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Abstract: High copper (Cu) concentration in soils used for vegetable production is an agricultural,
social and environmental issue. The excess of Cu in soil can cause toxicity in plants, reducing growth
and yields. Moreover, Cu can also be absorbed and accumulated in edible organs, increasing risks for
human health. This study aimed to compare Cu fractions in soils: (1) non-cultivated, natural soil (NC),
(2) soils cultivated with open field crops (FCs) and (3) soils cultivated in controlled environments
(CEs). The survey was carried out on 25 sites in Rio Grande do Sul (Southern Brazil), with each
site containing the three types of soils described above. From these sites, the four with the highest
soil Cu concentrations were selected to compare soluble (Cu-CaCl,), available (Cu-EDTA) and total
(Cu-EPA) Cu. Both total and available soil Cu concentration in soil solution, in CE and FC areas were
higher than in NC. At sites 23R1 (Oxisol) and 11R1 (Molisol) the soluble and available Cu content
was higher in the FC environment than in CEs, and the same was observed for the total Cu content
at sites 23R1 (Oxisol) and 9R1 (Molisol). Some FC soils showed total Cu concentrations higher than
the limits established by Brazilian environmental legislation, being, as a consequence, potentially
contaminated. Soil monitoring and cropping practices must be adopted to reduce the Cu content in
soils of vegetable crops in this region.

Keywords: heavy metals; environmental contamination; Cu-soil solution; available Cu; total Cu

1. Introduction

Vegetable production stands out by the intensive use of chemical and organic agricul-
tural inputs, mainly of fertilizers [1,2]. Indiscriminate agricultural fertilizer use is mainly
associated with: (i) inexistence and/or lack of research indicating mineral nutrient re-
quirements during the growth and development of more than 50 species of vegetables
cultivated in Brazil [3]; (ii) short development cycles of vegetables, generally between
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30 and 150 days, associated with concerns on high yield obtainment; and (iii) the use of
several intensive cropping systems, such as cultivation in an open field, in a protected
environment and soilless. This generates several variables and specificities to be considered
in the formulation, recommendation and management of the crop fertilization.

In agricultural soils, copper (Cu) concentration is usually naturally low, but may increase
due to intensive application via chemical and/or organic fertilization, since high fertilizer
rates are used in vegetable cultivation [4,5]. Also, Cu product use in phytosanitary treatments,
especially fungicides, can contribute to increased soil Cu [6]. In Brazil, there are 28 products
formulated with Cu, which are recommended for at least one vegetable species [7]. This way,
frequent use of these products, associated with successive crops in the same area and high
rates of fertilization, can cause Cu accumulation in the soil [8-10], especially since Cu is a
micronutrient and, therefore, absorbed by plants in small quantities [11].

Moreover, Cu can be absorbed and accumulated in edible plant organs at levels that
are considered toxic [12], representing a risk to consumer health due to its cumulative
potential in the human organism [13], as well as reducing crop productivity and causing
economic losses to producers. Although this study does not evaluate Cu levels in veg-
etables, the literature indicates that increased soil Cu can lead to absorption by plants,
causing accumulation that may negatively affect plant growth and pose health risks when
consumed. It is important to note that the available Cu fraction is the result of several
physicochemical reactions between the element and soil constituents, mainly clay, iron (Fe)
and aluminum (Al) oxides, organic matter content, pH and the cation exchange capacity
(CEC) in soil [14,15]. Therefore, Cu availability can vary according to soil classes and the
management practices adopted in production systems.

In this context, it is essential to monitor soil Cu availability to ensure safe and sus-
tainable vegetable production. Studies on heavy metal presence in soils cultivated with
vegetables remain limited. This study aims to address this gap by diagnosing Cu concen-
tration and availability in soils used for open-field and protected-environment vegetable
cultivation. Out of the initial 25 sampling sites, four were selected for detailed analysis
due to their higher Cu concentrations, representing higher-risk scenarios. Protected envi-
ronments refer to covered cultivation areas, such as greenhouses or plastic tunnels, where
climatic conditions are partially controlled.

2. Materials and Methods
2.1. Soil Sampling Sites

Sites where soil samples were collected were defined with the aim of covering the five
regions classified and presented in Ordinance No. 85, issued by the State Foundation for
Environmental Protection and published on 5 September 2014. This ordinance establishes
soil Quality Reference Values (QRVs) for nine chemical elements, among them Cu, naturally
present in the different geomorphological / geological provinces of Rio Grande do Sul state,
Southern Brazil.

Preliminary selection of sampling sites was carried out by using satellite images
(Google Earth Pro, version 7.3.3.) and the choice was made according to the follow-
ing criteria: (i) existence of two cropping systems, i.e., field and greenhouse cultivation;
(ii) successive cultivation of vegetables for at least 5 years; and (iii) the presence of a non-
anthropized area (uncultivated field or native forest) close to cultivated areas (used as
a control). Sampled sites identification was performed through the collection and anno-
tation of geographical coordinates, from a portable GPS navigator, as shown in Table 1
and Figure 1.
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Table 1. Identification, municipalities, soil class and geographic coordinates of the 25 experimental sites.

Identification Municipalities Soil Class (1) Geographic Coordinates
1R3 Santa Maria Alfisol 29°41'27.67" S; 53°42/34.38" O
2R3 Santa Maria Alfisol 29°38/51.81" S; 53°40/36.51" O
3R1 Cruz Alta Oxisol 28°36/29.69" S; 53°37'43.50"" O
4R4 Cruz Alta Oxisol 28°34/49.23" S; 53°32/28.35" O
5R2 Cagapava do Sul Entisol 30°33/18.41" S; 53°28/40.26" O
6R4 Cagapava do Sul Alfisol 30°35'42.87" S; 53°22/39.61" O
7R5 Turugu Alfisol 31°26'27.23" S; 52°13'40.39"” O
8R3 Sao Vicente do Sul Alfisol 29°41'1.18" S; 54°41'12.78" O
9R1 Feliz Molisol 29°313.96" S; 51°19/30.71” O
10R4 Cacequi Alfisol 29°51/55.86" S; 54°49'47.29" O
11R1 Bom Principio Molisol 29°30739.29”’ S; 51°21/21.17"" O
12R1 Cruzeiro do Sul Oxisol 29°32/59.30" S; 52° 3'36.62" O
13R1 Venancio Aires Alfisol 29°34/14.05" S; 52°12/2.29" O
14R3 Santa Cruz do Sul Alfisol 29°40'42.11" S; 52°19'16.01” O
15R2 Sao Sepé Alfisol 30°11’4.21" S; 53°36’47.98" O
16R3 Sao Gabriel Alfisol 30°21'7.08" S; 54°16'57.43" O
17R1 Erechim Oxisol 27°39'56.73" S; 52°18/41.99" O
18R1 Caxias do Sul Inceptsoil 29°13/18.26" S; 51° 1/13.13"” O
19R2 Cangugu Entisol 31°25'44.40" S; 52°40'3.07" O
20R5 Camaqua Alfisol 30°49'6.77" S; 51°46/44.64" O
21R1 Passo Fundo Oxisol 28°14/30.07" S; 52°33/20.33"” O
22R4 Tabai Alfisol 29°41/31.80" S; 51°42/18.08"” O
23R1 Santa Rosa Oxisol 27°46’56.37" S; 54°27/29.19"" O
24R1 Ttaqui Alfisol 29° 7/47 54" S; 56°33/48.01" O
25R1 Julio de Castilhos Alfisol 29° 9/54.77"" S; 53°39/37.96" O

In identification, the “R” followed by the numbers (1, 2, 3, 4, 5) represents the geomorphological region in which
the state is inserted. See Figure 1. (1) The soils were classified according to the Soil Survey Staff (2014).
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Figure 1. Georeferenced location of sampled properties across the five geomorphological /geological
provinces according to FEPAM Ordinance No. 85/2014. Sites sampled for this study are marked in
red, while those selected for discussion due to higher soil Cu concentrations are shown in yellow.
More information about the sampling sites can be found in Table S1. Created by the author. Source:
Geological Map [16], adapted from FEPAM [17].
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2.2. Soil Sampling Procedure

Twenty-five sites were chosen and, within the same site, soil samples were collected in
three different environments: non-cultivated, natural soil (NC), cultivated with open field
crops (FCs) and cultivated in controlled environments (CEs), at the depth of 0.0-0.20 m
according to the methodology proposed by CONAMA [18] and recommendations from
CQFS RS/SC [19]. In all the areas, 15 subsamples were collected with a cutting blade and
mixed together to create a composite sample, used for analysis. In areas under FCs and
CEs, soil samples were collected between planting lines, while in native or forest areas,
soil sampling was performed according to a zigzag design. Samples were placed in plastic
bags, properly labeled and sealed. Subsequently, they were air dried, ground, sieved with
2 mm mesh and stored.

2.3. Chemical Analysis of Soil

Soil samples collected in the CE environment were extracted by Mehlich-1 [20] to
evaluate Cu concentration. Based on these results, the four sites with the highest Cu
concentrations were selected (sites 23R1, 3R1, 11R1 and 9R1) since they were those with the
highest potential for environmental contamination or toxicity to plants. The sites have 31,
24, 28 and 23 years of cultivation with vegetables, respectively. The samples deriving from
FCs, CPs and NCs of the four soils were analyzed for clay, organic matter, pH in water,
CEC (pH 7.0), Cu-CaCly, Cu-EDTA and Cu-EPA.

Soluble Cu was extracted by CaCl, (0.01 mol LY, according to Novozamsky et al. [21];
briefly, 1.0 g of dry soil was mixed with 10 mL of CaCl, (0.01 mol L~!) and stirred for
2 hours. Samples were then centrifuged for 15 min at 3200 rpm, filtered (Whatman No
1 filter paper, Germany, medium weight with a particle retention capacity of approximately
11 pm) and stored since analysis.

Available Cu (Cu-EDTA) was extracted with EDTA (Nay-EDTA 0.01 mol L' /1.0 mol L~!
ammonium acetate, pH adjusted to 7.0 [22]. Total Cu concentration (Cu-EPA) was determined
according to USEPA [23], by oxidation and acid attack using concentrated HNO;, H,O, and
HCl under heating. In all extraction methods, Cu concentration was determined by an atomic
absorption spectrophotometer (EEA; Perkin Elmer, Analyst 200, Shelton, CT, USA).

2.4. Statistical Analysis

Copper concentration determined by different extraction (CaCl,, EDTA and EPA)
was compared by orthogonal contrasts at 1% error probability, using the SISVAR software
version 5.2 [24].

3. Results
3.1. Physical-Chemical Characteristics in Soils

The four sites selected for a more detailed analysis (23R1, 3R1, 11R1 and 9R1) were
classified and inserted in geomorphological region 1 (Figure 1), whose source material is
Plateau volcanic rocks [17]. Soils from 23R1 and 3R1 sites were classified as Oxisol (Table 1),
while soils from the 11R1 and 9R1 sites were classified as Molisol (Tables 1 and 2). These
sites were chosen due to their significantly higher Cu concentrations compared to the other
sites. Sites 23R1 and 3R1 showed average clay contents, which were higher than the values
observed in 11R1 and 9R1. The clay contents in CEs were lower than the values observed
in FCs in all sites (Table 2). The organic matter contents ranged from 12 g kg ! to 31 g kg ™!
amonyg the sites. In the four sites, the organic matter contents in the CE environment were
higher than those observed in FCs (Table 2).
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Table 2. Soil clay, organic matter (O.M.), pH, cation exchange capacity (CECpp7,0) and Cu evaluated
in samples referring to the following environments: non-cultivated, natural soil (NC); cultivated
with open field crops (FCs) and cultivated in controlled environments (CEs) from the four selected
properties for further determination of Cu contents by CaCl,, EDTA and EPA.

Clay O.M. pH Cu
o CECpu 7.0 >
Environment (gkg™ (1:1) (mg dm—3)
23R1
NC 690 31 57 13.1 7.40
FC 790 22 5.5 11.5 10.38
CE 470 31 53 17.0 60.00
3R1
NC 360 18 5.3 79 1.08
FC 600 24 4.8 10.1 11.32
CE 470 30 53 22.6 13.90
11R1
NC 170 12 4.6 6.9 1.54
FC 140 17 6.3 6.0 7.47
CE 90 29 5.9 8.4 10.00
9R1
NC 320 23 53 16.2 3.00
FC 200 17 7.2 14.6 2.67
CE 140 28 74 12.9 12.5

The pH values in water were similar in soils from sites 23R1 and 3R1 (Table 2). But the
pH values in water in the soils of the 11R1 and 9R1 sites in the FC and CE environments
were higher than the values verified in the NC environment (Table 2). The highest CEC
(pH 7.0) values were observed in the CE environment at sites 23R1, 3R1 and 11R1. In the
soil of the 9R1 site, the highest CEC (pH 7.0) values were observed in the NC environment
(Table 2). The lowest Cu extracted by Mehlich-1 (Cu Mehlich-1) at sites 23R1, 3R1 and
11R1 was observed in the sequence NC < FC < CE (Table 2). At the 9R1 site, the lowest
Cu-Mehlich-1 content was observed in the FC < NC < CE sequence (Table 2).

3.2. Cu Availability in Soils

The Cu fractions extracted by CaCl,, EDTA and EPA in the soil of the NC environment
were different from those observed in FCs and CEs in the four sites (Table 3). In the
3R1, 11R1 and 9R1 sites, the Cu-CaCl,, Cu-EDTA and Cu-EPA contents in the FC and
CE environments were higher than the values verified in the NC sites. At the 23R1 site,
Cu contents in the FC environment did not differ from the NCs when the element was
extracted by CaCl, and EPA (Table 3).

At sites 23R1 and 11R1, Cu-CaCl, contents in the CE environment were approximately
68% and 14% higher than those observed in the FCs (Table 3), while the Cu-EDTA contents
at the 23R1 and 11R1 sites were approximately 79% and 14% higher in the CE environment
compared to the FCs (Table 3). The Cu-EPA contents in the 23R1 and 9R1 sites were
approximately 55% and 11% higher in the CE environment in relation to the FCs, but the
Cu-EPA contents did not differ in the CE and FC environments for the other sites (Table 3).
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Table 3. Orthogonal contrasts of Cu-CaCly, Cu-EDTA and Cu-EPA present in non-cultivated, natural
soil (NC); cultivated with open field crops (FCs) and cultivated in controlled environments (CEs)
from the four states (23R1, 3R1, 11R1 and 9R1).

Environment 23R1 3R1 11R1 9R1
Cu-CaCl, (mg kg™1)
NC 0.14 0.34 0.60 0.76
FC 0.18 0.55 0.73 0.93
CE 0.57 0.64 0.85 0.99
Orthogonal Contrast F Test
NC X FC e CE *3% *% *3% *%
NC x FC ns ** ** **
NC X CE X% *% *% 3%
FC x CE x ns i ns
Cu-EDTA (mg kg™ !)
NC 18.65 1.79 2.06 7.81
FC 21.70 18.23 10.67 10.88
CE 105.41 18.72 12.42 11.66
Orthogonal Contrast F Test
NC X FC e CE *3% *3% *3% *3%
NC >< FC L *3% *% %
NC X CE *3% *% *% *%
FC x CE ** ns ** ns
Cu-EPA (mg kgfl)
NC 110.12 18.97 10.90 22.57
FC 116.17 116.80 21.33 28.10
CE 260.23 117.60 22.70 31.60
Orthogonal Contrast F Test
NC x FC e CE *%* *% *% *%
NC x EC ns > ** **
NC X CE *3% *3% *% *3%
FC x CE *%* ns ns *%

** Significant at 0.001 significance level. ns: not significant.

4. Discussion

Based on Cu concentrations extracted by Mehlich-1 it is possible to observe (Table 2)
that in environments that were not previously cultivated (NC), in the four sites, the Cu
concentration is higher than 0.5 mg/dm? and therefore classified in the class of “high”
availability according to reference levels from CQFS RS/SC [19]. This is probably associ-
ated with the material source in these soils, which are basaltic rocks, and have high Cu
concentrations in their composition [25,26]. Consequently, Cu additions would not be
necessary for cultivating the majority of vegetables, as the native soil Cu is sufficient to
meet crop needs.

In the two cultivated soils (FCs and CEs) with vegetable crops, Cu concentrations were
higher than in native soils. The increase may be associated with the use of chemical and
organic fertilizers, and fungicides that contain Cu in the composition, whose most common
active principles are Cu oxychloride and Cu sulfate, which are highly effective and low
cost [12]. The Cu accumulation in soil can occur since application of these fungicides in
vegetable cultivation areas was listed as routine by farmers, being carried out weekly in
the four sites studied.

Vegetable cultivation in the CE environment accumulated the highest Cu in the soil,
compared to cultivation in FCs. This can be explained by the higher binding of Cu to
functional groups present in soil organic matter [27,28]. In fact, a trend towards higher
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organic matter values in the four sites of the CE environment was observed (Table 2). The
electronic configuration of Cu, [Ar]3d!%4s!, confers high adsorption affinity to carboxylic
and phenolic groups of organic matter [29]. Over time, some of the soil organic matter can
be decomposed, which contributes to higher Cu availability [30]. In addition, protected
cultivation has less water flow in the soil profile, reducing the likelihood of soluble Cu
movement and surface runoff [27]. These factors contribute to the maintenance of higher
concentrations of Cu in the soil. On the other hand, the higher organic matter content in
CE may be contributing to the higher values of CECpn7.) in sites 23R1, 3R1 and 11R1. In
higher CEC environments, a higher Cu adsorption and lower metal availability is expected,
as this is an important factor in soil Cu dynamics, since it acts directly on ion concentrations
present in soil solution and in sites [14,30].

In the FC and CE environments, the 23R1 and 3R1 sites were classified as Oxisol,
and have the highest Cu-EPA and the lowest Cu-CaCl; soil concentration. On the other
hand, sites 11R1 and 9R1, classified as Molisol, had the lowest Cu-EPA and the highest
Cu-CaCl, concentration. According to Brunetto et al. [31], Cu concentration in soil solution
(for example, extracted with CaCly) is generally low, approximately 2% of total Cu content.
In our study, the Cu extracted by both the CaCl, and the EPA method showed percentages
varying from 0.1 to 1.7%, in Oxisol (23R1 e 3R1) and from 3.1 to 5.5% in Molisols (11R1 e
9R1). The Cu present in the soil solution is the result of adsorption/desorption, complexing
and precipitation reactions, which affect metal distribution between soil solid and liquid
fractions, being responsible for its mobility and bioavailability [32]. Higher concentrations
of Cu in the solution can increase toxicity in plants [12], but also the potential for water
contamination [33].

The Cu-EDTA contents were lower in soils at sites 11R1 and 9R1 in both cultivated
environments. In these areas, the highest pH values were also observed. This can be
attributed to recent applications of soil acidity correctives, such as limestone [34]. The free
ion Cu?* predominates in acidic soils and with the increase in pH, the deprotonation of
the functional groups of minerals and organic matter occurs, which increases the CEC
of the soil and consequently the adsorption of Cu, thus decreasing its availability [9,35].
In addition, an increase of soil anions such as carbonates (CO3~2) and hydroxyls (OH™)
promotes Cu precipitation, thus reducing its mobility [14,30].

Total Cu content (Cu-EPA) in soil is the reference for assessing the potential of environ-
mental contamination by heavy metals in several countries such as Brazil [18], United States
of America [36], Australia and New Zealand [37] and also in the European continent [38].
In Brazilian environmental legislation, total Cu concentrations values were stipulated, as
reference, in areas exploited by agriculture, for prevention (PV) and investigation value
(IV), being 60 and 200 mg kg !, respectively [18]. However, state legislations have different
values and parameters. For Rio Grande do Sul state QRVs, they were determined according
to the soils from the five geomorphological regions, ranging from 9 to 203 mg Cu kg ! in
agricultural soils, with VI = QRV = PV corresponding to 203 mg Cu kg ! in agricultural
soils from region 1 [17] in which the four sites evaluated in the present study are inserted.
Considering these references, although they show differences, it is possible to observe that
the soils sampled in NCs, FCs and CEs of 23R1 and FCs and CEs of 3R1 exceeded the
respective QRVs according to the legislation of CONAMA and CETESB. Only the total Cu
content from soil sampled in CP of 23R1 (Table 3), 260 mg Cu kg !, exceeds CONAMA and
FEPAM investigation values, which indicates the need for practices reducing Cu content in
soils of these areas [18].

The high Cu concentrations observed in soils of some areas of this study can hinder
plant growth and production of these crops. The adoption of conservation practices, such
as minimum cultivation and direct planting of vegetables, could minimize Cu transfer via
erosion and leaching. However, this could lead to an increased Cu concentration in the
surface layer (0-20 cm) that is the most exploited by most vegetables root system [3]. On
the other hand, reduced tillage contributes to limiting OM mineralization, thus increasing
Cu complexing [31,39], leading to decreased Cu availability.
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5. Conclusions

The Cu concentration in soils cultivated with vegetables increased in comparison
to native soil as a result of agricultural management. This has led to alterations in Cu
concentration in the soil solution, in the available fraction and total Cu in both open field
(FC) and under protected cultivation (CE) areas. This increase in Cu contents in more labile
forms favors the metal bioavailability in soil, which can cause damage to plants and soil
microorganisms, as well as increase of environmental contamination risks. In addition, soil
from CE environment of site 23R1 presented a total Cu content with high contamination
potential, which surpassed the quality referential value and constant intervention value in
environmental legislation of Rio Grande do Sul state, Southern Brazil, deserving attention
and monitoring, as well as the adoption of measures to reduce or stabilize the content of
this metal in soil. This emphasizes the importance of conducting future studies involving
the collection and determination of Cu contents in vegetables cultivated in soils with high
Cu levels. Such research will help elucidate the occurrence of phytotoxicity and prevent
risks associated with consumer health regarding vegetables grown in these soils.

Additionally, it is important to discuss the limitations of this study, including potential
biases in sampling and analysis methods. Future research should aim to incorporate a
larger sample size and diverse geographical locations to enhance the robustness of the
findings. Addressing these limitations could provide a more comprehensive understanding
of Cu dynamics in agricultural systems and inform better management practices.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/horticulturae10111183/s1, title; Table S1: Chemical, physical and
mineralogical properties evaluated in samples from the protected cultivation environment (CE) from the
25 sampled sites and extractor/methodology used; Table S2: Identification, municipalities, chemical,
physical and mineralogical properties evaluated at 25 sample sites of the protected cultivation
environment (CE).
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