of plastic tubing for water irrigation in these
two farm plots. Paired t-tests showed statistical differences (p < 0.05)
in all the sites.
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life in soil of about 53,000 years). Industrial emissions and paints can
also contribute to the release of Pb into the environment (Nabulo et
al., 2006). Ba and Mn come mainly from natural sources in both urban and rural areas (Davis et al., 2009), while the source of B can be
either geogenic or anthropogenic (fertilizers, households detergents,
discharges from industrial plants, etc.) (Pedrero et al., 2010). Finally,
Zn is naturally present in all soils in concentrations typically ranging from 10 mg/kg to 100 mg/kg; and human activities have enriched
them through atmospheric deposition, fertilizers, and sewage sludge
(Alloway, 2012). The proximity of road networks can also lead to considerable exposure to Zn through brake and tire wear, tailpipe emissions of motor oil, and anti-wear additives (Lough et al., 2005).

3.1.2.1. Bioconcentration factor for TEs
Table 9-SM shows the BCFs of selected TEs in lettuce for each of
the studied farm plots. The BCFs ranged from 0.0002 (As in P5) to
1.78 (Cd in P2). Sb and Cd were the TEs with the highest BCFs. Ratios > 1 denote a positive accumulation of metals in plant organs. Only
Cd (P2 and P4) and Sb (P1, P2, P3, and P5) exhibited values above
1. Although most of the values obtained were <1, it must be recalled
that only the edible part of the plant was analyzed. The BCF of a TE
depends on the plant cultivated and the soil properties, such as pH,
OMC, and the distribution of metals in different soil fractions (Kos
et al., 2003). These results are in keeping with other studies in which
Cd is the TE most likely to accumulate in leafy vegetables, with BCFs
ranging from 0.01 to 3.10 (Chang et al., 2014).
3.2. Occurrence of organic microcontaminants (OMCs)

3.2.1. Soil
Table 3 shows that only 25 of the 33 OMCs studied in the sampled agricultural soils were detected over the LOQs in at least one
site. Unexpectedly, the concentrations of OMCs ranged from non-detectable to 397 ng/g dw for TCPP (P1). The highest concentration values were recorded for TCPP and bisphenol F (Plots 1 and 5). The
high values of TCPP and BPF could be due to the use of plastic tubing for drip and sprinkler irrigation. In fact, TCPP is used as a raw

5

Plot 1 winter
(1.43–1.89) 1.73
(0.56–0.66) 0.59
(0.02–0.04) 0.03
(0.01–0.02) 0.01
(0.10–0.20) 0.14
(0.57–0.78) 0.67
(0.05–0.05) 0.05
(1.29–1.77) 1.47
(0.02–0.03) 0.02
(0.05–0.09) 0.07
(0.09–0.15) 0.11
(0.41–0.49) 0.45
(0.02–0.02) 0.02
(2.36–3.41) 2.78
(5.10·10−4–8.55·10−4)
6.77·10−4
(3.65·10−4–1.67·10−3)
1.06·10−3

Plot 2 winter
(1.54–2.44) 1.98
(0.38–0.66) 0.48
(0.02–0.03) 0.02
(0.00–0.01) 0.01
(0.08–0.26) 0.15
(0.46–0.69) 0.59
(0.02–0.04) 0.03
(2.65–4.20) 3.32
(0.02–0.04) 0.03
(0.04–0.10) 0.06
(0.08–0.19) 0.13
(0.28–0.53) 0.40
(0.01–0.01) 0.01
(1.73–2.92) 2.28
(2.16·10−4–9.36·10−4)
6.01·10−4
(5.20·10−4–1.12·10−3)
8.37·10−4

Plot 3 winter

(1.62–2.02) 1.86
(0.55–0.80) 0.62
(0.03–0.03) 0.03
(0.01–0.02) 0.01
(0.08–0.78) 0.25
(0.48–0.76) 0.65
(0.04–0.08) 0.06
(3.29–4.28) 3.59
(0.02–0.06) 0.03
(0.08–0.61) 0.21
(0.13–0.45) 0.28
(0.30–0.42) 0.35
(0.02–0.03) 0.02
(1.30–1.96) 1.71
(5.67·10−4–2.30·10−3)
1.54·10−3
(6.95·10−4–1.45·10−3)
1.07·10−3

Plot 3 summer

(1.56–2.43)1.92
(0.44–0.71)0.60
(0.01–0.02)0.02
(0.01–0.02)0.01
(0.09–0.54)0.20
(0.64–0.89)0.78
(0.03–0.05)0.04
(1.50–2.46)1.89
(0.02–0.05)0.03
(0.05–0.41)0.13
(0.13–0.21)0.16
(0.37–0.59)0.50
(0.01–0.01)0.01
(2.15–3.12)2.53
(4.45·10−4–1.17·10−3)
8.35·10−4
(6.90·10−4–1.56·10−3)
9.74·10−4

Plot 4 winter

Plot 4 summer

(1.58–2.42) 2.00
(0.48–0.85) 0.61
(0.01–0.02) 0.01
(0.01–0.02) 0.01
(0.20–0.57) 0.33
(0.60–0.96) 0.78
(0.03–0.05) 0.04
(1.73–2.79) 2.16
(0.03–0.06) 0.04
(0.19–0.32) 0.25
(0.13–0.25) 0.20
(0.39–0.60) 0.50
(0.02–0.02) 0.02
(2.01–2.95) 2.50
(4.19·10−4–1.10·10−3)
6.88·10−4
(5.26·10−4–8.56·10−4)
7.45·10−4

F

(1.30–1.97) 1.58
(0.40–0.58) 0.47
(0.01–0.02) 0.01
(0.01–0.02) 0.02
(0.11–0.17) 0.13
(0.45–0.81) 0.57
(0.04–0.07) 0.06
(1.89–2.70) 2.33
(0.02–0.03) 0.02
(0.05–0.12) 0.09
(0.13–0.22) 0.19
(0.33–0.56) 0.44
(0.01–0.02) 0.01
(1.47–2.69) 1.91
(2.67·10−4–1.40·10−3)
8.43·10−4
(6.36·10−4–1.66·10−3)
1.01·10−3

Plot 5 winter

OO
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(1.50–2.12) 1.76
(0.62–1.16) 0.83
(0.004–0.008) 0.006
(0.02–0.03) 0.02
(0.12–0.34) 0.20
(0.40–0.66) 0.49
(0.04–0.07) 0.05
(2.77–4.91) 3.60
(0.02–0.03) 0.03
(0.05–0.16) 0.09
(0.03–0.08) 0.05
(0.32–0.50) 0.37
(0.02–0.07) 0.03
(1.00–1.52) 1.23
(5.75·10−5–6.51·10−4)
4.10·10−4
(3.01·10−4–4.59·10−4)
3.65·10−4

Table 2
Minimum, maximum and median concentration (mg/kg fw) of TEs in lettuce samples. Only Plots 3 and 4 were planted during the summer season.

B
Ba
Cd
Co
Cr
Cu
Li
Mn
Mo
Ni
Pb
Rb
Sb
Zn
As
Hg

ED
CT
RE
OR

C
UN

Maximum value
legislated

–
–
0.20
–
–
–
–
–
–
–
0.30
–
–
–
–

–
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Plot 3
(ng/
g dw)

Plot 4
(ng/
g dw)

Plot 5
(ng/
g dw)

nd
nd
1.40

nd
nd
<0.22a

nd
nd
<0.22

3.82
6.68
0.48

nd
nd
0.56

nd
nd
<0.10
1.05

nd
nd
<0.10
nd

nd
8.96
<0.10
0.23

nd
nd
<0.10
nd

3.24
16.9
<0.10
2.26

<4.34

<4.34

5.42

<4.34

<4.34

<0.12

<0.12

<0.12

<0.12

<0.12

<4.22
<0.15
199
<4.09
<0.41
<0.12
nd
<5.91
<6.18
5.64

<4.22
nd
<9.56
<4.09
<0.41
<0.12
nd
nd
29.5
5.48

<4.22
nd
7.91
7.85
6.75
0.62
nd
<5.91
<6.18
5.78

<4.22
nd
<9.56
<4.09
<0.41
0.14
nd
nd
<6.18
5.78

<4.22
0.28
106
18.1
12.8
0.34
1.27
<5.91
18.3
6.83

<0.63
<0.19
1.98
nd
nd
397

<0.63
<0.19
1.36
nd
<0.21
<21.5

<0.63
<0.19
2.44
0.23
<0.21
<21.5

<0.63
<0.19
1.31
nd
<0.21
<21.5

<0.63
0.48
2.12
2.68
<0.21
114

a

3.3. Effects of the occurrence of chemical pollutants in lettuce
The chlorophyll, nitrate, lipid, and carbohydrate content of the
sampled lettuces were analyzed to evaluate the effects of chemical
pollutants in fresh lettuces (Table 5). Lettuces harvested in summer
showed statistically higher chlorophyll concentration levels (p < 0.05)
than those harvested in winter, which can be accounted for by the
longer exposure to sunlight during the summer season (Gent, 2014).
The concentration of nitrates ranged from 628 to 1854 mg/kg. Although nitrate concentrations in vegetables are considered to be of
low toxicity, nitrate is easily reduced to nitrite, which can pose a risk
to human health (Guadagnin et al., 2005). The European Union established maximum values for nitrate content in lettuce produced in
open fields of 2500 mg/kg in summer and 4000 mg/kg in winter (Regulation (EC) No 1881/2006). None of the harvested lettuce showed
values above the maximum legislated levels. Since the nitrate concentration in vegetables depends on the harvesting period, agricultural system, maturation stage, and plant part, almost all the sampling sites had a statically different (p < 0.05) nitrate content from the
other sites. Furthermore, unlike other studies (Guadagnin et al., 2005;
Woese et al., 1997), the organic farming plot (P1) was not found to
have lower nitrate concentrations. This could support the idea that nitrate content is subject to many factors. For instance, in this study ni

UN
CO
RR
EC

nd = not detected, concentration values have been corrected by the recoveries.

F

Plot 2
(ng/
g dw)

PR
OO

Azoxystrobin
Chlorpyrifos
N,N-Diethyl-meta-toluamide
(DEET)
Diazinon
Dimethomorph
Surynol 104
Tris(2-chloroethyl) phosphate
(TCEP)
2-Mercaptobenzothiazole
(2MBT)
5-Methyl-2H-benzotriazole
(5TTri)
Bisphenol A (BPA)
Butylparaben
Bisphenol F (BPF)
Benzothiazole
Benzotriazole
Carbamazepine
Carbendazim
Lorazepam
Metylparaben (MPB)
1-Hydroxybenzotriazole
(OHBT)
Octylphenol
Propylparaben
Pymetrozin
Pyraclostrobin
Carbamazepine-10,11-epoxide
Tris (chloroisopropyl)
phosphate (TCPP)

Plot 1
(ng/
g dw)

3.2.2.1. Bioconcentration factors for OMCs
The BCFs for detected compounds ranged from to 1 to 375 (Table
10-SM). The compounds to show the highest BCFs were carbendazim,
due to its direct application as a fungicide (375), and bisphenol F,
which is released by the drip irrigation system (200). Except for these
two compounds, all other BCF values were in the range of those observed in plants grown in soil but lower than those observed in plants
grown under hydroponic conditions (Wu et al., 2015). For instance, in
a real field-scale study, Wu et al. (2015) found that carbamazepine had
BCF values up to 20 as it is easily transferred from soil to plant, which
is in keeping with the values found in the present study (6 to 53). BCFs
from crops harvested in summer were lower than those from winter
season. This can be explained by the higher lipidic content in summer
(Table 5).

TE
D

Table 3
Concentration of OMCs (ng/g dw) in soil samples during the summer campaign.

Values between LOQ and LOQ are given as <LOD.

maximum residue levels of pesticides in food, as the legislated values
are about 15 mg/kg fw for dimethomorph and 0.1 mg/kg fw for carbendazim.

7

Table 4
Minimum, maximum and median concentration (ng/g fw) of the OMCs detected in lettuce samples during summer and winter campaigns. Only Plots 3 and 4 were planted during the
summer season.

Dimetomorph
Surfynol 104
2MBT
BPF
Carbamazepine
Carbendazim
MPB
Carbamazepine epoxide

Plot 1 winter

Plot 2 winter

Plot 3 winter

Plot 3 summer

Plot 4 winter

Plot 4 summer

Plot 5 winter

nd
<4.07
(2.39–40.5) 15.3
(1.11–1.91) 1.61
(0.18–0.23) 0.20
nd
(106–193)136
(0.19–0.24) 0.21

nd
<4.07
<0.66
(1.58–3.92) 3.01
(0.11–0.13) 0.12
nd
(45.2–47.2) 46.4
nd

(15.3–20.5) 19.5
(<4.07–8.10) 7.57
<0.66
(17.8–104) 62.0
(0.13–0.32) 0.23
(<0.24–2.61) 2.24
(24.9–31.9) 28.7
(0.05–0.07) 0.06

nd
<4.07
<0.66
(1.34–3.41) 2.28
(0.33–0.56) 0.36
<0.24
(23.6–31.5) 25.0
(0.08–0.10) 0.09

nd
<4.07
(<0.66–0.74)
(15.9–31.2) 22.2
(0.08–0.18) 0.11
nd
(25.2–47.9) 31.6
(0.08–0.25) 0.16

nd
<4.07
<0.66
(13.3–49.6) 15.5
(0.10–0.51) 0.16
nd
(25.8–41.4) 34.9
0.09

(0.42–0.62) 0.59
(<4.07–6.77)
(<0.66–1.74) 1.51
(0.59–2.32) 2.16
(0.13–0.20) 0.14
(<0.24–38.9) 19.9
(48.3–83.3) 64.3
(0.08–0.13) 0.11

nd = not detected.
Concentration values have been corrected by the recoveries.

Table 5
Minimum, maximum and average levels of different lettuce quality parameters studied (n = 5).

Water content (%)
ChlT (mg/cm2)
Nitrates (mg/Kg)
Lipids (%)
Carbohydrates (%)

Plot 1 winter

Plot 2 winter

Plot 3 winter

Plot 3 summer

Plot 4 winter

Plot 4 summer

Plot 5 winter

95.0
(0.40–0.80) 0.58
(1113–1543) 1331
(0.13–0.17) 0.15
(4.03–4.46) 4.20

95.3
(0.4–0.7) 0.6
(729–862) 793
(0.10–0.23) 0.16
(3.78–5.53) 4.37

96.1
(0.4–0.7) 0.6
(1467–1854) 1648
(0.10–0.16) 0.13
(3.36–4.23) 3.66

95.2
(1.1–1.2) 1.2
(1264–1411) 1316
(0.22–0.23) 0.23
(2.76–5.23) 4.20

95.7
(0.5–0.6) 0.6
(739–1039) 843
(0.13–0.23) 0.20
(4.58–5.94) 5.15

95.2
(1.1–1.2) 1.1
(628–835) 736
(0.17–0.27) 0.22
(5.20–6.96) 5.71

95.8
(0.2–0.6) 0.4
(1202–1827) 1427
(0.17–0.33) 0.24
(4.64–5.43) 5.03
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trate content in irrigation waters (Margenat et al., 2017) seemed to be a
relevant factor since it was higher in P1, P3, and P5. Fig. 1-SM shows
a strong relationship between nitrate content in lettuce and irrigation
water (Pearson correlation coefficient of 0.897 and p-value < 0.05),
which means that the main source of nitrates in crops is plant uptake
from irrigation water.
Finally, the lipid and carbohydrate content was analyzed, as the
lipid portion has been shown to be a major reservoir for the storage of
OMCs (Yang et al., 2016). The concentration of lipids and carbohydrates was shown to be strongly dependent on both the farm plot and
the season. Specifically, P4 and P5 had a higher carbohydrate content
than the other farm plots studied, and lettuce harvested in summer had
higher lipid and carbohydrate content than lettuce harvested in winter (P3). This is consistent with the fact that greater sunlight intensity in summer promotes higher sugar accumulation in plants (Gent,
2014). Furthermore, the results show a negative relationship between
nitrate content and sugar content, as has been previously reported for
the stabilization of osmotic potential in plant tissues (Blom-Zandstra
and Lampe, 1985).

UN
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EC

PCA with Varimax normalized rotation was performed, reducing
the 76 measured variables to six principal components with eigenvalues >1 explaining 95.7% of the total variance observed.
The first principal component (PC1), which explains 31.4% of
the variance in the dataset, showed strong positive loadings (>0.8,
Table 11-SM) for some OMCs in soil (PPB, carbendazim, surfynol
104, BPB, BT, TCEP, dimethomorph), other OMCs in lettuce (carbendazim), TEs in soil (Mn, Rb, Mg, Co, Cr, Li, and K), a few TEs
in lettuce (Li), soil moisture, and soil cation-exchange capacity. The
positive loadings of these compounds correlated with a high chemical
pollution in the soil as well as fungicide application in lettuce (carbendazim); the highest contribution was for the P5 site. This finding indicates that PC1 was associated with pollution.
Another 25.0% of the variance is explained by the second principal component (PC2), which has high positive loading values (Table
11-SM) for TEs in soil (Hg, Ca, Na), TEs in lettuce (Hg, Zn),
epoxy-10,11-carbamazepine in soil, and total organic carbon (TOC)
in soil. This correlated with sampling sites collated in the peri-urban
area, where Na and TOC values are high. Negative loading values
were found for MPB in lettuce and TCPP and BPF in soil, which correlates with the control site.
Finally, the third principal component (PC3) explains 19.9% of the
variance in the dataset and has high loadings for soil electrical conductivity, some OMCs in soil (2MBT, carbamazepine, pymetrozin), Mn
and carbamazepine in lettuce, and nitrate content in lettuce. This correlates with the impact of reclaimed water (P3), as has previously been
determined in the characterization of the irrigation waters (Margenat
et al., 2017), a finding that is consistent with the higher soil conductivity and carbamazepine concentration observed in this farm plot.
Fig. 2a shows the three main groups differentiated with regard to
the first two PCs. The three main groups are the rural plot (I), P5
(II), and P2–P4 (III). As can be seen, the first differential characteristic depends on the proximity of the sampling site to the urban area.
P2–P5 are located in the peri-urban area, whereas P1 is located in a
rural area unexposed to urban pollution. However, P5 is impacted by
industrial effluents and other soil pollution due to the use of urban
biosolids and pesticides. This makes this farm plot the most polluted
site. Fig. 2 shows the score plots of PC1 vs PC3. As can be seen, the
farm plots from the peri-urban area can be grouped into 3 clusters:

TE
D

3.4. Correlation analysis (PCA)

Fig. 2. Principal Component Analysis (PCA) results. a) Scores plot PC1 vs PC2
(ID1 = Plot1, ID2 = Plot2, ID3 = Plot3, ID4 = Plot4, ID5 = Plot5, ID6 = Plot3 summer,
ID7 = Plot4 summer), b) Scores plot PC1 vs PC3.

the plots irrigated with river water (group IV, P2 and P4), the farm
plot irrigated with reclaimed water (group III, P3), and the farm plot
irrigated with groundwater (group II, P5). Therefore, the main differences observed in this second score plot (Fig. 2b) with regard to pollution (organic and inorganic) in soil and lettuce are due to the quality
of the irrigation water.
4. Conclusions
The results of this study demonstrate that peri-urban pollution increases the occurrence of pollutants, but does not affect lipid and carbohydrate content.
− The concentrations of TEs and OMCs ranged from 0.79 to
802.5 mg/kg dw and from <0.1 to 397 ng/g dw, respectively, in the
peri-urban soil, whereas they ranged from 6·10−5 to 4.91 mg/kg fw
and from <0.1 to 193 ng/g fw, respectively, in the lettuce crops.
− The concentrations of metals in the soil from the rural area were
always below the Catalonian guidelines, but limits were exceeded

Science of the Total Environment xxx (2018) xxx-xxx

−

−

Although the present study showed that lettuce exposure to peri-urban pollution did not affect lipid and carbohydrate content, further
studies are necessary to assess changes in agri-food quality associated with peri-urban pollution. Similarly, further work is needed on
the potential effects of chemical pollutants released by plastic irrigation pipes on crops.
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