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Abstract

:

Cadmium (Cd) contamination threatens cocoa farming in the province of Bagua in Amazonas, Peru. This study reports our assessment of Cd concentrations in cocoa farm soils, and in cocoa roots, leaves, testa, and cotyledon, thus evaluating the magnitude of the problem caused by Cd exposure. For our analysis, we sampled agricultural soil, cocoa roots, leaves and pods at 29 farms in the province of Bagua. Concentrations of Cd in each of the samples were measured and correlated with selected variables at each sampling site. Within our collection of samples, Cd levels showed great variability. In soil, Cd concentrations ranged between 1.02 and 3.54 mg kg−1. Concentrations of this metal within cocoa trees measured from roots, leaves, testa, and cotyledon, Cd ranged from 0.49 mg kg−1 to 2.53 mg kg−1. The cocoa trees exhibited variable degrees of allocation Cd from the soil to their tissues and thus considerable variation among themselves. We found that Cd amounts in roots were up to five times more concentrated than Cd levels in the soils and 2.85 times [Cd] the amounts found in cotyledon. Soil pH is a key variable enabling the uptake of this metal. Most importantly, our evaluation determined that measurements from the majority of farms exceeded the maximum permissible limits established by Peruvian and European legislation.
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1. Introduction


Cocoa (Theobroma cacao L.) grown on organic farms represents the principal socio-economic activity in Amazonas state, mainly in the provinces of Bagua and Utcubamba. In 2016, native cocoa widely cultivated in Bagua was awarded the Denomination of Origin “Cacao Amazonas Peru” in recognition of outstanding qualities in flavor and aroma obtained regionally [1].



However, in recent years, Cd has attracted attention because of its harmful effects on human health and for lowering the quality of foodstuffs. The consumption of products with a high Cd content leads to serious health problems such as damage to the renal, skeletal, endocrine, reproductive and respiratory systems, while prolonged exposure to Cd can cause cancer [2,3,4,5,6].



Cd is found naturally in soils [7]. Weathered rocks, atmospheric deposition, biogenic material and volcanoes are natural sources of Cd in soils [8,9]. Anthropogenic activity also contributes Cd to soils, primarily through mining activities, the plastic industry, and rock-based fertilizers [10,11]. Moreover, decomposition of leaves and crop residues within cultivated plots has been identified as a major contributor of Cd found in topsoil [12]. Cd is one of the most mobile elements in soil, with higher bioaccumulation factors than some essential plant nutrients, and mainly accumulates in roots [9]. High concentrations of Cd have been reported for cocoa beans, and even in final products [13,14,15]. In Latin America, considerable differences have been reported between the concentrations reported both between countries, and within countries [12,16,17]. Consequently, multiple studies have sought to identify factors responsible for the high concentration of Cd in cocoa beans [12,13,17,18,19]. Evidently, the accumulation of this heavy metal in plants is affected by various factors including soil pH, soil organic matter, soil texture, plant genotypes and the amount of metal available in the environment [7,17,18,19,20].



In 2019, Regulation (EU) No. 488/2014, enacted to regulate the Cd content of chocolate and cocoa products, came into force [21], as cocoa had been identified by the European Food Safety Agency (EFSA) as a major source of Cd in human diet. Limits set by this regulation are therefore of utmost concern to organic cocoa producers in Amazonas, particularly in Bagua province, where there have been reports of shipments rejected because of excessive Cd content. In response to the maximum permissible limits of Cd for cocoa at 0.6 mg kg−1 set by EC Regulation No. 488/2014 [21], and to address direct and indirect effects of high Cd concentrations on human health and the local economy, there is an urgent need to understand how Cd concentrations are distributed in soils where cocoa is grown and the distribution patterns within different parts of the plant.



With these issues in mind, the present study aims to: (1) assess Cd concentrations in cocoa farming soils, and cocoa roots, leaves and pods; (2) comprehend the magnitude of the problem of Cd exposure; and (3) suggest alternative solutions to help farmers cope with the challenges.




2. Materials and Methods


2.1. Site Description


In Amazonas, mainly native fine flavor cocoa is grown, and its designation of origin guarantees its quality in terms of both flavor and aroma [1]. Our study was conducted on 29 cocoa farms, ranging in age from 5 to 15 years, located in four districts of the province of Bagua in Amazonas (Figure 1). The farms were located at altitudes between 278 and 1176 m above sea level in a warm tropical climate with an average temperature of 25 °C and annual rainfall of 500–1500 mm.



On their parcels, cocoa farmers grow only native “criollo” cocoa germoplasm under organic production systems using native tree species as shade.




2.2. Sampling Methods


2.2.1. Soil Sampling


Soil samples were collected between October and December 2017, at a depth of 0–20 cm, coinciding with a large proportion of active root zone. At each of the farms, a composite sample was taken, along with 20 subsamples of soil, which were subsequently combined and homogenized to obtain a single sample adequately representative of each farm’s soil. Samples were also taken from the middle zone of the cocoa tree crown projection. All samples were labelled and sent in plastic bags to the laboratory for analysis.




2.2.2. Roots, Leaves and Beans Sampling


Root, leaf and pod samples were collected simultaneously along with the soil samples between October and December 2017. In each plot, 20 cocoa trees were selected adjacent to soil sampling points. At each tree, root samples were taken from the four cardinal points; also, a medium-aged leaf was taken from each of the cardinal points of the tree. Pods were sampled according to availability, at least one mature fruit per tree was collected. After collection, the samples were labelled and transported to the Soil and Water Laboratory of Toribio Rodriguez de Mendoza National University of Amazonas, where they were thoroughly washed with distilled water. Beans were removed from the pods, then mixed to obtain a composite sample for each plot. Roots, leaves and beans were dried at 60 °C, and finally mixed and ground (20 mesh) to be stored in labelled plastic bags for further analysis. After drying, the bean samples were separated into two samples representing the testa and the cotyledon before being ground, stored, and analyzed separately.





2.3. Lab Analyses


2.3.1. Soil Characterization


Soil samples were analyzed at the Soil and Water Laboratory of Toribio Rodriguez de Mendoza National University of Amazonas to determine pH (1:1), Carbon (% C), Organic matter (% O.M.), Nitrogen (% N) and particle distribution (% sand, % silt, % clay). Soil pH was analyzed in suspension with deionized water at 1:1 soil: water ratio. Quantities of organic matter and Carbon were determined using the Walkley Black method [22]. Nitrogen was calculated on the basis of the organic matter content, considering that nitrogen represents 5% of organic matter content [23]. The particle distribution was determined by the Bouyoucos hydrometer method [24].




2.3.2. Cd Analysis


The analyses of Cd concentration in all samples were done in the Soil Laboratory of the National Agrarian University La Molina. Measurement of Cd in those samples was done by the method 3052 EPA [25].





2.4. Data Analyses


The data were analyzed using Minitab v.19.1 statistical software (Minitab LLC, State College, PA, USA). Soil attributes (pH, C, O.M, N, particle distribution) were correlated with soil Cd concentrations as well as with individual parts of the cocoa plant (roots, leaves, testa and cotyledon). Jonsson transformations (C, O.M, N, Cd in soil), Log10 (% clay, Cd in roots, Cd in leaves and Cd in cotyledons) and sqrt (Cd in testa), were all performed to reach the criterion of normality of the data. Pearson correlation was performed to determine the relationship between soil and plant Cd, and site factors (including altitude, pH, organic matter, nitrogen, and soil particle distribution).



Descriptive statistics such as mean, median, minimum and maximum were also identified. In addition, transfer factor was calculated using the following equation:


FT = Plant Cd/Soil Cd “or” FT = Up plant parts Cd/Root Cd



(1)




where:




	-

	
Plant Cd denote the Cd concentrations in roots, leaves, testa and cotyledon




	-

	
Soil Cd denote the respective concentrations.




	-

	
Up plants Cd denote the Cd concentrations in leaves, testa and cotyledon











3. Results and Discussion


3.1. Sampled Sites and Soil Characteristics


The sampled plots ranged in elevation from 278 m.a.s.l. in Imaza to 1176 in Copallín. The soils sampled show great variability (Table S1). We observed pH values ranging from 4.42 to 8.06. Generally, pH values varied over a wide range, but in the northern zone of Bagua province (Imaza and Aramango) we found that soils exhibit a low pH. However, in the southern districts of the province (La Peca and Copallín), soils show high pH values above 6.5.



The organic matter content has varied between 1.03% and 6.47%. Indeed, it was the lands with more altitude that generally obtained the highest values of organic matter content. The lowest organic matter values are generally related to the alluvial soils of the low terraces formed in this province [26]. The texture of the soils sampled is tends to be Sandy Clay Loam. There are soils with low silt content, and only three samples had over 20% silt content. The northern zone of this province (Figure 1) showed the highest values of clay content reaching a maximum of 60.36%.




3.2. Cd Concentrations in Soil–Plant Systems in Cacao Crops in Bagua


The concentrations of Cd in soil showed wide variations which vary from 1.02 to 3.54 mg kg−1 (Table S2) and produce a mean of 1.7 mg kg−1. Nevertheless, it was found that only one plot, in Aramango, exceeded 2.7 mg kg−1, usually established as the threshold of Cd contamination in soils [9,27]. These values are similar to those found in agricultural soils of cocoa plantations in Ecuador [17], but are much higher than those reported in Honduras [14], and Bolivia [13]. The best comparison can be made with the values reported by Arevalo-Gardini et al. [28] and Scaccabarozzi et al. [12]. At cocoa plantations in Amazonas, Arevalo-Gardini et al. [28] reported that the agricultural soils of Bagua cocoa plantations contained an average of 0.11 mg kg−1, much lower than the value reported in our study. On the other hand, Scaccabarozzi et al. [12] reported values between 1.6 and 2.3 mg kg−1 of Cd in agricultural soils of cocoa plantations in Amazonas, averaging samples from Bagua and Condorcanqui. These latter values are closer to those reported in this study. Worldwide, countries have adopted various approaches to determine the level of Cd phytotoxicity in agricultural soils [29,30,31,32,33,34,35,36]. In Peru, the Ministry of Environment set a maximum allowable limit of 1.4 mg kg−1 for Cd levels in agricultural soils. However, in our research 62% of the sampled plots (Table S2) exceeded this limit [36]. Kabata-Pendias [9] proposed a range between 0.6 and 1.1 mg kg−1, in his study, the Cd concentrations in soils were above this threshold. Therefore, considering the Cd concentrations reported in this study, it is possible to argue that agricultural soils of cocoa farms in Bagua are contaminated with Cd. No study has been conducted on the origin of Cd in the soils of this region. Given that the plots sampled have been organically managed, without addition of large amounts of chemical fertilizers, it can be assumed that a major part of the Cd in the soils of Bagua is of natural origin. Cd is naturally found in soils at different concentrations depending on the region and soil type [7]. Weathering of rocks, atmospheric deposition, biogenic material and volcanoes are natural sources of Cd in soils [8,9]. Moreover, decomposition of leaves and crop residues within the plot is identified as a major source of Cd found in topsoil [12].



The Cd concentrations in different parts of cocoa trees (Table S2) also varied widely between sampling sites. We found a mean Cd concentration of 1.6 mg kg−1, 2.53 mg kg−1, 0.49 mg kg−1, and 0.99 mg kg−1 for root, leaf, testa and cotyledon samples respectively. The concentration of Cd throughout cocoa trees ranged widely. In roots, the minimum Cd amounts are 0.03 mg kg−1 and the maximum reach 8.95 mg kg−1. Leaves also accumulated high concentrations of Cd, exhibiting the minimum amounts of 0.4 mg kg−1 and reaching a maximum of 8.08 mg kg−1. The Cd concentrations in leaves tended to be higher than root Cd concentrations. Former studies have reported this tendency for cocoa to store high concentrations of Cd in leaves [13,14,17,19,37].



Testa and cotyledon shows lower Cd concentrations with minimum Cd amounts of 0.03 and 0.14 mg kg−1, and maximum Cd concentrations of 3.03 and 5.12 mg kg−1 respectively (Figure 2A,B). Variable Cd concentrations in cocoa tissue should be, in combination with the chemical parameters of the soil, due to the differential response of plants to heavy metal exposure [9,19].



As we mentioned above, the European Food Safety Agency (EFSA) has identified cocoa as a major source of Cd for human consumption and has consequently set maximum permitted limits for Cd in cocoa products which came into force in 2019 [21]. This regulation sets a threshold of 0.1 mg kg−1 of Cd for milk chocolate containing less than 30% dry cocoa solids, and 0.8 mg kg−1 for dark chocolates containing 50% dry cocoa solids. Cocoa powder sold as a final product to the consumer should have maximum levels below 0.6 mg kg−1. Our determination that, in 59% of the plots evaluated, Cd concentrations exceeded the permissible limit of 0.6 mg kg−1 (Figure 2A) exposes the problem faced by cocoa farmers in Bagua province, subject to the legally established restrictions.




3.3. Uptake and Allocation of Cd to Different Organs of Cocoa Trees


Table S2 shows Cd transfer factors (TF) between the soil and the cocoa tree parts analyzed obtaining a wide ranged data. This TF shows how the Cd is allocated from soil to cacao tree. Cocoa trees in Bagua province accumulate up to five times the concentration of Cd found in the soil within their roots (Table S2). However, cotyledon accumulates up to 2.85 times the concentration of Cd found in soil. Some plant species have the capacity to tolerate high concentrations of heavy metals within soils, either by sequestering these metals in their roots, or by removing them through their stomas [38,39]. Two factors can be identified to account for higher Cd concentrations found in cocoa plants than within the soil: the Cd bioavailability, and the cocoa trees’ propensity to accumulate Cd. Chemical Cd speciation provides information on Cd bioavailability [40]. Although our study did not focus on this, it deserves mention, because many studies have suggested that plant-available Cd is in one of three soluble forms, either water-soluble, exchangeable, or acid-soluble [41,42,43]. Consequently, plant Cd cannot be interpreted how total soil Cd, since low soil Cd concentrations may lead to high plant Cd concentrations, and vice-versa, due to differences in the form of plant-available Cd [44]. In general, the cacao plant is prone to accumulation of Cd; recently, 12.56 mg kg−1 of Cd concentration was reported for Peruvian cacao [45], indicating that cacao is a Cd accumulating plant species [14]. The allocation of Cd into the plant is strongly related with soil conditions. McLaughlin [46] reported that lime application significantly reduces the absorption rates of Cd by cacao, probably due to decline in soil acidity.



Regarding Cd allocation, Cd concentrations in leaves were reported to be 123 times higher than the concentrations of Cd contained in roots. Likewise, the concentration of Cd in cotyledon was up to 28.6 times higher than in cocoa roots (Table S2). However, even though the majority of samples presented high transfer factors, there were also some samples where TF showed minimal amounts of Cd uptake by roots from soil and into other parts of the plant (Table S2). A large number of species have been reported to have different patterns of heavy metal accumulation from one genotype to another [47,48,49,50,51]. For the cocoa genotype, not many studies have reported data on heavy metal accumulation. Nevertheless, Arevalo-Gardini et al. [18] reported different levels of uptake and translocation in various cocoa cultivars. Additionally, Lewis et al. [19] reported variations in the accumulation of Cd in 100 cocoa accessions from the International Cocoa Genebank, Trinidad (ICGT). Recently, a gene encoding Cd binding protein has been reported [52], and these proteins could be the reason for high soil-to-plant and root-to-vegetative transfer factors [53]. By and large, in Bagua a great diversity of cocoa trees varieties was identified in the sampled farms, which may explain the variable patterns of Cd uptake, distribution, and accumulation within a cocoa crop.




3.4. Correlation of Soil and Plant Cd with Site Factors


Values for Pearson’s correlations between Cd content in soil and cocoa plants and the variables evaluated are shown in Table 1. Taking into account soil pH values, we found a positive correlation with soil Cd (p < 0.05), which is supported by several other studies. Indeed, those studies reported a strong correlation between soil Cd and soil pH [17,28]. Regarding Cd levels found in cocoa root tissues, there is a surprisingly weak correlation with soil pH (p < 0.05), but a strong correlation with altitude (p < 0.01) is evident. Furthermore, Cd concentrations in leaves shows a significant but negative correlation with percentage of sand in soil (p < 0.05). The concentration of Cd in cotyledons displays a significant negative correlation with the pH and sand content of the soils under study.



Other studies have reported correlations between Cd in soil and Cd in plants [17,54]. In this study, no significant correlations were found between Cd in soil and Cd in the cacao plants; these controversial results could be because we evaluated total Cd, while those authors evaluated available Cd.



The pH level is considered to be the key variable for both Cd availability in soils and for Cd uptake by cocoa cotyledon. In this study, higher concentrations of Cd were reported in the low-altitude zones, where the soils are alluvial, and soil pH and organic matter contents were relatively lower than at higher altitudes. Soil organic matter and soil pH control Cd transport, and they are also associated with negative correlations between pH and soluble Cd in soils [55,56,57]. This may explain why in our study low soil pH correlates with high Cd concentrations in cocoa roots. Several other variables have an impact on the behavior of Cd in soils including CEC, clay content and metal concentration [58].



We observe a negative correlation (p < 0.05) between sand content and the concentration of Cd in cocoa leaves and cotyledons, and thus it can be inferred that clay or loamy soils are favorable for Cd uptake, as reported by Huamani-Yupanqui et al. [20].



Regarding Cd content in the different cocoa parts, we noted that the Cd content not only in roots showed a highly significant correlation (p < 0.01) Cd in leaves, and beans of the cocoa (Table 1). Other studies have also reported the correlation between Cd concentrations found in parts of cocoa plant [14,17].





4. Conclusions


Concentrations of Cd found in cocoa cotyledon, expressed in most of our samples, exceeded the maximum limits set in the EC Regulation No. 488/2014. This is therefore a major problem for cocoa farmers in Bagua Province. The high levels of Cd transfer from the soil to the roots of the cocoa, and from roots to the rest of the plant are of particular concern. Soil pH is one of the most important characteristics governing Cd uptake in cacao plantations.



As a recommendation for mitigating the problem of soil contamination, cocoa trees should be identified that possess low transfer factors, i.e., that do not capture Cd from the soil or otherwise sequester the metal in their roots or leaves without transferring it to the cotyledons. It is urgent that efforts are initiated to eliminate Cd from the native cocoa agroecosystem of Bagua. As alternatives, we recommend soil amendments, bioremediation with microorganisms, and bioextraction with plants capable of absorbing Cd.
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Figure 1. Location of study area and 29 sites within four districts in Bagua, Peru. 
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Figure 2. Cd contents in cotyledon (A) and testa (B). Red line indicates Cd threshold in cacao cotyledon set at 0.6 mg kg−1. 
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Table 1. Correlation coefficients (r) between Cd content in soil and plant samples and top soil properties, including farm altitudes. (* p ≤ 0.05; ** p ≤ 0.01).
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	Altitude
	Soil pH
	Carbon Content
	Soil Organic Matter
	Soil Nitrogen
	Sand Content
	Silt Content
	Clay Content
	Soil Cd Content
	Root Cd Content
	Leaf Cd Content
	Cotyledon Cd Content





	Cd Soil
	
	0.291 *
	0.198
	0.198
	0.198
	0.034
	0.133
	−0.012
	
	
	
	



	Cd root
	0.349 **
	−0.314 *
	0.057
	0.057
	0.057
	−0.259
	0.184
	0.131
	−0.432 **
	
	
	



	Cd Leaf
	0.136
	−0.258
	0.206
	0.206
	0.206
	−0.293 *
	0.236
	0.106
	−0.187
	0.415 **
	
	



	Cd Testa
	0.139
	−0.249
	0.138
	0.138
	0.138
	−0.225
	0.15
	0.077
	0.121
	0.399 **
	0.526 **
	



	Cd Cotyledon
	−0.028
	−0.284 *
	−0.136
	−0.136
	−0.136
	−0.291 *
	0.248
	0.124
	−0.258
	0.288 *
	0.684 **
	0.548 **











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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