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Abstract

:

The concentration of trace toxic metals (Cr, Zn, As, Pb, Cd, Cu, and Ni) in soil and rice plants, including the stems, leaves, and grain, from the main rice-producing provinces in Ecuador, was determined. Additionally, the soils were analyzed to determine their properties, composition, total content, bioavailable fraction, and geochemical fractions of toxic elements. Approximately 30% of soil samples in the case of Cr and Cu and 10% of samples in the case of Ni exceeded the legal thresholds for Ecuador. Moreover, for Cr and Cu, approximately 4% and 13% of samples, respectively, exceeded the threshold value of 100 mg kg−1 proposed for these two elements in several international regulations. Concentrations of As, Pb, and Cd in the soils were below the threshold values established both by Ecuadorian laws and by other countries. The concentrations of metals in rice plants did not correlate linearly with the total metal concentrations in the soil, nor with their bioavailability. However, the bioconcentration factors for As, Cd, Cu, Ni, and Zn could be predicted from bioavailability by a power law with exponents ranging from −0.724 to −1.625, which is typical of accumulator plants, where trace metal homeostasis plays an important role.






Keywords:


trace toxic metals; rice; bioaccumulation factor; hyperaccumulator












1. Introduction


Rice (Oryza sativa L.) is a staple in the diet of over 50% of the world’s population [1] and a major source of calories and protein for humans [2]. Latin America is the second most important region after Asia in terms of rice consumption, with an average of 80 g/person/day consumed. Ecuador is one of the countries with the highest rate of rice consumption in South America, with a per capita consumption of 123 g/day [3].



On the other hand, the quality of agricultural land has experienced a marked decline in past decades, leading to decreased crop productivity and food quality [4]. The indiscriminate application of pesticides and fertilizers containing trace elements such as Cd, Pb, Cu, and Hg, along with the use of low-quality irrigation water, results in a generalized decline in the quality of agricultural systems [5,6,7].



One of the main problems associated with such a decline is the enrichment of toxic elements, which generally leads to their increased bioavailability and incorporation into foodstuffs. Toxic metals are absorbed by plants through the root cortical tissues due to their similarity with some essential micronutrients, such as zinc [8]. Specifically, for arsenic, there are two major mechanisms for As absorption through the rice plant roots. The first pathway is through a phosphate transporter, since arsenates are analogous to phosphates, and the second one is through aquaporin channels, which incorporate arsenites (analogous to silicic acid) and undissociated methylated arsenic species (dimethylarsinic acid [DMA] and monomethylarsonic acid [MMA]) [9]. These metals can accumulate in edible portions of the plants [8] and enter the food chain, subsequently accumulating in different tissues such as liver, muscle, and bone, therefore posing a mid- to long-term threat to human health [10].



Metal(oids) are among the pollutants currently categorized as the highest-risk pollutants present in foodstuffs [10]. Studies evidence excessive amounts of metal(oids) such as Cd, Pb, Cr and As in agricultural soils in the USA, China, and Spain [11,12,13]. In some cases, this pollution has negatively impacted the population’s health and quality of life. In Japan, for instance, cadmium pollution in rice paddies led to dozens of deaths due to a degenerative bone disease known as itai-itai [14]. Likewise, in Bangladesh, a country affected by a high intake of As through drinking water and rice, an estimated 33 to 75 people are at risk of arsenic poisoning [15].



In Ecuador, several locations with abnormally high concentrations of As have been identified [16,17]) in association with intense hydrothermal activity in volcanic regions [16,18,19] and, occasionally, in areas with mining activity [20]. However, the available information about the content of As and toxic metals in rice crop areas in Ecuador is scarce. With the available data, Nunes and Otero [21] have concluded that rice constitutes a more important source of arsenic than tap water and that the estimated daily intake (EDI) of arsenic for infants living in urban areas of Ecuador is around four times that of European infants. Pozo et al. [22] studied the total content of toxic metals (Cu, Zn, Pb, and Hg) in the soils and Pb in the rice shoots from rice paddies within the Guayas river basin and obtained mean concentrations of 48.8 mg kg−1 for Cu; 33.9 mg kg−1 for Zn; 0.15 mg kg−1 for Cd; and 4.35 mg kg−1 for Pb, while Hg concentrations were below the detection limit. Lead concentrations ranged between 3.30 and 4.40 mg kg−1 in roots, 2.01–2.60 mg kg−1 in stems, and 1.80–2.00 mg kg−1 in the leaves of rice plants.



This paper studies the content of As and toxic metals in the three main rice-producing provinces in Ecuador (Guayas, Los Ríos, and El Oro) located in the coastal area, as well as in the Orellana province, located in the Eastern part of the country. The objectives of this study were: (1) to determine total concentrations of the main toxic elements (Cr, Zn, Cd, Cu, Pb, As, and Zn), their geochemical forms, and their bioavailable fraction in soils of the main rice-producing areas in Ecuador; (2) to determine the contents of these elements in rice plants, including grain, leaves, and stems, and their bioaccumulation factor.




2. Materials and Methods


2.1. Sampling and Sample Preparation


Sampling was conducted in the main rice-producing provinces of Guayas, Los Ríos, El Oro, and Orellana (Figure 1).



A total of 102 soil samples (0–20 cm) were collected, along with rice plant samples (31 grain, leaf, and stem samples). The soil and plant samples were pooled by mixing five subsamples from each crop area. For soil samples, approximately 500 g from each subsample were mixed and homogenized in a plastic container, and approximately 200 g were taken from the mix. For plant samples, approximately 100 g were taken from each subsample and mixed in a plastic bag. Once in the laboratory, soil samples were dried and sieved through a 2 mm mesh for subsequent analysis. Plant samples were rinsed with distilled water 3 to 5 times. Dehusked rice grains (field rice grain) and the remaining parts of the plant were stored in plastic bags until analysis.




2.2. Physicochemical Characteristics and Soil Texture


The pH and redox potential (Eh) were determined in situ using portable electrodes (HANNA instruments INC, Woonsocket, RI, USA.). The Eh values were corrected by adding the potential of the reference electrode (+244 mV). Soil texture was estimated using the pipette method [23]. Total organic carbon (TOC) in the soil samples was determined using a Leco100 S-C 144DR analyzer (LECO Corporation, St. Joseph, MI, USA).




2.3. Total Metal(oids) Content in Soils


The total concentrations of As and metal(oids) were determined using 0.5 g of the sample subjected to acid digestion (9 mL HNO3 14.4 M: 3 mL 12 M HCl, Merck, Darmstadt, Germany) in a microwave digestion system for 25 min. The concentrations of As and metal(oids) were determined by ICP-MS (Agilent Technologies, Palo Alto, CA, USA). The method used to extract metal(oids) from the soil was validated using standards (SRM 2709a, SMR2710a, and SRM2711a by NIST, Gaithersburg, MD, USA), with a mean percentage of recovery > 90%.




2.4. Metal Bioavailability in Soils


The concentration of the bioavailable fraction was determined by the Mehlich 3 method (1984): 2 g of the soil sample previously sieved through a mesh size < 2 mm were added to 20 mL of extracting solution (0.015N NH4F, 0.001N EDTA, 0.25N NH4NO3, 0.2N HOAc, and 0.013N HNO3); the mixture was shaken for 5 min at 200 rpm and subsequently filtered through a Whatman filter No. 42. The concentrations of As and metals were determined by ICP-MS (Agilent Technologies, Palo Alto, CA, USA).



The bioavailability ratio was calculated by the division of the bioavailable concentration by the total concentration in the soil.




2.5. Sequential Extraction of Metal(oids)


Fractioning was performed on 2 g of the soil sample using the method described elsewhere [23], by which the following fractions were separated:



F1: exchangeable and soluble fraction, extracted using 30 mL of a 1M MgCl2 solution, adjusting pH to 7, and shaking for 30 min. It was then centrifuged at 10,000 rpm and at 4 °C; the supernatant was filtered through a 0.45 µm filter, and the residue was rinsed twice with ultrapure (MillQ) water before proceeding to the next extraction step. The centrifugation and filtration process was common to all the subsequent extractions.



F2: carbonate-associated fraction, extracted using 30 mL of a 1M NaOAc/HOAc solution at pH 5 adjusted with acetic acid, and shaken for five hours.



F3: fraction associated with amorphous or very low-crystallinity (ferrihydrite-type) Fe oxyhydroxides, extracted using 30 mL of a 0.04 M hydroxylamine + 25% (v/v) acetic acid solution at 30 °C and shaken for six hours.



F4: fraction associated with low-crystallinity Fe oxyhydroxides (lepidochrocite-type), extracted using 30 mL of a 0.04 M hydroxylamine + 25% (v/v) acetic acid solution heated to 96 °C for six hours.



F5: fraction associated with crystalline forms of iron oxyhydroxides (goethite-type), extracted by adding 20 mL of 0.25 M sodium citrate + 0.11 M sodium bicarbonate and 3 g of sodium dithionite solution to each sample, which was kept at 75 °C for 30 min.



F6: fraction associated with the pyritic fraction, extracted using 10 mL of concentrated nitric acid and shaking for two hours. Pretreatment was previously performed to remove metals and Fe associated with silicates. Pretreatment consisted of an attack with 30 mL of 10M HF for 16 h with continuous shaking at 200 rpm, followed by the addition of 5 g of boric acid to neutralize the remaining HF, shaking for 8 h, and then centrifuging at 10,000 rpm at 4 °C. The supernatant was discarded. The residue was then subjected to attack with 15 mL of concentrated H2SO4 for 2 h with continuous shaking. The supernatant was discarded, and the residue was rinsed twice with deoxygenated ultrapure water (miliQ).




2.6. Total Metal Content in Rice Plants and Grain


Prior to extraction, samples were first rinsed with high-pressure water and then rinsed three to five times with distilled water. Samples were then dried at 65 °C for 48 h, ground, and stored in a polyethylene bag at room temperature until analysis.



The content was determined using 0.5–1.0 gr of plant samples, which were digested by adding a mix of HNO3 and H2O2 Suprapur (Merck), according to Meharg and Rahman [24]: 5 mL 65% HNO3, 1mL 33% H2O2, and 5 mL Milli-Q water (w/v) and leaving them to rest overnight. Tubes were then placed in a heating plate (Perkin Elmer SPB 48–50) at 95 °C for 3 h. The extract was filtered by 0.45 μm. The total metal content was determined by ICP-MS (Agilent Technologies, Palo Alto, CA, USA).



In parallel, concentrations in the certified reference material were determined with a percentage of recovery of 91 ± 6% (n = 3) for As, Cu, Hg, Mo, Zn, Hg, and Se.



The bioconcentration factor (BCF) was calculated by the division of the measured concentrations in the plant (independently for grain, leaf, and stem), in mg/kg, by the bioavailable concentration (Mehlich), or by the total metal concentration, in mg/kg.




2.7. Statistical Analysis


Statistical and graphic analyses were performed using the statistical software R. Analysis of variance analysis (ANOVA) and the Tukey test were performed to identify significant differences between means in the different individual provinces, and between the Orellana province and the coastal provinces (remaining), at a significance level of 0.05. The Levene test was used to test homoscedasticity. The Pearson’s correlation coefficient was used to quantify the linear relationship between soil parameters and between bioconcentration factors.





3. Results and Discussion


3.1. Soil Composition and Properties


Soils from rice paddies in the coastal provinces had a clayey texture, with a mean value of 49 ± 16% clay, followed by the silt (24 ± 13%) and sand fractions (28 ± 20%). Conversely, the predominant texture in the Orellana province was sandy loam, with a predominant sandy fraction (67 ± 18%), followed by silt (17 ± 8%) and clay (17 ± 14%). The TOC content was lower in the coastal provinces (1.9 ± 0.6%) than in the Orellana province (4.4 ± 1.4%) (Table 1). The mean pH was 6.3 ± 0.6 (Table 1), ranging from 3.6 to 7.4. Nevertheless, extremely acidic values appeared only occasionally in samples from the coastal provinces (pH = 3.6). The Eh ranged between 92 and 485 mV, with most samples showing suboxic conditions (200–350 mV) and only a few samples showing anoxic conditions (Eh < 100 mV). The total content of Fe was 4.2 ± 1% in the coastal provinces, while values were lower (2.7 ± 0.7%) in the Orellana province. Fe was mainly found as Fe-goethite (F5 fraction = 46%) and Fe-lepidochrocite (fraction F4 = 41%) (Figure 2A).




3.2. Total and Partitioning of Toxic Elements


The total concentrations of metals were: Zn (88.3 ± 26.0 mg kg−1) > Cr (53.0 ± 23.5 mg kg−1) > Cu (57.2 ± 30.1 mg kg−1) > Ni (29.5 ± 14.30 mg kg−1) > Pb (12.4 ± 8.2 mg kg−1) > As (4.56 ± 3.25 mg kg−1) > Cd (0.27 ± 0.14 mg kg−1) (Table 2). By area, metal concentrations in soils from the coastal provinces were significantly higher than in those from the Orellana province (p < 0.05), except for Cd, which did not show significant differences. The found differences allow the study of metal uptake by plants under varying concentrations in the soil.



Cd and As were mainly associated with the exchangeable and soluble fraction (F1: 75% and 60%; Figure 2A), while metals such as Pb (78%), Cr (49%), Ni (48%), and Cu (74%) were associated with crystalline forms of iron oxyhydroxides (F5) (Figure 2). Cadmium is the element with the highest bioavailable fraction, reaching values up to 59% of the total Cd concentration (Table 2), unlike the rest of the metals, which showed low percentages of bioavailability, between 0.2% and 17%. In general, concentrations of most of the studied metal(oids) in soils were below the thresholds set up by Ecuadorian laws [25], except for a few samples from agricultural areas in the Los Ríos and Guayas provinces, where Cr, Cu, and Ni showed abnormally high values, as did As in the El Oro province (Table 2).



However, threshold values vary widely among countries and, therefore, the concentrations obtained in soils generally remained below these values, with few exceptions. Approximately 30% of samples in the case of Cr and Cu and 10% of samples in the case of Ni exceeded the legal thresholds for Ecuador (65 mg kg−1, 63 mg kg−1, and 50 mg kg−1, respectively). Moreover, for Cr and Cu, approximately 4% and 13% of samples, respectively, exceeded the threshold value of 100 mg kg−1 proposed for these two elements in several regulations [26,27]. For the total As content, virtually all samples were below the legal threshold for Ecuador (12 mg kg−1). Concentrations of Pb and Cd in the soils were below the threshold values established both by Ecuadorian laws and by other countries.



The highly significant correlations found between the contents of toxic elements and the total Fe content—but not with Fe oxides—Table S2, as well as the correlations among toxic elements, seem to suggest that their origin is associated with the geological substrate, thus ruling out the possibility of an anthropic source. This idea is also supported by the low concentrations found for most of them.



These results also show the fundamental role played by Fe content in the mobility and bioavailability of toxic elements in soils [28,29,30], preventing their uptake by and translocation to the plants, as has been observed in previous studies on metals such as cadmium [31].



Bioavailability and toxicity not only depend on the total concentrations of metals but also on the distribution of each element among chemical fractions [27,32]. As previously mentioned, the total concentrations of elements such as Cr, Cu, and Ni exceeded the established threshold values for agricultural soils in some samples. However, the concentrations of these elements in the most labile fractions, particularly F1 and F2 [13,32] were extremely low, representing less than 5% of the total content, except for Cd and As, the two elements that usually accumulate in rice grain and are potentially harmful to human health [33,34,35]. The percentages of Cd and As in fraction F1 were 75% for Cd and 60% for As; however, concentrations of these two elements in soils were very low and, therefore, they do not seem to pose a threat to human health. This hypothesis is supported by the low Cd and As concentrations present in field rice grain, whose values were below the allowable limits.



On the other hand, toxic elements such as Cr, Zn, Pb, Cu, and Ni were mainly associated with fractions F4 and F5, which, together with fraction F3, are considered potentially available fractions [13]. Nevertheless, the Eh–pH conditions in the majority of rice paddy soils from Ecuador guarantee the stability of crystalline forms of Fe oxyhydroxides (goethite) [29]. Moreover, this idea is consistent with the presence of Fe-goethite in strongly reduced environments, even methanogenic ones such as some organic marine sediments [23,36]. Therefore, the metallic fraction adsorbed to crystalline Fe oxyhydroxides can be considered non-assimilable by rice plants.



As for fraction F6 (pyritic fraction), the environmental conditions in rice fields make metallic sulfides unlikely to form, mainly due to the low concentration of sulfide ions in flooding water [29]. Thus, the metallic concentration associated with this fraction should be considered as part of the metal associated either with refractory organic matter that has not been removed by the previous treatment with H2SO4 or with other recalcitrant minerals present in the soils.




3.3. Toxic Elements Uptake by Rice Plants


The mean concentrations of metals in field rice grain samples from Ecuador did not exceed the legal threshold values [37], except in the case of Cr, whose mean values in field rice exceeded the 1 mg kg−1 threshold, probably due to the high concentrations determined in soils. However, the dominant species in reducing conditions (i.e., flooding conditions) is Cr(III), which is less mobile and less toxic than Cr(VI) [38]. Moreover, few samples showed values of Pb, Cd, or As above the legal threshold for these elements, established at 0.2 mg kg−1 (Table S3). The concentrations of the metals in rice plants were not statistically different in the plant parts (ANOVA test, Tukey post-hoc, p > 0.05) (Table 3), showing an equal translocation coefficient to the upper parts of the plant (though for the grain, our values are only representative of the endosperm). No clear distinction between provinces was found for rice ionome (Table S1). Our results show the presence of abnormally high values of metal(oids) in rice in very specific areas of each province, but high toxic metal contents cannot be associated with a specific province (see also Otero et al. [27]).



Chaney [39] introduced a general division of the metals into four groups according to their uptake by plants and potential exposure to humans, which we use to support the discussion. The division assumes that, in highly acidic soils, where possible phytotoxicity from Cu, Zn, and Ni is high, plant uptake of Zn, Cd, Ni, Mn, and Co increases; the absorption of Mo and Se is strongest in alkaline soils; and plants do not uptake Pb and Cr to any substantial degree at any pH level. The groups are then: Group I, including Ag, Cr, Sn, Ni, Y, and Zr, are not taken up to any extent by plants—due to their low solubility in soil and, consequently, negligible uptake and translocation by plants; Group II, including As, Hg, and Pb, are absorbed by plant roots, but are not readily translocated to edible tissues, they are strongly adsorbed by soil colloids, being less bioavailable; Group III, including B, Cu, Mn, Mo, Ni, and Zn, are readily taken up by plants, they are phytotoxic at concentrations that pose little risk to human health; Group IV, including Cd, Co, Mo, and Se, are absorbed by plant roots, and can bioaccumulate up to plant tissue concentrations that are not generally phytotoxic.



Under the reduced conditions found in paddy soils, the soil microbes can reduce arsenate to more soluble and bioavailable arsenite increasing metal and As bioavailability [40]. In addition, pH also plays a fundamental role in modulating metal uptake by rice, through the pH-dependent expression of the metal transporter genes, being the range of pH found in this study (6.0 to 7.0), coincident with that where uptake by rice plants is expected to be highest [41]. This may justify why the concentrations of metals in rice plants were not linearly correlated with the total metal concentrations in the soil, nor with their bioavailability (see details in Supplementary Material). However, the bioconcentration factors for the metals in groups III and IV may be predicted from bioavailability by a power function with exponents ranging from −0.724 to −1.625 (r2 > 0.5, p < 0.05) (Figure 2B). For arsenic, the power relationship was statistically weaker (r2 ≈ 0.2, p < 0.05), with exponents of the function close to −0.400. No relationship was found for Pb and Cr. These results agree well with the expected differential uptake of metals by rice plants, as discussed above. Power relationships between BCF and bioavailability are known for a long time for “accumulator” type plants [42], including for rice [43]. The detected non-linear relationship is hence the result of the combined effect of a non-proportional increase in bioavailability with an increasing total concentration in the soil solution and of the selective uptake by the plant. Transporter proteins in the plasma membrane of plant root cells and the tonoplasm are recognized to help sustain physicochemical concentrations and stress responses to trace metals, significantly contributing to the plant’s trace metal homeostasis [44,45].



Of the studied metals, only Cr and Pb showed proportionality between bioavailability and total concentrations in the soil, though with very low proportionality constants (0.06, R = 0.47, and 0.003, R = 0.94, for Pb and Cr, respectively; p < 0.05). In this case, plant uptake showed little relation with metal availability, as would be expected. For the remaining metals, the non-linear relationship between bioconcentration and bioavailability is probably due to processes taking place at the plant and soil–plant interface, resulting in non-proportional uptake, as expected for “accumulator” plants. One of such processes is the presence of an iron plaque on the root surfaces due to the oxic conditions in the rhizosphere [46], which favor the accumulation of Fe oxyhydroxides in the rhizosphere. Several metal(loid)s have been found to be associated with iron plaque deposits, namely Cu and Ni [47], Zn [48], and As [49]; while for Pb and Cd the iron plaque does not seem to be a barrier to uptake and translocation [50,51]. The possible relationship between iron plaque and Cr uptake and distribution in rice is still unclear [52].



The mean total content of arsenic (As) in soils was 4.6 ± 3.2 mg kg−1 (range: 0.61–17.1 mg kg−1). The total concentration of arsenic was highest in soils from the Los Ríos province (6.8 ± 4.8 mg kg−1), followed by Guayas (4.5 ± 2.4 mg kg−1) and El Oro (3.3 ± 1.1 mg kg−1). The lowest concentration corresponded to soils from the Orellana province (1.07 ± 0.44 mg kg−1) (Table 2). The bioavailable concentration reached values of 0.131 ± 0.095 mg kg−1 (3% of As) in the coastal provinces, while in Orellana, it represented 1% of As (0.012 ± 0.003 mg kg−1) (Table 2). As for sequential extraction, fraction 1 showed the highest values in the Orellana province (0.314 ± 0.088 mg kg−1; 85%), while fraction F4 represented 100% (0.463 mg kg−1) in the coastal provinces (Figure 2). The high values of As in fraction F1, which corresponds to the most mobile and labile fraction, contrasts with the low concentration obtained for the bioavailable fraction. There is no clear explanation for this apparent contradiction beyond the fact that the sequential extraction method has been designed to extract metallic cations rather than oxyanions. In any case, the bioavailable fraction showed a very high correlation with bioavailable phosphorous (R = 0.93, p < 0.05), which may be due to the fact that phosphate ions are analogue to As (V), hence desorbing it from clay particles [53]. Because of their chemical similarity, As(V) competes with phosphate for root uptake, and plants uptake and mobilize As(V) through the phosphate transport channels [54]. The As concentrations were 0.12 ± 0.06 mg kg−1 in rice plants (Table 3). Arsenic concentration in the grain correlated negatively with Fe but did not correlate with Mn (R = −0.62 and 0.02, p < 0.05, respectively), indicating that the iron hydr(oxides) seemed to dominate as an As uptake limiting factor in rice roots, due to sorbing and co-precipitating arsenic ions, namely at the plaque. Manganese oxide is a powerful oxidant that can rapidly convert As(III) to As(V) over the pH range found in paddy soils. Under aerobic conditions, the latter adsorbs strongly on most soil minerals, including Fe (hydr)oxides. The observed lack of correlation may, in this case, be due to the found negative relationship between bioavailable iron and manganese (R = −0.44, p < 0.05). In any case, the hydrogeochemical settings at the studied rice paddies are such that arsenic bioavailability is low, resulting in equally low concentrations in rice plants, including in the grain (Table 3).



The BCF for arsenic in the rice plant was equal to 0.04 ± 0.05 (there is hyperaccumulation if BCF > 1), ranging between <0.01 and 0.02. This range is similar to those found by other authors for a wide range of geographic locations and rice varieties [55,56] (Table 4), indicating that the geochemical conditions in paddy soils and rice varieties in Ecuador have a variability similar to that of global agroenvironments. If the BCF is calculated using the bioavailable fraction (Melich) instead of total As, rice becomes a hyperaccumulator with ratios similar to those reported elsewhere when concentrations in the soil are low (0.49 < BCF < 4.53) [55,56] This observation is compatible with the power relationship described above between uptake and bioavailable metal in the soil solution, where the latter is much higher at lower bioavailability ratios.



The mean total concentration of Pb in Ecuadorian soils was 12.4 ± 8.2 mg kg−1 (range: 2.4–34.0 mg kg−1) (Table 2). By province, the highest lead concentrations were in the Los Ríos province (17.8 ± 9.3 mg kg−1), while the lowest were found in the Orellana province (4.3 ± 2.0 mg kg−1), with significant differences among Pb total concentrations of the different provinces.



The bioavailable fraction accounted for up to 13% of the total concentration (1.66 ± 1.23 mg kg−1) (Table 2), and sequential extraction in the most labile fractions (F1 and F2) reached 2% for coastal provinces (F1: 0.013 ± 0.043, 1%; F2: 0.013 ± 0.043, 1%) and 29% for the Orellana province (F1: 0.0168 ± 0.031, 29%; F2: <D.L.) The highest percentage was determined in the fraction associated with crystalline forms of iron oxyhydroxides (F5), with values of 0.847 ± 0.069 mg kg−1 (80%) for the coastal provinces and 0.369 ± 0.068 mg kg−1 (64%) for the Orellana province (Figure 2).



The Pb concentration in rice grain was 0.085 ± 0.153 mg kg−1, while Pb concentrations did not significantly differ among provinces (F(2, 33) = 1.3, p = 0.28) (Table S3).



In rice plants, most of the absorbed Pb remains in the roots, which makes this organ the first barrier for the Pb translocation to the above-ground plant parts [63]. In a lab experiment with spiked soil to 800 mg Pb/kg soil (dw), Liu et al. [64] found average Pb concentration ratios of roots to stems to leaves of 60:5:1 at heading and 19.4:2.9:1 at ripening for several rice varieties. As indicated above, in our case, no significant differences were found for Pb concentrations between the stem, leaf, and grain, which may be due to more effective retention of Pb at the root when the concentration in the soil is low. The BCF for Pb was 0.02 ± 0.02 (range: < 0.01–0.10) in agreement with low uptake of Pb by rice plants and high environmental variability. Again, the BCF values are within the range found elsewhere (Table 4).



The mean total concentration of chrome was 53.0 ± 23.5 mg kg−1, ranging from 10.4 to 120.8 mg kg−1 (Table 2). Cr concentrations differed significantly among the different Ecuadorian provinces (F(2,88) = 19.5, p < 0.05), being highest in the Guayas province (59.7 ± 14.3 mg kg−1) and lowest in the Orellana province (14.5 ± 4.4 mg kg−1) (Figure 2). The bioavailable Cr fraction was 0.24 ± 0.14 mg kg−1, corresponding to 0.5% of the total content. The low concentrations of bioavailable Cr were consistent with those obtained for the geochemically more mobile fractions (F1 and F2) (Figure 2).



The majority of Cr (Coast: 1.003 ± 1.209 mg kg−1, 50%; Orellana: 2.100 ± 0.300 mg kg−1, 48%) was found in association with crystalline Fe oxyhydroxides (Fraction F5) and with low-crystallinity Fe oxyhydroxides (coast: 0.516 ± 0.794 mg kg−1, 26%; Orellana: 0.600 ± 0.450 mg kg−1, 14%) (Fraction F4) (Figure 2).



Cr concentrations in field rice grain (1.31 ± 1.59 mg kg−1) (Table 3) were similar between provinces (F(1,28) = 0.6, p = 0.45) (Table S3). Abnormally high values were found for Cr (range: 0.10–7.89 mg kg−1), with mean Cr values exceeding the threshold value, established at 1 mg kg−1 [37].



The uptake and translocation of Cr is modulated by the soil pH, organic matter content, and chelating agents, among others [54]. In plant systems, Cr(III) uptake occurs through passive mechanisms, and Cr(VI) through active processes, typically through phosphate or sulfate transporters due to Cr(V) structural similarity to phosphate and sulfate [65]. The translocation of Cr from soil to plant and between plant organs is low when compared with the other metals [66,67]. The BCF calculated for Cr was low (0.05 ± 0.07; min < 0.01; max = 0.31) (Table 4); however, if computed from the bioavailable fraction, the BCF becomes very high (4.52 ± 4.93, min = 0.46; max = 22.0). The reason for this may be that the mobile Cr(VI) competes with the uptake of some essential nutrients such as K, Fe, Mn, Mg, Ca, and P due to their ionic resemblance [68], a phenomenon which is best quantified by the bioavailable fraction.



The total content of nickel in soils was 29.5 ± 14.3 mg kg−1 (range: 7.4–64.0 mg kg−1) (Table 2). Nickel concentrations in soils from the different provinces studied showed significant differences (F(2, 88) = 11.6, p < 0.05), with the highest values in the Guayas province (31.6 ± 13.3 mg kg−1) and the lowest in the Orellana province (8.5 ± 1.9 mg kg−1).



The bioavailable fraction was low, representing less than 5% of the total nickel content (1.58 ± 1.15 mg kg−1), consistently with the low concentrations obtained for the labile fractions from sequential extraction (F1 < D.L.; F2: 0.252 ± 0.215 mg kg−1). Most of the nickel present in the coastal provinces was found in association with crystalline Fe oxyhydroxides (1.218 ± 0.199; 56%), while in the Orellana province, it was associated with lepidochrocite (1.000 ± 0.087 mg kg−1; 35%) (Figure 2).



Nickel concentrations in grain were 1.401 ± 1.046 mg kg−1 and similar among provinces (Table S3).



Transporter-like natural resistance-associated macrophage proteins are involved in the transport of several trace metals, including Ni, Zn, Cd, and Cu, across rice cell membranes of roots and shoots [44]. For Ni, the translocation factor from root to the upper parts of the plant is low, resulting in lower concentrations in the latter which are one order of magnitude below those in the root [62]. The later authors found that the uptake and bioaccumulation in the rice grain of Ni are related by a power function with the available fraction of the metal (see Table 4). This observation coincides with our power function relationship discussed above. BCF computed with Ni is 0.06 ± 0.05, and 0.54 ± 0.44 when calculated with the bioavailable fraction. Both lay on the low side of published values (Table 4).



The total concentration of zinc in soils from Ecuador was 88.3 ± 26.0 mg kg−1, ranging from 39.2 to 159.6 mg kg−1 (Table 2). In comparing zinc concentrations in soils from the different Ecuadorian provinces, significant differences were observed (F(2, 88) = 17.7, p < 0.05), with the highest concentrations in the Los Ríos province (110.6 ± 26.3 mg kg−1) and the lowest ones in the Orellana province (60.8 ± 17.1 mg kg−1) (Table 2).



The mean concentration of bioavailable zinc was 2.08 ± 1.45 mg kg−1, representing less than 5% of the total content (Table 2). The results from sequential extraction showed that the majority of Zn was associated with Fe oxyhydroxides, particularly to fraction F4, which showed values of 0.948 ± 0.181 mg kg−1 (46%) for coastal provinces and 7.750 ± 0.527 mg kg−1 (32%) for the Orellana province, while a lower proportion was associated with the most labile fractions: F1 (Coast: 0.023 ± 0.047 mg kg−1, 1%; Orellana: 1.050 ± 0.687 mg kg−1, 4%) and F2 (Coast: 0.223 ± 0.236 mg kg−1, 11%; Orellana: 1.800 ± 0.450 mg kg−1, 7%) (Figure 2).



Zn content in field rice grain was 23.71 ± 7.73 mg kg−1, however, Zn concentrations were similar among the different provinces (non-normal distribution) (F(1, 29) = 0.14, p = 0.71) (Table S3).



Zinc is an essential micronutrient with numerous cellular functions in plants, being uptaken from soils in the form of Zn2+ and Zn-DMA at the root surface and translocated to the upper parts of the plant through a set of molecular transporters [69]. At low Zn concentrations in soils, the translocation factor between roots and shoots is therefore close to one [70]. The BCF for zinc was 0.30 ± 0.19 (min < 0.09; max = 1.18), when the total zinc is considered, which is consistent with values found elsewhere (Table 4). If the bioavailable fraction is taken, the BCF is that of a hyperaccumulator (12.78 ± 11.59).



The mean total concentration of cadmium was 0.27 ± 0.14 mg kg−1 (range: 0.05–0.69 mg kg−1) (Table 2). Significant differences in concentration were found among provinces (F(3, 97) = 4.0, p < 0.05). Cadmium content was highest in the Los Ríos province (0.34 ± 0.14 mg kg−1) and lowest in the Guayas province (0.23 ± 0.14 mg kg−1)) (Table 2).



The bioavailable fraction of Cd reached very high percentages in relation to total content, accounting for 50% in the coastal provinces (0.13 ± 0.09 mg kg−1) and 78% (0.25 ± 0.18 mg kg−1) in the Orellana province. These values were consistent with those obtained by sequential extraction both in the coastal provinces and in Orellana, where Cd was mostly present in the exchangeable and soluble fraction F1 (82% and 73%, respectively; Figure 2), while the concentration of Cd adsorbed to Fe oxyhydroxides was very low (24%).



Cd contents in rice grain were 0.093 ± 0.215 mg kg−1 and showed significant differences between the provinces of El Oro (0.379 ± 0.418 mg kg−1) and Guayas (0.047 ± 0.138 mg kg−1), as well as between the provinces of El Oro and Los Ríos (0.045 ± 0.071 mg kg−1) (F(2, 33) = 6.9, p < 0.05). No field rice samples from the Orellana province were analyzed (Table S3).



Cadmium is primarily absorbed from the paddy soil by rice root cells and is translocated to other areas of the rice. Xylem plays a major role in the transfer of Cd from root cells to shoot cells in the Cd absorption process, and the phloem pathway is used in the translocation of Cd to the rice grains [45,71] Translocation factors for Cd in rice lay between 0.09–2.4 [70]. The BCF calculated for total metal and the bioavailable fraction were similar, given the high percentage of the latter (0.20 ± 0.30, and 0.23 ± 0.22, respectively). Published values for BCF can vary by several orders of magnitude (Table 4), in agreement with the hypothesis of the plant’s trace metal homeostasis [72].



The mean total concentration of copper was 57.2 ± 30.1 mg kg−1 (range: 25.0–16.0 mg kg−1) (Table 2). Copper concentration in the soils of the different provinces showed significant differences (F(1, 49) = 0.55, p = 0.55). The highest copper content corresponded to the Los Ríos province (86.1 ± 40.6 mg kg−1), while the lowest one corresponded to Orellana (29.2 ± 7.8 mg kg−1) (Table 2).



The highest bioavailable concentration was found in Guayas (7.10 ± 4.44 mg kg−1), corresponding to 14%, and the lowest one was found in El Oro (3.04 ± 0.56 mg kg−1) (Table 2).



Fractions F1 and F2 obtained by sequential extraction showed low concentrations (F1 < D.L. and F2: 0.186 ± 0.139 mg kg−1), corresponding to less than 5% of the total copper content. Most of the copper was associated with fraction F5 (crystalline forms of iron oxyhydroxides), which reached a percentage of 91% (9.500 ± 2.587 mg kg−1) in the Orellana province and 53% (1.125 ± 0.347 mg kg−1) in the coastal provinces (Figure 2).



Cu contents in grain were 3.63 ± 1.70 mg kg−1, with the concentrations being similar among the different provinces (F(1, 29) = 0.47, p = 0.5).



Due to the uncertainty of the spatial distribution of Cu molecular species at the root–soil interface, the process of Cu absorption from the soil at the root surface is still largely unknown. [73]. The translocation factor from root to shoot was found elsewhere to be between 0.26 and 0.50 [70], and from shoot to grain between 1.1 and 2.5 [74]. It is thought that the Cu(II) absorbed at the root interface is complexed by C/N ligands, therefore limiting translocation from the root to the upper parts of the plant [73]. The BCF calculated for total metal (0.59 ± 0.55) is within the range found elsewhere (Table 4), though on a high extreme. The variance is high, which reflects the variability in the studied soils.



On the other hand, a highly significant correlation was found between total Fe content and most toxic elements (Table S2); however, Fe oxyhydroxides either did not significantly correlate or correlated negatively (Table 3), while toxic elements showed highly significant positive correlations in most cases (Table S2).





4. Conclusions


The concentrations of metals in the soils were below the legal thresholds established by Ecuador and by other countries, except for a few samples that showed abnormally high values of Cr, Cu, and Ni.



Metals such as Cd showed high bioavailability in soils, while others such as As and Cd, associated with labile, exchangeable, and soluble fractions, do not constitute a risk for crops due to their concentrations in soils. Metals such as Pb, Cr, Ni, and Cu were found in association with residual crystalline forms of iron oxyhydroxides.



The mean concentrations of metals in field rice grain from Ecuador did not exceed the threshold values established by national and international laws, except for mean Cr values in rice from Ecuador. It is worth noting that in reduced environments, the predominant species is Cr(III), which is the least mobile and least toxic Cr species.



This study investigated the distribution of metal(oids) content in field rice grain by province and found that As and Cd concentrations found in the El Oro province were significantly higher than in the other provinces.



The concentrations of metals in rice plants were not linearly correlated with total metal concentrations in the soil, nor with their bioavailability. However, the bioconcentration factors for As, Cd, Cu, Ni, and Zn may be predicted from bioavailability by a power function with exponents ranging from −0.724 to −1.625, typical of accumulator plants, where trace metal homeostasis plays an important role. The bioaccumulation factors were highly variable but within the range found in other places in the world.
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Figure 1. Location of the provinces of Ecuador where the sampling was carried out. 
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Figure 2. (A) Metal fraction diagram. (B) Relationship between bioconcentration in rice plants and bioavailability for the selected metals. 
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Table 1. Soil properties: pH and Eh, and composition: total organic carbon [TOC], texture, total Fe [TFe]. (Minimum and maximum values are shown between parentheses).






Table 1. Soil properties: pH and Eh, and composition: total organic carbon [TOC], texture, total Fe [TFe]. (Minimum and maximum values are shown between parentheses).





	
Sample

	
pH

	
Eh

	
TOC

	
Clay

	
Silt

	
Sand

	
TFe






	

	

	
mV

	
%




	
Ecuador

	

	

	

	

	

	

	




	
Coastal provinces

	
6.4 ± 0.6

	
226 ± 93

	
1.9 ± 0.6

	
49 ± 16

	
24 ± 13

	
28 ± 20

	
4.2 ± 1.0




	
range

	
3.6∓7.4

	
92∓485

	
0.7∓3.2

	
23∓88

	
3∓53

	
0.9∓64

	
2.4∓7.1




	
n

	
53

	
55

	
61

	
23

	
23

	
23

	
83




	
Orellana province

	
5.9 ± 0.1

	
n.a.

	
4.4 ± 1.4

	
17 ± 14

	
17 ± 8

	
67 ± 18

	
2.7 ± 0.7




	
range

	
5.8∓6.0

	

	
2.1∓6.1

	
6∓37

	
6∓25

	
46∓89

	
1.8∓3.6




	
n

	
8

	

	
8

	
6

	
6

	
6

	
8




	
Ecuador

	
6.3 ± 0.6

	
226 ± 93

	
2.2 ± 1.1

	
42 ± 20

	
22 ± 12

	
35 ± 24

	
4.1 ± 1.1




	
range

	
3.6∓7.4

	
92∓485

	
0.7∓6.1

	
6∓88

	
3∓53

	
0.9∓89

	
1.8∓7.1




	
n

	
61

	
55

	
69

	
29

	
29

	
29

	
91
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Table 2. Total and bioavailable (Mehlich) metal concentrations (mg kg−1) in soil samples from rice paddies from the different provinces of Ecuador (mean ± SD). n.a.: not analyzed.
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Province

	
Cr

	
Zn

	
Pb

	
Cd

	
Cu

	
As

	
Ni




	
Tables

	
Total






	
Guayas

(n = 62)

	
59.7 ± 14.3

	
84.3 ± 21.2

	
12.0 ± 7.7

	
0.23 ± 0.14

	
51.1 ± 19.1

	
4.45 ± 2.42

	
31.6 ± 13.3




	
Los Ríos

(n = 21)

	
47.7 ± 32.9

	
110.6 ± 26.3

	
17.8 ± 9.3

	
0.34 ± 0.14

	
86.1 ± 40.6

	
6.78 ± 4.85

	
31.1 ± 13.6




	
El Oro

(n = 10)

	
n.a.

	
n.a.

	
9.7 ± 2.8

	
0.30 ± 0.10

	
n.a.

	
3.30 ± 1.07

	
n.a.




	
Coastal provinces

(n = 93)

	
56.7 ± 21.1

	
90.9 ± 25.2

	
13.1 ± 8.1

	
0.26 ± 0.14

	
60.0 ± 30.1

	
4.86 ± 3.21

	
31.5 ± 13.3




	
Orellana

(n = 8)

	
14.5 ± 4.4

	
60.8 ± 17.1

	
4.3 ± 2.0

	
0.32 ± 0.14

	
29.2 ± 6.8

	
1.07 ± 0.44

	
8.5 ± 1.9




	
Ecuador

(n = 102)

	
53.0 ± 23.5

	
88.3 ± 26.0

	
12.4 ± 8.2

	
0.27 ± 0.14

	
57.2 ± 30.1

	
4.56 ± 3.25

	
29.5 ± 14.30




	

	
Bioavailable




	
Guayas

	
0.25 ± 0.08

	
2.21 ± 1.55

	
2.06 ± 1.19

	
0.14 ± 0.09

	
7.10 ± 4.44

	
0.15 ± 0.10

	
1.93 ± 1.08




	
(n = 62)

	
0.4%

	
3%

	
17%

	
61%

	
14%

	
3%

	
6%




	
Los Ríos

	
0.17 ± 0.08

	
1.60 ± 1.00

	
0.69 ± 0.73

	
0.08 ± 0.07

	
5.27 ± 6.21

	
0.06 ± 0.05

	
0.65 ± 0.75




	
(n = 21)

	
0.4%

	
2%

	
4%

	
24%

	
6%

	
1%

	
2%




	
El Oro

	
0.77 ± 0.12

	
2.01 ± 0.40

	
1.55 ± 0.86

	
0.24 ± 0.06

	
3.04 ± 0.56

	
0.20 ± 0.03

	
2.33 ± 0.55




	
(n = 3)

	
n.a

	
n.a

	
16%

	
80%

	
n.a

	
6%

	
n.a




	
Coastal provinces

	
0.25 ± 0.13

	
2.05 ± 1.42

	
1.70 ± 1.23

	
0.13 ± 0.09

	
6.50 ± 4.95

	
0.131 ± 0.095

	
1.62 ± 1.14




	
(n = 86)

	
0.4%

	
2%

	
13%

	
50%

	
11%

	
3%

	
5%




	
Orellana

	
0.03 ± 0.01

	
3.02 ± 2.23

	
0.61 ± 0.30

	
0.25 ± 0.18

	
3.15 ± 1.30

	
0.012 ± 0.003

	
0.21 ± 0.04




	
(n = 3)

	
0.2%

	
5%

	
14%

	
78%

	
11%

	
1%

	
3%




	
Ecuador

	
0.24 ± 0.14

	
2.08 ± 1.45

	
1.66 ± 1.23

	
0.13 ± 0.10

	
6.38 ± 4.90

	
0.127 ± 0.100

	
1.58 ± 1.15




	
(n = 89)

	
0.5%

	
2%

	
13%

	
48%

	
11%

	
3%

	
5%
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Table 3. Concentration of metals and metalloids rice parts and whole.






Table 3. Concentration of metals and metalloids rice parts and whole.





	
Metal

	
Grain

	
Leaf

	
Stem

	
Whole




	

	
Average

	
St. dev

	
N

	
Average

	
St. dev

	
N

	
Average

	
St. dev

	
N

	
Average

	
St. dev

	
N






	
As

	
0.08

	
0.03

	
14

	
0.15

	
0.09

	
8

	
0.13

	
0.06

	
9

	
0.12

	
0.06

	
31




	
Cd

	
0.07

	
0.17

	
14

	
0.02

	
0.02

	
8

	
0.03

	
0.05

	
9

	
0.04

	
0.12

	
31




	
Co

	
0.17

	
0.26

	
14

	
0.78

	
0.85

	
8

	
0.61

	
0.59

	
9

	
0.45

	
0.60

	
31




	
Cr

	
0.50

	
0.50

	
14

	
1.98

	
1.99

	
8

	
1.12

	
0.80

	
9

	
1.06

	
1.25

	
31




	
Cu

	
3.76

	
1.30

	
14

	
4.23

	
1.66

	
8

	
3.98

	
4.43

	
9

	
3.95

	
2.58

	
31




	
Ni

	
0.92

	
0.58

	
14

	
0.77

	
0.37

	
8

	
0.86

	
0.90

	
9

	
0.87

	
0.63

	
31




	
Pb

	
0.19

	
0.20

	
14

	
0.12

	
0.05

	
8

	
0.07

	
0.04

	
9

	
0.14

	
0.14

	
31




	
Zn

	
24.08

	
7.30

	
14

	
18.78

	
8.72

	
8

	
33.55

	
19.02

	
9

	
25.46

	
13.03

	
31
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Table 4. Bioconcentration factors (BCF) for the studied metal(oids). Average ± standard deviation (sample size).
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BCF on Melich.

	
As *

	
Cd *

	
Cr *

	
Cu *

	
Ni *

	
Pb *

	
Zn *






	
Stem

	
1.6 ± 1.3 (8)

	
0.27 ± 0.57 (9)

	
5.3 ± 4.4 (8)

	
0.61 ± 0.94 (9)

	
0.56 ± 0.61 (9)

	
0.03 ± 0.02 (9)

	
18.7 ± 16.8 (9)




	
Leaf

	
1.7 ± 1.1 (8)

	
0.13 ± 0.07 (8)

	
8.0 ± 6.6 (8)

	
0.58 ± 0.18 (8)

	
0.49 ± 0.12 (8)

	
0.05 ± 0.02 (8)

	
9.2 ± 5.7 (8)




	
Grain

	
0.76 ± 0.44 (11)

	
0.18 ± 0.10 (11)

	
2.21 ± 2.35 (13)

	
0.55 ± 0.34 (13)

	
0.54 ± 0.45 (13)

	
0.08 ± 0.08 (13)

	
10.5 ± 8.3 (13)




	
Plant

	
1.31 ± 1.00

(min = 0.12; max = 4.64)

	
0.20 ± 0.30

(min = 0.05; max = 1.64)

	
4.52 ± 4.93

(min = 0.46; max = 22.0)

	
0.59 ± 0.55

(min = 0.17; max = 3.10)

	
0.54 ± 0.44

(min = 0.12; max = 2.14)

	
0.06 ± 0.06

(min = 0.01; max = 0.27)

	
12.78 ± 11.59

(min = 2.44; max = 55.8)




	
BCF on total

	

	

	

	

	

	

	




	
Stem

	
0.04 ± 0.03

	
0.31 ± 0.32

	
0.04 ± 0.03

	
0.09 ± 0.11

	
0.05 ± 0.04

	
0.01 ± 0.01

	
0.37 ± 0.27




	
Leaf

	
0.05 ± 0.06

	
0.09 ± 0.12

	
0.09 ± 0.09

	
0.12 ± 0.11

	
0.07 ± 0.07

	
0.02 ± 0.01

	
0.23 ± 0.09




	
Grain

	
0.03 ± 0.03

	
0.18 ± 0.12

	
0.06 ± 0.04

	
0.07 ± 0.05

	
0.05 ± 0.04

	
0.03 ± 0.01

	
0.29 ± 0.15




	
Plant

	
0.04 ± 0.04

(min ≤ 0.01; max = 0.20)

	
0.23 ± 0.22

(min = 0.01; max = 1.23)

	
0.05 ± 0.07

(min < 0.01; max = 0.31)

	
0.09 ± 0.09

(min = 0.10; max = 0.52)

	
0.06 ± 0.05

(min < 0.01; max = 0.26)

	
0.02 ± 0.02

(min < 0.01; max = 0.10)

	
0.30 ± 0.19

(min < 0.09; max = 1.18)




	
Singh et al. [57]

	
0.011

	
0.012

	
-

	
0.002

	
-

	
0.028

	
-




	
Tariq and Rashid [58]

	
-

	
0.024

	
0.185

	
-

	
0.539

	
0.043

	
-




	
Luo et al. [59]

	
-

	
0.001

	
0.059

	
0.012

	
0.004

	
0.001

	
-




	
Cao et al. [60]

	
-

	
-

	
-

	
-

	
-

	
0.002

	




	
Du et al. [43]

	
7.26 ± 4.86

	
5.35 ± 3.89

	
0.285 ± 0.156

	
0.457 ± 0.179

	
0.234 ± 0.134

	
0.516 ± 0.308

	
0.504 ± 0.162




	
Xie et al. [61]

	
0.056 ± 0.0046

	
0.459 ± 0.010

	
0.015 ± 0.0005

	
0.090 ± 0.0057

	
-

	
0.012 ± 0.0004

	
-




	
Li et al. [33]

	
0.042

	
0.171

	
0.688

	
0.287

	
-

	
0.029

	
0.107




	

	

	

	

	

	

	

	




	
Hseu et al. [62]–on bioavailable fraction

	

	

	

	
Ni-grain = 2.92 × Ni-soil 0.08 **

	

	








Published BCF in grain—based on total concentration, unless stated otherwise. *: Non-significant differences between means of concentrations in different parts of the plant (ANOVA test, p > 0.05); **: polished rice.
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