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Abstract: The use of natural organic correctives is a current agricultural practice that may have advan-
tages for the production of plants in contaminated soils. Cork powder is a natural sub-product of the cork
industry that has several potential benefits compared to more commonly used soil amendments. In this
work, an evaluation was performed of the use of cork powder (a non-conventional organic residue) and
horse manure (traditionally used in agriculture) to control the availability of potentially toxic elements in
artificially contaminated soils. Four concentrations were used for each element: Cr (100 to 800 mg kg−1),
Ni (37.5 to 300 mg kg−1), Zn (150 to 1200 mg kg−1), Cd (1.5 to 12 mg kg−1) and Pb (150 to 1200 mg kg−1).
The accumulation of these elements in lettuce plants grown in pots under controlled conditions was
evaluated. With the exception of Cd, no significant differences were detected in the absorption of
the different elements by lettuce plants at the studied amounts of correctives applied (1% for cork
powder and 0.5% for horse manure). Cadmium was the element that accumulated most in lettuce.
Cork powder was shown to be less effective than horse manure in controlling the bioavailability
of these elements in the soil. Further tests with chemically modified cork products could improve
its efficiency.

Keywords: cadmium; chromium; lead; nickel; zinc; cork; horse manure; element accumulation; lettuce

1. Introduction

The contamination of vegetables by potentially toxic elements (PTE), either essential or
non-essential, is a widespread problem that spans different scientific areas like those related
to the environment, agronomy, food production, and public health. Soil contamination
with PTE results, in most cases, from anthropogenic causes like agricultural, mining and
industrial activity, atmospheric deposition, waste water, domestic effluents, and the use of
poor quality corrective materials [1].

Although contamination has been greatly reduced in most developed countries, many
soils can still contain high levels of contaminants resulting from previous anthropogenic
activities and, in many countries, this contamination remains [2,3]. The contamination of
vegetables with PTE can thus occur, mainly, due to their presence of toxic levels of certain
PTE in soils, irrigation water, and air [4,5].

While Cd, Cr, and Pb are non-essential elements for plants, Ni and Zn are essential
micronutrients, but all can be toxic above critical concentrations [5].

Chromium is one of the most abundant metals in the earth’s crust and usual mass
fractions in soils range from 0.1 to 0.3 mg kg−1 [6]. Both Portuguese and Canadian
regulations define a limit of 67 mg kg−1 for the total Cr content in agricultural soils [7,8].
While Cr has several oxidation states, the most common are Cr3+ and Cr6+ which can
interconvert depending on redox conditions, being Cr6+ the most toxic form [9]. The form
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Cr3+ is less toxic and predominates in most soils, presenting low mobility and occurring
mostly linked to organic matter [10].

Nickel is an essential element for plants where it is usually found in low mass fraction
in the range 0.05–10 mg kg−1 dry mass (DM), but it can reach higher mass fractions in
plants growing in Ni contaminated soils leading to toxicity symptoms [11,12]. In soils,
normal Ni values are reported to range between 0.5 and 10 mg kg−1 [13] and in Portuguese
and Canadian regulations the limit for Ni in agricultural soils is defined as 37 mg kg−1 [7,8].

Zinc is also an essential element and is present in soils in mass fractions between
10 and 300 mg kg−1 with an average of around 55 mg kg−1 [14]. Although deficiency
symptoms are usually a problem [15], toxic effects have also been reported [16]. Portuguese
and Canadian regulations limit the amount of Zn in agricultural soils to 290 mg kg−1 [7,8].

Cadmium mass fractions in uncontaminated soils vary between 0.02 and 2.0 mg
Cd kg−1 or higher in sedimentary rock soils (0.3 to 15 mg Cd kg−1) [1]. Several countries
have regulated the maximum Cd mass fractions in soils and, for example, they must
have levels below 1 mg Cd kg−1 in agricultural soil according to both Portuguese and
Canadian regulations [7,8]. While Cd is relatively available for absorption by the plant, its
bioavailability and mobility is highly dependent on soil properties like pH and organic
matter [17]. Due to its high mobility Cd can easily accumulate inside the plants at toxic
levels and induce different defence responses [18].

Lead is a widespread pollutant that can be toxic for animals and plants despite its
relatively low mobility from soil to plants [19,20]. Although the use and emissions of Pb
has been declining in recent years it can still present a severe environmental problem [21].
In soils used for agriculture, Portuguese and Canadian regulations define a maximum mass
fraction of Pb of 45 mg kg−1 [7,8].

Contaminants, like the PTE described, cannot be easily removed from the soil. How-
ever, under certain conditions, soil amendments (like organic correctives) can be used
to reduce the availability of PTE by changing soil pH and increasing the number of PTE
binding sites [22]. The use of natural organic amendments, like manure, is a current prac-
tice that can have advantages for the production of plants in contaminated soils [23,24].
Different soil amendments have been used to improve soil quality and reduce PTE toxicity,
like paper industry wastes [25], manure-based biochars and composts [26], or different
type of polymers [27]. Although there are several reports on the effects of soil amendments
to reduce PTE toxicity, there is still a lack of knowledge of the proper uptake mecha-
nisms and of the use of environmentally friendly subproducts of several activities, like the
cork industry.

Cork is an important economic activity in several Mediterranean countries and cork
subproducts have been studied as absorbent materials for different pollutants, mainly in
water [28]. However, to the best of our knowledge, there have been no reported studies on
the capacity of cork subproducts to absorb PTE from contaminated soils.

The main objective of the present work was to evaluate the potential use of two natural
organic amendments (a conventional one, horse manure and a non-conventional one, cork
powder) on the capacity to reduce the availability (and, consequently, the uptake and
toxicity) of five PTE (Cd, Cr, Pb, Ni, and Zn) in artificially contaminated soils for lettuce
plants. While horse manure is traditionally used in agriculture, there are no known reports
on the application of cork powder as an amendment. Lettuce was chosen as it is a widely
consumed vegetable around the world and is also a model species reported to be highly
tolerant to PTE [29].

2. Materials and Methods
2.1. Soil Contamination, Soil Amendment and Plant Production

In this work, experiments were performed with Lactuca sativa L. plants, variety capi-
tata, cultivar “4 seasons” (a popular cultivar used in several countries). The soil used in
the pot experiments (4 kg pots) was fully characterized (Table 1) and individually contam-
inated with each PTE (Cd, Cr, Pb, Ni and Zn) at 4 different mass fractions, plus control
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(Table 2) and left to stabilize for 6 months before use (maintaining 60% water saturation).
The PTE were added to the soils as water solutions of appropriate concentrations using
the salts described in Table 2. The mass fractions were chosen based on the values listed
in Portuguese legislation regarding the use of sewage sludge in agricultural soils [30] and
correspond to multiples of the maximum levels of each PTE allowed in the soil at the
appropriate pH (0.5×, 1×, 2×, 4×).

Table 1. Soil characterization.

Parameter Value

Conductivity (1:2) (mS cm−1) 0.10 ± 0.02
pH (H2O) (1:2.5) 6.9 ± 0.1

Organic matter (g kg−1) 13.6 ± 0.2
Extractable P (mg kg−1) 73.8 ± 5.2
Extractable K (mg kg−1) 57.5 ± 4.4

Ammoniacal nitrogen (N-NH4) (mg kg−1) 2.35 ± 0.15
Nitric nitrogen (N-NO3) (mg kg−1) <1.0

Extractable micronutrients (mg kg−1)

Fe 31.1 ± 1.9
Cu 4.8 ± 0.2
Zn 1.4 ± 0.1
Mn 35.2 ± 2.0

Table 2. PTE mass fractions used in the pot experiment.

PTE Mass Fractions (mg kg−1) Applied Form

non
essential

Cd 0 1.5 3 6 12 CdCl2.5/2 H2O
Cr 0 100 200 400 800 CrCl3.6H2O
Pb 0 150 300 600 1200 Pb(NO3)2

essential
Ni 0 37.5 75 150 300 NiCl2.6H2O
Zn 0 150 300 600 1200 ZnSO4.7H2O

For each PTE, 3 treatments were performed: S—control, with no organic amendment;
SC—soil with added cork powder (1%); and SE—soil with added horse manure (0.5%).
The percentage of each amendment was selected in order to obtain the same amount of
organic matter added to the soil. Each of these modalities and each PTE was performed in
triplicate (3 different pots, with one plant per pot) and so, for the 5 PTE mass fractions used,
a total of 45 pots were used per PTE. A basal fertilization (N, P, and K) was performed prior
to plants being placed in the pots and based on previous soil analysis (0.15 g N kg−1 soil
added as NH4NO3, 0.033 g P kg−1 soil added as KH2PO4 and 0.125 g K kg−1 soil added as
K2SO4).

Lettuce seeds were germinated in peat substrate and after 2 weeks plants were planted
in each pot. The pots were kept in a greenhouse, randomly distributed, with periodic
rotation. Plant material (lettuce leaves) were collected and analyzed after 80 days of growth.

2.2. Plant Determinations

Lettuce leaves were collected and immediately weighed to obtain the fresh weight
(FW). Samples were washed with deionized water and dried at 70 ◦C until constant weight
to obtain the dry weight (DW). Subsamples of the dried material with 0.5 g were digested
with a mixture of 3 mL concentrated HNO3 with 10 mL concentrated HCl in a digestion
block (DigiPREP MS) for 120 min. The solutions were then analyzed for Cd, Cr, Pb, Ni and
Zn by ICP-OES (Thermo Scientific iCAP 7200 duo) as described previously [31].

2.3. Quality Assurance

All determinations were performed in triplicate, always including blanks. With each
digestion, a certified reference material (CRM) was always analyzed (Wepal lettuce IPE 776).
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Deviations between measured and CRM values were always below 10%. All calibrations
curves had R2 > 0.98. Calculated limits of quantification (mg/kg) were: Cr—1.0; Ni—1.5;
Zn—1.0; Cd—0.05; and Pb—0.2.

2.4. Transfer Factor (TF)

The transfer factor measures the fraction of the PTE that is absorbed by the plant in
relation to the total in soil and is calculated using the following expression:

TF =
CP

CS

where Cp is the PTE mass fraction in lettuce leaves (mg kg−1 DW) and Cs is the PTE mass
fraction in the soil (mg kg−1).

2.5. Tolerance Index (TI)

The tolerance index [32] measures the fresh weight of lettuce shoots growing in con-
taminated soil in relation to the fresh weight of lettuce shoots growing in non-contaminated
(control) soil, using the following expression:

TI =
FWM

FWCtr
× 100

where FWM is the fresh weight of lettuce aerial parts (g) growing in contaminated soil
and FWCtr is the fresh weight of lettuce aerial parts (g) growing in non-contaminated
soil (control).

2.6. Statistical Treatment

The results were analyzed with a one-factor analysis of variance (ANOVA) performed
with the SPSS 20.0 (SPSS Inc., Chicago, IL, USA) software and the Tukey test was used
to determine significant differences between the means (p < 0.05) and was carried out to
compare PTE contents between control and contaminated plants and with and without
added organic amendments. In the figures, different lowercase letters reflect significant
differences between treatments (S—control coil, SC—soil with cork subproducts, and
SE—soil with horse manure) for the same PTE mass fraction while different uppercase
letters reflect significant differences between PTE mass fractions for the same treatment.
The experimental data obtained was classified using a partitioning clustering method
(partitioning around medoids; PAM) [33] with three clusters, allowing to differentiate
individuals based on two classes: PTE mass fraction in the soil and treatment (S, SC, SE).
This was performed using a correlation matrix with six normalized variables (fresh weight
of shoots, PTE mass fraction in the shoots, PTE mass fraction in the soil, extractable PTE in
soil, soil pH, and soil organic matter), using the R studio software (Version 1.0.136, RStudio,
Inc., Boston, MA, USA).

3. Results and Discussion
3.1. PTE Uptake Behavior in Lettuce

The contents of all PTE under study (Cd, Cr, Ni, Pb and Zn) in the plant increased
with the respective mass fraction in soil, although the accumulation behavior can be
explained by different models. The accumulation curves of the PTE in lettuce are shown in
Figure 1a–e. The parameters of the adjusted models for each curve are presented in Table 3.
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Figure 1. Accumulation curves of PTE content in lettuce leaves of plants growing in non-amended soil (S), soil amended
with cork powder (SC) and soil amended with horse manure (SE): (a) Cd; (b) Pb; (c) Ni; (d) Cr; (e) Zn.
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Table 3. Parameters of the models fitted to the PTE accumulation curves.

Hyperbolic Model
PTE Treatment Cmax KM R2

Cd
S 222.3 ± 35.4 16.8 ± 4.0 0.9955

SC 143.9 ± 9.9 9.8 ± 1.2 0.9980
SE 133.5 ± 18.4 10.6 ± 2.5 0.9926

Ni
S 90.8 ± 15.2 93.1 ± 39.7 0.9476

SC 115.2 ± 28.4 146.0 ± 77.3 0.9351
SE 88.2 ± 11.7 52.1 ± 22.5 0.9419

Linear model
PTE Treatment m b R2

Cr
S 0.0037 ± 0.0003 2.313 ± 0.132 0.9826

SC 0.0045 ± 0.0003 2.288 ± 0.104 0.9906
SE 0.0046 ± 0.0003 2.404 ± 0.128 0.9877

Pb
S 0.0076 ± 0.0005 0.719 ± 0.288 0.9897

SC 0.0084 ± 0.0014 1.349 ± 0.845 0.9282
SE 0.0081 ± 0.0021 2.087 ± 1.269 0.8343

Zn
S 0.41 ± 0.03 17.6 ± 20.4 0.9812

SC 0.42 ± 0.01 21.1 ± 7.2 0.9977
SE 0.49 ± 0.02 9.9 ± 11.7 0.9955

The accumulation curves describe the content in the plant as a function of the mass
fractions of PTE present in the soil, being valid for the tested range. The accumulation of
Cd and Ni is best described by a hyperbolic model while the accumulation of Cr, Pb, and
Zn is best described by a linear model.

In the hyperbolic model, the accumulation tends to a plateau, after an initial increase
the uptake tends to stabilize for higher mass fractions of the PTE in the soil. In the linear
models there is a direct proportionality between the values accumulated in the plant and
the values present in the soil.

The addition of the organic amendments (SC and SE) did not change the uptake
behavior but led to significant decreases in the uptake of Cd. For the other PTE no
differences in the uptake were observed.

The hyperbolic model was the one that best described the behavior of Cd and Ni
uptake by lettuce as a function of the element mass fraction in soil (Figure 1a,c). This means
that there is greater Cd and Ni uptake for lower element levels in the soil and, as these levels
increase, the rate of PTE taken up by the plant is reduced tending towards a saturation
value, which is given by the constant Cmax, obtained for higher mass fractions of PTE in
the medium. This is probably due to the saturation of the root absorbing power at higher
element mass fractions, which can be related to a defence mechanism to avoid the uptake
of an excess amount of Cd and Ni. While Ni is an essential element for plants and Cd is
non-essential, Ni is required only in low mass fractions for adequate plant functions [12].

The Cd-Cmáx coefficient, representing the predicted maximum mass fraction level
of Cd absorbed by the plant, is higher in the control, S (222.3), compared to SC (149.9)
and SE (133.5). Cmax has a lower value in the modalities in which organic residues were
added to the soil, indicating that the organic correctives had a beneficial effect, SE being
more effective than SC. The Ni-Cmáx coefficient was 90.8 for the control (S), 115.2 with
cork powder (SC) and 88.1 with manure (SE). No beneficial effect was evident with SC in
reducing the accumulation of Ni in the plant, and there is only a very small effect in SE. We
can conclude that the presence of these organic correctives had no significant influence on
the accumulation of Ni in lettuce.

Other studies have reported different behavior, but under different experimental
conditions. Stritsis and Claassen [34] evaluated the Cd uptake kinetics on 4 different
species (maize, sunflower, spinach, and flax) and noticed a linear relationship in Cd uptake,
but their study was in nutrient solution, where all the Cd is readily available for uptake.
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This difference in experimental conditions and the use of different plants could explain
the difference in behavior as in a study with lettuce in a field experiment, Chen, et al. [35]
observed a behavior similar to our study, and the authors fitted a Michaelis-Menten
equation to the Cd uptake. A similar behavior was also observed in the uptake of Cd by
sunflower plants, also in soil [36], indicating that the uptake pattern is strongly dependent
on the type of growing media.

For Cr, Pb (two non-essential elements for plants), and Zn (a plant micronutrient),
the most adequate model to describe the accumulation in the plant was the linear model,
for all the experimental treatments (S, SC, and SE). As was observed for Cd and Ni, the
presence of the two amendments did not change the uptake behavior, as some differences
were found but were not statistically significant. For Cr, Pb, and Zn the levels accumulated
in the edible part of the contaminated plants increase proportionally to the levels present
in the soil. This shows that up to the maximum mass fractions studied for these elements
(800 mg kg−1 for Cr, 1200 mg kg−1 for Pb and for Zn) there is still no tendency for the
uptake to stabilize in a plateau. The much higher slope for Zn reflects the much greater Zn
uptake by lettuce compared to the uptake of the non-essential elements Pb and Cr.

3.2. PTE Accumulation

For all treatments (S, SC, and SE) there were significant increases in Cd content in
lettuce leaves for all of the applied Cd levels in soil. A maximum of 93 ± 1 mg Cd kg−1 DW
was detected in plants growing in non-amended soil (S) contaminated with 12 mg Cd kg−1.
With the addition of organic correctives, there was a marked decrease in the accumulation
of this PTE in plants, both with SC (80 ± 3 mg Cd kg−1 DW, a 14.7% decrease) and with
SE (72 ± 1 mg Cd kg−1 DW, a 23.0% decrease). This difference between treatments was
only significant from the mass fraction of 3 mg Cd kg−1 in the soil, and upwards. For all
mass fractions, the addition of SE always caused a decrease in Cd uptake by lettuce plants.
Under all conditions, no toxicity symptoms were detected in the plants.

Adding these amendments probably lead to Cd sorption to the added organic com-
pounds, which explain the reduced availability to the lettuce plants. Another effect that can
reduce the uptake of PTE by plants is the increase in pH due to the added amendments [22].
In the present work, although there was a slight increase in soil pH (S: 6.9 ± 0.1; SC: 7.2
± 0.1; SE: 7.1 ± 0.1), it remained in the neutral zone and was not enough to affect the
PTE uptake. These effects have been previously described in different studies regarding
the reduced uptake of different PTE by plants under different soil amendments [37–39].
However, the effect is highly dependent upon the plant and the type and amount of amend-
ment, as an increase in Cd uptake with the addition of organic amendments has also been
reported [40,41].

To the best of our knowledge there have been no studies carried out with cork residues
as soil amendments to reduce PTE uptake, which relate their capacity for adsorption of PTE
in the soil, and use in the remediation of contaminated soils, with only a few references to its
use as an adsorbent material in gases, water, and effluents [28]. In the present study, there
was only a slight decrease in Cd uptake by plants in the presence of cork powder but the
effect of a conventional amendment like horse manure proved to be more efficient in this
regard. It should be noticed that the cork powder used suffered no type of pre-treatment,
as it has been reported that some forms of chemical treatments can lead to an increase in
PTE sorption capacity [42].

Lettuce plants accumulated Ni, and its values in lettuce ranged from 23 ± 4 mg kg−1

for the lowest mass fraction of Ni in soil (S, 37.5 mg Ni kg−1) up to 82 ± 11 mg kg−1 for the
highest mass fraction (SC, 37.5 mg Ni kg−1). There were no significant differences in Ni
uptake due to the presence of the organic amendments, although a slight increase tendency
with both SC and SE was detected.

The uptake of Cr, Pb and Zn reached a maximum of 6.1 ± 0.2, 11 ± 1, and 608 ± 34 mg
kg−1, respectively, at the highest mass fraction of each PTE in soil. These results show
that lettuce plants are able to tightly control the uptake of a non-essential elements like Pb
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and Cr, as they are probably mostly retained at the root level with limited translocation
to the shoots [43]. It has been proposed that this reduced translocation of Cr to the shoots
is due to a conversion of Cr(VI) to Cr(III) and the binding of this latest form, to root cell
walls [10]. Visual symptoms of toxicity were only detected for the highest Cr and Pb mass
fraction in the soil of 800 mg kg−1 and 1200 mg kg−1, respectively. The accumulated Pb
values were very similar to those accumulated by the lettuce plants contaminated with
Cr, and much lower than those accumulated by the plant exposed to Cd, although the
mass fractions applied in the soils are very different. In the case of Zn, the accumulated
values are of a much higher order of magnitude, indicating a very high mass fraction of this
element in the plant, resulting from its essential micronutrient character. Despite the fact
that Zn is an essential micronutrient, visual symptoms were detected for Zn content in soil
as low as 300 mg kg−1, although the effects were much more pronounced at 1200 mg kg−1.
At this highest Zn levels in the soils, Zn contents in plants reached a maximum of
608 ± 34 mg kg−1 DW which is well above the usual Zn mass fraction usually considered
as toxic for plants (300 mg kg−1 DW) [44], as this essential element is known to accumulate
in lettuce leaves [45].

The presence of the two organic amendments did not affect the uptake of Cr or Pb,
but seemed to alleviate some of the toxic effects of excess Zn, as the difference in biomass
(see below) only decreased significantly for SC and SE plants under 1200 mg Zn kg−1.
However, there were no differences in Zn uptake between control and amended soils for
all the studied mass fractions.

Other studies on the application of different organic correctives to soils contaminated
with Cr have also reported no significant effects in Cr uptake by different plants [46], while
it has also been reported that soil amendments like manure and vermiculite can reduce
Cr toxicity to crops [47,48]. McBride, et al. [49] also observed that a compost based on
bovine manure had no significant effect in reducing the transfer of Pb from the soil to
lettuce plants. The authors attribute these results to the low solubility and availability of
Pb in the soil, due to the inherent high organic matter content and the fact that the soil
pH is almost neutral. However other studies confirmed the reduced availability of Pb to
plants, due to the application of different amendments [50,51]. Several studies on the effect
of soil amendments on Zn absorption by plants have mentioned different effects, as these
are probably highly dependent on the type of soil and of the amendment, plant species
and Zn mass fraction [24,50].

3.3. Evaluation of Vegetable Contamination

Lettuce is a highly consumed vegetable and so it is important to evaluate the uptake
of PTE in relation to its maximum acceptable levels. European Union regulations limit
the amount of Cd in leaf vegetables to 0.2 mg kg−1 FW [52]. In all the Cd mass fractions
in the soil (between 1.5 and 12 mg kg−1) and all the modalities under study (S, SC, and
SE), the Cd levels in lettuce leaves exceeded that reference value. Considering the water
content of lettuce (an average of 96.2%), the values of Cd mass fraction in lettuce leaves
ranged from a lower value of 0.73 mg kg−1 FW (S, [Cd]soil = 1.5 mg kg−1) to the highest of
3.63 mg kg−1 FW (S, [Cd]soil = 12 mg kg−1). Thus, even at the lowest Cd mass fraction in
the soil of 1.5 mg kg−1 lettuce plants in all modalities exceeded the legislated values, while
at the same time the plants showed no toxicity effects, which can present a food safety
hazard as there is no visual indication to the consumer that the plants are contaminated.
Lettuce plants are reported to be accumulators of Cd and they can easily exceed the defined
maximum allowable limits when grown in soils with relatively low Cd contents [53].

Normal Ni values in plants are reported to be around 1 mg kg−1 DW [5,54], although
Marschner and Marschner [55] refer the critical toxicity levels of Ni as between 10 and
50 mg kg−1 DW, depending on crop species. The values detected in the present work (a
maximum of 81.74 mg kg−1 DW) are higher compared to the reported values in lettuce in
uncontaminated soils [56,57], although the plants showed no signs of toxicity. In a study
of the growth of lettuce in Ni-contaminated soils, Zhao, et al. [58] reported Ni levels in
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leaves similar to the ones obtained in the present study and only detected a reduced growth
for Ni mass fractions of 400 mg kg−1 and higher, thus confirming the high tolerance of
lettuce plants to Ni. In a recent EFSA publication [59] a tolerable daily intake (TDI) of
13 µg kg−1 body weight (BW) was established. For a 70 kg adult this corresponds to a daily
intake of 0.91 mg. Considering an average lettuce consumption of 22.5 g day−1 per person
(adult) [60] and the maximum value of Ni measured in lettuce leaves in the present work
(81.74 mg kg−1 DW, equivalent to 4.43 mg kg−1 FW), we get a daily intake of 0.10 mg for a
70 kg adult, which is below the TDI. Thus, even at the highest Ni mass fraction in the soil
(300 mg kg−1) the Ni levels in lettuce are within safe levels.

Nagajyoti, et al. [5] give a range of between 0.2 and 1 mg Cr kg−1 DW as the normal
values encountered in plants, and all the Cr mass fractions measured in the present work
exceeded these values but are close to what is reported in plants growing in contaminated
soils [61]. Considering the average lettuce consumption given above (22.5 g day−1) and
the TDI established by EFSA for Cr(III) of 300 µg kg−1 BW [62], the uptake of Cr by eating
lettuce even at the highest contamination level obtained in this work (0.43 mg kg−1 FW
corresponding to an intake of 0.01 mg day−1) is below this limit (21 mg day−1 for a 70 kg
person). This shows that, due to the low translocation of Cr to upper plant parts, it is safe
to ingest lettuce that grows in soils moderately contaminated with Cr.

European Union regulations limit the amount of Pb in leaf vegetables to 0.3 mg kg−1

FW [52]. This value was exceeded for lettuce plants growing in soils containing more than
150 mg kg−1 for all the treatments under study (with the exception of S at 300 mg kg−1).
For the highest mass fraction of Pb in the soil a maximum of 0.94 mg kg−1 FW of Pb in the
leaves was detected. Thus, although Pb is not considered a very mobile element in plants,
high mass fractions of this PTE in the soil can lead to excessive values in vegetables like
lettuce.

In relation to Zn, European Union regulations consider a tolerable upper intake level
(UL) of 25 mg Zn day−1 [63]. Considering the average consumption of lettuce referred
above (22.5 g day−1) and even at the maximum mass fraction of Zn detected in the present
study (70.56 mg kg−1 FW), the daily intake of Zn amounts to only 1.6 mg Zn day−1 which
is considerable below the defined UL. It should be noticed that at this mass fraction, lettuce
plants already show visual toxicity symptoms which might lead to its rejection by the
consumer. Thus, the consumption of lettuce growing in soils with a high Zn content does
not pose a toxicity hazard to humans.

3.4. Transfer Factor

The transfer factor (TF) evaluates the transfer of PTE present in the soil to the plant,
given by the proportion in the plant in relation to the levels in the growing medium. These
values are shown in Figure 2 for the five PTE studied.

For Cd there was a clear decrease in TFCd both with increasing Cd content in soil and
with the presence of both amendments, with manure (SE) having a more pronounced effect
than cork (SC), confirming that these amendments decrease the plant’s ability to transfer
the Cd present in the soil to the plant. The very high TFCd are in accordance with the values
accumulated in the maximum tested mass fractions, which are still below the Cd-Cmax.
The values for TFCd were the highest TF among the 5 PTE studied, confirming the high
ability of lettuce to absorb Cd into its leaves [17]. Curiously, it was with this PTE that the
amendments were most effective in reducing PTE uptake.
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Figure 2. Transfer factor (TF) for each PTE and each treatment, non-amended soil (S), soil amended with cork powder (SC)
and soil amended with horse manure (SE): (a) Cd; (b) Pb; (c) Ni; (d) Cr; (e) Zn.

In the case of contamination with Ni, although a general decrease in TFNi was observed
with increasing Ni mass fraction in soil (Figure 2c) there was no significant differences
with the application of both soil amendments. This decrease in TFNi values indicates
lower absorption rates, which is in accordance with the adjustment of accumulation to the
hyperbolic model and the verification of a tendency towards saturation at a Ni-Cmax value,
mentioned above. In fact, for Ni, the levels in the plant are closer to the Ni-Cmax value, and
the TFNi reflects this situation, indicating that they are closer to saturation. Nickel uptake
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by plants has been reported to be reduced by composts [64], but with the amendments
used in the present work this was not observed. A reduction of the TF of Ni in lettuce
plants similar to the present work results has also been observed in a recent study with
lettuce plants [58].

The values for Cr (TFCr) are very similar to the behavior observed for Ni, with a
general decrease with increasing Cr mass fraction in soil and no visible effect of the added
amendments (Figure 2d). This shows that despite the increasing Cr content in soil, the
plant has adequate mechanisms to control the uptake of this element. Chromium mass
fractions in the plant remained low, and TFCr values were also very low indicating a low
translocation from the soil to the plant. Chromium is not a very mobile element, and it has
been reported that amendments like biochar can reduce its uptake by plants [65].

The TF for Pb (TFPb) exhibits a different behavior from the other PTE (Figure 2b).
Although there is also a general decrease with increasing Pb in soil, there is a significant
increase with the presence of amendments (more pronounced for horse manure, SE), except
at the highest mass fraction of 1200 mg kg−1. In absolute terms, the TFPb values, together
with those for Cr, are the lowest of the five PTE studied, showing the low mobility of these
elements in plants, which has been previously reported [66]. Despite the low TFPb values,
the levels of Pb in the plant present a contamination hazard as described above.

In relation to Zn, there were no significant differences in TFZn for the two lowest soil
Zn mass fractions (150 and 300 mg kg−1), but for the two highest mass fractions, there was
an increase with the applied amendments, more pronounced for horse manure (Figure 2e).
Thus, for the highest Zn mass fractions in soil, the presence of the amendments actually
increased the uptake of Zn by lettuce plants in relation to the soil content.

Generally, the order of TF values was Cd > Ni > Zn > Cr ≈ Pb. Khan, et al. [67]
also measured the TF values of several PTE and while they present the highest value for
Cd, they also indicated a TF for Pb higher than for Zn or Ni (for lettuce plants). These
differences could be due to PTE mass fraction in the soil (for example, in the present study
we observed an almost five-fold difference in TFNi between the highest and the lowest
Ni mass fractions in soil) and also to soil characteristics and contamination source. In a
different study [68] TF in the order of Cd > Zn > Pb was also reported, with very low values
for Pb similar to the ones of the present work (although at lower PTE mass fractions in the
soil). Similar results were obtained in another study with lettuce with Cr having the lowest
TF [69].

3.5. Tolerance Index

The Tolerance Index (TI) provides important information about phytotoxicity because
it is based on plant biomass (fresh mass) and reflects the negative effect of accumulation
on plant development. Thus, a decrease in TI indicates less biomass (in relation to the
control) and therefore greater toxicity of each PTE. In Figure 3, the TI for all the PTE studied
are presented.

In plants exposed to Cd, a lower TI only for control plants growing in the two highest
Cd mass fractions (6 and 12 mg kg−1) was obtained, showing that both soil amendments
attenuated, albeit slightly, the toxic effects for Cd.

For the Ni assay, no differences were observed in the TINi and this reflects the tolerance
of lettuce to Ni toxicity, as no visual indicators of toxicity were detected. As the Ni effects
were not noticeable (up to the mass fractions studied) there was also no differences with
the application of both organic amendments.
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Figure 3. Tolerance Index (TI) for each PTE and each treatment, non-amended soil (S), soil amended with cork powder (SC)
and soil amended with horse manure (SE): (a) Cd; (b) Pb; (c) Ni; (d) Cr; (e) Zn.

In soils contaminated with Pb, the TIPb was reduced in non-amended soils for
600 and 1200 mg kg−1 mass fractions. The TIPb with amendments (SC and SE) improved
slightly, showing that, although the Pb levels in lettuce are not significantly reduced, grow-
ing lettuce with these amendments (especially for manure) can attenuate the effects of
Pb toxicity.

The effects for Cr and Zn were similar, with a general decrease in TI for the two highest
mass fractions, much more noticeable at the higher mass fraction. Although in both cases
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there was a slight increase in TI with the presence of amendments, the differences are not
significantly different. For a Cr mass fraction of 800 mg kg−1 and a Zn mass fraction of
1200 mg kg−1 the TI value is less than 50% for contaminated plants in all modalities (S, SC,
and SE), showing that this is a critical mass fraction for plant development. This behavior
was observed for all treatments, with no differences for S, SC, and SE, indicating that the
application of organic residues does not reduce bioavailability for the plant and does not
control toxicity for plants, thus it has no effect on contamination control. Similar results
have been obtained by Shu, et al. [70] that observed a strong decrease in TI with increasing
concentrations of Zn and also Pb.

3.6. Cluster Analysis

A cluster analysis was performed applying a correlation matrix to 6 normalized
variables (PTE mass fraction in edible part and in soil, extractable fraction, leaf fresh
weight, soil pH, and % of organic matter). The method followed was PAM partition into
3 classes in order to allocate different individuals according to the PTE mass fraction
applied and treatment (S—non-amended soil, SC—soil with cork powder, SE—soil with
horse manure). Figure 4 shows the PAM analysis for the 5 PTE applied (Cd, Cr, Ni, Pb,
and Zn). This analysis allows an evaluation of toxicity parameters, as well as the main
differences among amendments applied to soil. In all presented clusters it is possible to
observe a clear differentiation among modalities.

As can be seen from these figures, the main effect is caused by the element mass
fraction in soil, as the highest mass fractions appear in separate groupings. This effect is
much more intense than the presence of either of the added amendments, as we have in
most cases all three treatments (S, SC, and SE) present in the identified groups. For Cd, Ni,
Cr, and Pb (Figure 4a–d) there are three clearly defined groups corresponding to the control
and the lowest PTE mass fraction, another group for the intermediate ones, and another
one for the highest mass fractions. For Zn, the most clearly defined group is for the highest
Zn mass fraction of 1200 mg kg−1, where the effects were more pronounced. For Pb and
Zn, two classes presented overlap conditions, namely the ones including control and lower
mass fractions individuals and medium mass fractions, while in Cd the slight overlap was
between the medium and the highest mass fractions, showing the more toxic effect of Cd.
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3.7. Pratical Implications of This Work

The present work confirmed that different PTE can be absorbed by edible plants and
can reach concentrations that are harmful to human beings, especially in relation to Cd
and Pb. These two elements have very different mobilities in plants, but can both reach
high contents. Although the amount of Cr and Ni taken up by the plants is not very high,
there should be more clear legislation regarding the safe levels of these elements in edible
vegetables. The application of amendments can lead to a reduction in PTE uptake by plants,
but its efficiency is highly dependent on the type, characteristics, and mass fraction of the
amendment in the soil. The cork subproduct was not very efficient in reducing PTE uptake
by plants (except for Cd) so the possibility of making some sort of chemical treatment
should be explored in the future.

4. Conclusions

Of the non-essential elements studied (Cd, Cr, and Pb), Cd is by far the most mobile
in the plant with higher contents detected compared to Pb and Cr, even if its mass fraction
in the soils is much lower. This resulted in Cd contents in lettuce that were higher than the
maximum allowable limits. The legislated limits were also exceeded with Pb (but only for
soil contents higher than 150 mg kg−1). The values of Cr, Ni and Zn accumulated in lettuce
were considered acceptable at all mass fractions studied.

The addition of organic amendments only was effective on reducing the uptake of
Cd by lettuce plants but has no effect on the uptake of the other PTE. For Cr, Ni, Zn, and
Pb, the application of the amendments did not cause a significant reduction in uptake and
accumulation in plants. When the results between both organic residues are compared,
cork is shown to be less efficient than horse manure in controlling the bioavailability of
PTE for plants.

It can be concluded that the application of these organic correctives (cork and horse
manure) is only promising for the remediation of soils contaminated with cadmium, given
that only for this element there was a decrease in accumulation in the plant. Under the
conditions of the present work, the presence of both organic correctives had no influence
on the Cr, Pb, Ni, and Zn content accumulated in the plant.

The application of mathematical models to explain the behavior of each PTE allows us,
within certain limits, to predict and characterize the accumulation in the plant under the
studied conditions. The application of higher amounts of these organic correctives should
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be considered, so that the accumulation of Cd in the plant is reduced to values that do not
constitute a risk to the food chain. This is particularly important if we take into account
that toxicity symptoms are not visible even for significant amounts of Cd in the plant.
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