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ABSTRACT – Vegetable cultivation stands out for intensive use of agricultural inputs due to high nutritional 

requirements of plants within a short period and their high susceptibility to pests and diseases. This study aimed 

to identify the main factors responsible for changes in pseudo-total and bioavailable contents of Cd, Cu, Cr, 

Mn, Ni, Pb, and Zn in soils under intensive vegetable cultivation. Soil samples were collected from 146 sites in 

Petrópolis (RJ), Brazil, in 2017. The samples were collected at a depth of 0–20 cm in family farm systems 

during vegetable production period. Pseudo-total contents of toxic elements were determined by the EPA 

3050B method. Geochemical fractionation procedure was used based on the BCR method. Pollution indices 

were also calculated. In general, vegetable producing areas presented low contamination by Cu, Zn, Pb, Mn, 

and Ni, except for Cd, which showed severe contamination. In areas with the lowest slopes, most of the toxic 

elements showed increasing contents, reflecting relief influence. Overall, inadequate soil management, 

intensive application of phosphate, potassium, and organic fertilization, and relief were the most influencing 

parameters on the enrichment and bioavailability of toxic elements in the soil. 
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ENRIQUECIMENTO E BIODISPONIBILIDADE DE ELEMENTOS TÓXICOS EM ÁREAS DE 

PRODUÇÃO INTENSIVA DE HORTALIÇAS 
 

 

RESUMO - O cultivo de hortaliças se destaca pelo uso intensivo de insumos agrícolas, devido à exigência 

nutricional em curto período de tempo e alta susceptibilidade a pragas e doenças. Este estudo teve como 

objetivo identificar os principais fatores responsáveis pelas alterações nos teores pseudototais e biodisponíveis 

de Cd, Cu, Cr, Mn, Ni, Pb e Zn nos solos sob cultivo intensivo de hortaliças. Para tal, no ano de 2017, foram 

coletadas amostras de terra em 146 pontos no município de Petrópolis-RJ. As amostras foram coletadas na 

profundidade de 0-20 cm, em propriedades familiares com cultivo de hortaliças em pleno período de produção. 

Para determinação dos teores pseudototais dos elementos tóxicos foi utilizada a metodologia da EPA 3050B. O 

procedimento de fracionamento geoquímico foi realizado com base no método BCR. Também foram 

calculados os índices de poluição. Em geral, as áreas produtoras de hortaliças apresentaram baixa contaminação 

por Cu, Zn, Pb, Mn e Ni, exceto para Cd que apresentou severa contaminação. Nas áreas que apresentam os 

menores valores de declividade, houve aumento nos teores da maioria dos elementos tóxicos, refletindo a 

influência do relevo. De maneira geral, o manejo inadequado do solo, a aplicação intensiva de adubação 

fosfatada, potássica e orgânica, assim como, o revelo, foram as variáveis que mais influenciaram no 

enriquecimento e biodisponibilidade de elementos tóxicos no solo. 

 

Palavras chave: Agricultura de montanha. Contaminação. Metais pesados. 
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INTRODUCTION 

 

Conventional horticulture is a highly intensive 

agricultural activity in its most varied aspects. It 

includes the exploration of many plant species such 

as leafy, root, bulb, and tuber vegetables and various 

fruits. However, technologies based on the intensive 

use of fertilizers and pesticides may cause severe 

damage to the environment and health of future 

generations (TRANI et al., 2003). 

Several studies have reported accumulation of 

elements and/or toxic compounds at undesirable 

levels in agricultural soils due to intensive cultivation 

practices, causing soil chemical degradation and 

contributing to contamination of soils, water bodies, 

and cropped species (CHEN et al., 2015; SOUSA, 

2017). 

Soil contamination by toxic elements is one of 

the most urgent concerns in the debate on safe food 

and food security in the world (FAO, 2018; KONG 

et al., 2014). Food quality and degradation of 

producing areas are the main concerns both for 

public managers and for agricultural producers, who 

are faced with the responsibility of producing more 

and more food at affordable prices and sustainably 

(VIEIRA, 2011). Therefore, monitoring agricultural 

areas is extremely important, as increasing levels of 

these heavy metals in the soil represent an 

environmental problem, which may lead to unknown 

risks for future generations. 

The contamination of an area is usually 

assessed by comparing the total contents of heavy 

metals found in soil with those obtained under 

natural conditions or reference values (standards) 

established by current legislation (BIONDI et al., 

2011). However, the simple determination of the 

total or “pseudo-total” content of metals is an 

imprecise means of quantifying the potential risk to 

the environment and human health (SOARES, 2004). 

The assessment of risk potential and toxicity 

of heavy metals in soils requires the assessment of 

pollutant bioavailability, which may be related to its 

mobility and distribution between different phases. 

For example, labile forms associated with water-

soluble, exchangeable, and soluble-acid fractions 

may represent ready availability for movement in 

soils or absorption by organisms, while more stable 

pools associated with fractions bonded to Fe and Mn 

oxides, organic fraction, or those of high 

recalcitrance (residual fractions) present low 

bioavailability in the short- and medium-term 

(NASCIMENTO; FONTES; MELICIO, 2003). 

This distribution (concentration) and mobility 

in the soil-water system can be measured by some 

numerical parameters used in decision-making and to 

direct strategies for the prevention or remediation of 

contaminated areas (CETESB, 2001). Extraction 

techniques can be used for the quantification of 

metals in different geochemical fractions using 

specific reagents in simple and/or sequential 

extraction schemes (SANTOS; SOUZA; SANTOS 

2013). 

Thus, this study aimed to identify the main 

factors responsible for changes in the contents of Cd, 

Cu, Cr, Mn, Ni, Pb, and Zn in soils under intensive 

vegetable cultivation in Petrópolis, RJ, Brazil, and 

assess the bioavailability and distribution of these 

metals in the different geochemical soil fractions. 

 

 

MATERIAL AND METHODS 
 

Study area 

 

The study was conducted in areas of family 

farmers located in the Association of Producers of 

Jacó, district of Itaipava, Petrópolis, RJ, Brazil (22°

25′41.64″ S; 43°02′54.49″ W). Productive units of 

the region are characterized as small properties, with 

accentuated relief, conventional soil management, 

and history of intensive vegetable cultivation, such 

as common cabbage and broccoli, with intensive use 

of various agrochemicals and organic residue 

(poultry litter). 

 

Collection and preparation of soil samples and 

inputs 

 

Collection sites were selected on family farms 

with vegetable cultivation in full production period. 

Soil samples were collected in 2017 at a depth of 0–

20 cm from 146 points located in 12 family 

properties, with a different history and management. 

Soil samples were air-dried, crushed, sieved 

through a 2-mm-mesh sieve (air-dried fine earth) to 

determine chemical properties and contents of toxic 

elements. 

Mineral and organic fertilizers most used in 

production areas were also sampled. Among these 

fertilizers are nitrogen, phosphate, and potassium 

fertilizers supplied through different NPK 

formulations, in addition to poultry litter. 

The amount of poultry litter applied per 

hectare was estimated considering a population of 

28,500 cabbage plants per hectare, with an average 

application of 500 g of fresh poultry litter with 

approximately 50% of moisture per plant in the 

planting pit. 

Metal contribution from mineral fertilization 

and poultry litter was calculated through the average 

concentration of each element in the fertilizers and 

the average amount applied per hectare during one 

cabbage crop cycle. 

 

Chemical analysis of soil samples and mineral 

and organic fertilizers 

 

After preparation, these samples were 

analyzed for contents of organic matter (OM), 

organic carbon (Corg), pH (H20), exchangeable Ca, 



ENRICHMENT AND BIOAVAILABILITY OF TOXIC ELEMENTS IN INTENSIVE VEGETABLE PRODUCTION AREAS 
 

 

T. F. FRANCO et al. 

Rev. Caatinga, Mossoró, v. 33, n. 1, p. 124 – 134, jan. – mar., 2020 126 

Mg, K, and Al, assimilable P, H+Al (potential 

acidity), sum of bases, base saturation (V), and CEC 

according to Embrapa method (DONAGEMMA et 

al., 2011). 

The EPA 3050B method, described by 

USEPA (1996), was used to determine the contents 

of toxic elements in soil samples and fertilizers. The 

digestion method uses concentrated nitric acid, 

followed by hydrogen peroxide and concentrated 

hydrochloric acid in an open system (block digestor) 

at a temperature of ±95 °C. 

For the quality control of analytical 

procedures, the “pseudo-total” results of metals were 

compared with the certified sample SRM 2709a San 

Joaquim Soil certified by the National Institute of 

Standards and Technology (NIST, 2010), which 

were introduced in the analyses at random and with 

the same treatment as digested samples. In general, 

the values obtained when compared to the leached 

values of certified samples showed recoveries above 

65%, indicating the efficiency of the method. 

Metal geochemical fractionation procedure 

was performed based on the BCR (Community 

Bureau of Reference) method developed by URE et 

al. (1993), with minor modifications to include the 

water-soluble fraction. Therefore, five operational 

geochemical fractions were considered: F1 – water-

soluble fraction (extracted with deionized water); F2 

– exchangeable fraction and bonded to carbonates 

(extracted with 0.11 mol L−1 acetic acid); F3 – 

fraction associated with Fe and Mn oxides (extracted 

with 0.1 mol L−1 hydroxylamine hydrochloride at a 

pH ±2.0); F4 – fraction associated with organic 

matter (extracted with 8.8 mol L−1 hydrogen 

peroxide stabilized at a pH ±2.0–3.0, followed by 1.0 

mol L−1 ammonium acetate solution at a pH ±2.0); 

F5 – residual fraction, obtained by subtracting the 

results of determining the “pseudo-total” contents of 

heavy metals by the sum of the previous fractions 

(Residual fraction = Pseudo-total content − ∑F1, F2, 

F3, and F4). 

Concentrations of toxic elements in all 

extracts were determined by atomic absorption 

spectrophotometry (ABS) using the Varian 606 and 

OPTIMA 3000 equipment. 

Limit of detection (LD) of the method was 

calculated by averaging the values of blanks plus 

three times the standard deviation of the blank of all 

analyses (10 replications). LD values of 0.06, 0.11, 

0.01, 0.08, 0.003, 1.00, and 0.02 mg kg−1 were 

obtained for Zn, Ni, Cu, Pb, Cd, Fe, and Mn, 

respectively. 

 

Calculation of the pollution index (PI) 

 

The pollution index (PI) proposed by Wu et 

al. (2015) was determined for each toxic element, 

according to the equation PI = C soil (sample)/C 

reference, where C soil is the concentration of the 

toxic element in the soil sample at the assessed site, 

C reference is the reference concentration of the 

toxic element established for the region or even the 

study site. 

Quality reference values (QRVs) used in the 

present study were established by LIMA et al. 

(2018) for the mountainous region of the State of 

Rio de Janeiro. 

 

Statistical analysis 

 

The results were compared with soil chemical 

characteristics using the principal component 

analysis (PCA) to understand factors influencing 

enrichment of metals in production areas and their 

geochemical distribution. Other multivariate 

procedures were also used, such as cluster analysis 

and discriminant analysis. All statistical procedures 

were performed using the statistical program SAS 

version 9.2 (SAS, 2010). 

A digital elevation map (DEM), based on the 

contour map of the study region, was elaborated for 

the assessment of the influence of relief and flood 

intensity. The covariate slope was obtained through 

DEM. For this, the software ArcMap 10.1, from the 

ArcGIS information system package was used. The 

topographic wetness index (TWI) was obtained 

using the software SAGA 2.5. 

 

 

RESULTS AND DISCUSSION 
 

Supply of toxic elements by agricultural inputs 

 

Figure 1 shows the supply in grams per 

hectare of toxic elements from organic and mineral 

fertilizers used in agricultural properties in the Jacó 

River micro-basin region, the mountain region of the 

State of Rio de Janeiro. 

Figures 1A and 1B show that mineral 

fertilization had the lowest contribution for almost 

all metals (Ni, Co, Cd, Pb, Cu, Mn, and Zn), except 

for Cr. Phosphate and potassium fertilizers and NPK 

formulas are the most used in agricultural properties 

in the study region. Several authors have reported 

that natural phosphates and soluble phosphate 

fertilizers are the main sources of Cd in agricultural 

areas, while Pb, Cu, and Zn are more abundant in 

potassium fertilizers and NPK formulas (ZOFFOLI 

et al., 2013; AL-HWAITI; AL-KHASHMAN, 2015; 

AZZI et al., 2017). 

However, organic fertilization showed the 

highest contribution to Ni, Co, Cd, Pb, Cu, Mn, and 

Zn (Figures 1A and 1B). The source of organic 

fertilizer used by all producers in the region is 

poultry litter. According to Testa (2018), the 

adoption of organic fertilizer from animal production 

is encouraged due to the high nutrient contents, 

being an alternative to reduce the consumption of 

agricultural input and hence reduce production costs. 
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Figure 1. Supply of toxic elements in mineral and organic fertilization (A): Ni, Co, Cr, Cd, and Pb; (B): Cu, Mn, and Zn. 

Poultry feed is supplemented with nutrients 

such as phosphorus, iron, and metals (Mn, Zn, Cu, 

and Se), which contribute to increase feed 

performance and stimulate growth and weight gain. 

These nutrients have low assimilation, being 

excreted through feces and urine, being present in the 

manure (CODLING; CHANEY; MULCHI, 2008). 

The use of poultry litter at doses higher than those 

required can contribute to the increased risk of 

toxicity by toxic elements to crops and organisms of 

edaphic and aquatic fauna, as well as to the 

accumulation of phosphorus and/or nitrogen leaching 

(TESTA, 2018). 

Characterization of groups formed based on 

cluster analysis 

 

Cluster analysis was performed based on soil 

chemical properties (Ca, Mg, K, H+Al, Al, CEC, 

OM, pH, P, FeT, and AlT) from 146 samples (Figure 

2). The connection distance of 0.024, which 

represents 1.25 times the standard deviation of the 

connection distance of all observations, was adopted 

as the cutoff point in the dendrogram for the 

definition of the number of formed groups 

(MILLIGAN; COOPER, 1985), suggesting the 

formation of up to 10 groups. 

 
Figure 2. Dendrogram obtained by cluster analysis based on soil chemical properties, using Ward’s method and Euclidean 

distance. 

The result of clusters was submitted to cross-

validation in the discriminant analysis (DA) to assess 

the choice of the number of groups and assess the 

overall error rate of the distribution of samples. The 

error rate showed that the formation with three 

groups would be most appropriate, as it presented the 

lowest overall error rate (2.15%) of the sample 

distribution. Thus, three groups were formed, as 

follows: Group 1 (G1) with 110 observations and 

Group 2 (G2) and Group 3 (G3) with 18 

observations each, totaling 146 samples. 

Standardized data (zero mean and unit 

variance) of soil properties, pseudo-total and 

bioavailable contents of metals, pollution indexes 

(PI), and topographic indices (TWI, Slope, and 

DEM) for each group are shown in Figures 3 and 4. 
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 1 
Figure 3. Standardized means of soil properties in the three groups formed by cluster analysis. 

  

 
 

 1 
Figure 4. Standardized means of pseudo-total contents (A), pollution indices (B), and bioavailable contents (C) of toxic 

elements and topographic indices (D). TWI – topographic wetness index; Slope – slope; DEM – elevation. 
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Group 1 (G1), characterized by the highest 

number of samples (110), is composed of soil 

samples with the highest values of pH, OM, P, and 

Mg (Figure 3) and highest pseudo-total contents of 

Zn, Ni, and Mn (Figure 4A) and, consequently, the 

highest PIs of these metals (Figure 4B). This group 

also stood out for presenting the highest bioavailable 

contents (soluble fraction – F1 + F2) among all the 

analyzed metals (Figure 4C). 

This group also had the lowest contents of 

Al3+ (toxic form of aluminum), with a mean value of 

0.03 cmolc dm−3, a value ten times below the critical 

level for the element (0.3 cmolc dm−3) adopted by the 

Rio de Janeiro State Liming and Fertilization Manual 

(FREIRE et al., 2013). These results confirm the 

information obtained in the agricultural properties, as 

most producers performed liming in their areas. 

Organic matter content in G1 had a mean of 

2.9%, but some areas reached values above 6.0%, an 

ideal value from the agronomic point of view 

(KIEHL, 1979). This high OM content is probably 

associated with organic fertilization carried out in 

these production areas, where the main used residue 

is poultry litter, also known as chicken litter or 

poultry manure. 

The use of poultry litter as a fertilizer is 

economically desirable, as it represents a low-cost 

and easily acquired resource in the region of the rural 

properties, in addition to containing a high nutrient 

concentration. However, from an environmental 

perspective, its use can be allowed under major 

restrictions since, when applied indiscriminately and 

without proper previous treatment (e.g., 

composting), this residue can represent a potential 

polluter of soil and subsurface waters (SOUZA et al., 

2019). 

The highest contents of assimilable P were 

found in G1. These values were above the fertility 

class considered very high (>30 mg dm−3) for soils in 

the State of Rio de Janeiro (FREIRE et al., 2013), 

with a mean of 96.44 mg dm−3. Phosphate fertilizers 

are used to correct low P availability, which limits 

crop yields. However, it represents a potential source 

of contamination by metals when performed 

indiscriminately (BIGALKE et al., 2017). 

Metal enrichment, assessed through PI, 

showed that only Cd had a mean value higher than 5 

(PI = 8.04), characterizing severe contamination 

(WU et al., 2015). All other elements presented 

mean values below 1. However, Zn and Ni contents 

indicated moderate contamination in some areas 

despite not presenting mean values of PI above 1 

when the maximum contents (4.44 and 3.61, 

respectively) were analyzed. 

However, the main highlight of Group 1 is 

the high bioavailability of all elements (Figure 4C). 

This high bioavailability may be related to the 

management adopted in these areas, mainly the 

indiscriminate use of soluble phosphate fertilizers, 

which have considerable contents of Cd, Cr, Ni, Pb, 

and Zn, as other fertilizers, and the organic 

fertilization, responsible for the highest contribution 

of metals in the production areas. 

Several studies have shown that the use of 

organic residues in agriculture may increase the 

bioavailability of metals in the soil and hence their 

translocation to plants (ROVEDA et al., 2014; 

SILVA et al., 2017). According to Barber (1995), the 

formation of organometallic complexes can affect the 

availability of cations in two opposite paths. 

Complexation with insoluble organic matter reduces 

bioavailability, while an increase may be related to 

the formation of soluble organometallic complexes 

of high stability, which influence the dynamics of 

metals in the soil (BARBER, 1995; PARDO; 

CLEMENTE; BERNAL, 2011; SILVA et al., 2017). 

Group 2 (G2), with 18 observations, is 

characterized by the highest exchangeable contents 

of Na, K, and Ca, consequently leading to higher 

values of sum of bases (S) and base saturation (V), 

with also the highest contents of CuT, PbT, CrT, 

CdT, and AlT. The areas of this group seem to be the 

most influenced by relief, with the lowest slope 

values and the highest TWI values. The highest 

accumulation of exchangeable bases and most metals 

in the lower parts may be associated with the 

dragging of finer soil particles by flood from the 

upper parts of the relief, accumulating in the lower 

regions. These particles, transported and deposited in 

the lower region of the landscape, may contain 

residues of agrochemicals adsorbed on soil colloids 

and metals such as Cd, Cu, Pb, and Zn salts and 

metal-organic compounds, which usually are part of 

active ingredients of several agrochemicals 

(OWENS, 2005; ROSOLEN et al., 2009). 

Potassium contents in G2 are well above the 

value considered very high for this element        

(>135 mg dm−3) (FREIRE et al., 2013), with mean, 

minimum, and maximum values of 1162.6, 800.6, 

and 1727.5 mg dm−3. Sousa (2017) also found high 

contents of exchangeable K in tomato-producing 

areas in the municipality of Nova Friburgo, in the 

mountain region of the State of Rio de Janeiro. 

Despite the high accumulation of these 

metals, PI results in G2 indicate a low enrichment of 

the cultivation areas by them, with maximum PI 

values of 2 (for Cu), indicating low contamination, 

according to Wu et al. (2015). 

Group 3 (G3), as well as G2 with 18 

observations, presented the lowest mean value of pH 

(5.0) and the highest values of potential acidity 

(H+Al) (13.79 cmolc dm−3) and Al3+ (0.47 cmolc 



ENRICHMENT AND BIOAVAILABILITY OF TOXIC ELEMENTS IN INTENSIVE VEGETABLE PRODUCTION AREAS 
 

 

T. F. FRANCO et al. 

Rev. Caatinga, Mossoró, v. 33, n. 1, p. 124 – 134, jan. – mar., 2020 130 

dm−3), which are parameters associated with soil 

acidity. Exchangeable aluminum contents in most of 

the assessed soil samples were above what is 

considered harmful to plants (0.30 cmolc dm−3) 

(FREIRE et al., 2013). Also, G3 was the group that 

had the lowest levels of exchangeable Ca and Mg, 

indicating the lack of liming in these areas, 

represented by a small fraction of producers who 

declared not using this practice. 

Regarding the pseudo-total contents of metals 

in G3, these areas had the lowest contents of Cu, Zn, 

Pb, and Cd, the highest contents of FeT, and 

intermediate values of AlT. It indicates their possible 

association with aluminosilicates (kaolinite) and Fe 

and Al oxides, hydroxides, and oxyhydroxides. In 

other words, metal contents are possibly associated 

with the parent material in the region, which releases 

these metals into the environment when weathered. 

Furthermore, most metals, except Cd, 

presented mean PI values below 1 and maximum 

values below 2, thus most areas can be classified as 

non-contaminated, i.e., with less anthropogenic 

interference compared to QRVs obtained for the 

mountain region of the State of Rio de Janeiro 

(LIMA et al., 2018). 

 

Geochemical fractionation of metals 

 

Figure 5 shows the results of geochemical 

fractionation for the metals Cu, Zn, Pb, Mn, Ni, and 

Fe, obtained by the modified BCR method. These 

results represent the percentage distribution in 

relation to the total of metals at each geochemical 

fraction, following the characterization previously 

established in the cluster analysis. 

  

 

 1 
Figure 5. Percentage distribution of metals in different geochemical fractions as a function of the groups formed in the 

cluster analysis. 

The percentage distribution of metals in 

different geochemical fractions showed a different 

behavior depending on the analyzed groups (Figure 

5). This behavior is due to the characteristics of each 

soil, which reflects the management adopted in the 

area, as well as the chemical nature of the element, 

which interfere with the reactions of sorption/

desorption, precipitation/dissolution, complexation, 

chelation, and oxy-reduction (OLIVEIRA; 

MATTIAZZO, 2001). 
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In general, metals showed a higher percentage 

in F5, the most recalcitrant fraction of the soil, which 

is associated with more stable bonds. According to 

Bevilacqua et al. (2009), metals extracted in residual 

fractions (F5) are fixed in the crystalline lattice of 

stable and resistant-to-weathering mineral silicates, 

thus being unavailable in the medium and/or 

occluded in Fe and Al oxides, hydroxides, and 

oxyhydroxides. 

A predominance of metals was observed in 

the most recalcitrant soil fraction (F5), but a 

representative portion of metals was also observed in 

other fractions. Thus, metal content in other fractions 

was assessed to verify a possible potential for soil 

contamination. 

The distribution of Cu in fractions F1, F2, F3, 

and F4 showed its predominance in the fraction 

related to soil organic matter (F4), with a value of 

about 30% in G1 and G3 and 16% in G2. This same 

behavior was evidenced for Pb, which showed values 

close to 15% in G1 and G3. The higher retention by 

the organic fraction confirms the capacity of these 

metals to form stable complexes with the organic 

matter due to reactions with COOH and phenolic OH 

groups (STEVENSON, 1994). 

The distribution of Zn in fractions F1, F2, F3, 

and F4 showed the highest percentage obtained in 

the three groups was observed in F2, standing out 

G1, which had about 20% in this fraction. The other 

groups (G2 and G3) presented 16 and 12%, 

respectively. Fraction F2 added to the soluble 

fraction is considered the bioavailable fraction and 

represents the most mobile forms of metals in the 

environment and, consequently, with the highest 

potential for leaching and absorption by plants 

(JALALI; HEMATI, 2013). 

As observed for Zn, Ni showed predominance 

in the bioavailable soil fraction (F1 + F2) in groups 

G1 and G2 when compared to fractions F3 and F4, 

while for G3, this predominance was in F3. Group 1 

showed the highest percentage of Ni in the water-

soluble fraction (F1), with a value of about 10%. 

This group also showed the highest pseudo-total 

contents of Ni and Zn. 

Even though the highest percentages of Mn 

were found in fractions F3 (fraction bound to Fe and 

Mn oxides) and F5 (residual fraction), a considerable 

portion of this element was found in F2, especially in 

groups G1 and G2. This fraction is possibly 

associated with more soluble anthropogenic sources 

due to the contribution of agrochemicals (fungicides 

and leaf fertilizers), which have been used 

intensively in vegetable production areas (SOUSA, 

2017). 

The distribution of metals in fractions F1, F2, 

F3, and F4 followed their adsorption affinities, i.e., 

the lowest percentages of Pb and Cu in the most 

bioavailable fractions (exchangeable and soluble) 

probably occurred due to the formation of high-

energy bonds (inner-sphere complexes), with the 

solid soil phase (organic and mineral fractions). On 

the other hand, Ni and Zn showed the opposite 

behavior, in which the highest proportions are in the 

bioavailable soil fraction (F1 + F2), mainly in the 

exchangeable fraction (F2), showing the 

predominance of low-energy bonds (outer-sphere 

complexes) and, therefore, capable of being moved 

to the soil solution. 

 

Principal component analysis between 

bioavailability and soil properties 

 

The principal component analysis (PCA) was 

also performed between the total contents, soil 

properties, and bioavailability of each metal (Cu, Zn, 

Pb, Mn, and Ni) for a better understanding of the 

factors involved in the dynamics of metals in the 

soil. 

Figure 6 shows a graphical representation of 

principal components (PCs). All analyzed metals 

(Cu, Zn, Pb, Mn, and Ni) showed a direct 

relationship between contents of metal pseudo-total 

and bioavailable and assimilable P, confirming 

soluble phosphate fertilizer contribution to 

accumulation and bioavailability of heavy metals in 

the soil. In addition, pseudo-total and bioavailable 

contents of these metals had an inverse relationship 

with soil properties related to adsorption such as 

CEC, potential acidity (H+Al), and OM content. 

Besides these parameters, FeT and AlT contents that 

may indicate a contribution of Fe and Al oxides, 

hydroxides, and oxy-hydroxides to adsorption. 
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Figure 6. Graphical representation of principal components 1 (PC1) and 2 (PC2) between pseudo-total and bioavailable 

contents of Cu (A), Zn (B), Pb (C), Mn (D), and Ni (E). 

Our results demonstrate that, although 

contribution of toxic elements via organic 

fertilization (poultry litter) is superior to that via 

mineral fertilization (Figure 1), the high solubility of 

mineral inputs possibly caused a high influence on 

the availability of these elements. In addition, 

poultry litter is applied fresh, possibly with a low 

decomposition stage, favoring the predominance of 

forms not yet available of toxic elements. 

Moreover, organic matter can act in two ways 

by complexing with insoluble organic matter, 

reducing availability, or forming soluble complexes, 

especially with fulvic acids, increasing metal 

availability (BARBER, 1995). Thus, studies related 

to the characterization and fractionation of humic 

substances in the soil organic matter would be 

necessary for a better assessment of the contribution 

of OM from the organic fertilizer in the adsorption or 

bioavailability of metals, as the total content was not 

an adequate parameter for this assessment. 

Silva et al. (2017) observed that among humic 

substances in soil organic matter, fulvic acids form 

highly stable complexes with lead, increasing its 

solubility and bioavailability in the soil, potentiating 

risks of contamination of water bodies and 

transference to the trophic chain. 
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CONCLUSIONS 
 

In general, vegetable producing areas showed 

low contamination by metals Cu, Zn, Pb, Mn, and 

Ni, except for Cd, which presented severe 

contamination. 

Areas with the lowest slope and highest TWI 

values showed an increase in the contents of most 

toxic elements, thus reflecting the influence of relief. 

The bioavailability of Cu, Zn, Pb, Mn, and Ni 

is possibly related to the intensive application of 

phosphate, potassium, and organic fertilizer in the 

areas, which also contribute to the total accumulation 

of these metals. 

Metal distribution in the different 

geochemical fractions followed their adsorption 

affinities, in which Pb and Cu are associated with 

more stable fractions due to the formation of high-

energy bonds with the solid soil phase. On the other 

hand, Ni and Zn are associated with the bioavailable 

soil fraction, showing the predominance of low-

energy bonds capable of being displaced to the soil 

solution, representing a high risk of contamination of 

water bodies and transference to the trophic chain. 
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