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a b s t r a c t
Cadmium (Cd) content in cacao beans above a critical level (0.6 mg kg−1) has raised concerns in the consumption
of cacao-based chocolate. Little is available regarding Cd concentration in soil and cacao in Ecuador. The aim of
this study was to determine the status of Cd in both, soils and cacao plants, in southern Ecuador. Soil samples
were collected from 19 farms at 0–5, 5–15, 15–30, and 30–50 cm depths, whereas plant samples were taken
from four nearby trees. Total recoverable and extractable Cd were measured at the different soil depths. Total recoverable Cd ranged from 0.88 to 2.45 and 0.06 to 2.59, averaged 1.54 and 0.85 mg kg−1, respectively in the surface and subsurface soils whereas the corresponding values for M3-extractable Cd were 0.08 to 1.27 and 0.02 to
0.33 with mean values of 0.40 and 0.10 mg kg−1. Surface soil in all sampling sites had total recoverable Cd above
the USEPA critical level for agricultural soils (0.43 mg kg−1), indicating that Cd pollution occurs. Since both total
recoverable and M3-extractable Cd signiﬁcantly decreased depth wise, anthropogenic activities are more likely
the source of contamination. Cadmium in cacao tissues decreased in the order of beans N shellN N leaves. Cadmium content in cacao beans ranged from 0.02 to 3.00, averaged 0.94 mg kg−1, and 12 out of 19 sites had bean Cd
content above the critical level. Bean Cd concentration was highly correlated with M3- or HCl-extractable Cd at
both the 0–5 and 5–15 cm depths (r = 0.80 and 0.82 for M3, and r = 0.78 and 0.82 for HCl; P b 0.01). These results
indicate that accumulation of Cd in surface layers results in excessive Cd in cacao beans and M3- or HClextractable Cd are suitable methods for predicting available Cd in the studied soils.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Cadmium (Cd) pollution poses a threat to food safety and human
health in the world. Intake of excess Cd in contaminated food results
in severe damage in organs such as lungs and liver, which eventually
leads to the onset of cancer and other deadly disorders (Adriano,
2001; Kabata-Pendias, 2011). Cadmium has no metabolic function in
plants but can accumulate in root, shoot and edible parts such as grains
and cacao beans (Theobroma cacao, L.) (Zarcinas et al., 2004; Rascio and
Navari-Izzo, 2011). Plants can tolerate Cd concentration at low levels
without expressing any symptoms of toxicity, but accumulation of Cd
in edible parts often causes adverse effects on human health (Baligar
et al., 1998; Benavides, 2005; Marschner, 2012).
Plant absorbs Cd as divalent cation (Cd), which is the most predominant and mobile form of Cd in soil and the environment. In non-polluted
soils, Cd concentrations range from 0.01 to 1.1 mg kg−1 with an average
of 0.41 mg kg−1 (Singh and McLaughlin, 1999; Kabata-Pendias, 2011).
Burt et al. (2003), following an extensive soil survey in the US, reported
a mean of 0.40 mg kg−1. In Florida, Ma et al. (1997) measured a geometric mean of 0.21 mg kg−1 for Cd, which is lower as compared to
0.38 mg kg−1 reported by Holmgren et al. (1993). The United States Environmental Protection Agency (USEPA) established a critical level of
0.43 mg−1 of total Cd in agricultural soils (USEPA, 2002). In western
China, Zhang et al. (2002) estimated soil Cd concentrations of
0.01 mg kg−1 which is below China's average of 0.097 mg kg−1. Additionally, Wang and Chen (1998) reported average values between 0.04
and 0.15 mg kg−1 in ten other regions of eastern China. In Brazil,
Fadigas et al. (2006) obtained reference values for seven trace metals
from representative tropical soil orders; the authors proposed a value
of 0.5 mg kg−1 for total Cd. Higher concentrations of Cd have been reported in soils worldwide. These abnormal concentrations are due in
part to weathering of parent materials, but more commonly, to anthropogenic activities (Adriano, 2001; Chaney, 2010; Kabata-Pendias, 2011).
Unfortunately, neither reference values nor soil Cd levels are available
for agricultural production systems in Ecuador.
Weathering of Cd rich sedimentary rocks is known to “naturally”
raise Cd concentration in soils. Concentrations of Cd in some sedimentary rocks decrease in the order: marlstone (2.6 mg kg−1) N bentonite
(1.4 mg kg−1) N bituminous shale (0.80 mg kg−1) (Singh and
McLaughlin, 1999). Garrett et al. (2008) reported one of the highest
values for soil-Cd due to weathering of phosporite in Jamaica; this
group measured a concentration as high as 200 mg kg−1 of total Cd in
those bauxitic soils.
Despite natural build-up of Cd in soils, artiﬁcial contamination is by far
the greatest concern in heavy metal biogeochemistry. Application of
phosphate fertilizers is considered one of the major inputs of Cd in agricultural soils, due to elevated Cd concentration in phosphate fertilizers,
which could be as high as 130 mg kg−1 (Khwaja et al., 1997; Chen
et al., 2007; Jiao et al., 2012). Disposal/utilization of wastes including
wastewater, manures, compost and/or sewage sludge has been reported
to increase levels of Cd in soils. Cadmium concentrations in compost and
sludge vary from 0 to 16 mg kg−1, depending on the raw material and
technology employed to produce the organic amendments (Smith,
2009; Kabata-Pendias, 2011; Alloway, 2013). The application of fertilizers
and/or soil amendments is not a common practice on cacao farms; instead, the input of nutrients depends mainly upon the decomposition of
litter and residues from harvest (Hartemink, 2005). Other sources of Cd
in soils are: zinc (Zn) and lead (Pb) mining, steel and battery production,
plating, and smelting, etc. (García et al., 2001; Chaney, 2010).
For crop management and environmental purposes, the distinction
between geogenic and anthropogenic contamination is imperative.
One of the most common practices is to determine the vertical distribution of the metal along an undisturbed soil proﬁle. Higher concentration
of Cd in the parent materials than the overlying soil layers may suggest a
likely geological source of contamination (García et al., 2001; Caridad‐
Cancela et al., 2005; Buccolieri et al., 2010), whereas anthropogenic

contamination may be the case if the opposite is true (Caridad‐Cancela
et al., 2005). Sources of soil contamination can be also determined by
historical changes of Cd concentrations along soil proﬁle as affected by
time and human activities (McDowell et al., 2013). This approach requires reliable historical data, which are often difﬁcult to obtain.
The discrimination between geogenic and anthropogenic sources is
important for the management of contaminated soils. However, the assessment of bioavailable pool (s) of metals in soils is more relevant from
biological perspective (Adriano, 2001). Furthermore, total concentration may not indicate bioavailability of Cd in soils as available Cd accounts for only a small portion of its total. In addition, many soil and
plant factors can inﬂuence the labile pools of Cd (Degryse et al., 2003;
Caridad‐Cancela et al., 2005; Kirkham, 2006). In soils, metal bioavailability is controlled by several factors such as total metal content, pH,
soil organic matter (SOM), cation exchange capacity (CEC), and clay
content (He et al., 2005; Kirkham, 2006; Alloway, 2013). Several techniques have been developed to estimate bioavailable Cd in soils. They
include chemical extraction with single or a series of reagents. The preference of one method over others is often determined by the correlation
between extractable metal in soil and the corresponding plant uptake
(Amacher, 1996; Rauret, 1998; Degryse et al., 2003; Zhang et al.,
2010). Different reagents, from neutral salts to strong acids have been
applied to estimate available Cd in soil (Zhang et al., 2006). NH4OAc
and CaCl2 are neutral salts with a low extraction power, but their estimation usually yields a signiﬁcant correlation with plant uptake of Cd,
whereas strong acidic reagents, such as HCl, Mehlich 3 (M3) and
Mehlich 1 (M1), or chelates like EDTA and DTPA-ETA, have a greater
extracting ability but they are often poorer indicators of Cd availability
in soils (Menzies et al., 2007; Zhang et al., 2010). However, Fontes
et al. (2008) reported a signiﬁcant correlation between Cd concentration in dry bean (Phaseolus vulgaris) or lettuce (Lactuca sativa) and M3
extractable Cd in three highly weathered soils in Brazil.
Cacao (T. cacao, L.) is one of the most economically important commodities in Ecuador, with a cultivated area of 434,000 hectares (ha)
across the country (INEC, 2012). Guayas and El Oro provinces are characterized for agricultural as well as mining activities, particularly artisanal
gold mining, which has contributed to heavy metal contamination in rivers (Bech et al., 1997; Mounicou et al., 2003; Ramirez Requelme et al.,
2003). In a recent study, the concentration of heavy metals in sediment
and water of three rivers in southern Ecuador were monitored, and two
of the three rivers were reported to have Cd concentrations higher than
USEPA maximum contaminant level (MCL), whereas sediments from
one river contained Cd levels above Environmental Canada Probable Effect (Carling et al., 2013). Water from these rivers has been utilized to irrigate cacao ﬁelds for numerous years in the studied area.
Cacao produced in Ecuador and other South America countries has
favorable quality for making ﬁne chocolate (Loor et al., 2009). However,
concentrations of heavy metals (including Cd and Pb) above a critical
level (0.6 mg kg−1 for Cd), established by European Union, has raised
concerns of safety in the consumption of cacao-based chocolate (dark
chocolate) (Mounicou et al., 2003; Zarcinas et al., 2004; Dahiya et al.,
2005). For instance, cacao-based chocolate contained 3.4 times more
Cd than milk-based chocolate (Dahiya et al., 2005). Therefore, Cd contamination has impacted the production of cacao and subsequently
chocolate worldwide.
Limited information is available regarding Cd concentration in raw
cacao beans in South America. Higher levels of Cd were reported in
cacao powder from Ecuador, Venezuela and Malaysia, as compared to
those from Brazil and African countries (Mounicou et al., 2003). In Peninsular Malaysia, Zarcinas et al. (2004) registered cacao with the highest
concentration of Cd. Unfortunately, no information is available regarding Cd concentration in soil, cacao plant, and cacao bean in Ecuador.
This information is critical for developing management solutions to
the contamination of cacao bean by Cd.
The objectives of this study were to: i) investigate the status of Cd in
soils of representative cacao farms in Ecuador and its relationship with
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soil properties; ii) study the vertical distribution of Cd in soil proﬁles to
understand the nature of contamination; iii) determine the distribution
of Cd in different parts of cacao trees (leaves, beans and shells); and iv)
evaluate some commonly used chemical extraction methods for
predicting soil Cd availability to cacao plants in Ecuador.
2. Materials and methods
2.1. Soil and plant sampling
Soil and plant samples were collected from a total of 19 representative small-scale cacao farms (hereafter called sites) in Guayas and El
Oro. These two provinces are characterized by an annual precipitation
of 575.8 mm with a mean temperature of 26.1 °C (INAMHI, 2013). The
sampled sites are shown in Fig. 1 and were selected based on their proximity to rivers from which water was used for irrigation, accessibility,
and previous information of Cd in cacao beans. To study the distribution
of Cd along a soil proﬁle, samples were taken at the four depths: 0–5,
5–15, 15–30, and 30–50 cm. Four equidistant cores were drawn within
100 m distance. These sampling points were combined to make composite samples with respect to each depth and site. Soil samples were
air-dried, ground, and passed through a 2-mm sieve prior to analysis.
Plant samples (leaves, cacao beans and shells) were collected from
three to four cacao trees, located near the soil sampling sites: four mature pods (4-month old) and 15 to 20 middle-age leaves from each
tree. The collected samples were washed once with 1% hypochlorite solution and rinsed twice with tap water. Subsequently, leaves were oven
dried at 70 °C for 72 h, and cacao beans were separated from the pods,
and air-dried. Dried cacao beans were divided into beans and shell
(bean coating).
The dried samples were properly labeled and shipped to the University of Florida–Indian River Research and Education Center, (Fort Pierce,
Florida). Samples were oven dried and ground using stainless ball mill
(Tissue Pulverizer, 4200 KLECO) or an agate mortar and pestle (for
cacao beans) prior to chemical analysis.
2.2. Soil characterization and analysis
Soil samples of all the depths were analyzed for pH, electrical conductivity (EC), total carbon (C), whereas particle size distribution, and
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effective cation exchange capacity (CECE) were measured only for surface soil (0–15 cm) (Table 3). Soil pH and EC were measured in deionized water (1:2 soil/water ratio) using a pH/ion/conductivity meter
(Denver Instruments, Denver, CO, USA), total C by combustion method
using a C/N analyzer (Vario MAX CN Macro Elemental Analyzer, Hanau,
Germany), particle size distribution with the pipette method (Gee and
Or, 2002), and CECE with 1 M NH4OAc at pH 7 as described by Sumner
and Miller (1996).
To determine the availability of Cd in the soils and source of contamination in the cacao-growing areas, soil proﬁle samples were analyzed
for total recoverable and Mehlich 3 extractable Cd. Total recoverable
Cd was determined according to USEPA 3050B method, which consists
of multiple additions of nitric acid (HNO3) and hydrogen peroxide
(H2O2), and a constant temperature of 95 ± 5 °C that was maintained
on a hotplate. This method scavenges all Cd in soils except for Cd
bound within silicate minerals (USEPA, 1996). Mehlich 3 (M3) extraction is the combination of several reagents (0.2 M CH3COOH + 0.25 M
NH4NO3 + 0.015 M NH4F + 0.013 HNO3 + 0.001 M EDTA, pH 2),
which are able to extract soluble-exchangeable, carbonate and organically bound Cd; a soil/solution ratio of 1:10 and 5 min of equilibration
time were applied (Mehlich, 1984).
To identify the best extraction method for predicting available Cd in
Ecuadorian soils, two additional methods (0.1 M HCl and 1 M NH4OAc
pH 5) were compared with Mehlich 3. In brief, 2 g of soils was equilibrated with the following soil-reagent ratios: 1:10 and 1:4 and equilibration time of 5 and 60 min, respectively for HCl and NH4OAc
(Amacher, 1996). These extractions were conducted on the surface
soils only (0–5 and 5–15 cm). Concentrations of Cd in soil digesters or
extracts were determined in triplicates using inductively coupled plasma optical emission spectrometry (ICP-OES, Ultima, JY Horiba Group,
Edison, NJ, USA).

2.3. Plant analysis
For the analysis of plant material, 0.4 g of each ground leaf, shell or
bean sample was digested with 6 mL of nitric acid (HNO3) at 80 °C
and 140 °C each for 180 min (Jackson et al., 1986). The digesters were
diluted to 25 mL with Nano-pure distilled water and ﬁltered through a
0.45–μm membrane ﬁlter prior to Cd analysis.

Fig. 1. Sampling sites in Guayas and El Oro province (Google earth*). Site 10 is the northeast point (2° 36′ 48.10″ S; 79° 37′ 29.9″ W) whereas site 15 is the southeast point (3°31′ 0.50″ S;
79° 51′ 32″ W).
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Table 1
Total recoverable (TR), extractable Cd (M3, HCl, and NH4OAc) and chemical properties of the soils for the 0–5 cm and 5–15 cm depth of the selected sites (mean ± SE).
Site

Depth (cm)

pH (H2O)

EC (μS cm−1)

Total C (g kg−1)

Cd (mg kg−1)
TR

M3

HCl

NH4OAc

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

0–5

6.44 ± 0.05
6.17 ± 0.00
7.15 ± 0.02
6.28 ± 0.04
6.47 ± 0.02
6.21 ± 0.01
6.70 ± 0.04
4.92 ± 0.00
5.31 ± 0.01
6.62 ± 0.01
6.27 ± 0.08
6.13 ± 0.01
5.90 ± 0.08
5.53 ± 0.02
7.05 ± 0.01
7.97 ± 0.02
7.82 ± 0.06
7.09 ± 0.02
6.65 ± 0.01
6.46
6.51 ± 0.06
6.55 ± 0.01
7.25 ± 0.03
6.55 ± 0.05
6.32 ± 0.04
6.37 ± 0.01
6.62 ± 0.02
5.04 ± 0.14
5.31 ± 0.01
6.50 ± 0.02
6.38 ± 0.04
6.12 ± 0.06
5.64 ± 0.03
5.46 ± 0.02
7.10 ± 0.01
7.92 ± 0.01
7.78 ± 0.04
7.05 ± 0.02
6.25 ± 0.03
6.49

93.2 ± 1.34
105 ± 3.85
270 ± 17.85
101 ± 12.62
81.2 ± 2.92
118 ± 0.90
75.1 ± 0.74
64.6 ± 0.89
104 ± 1.90
240 ± 11.8
315 ± 3.00
140 ± 0.45
80.4 ± 2.90
108 ± 3.75
156 ± 4.55
213 ± 0.75
218 ± 1.10
120 ± 4.65
147 ± 12.4
159
85.6 ± 4.12
99.5 ± 0.78
208 ± 1.25
114 ± 0.45
50.2 ± 4.05
64.8 ± 0.25
46.7 ± 0.39
39.5 ± 0.02
57.0 ± 0.39
132 ± 4.80
183 ± 8.30
64.1 ± 6.91
32.6 ± 0.60
55.0 ± 11.32
74.0 ± 1.95
130 ± 1.30
136 ± 3.65
79.4 ± 3.91
58.4 ± 1.44
103

1.82 ± 0.06
1.71 ± 0.04
2.00 ± 0.03
1.86 ± 0.01
1.77 ± 0.01
2.99 ± 0.00
1.84 ± 0.01
2.00 ± 0.01
3.06 ± 0.04
3.10 ± 0.05
2.86 ± 0.03
1.98 ± 0.03
1.51 ± 0.01
2.39 ± 0.02
3.93 ± 0.02
2.95 ± 0.01
2.01 ± 0.05
2.21 ± 0.03
3.07 ± 0.01
2.37
1.35 ± 0.02
1.31 ± 0.00
1.14 ± 0.01
1.34 ± 0.01
0.67 ± 0.01
1.06 ± 0.01
0.59 ± 0.00
1.09 ± 0.02
1.55 ± 0.03
1.66 ± 0.01
1.36 ± 0.01
0.83 ± 0.01
0.80 ± 0.02
1.07 ± 0.02
1.58 ± 0.00
1.97 ± 0.03
1.34 ± 0.01
1.29 ± 0.00
1.50 ± 0.00
1.25

1.43 ± 0.10
2.02 ± 0.18
2.42 ± 0.07
2.28 ± 0.05
0.89 ± 0.11
1.11 ± 0.06
0.88 ± 0.05
0.93 ± 0.06
1.09 ± 0.04
2.10 ± 0.00
1.28 ± 0.03
1.22 ± 0.04
0.94 ± 0.07
1.20 ± 0.06
1.26 ± 0.07
2.45 ± 0.06
2.05 ± 0.08
2.28 ± 0.01
1.40 ± 0.06
1.54
1.49 ± 0.01
2.39 ± 0.37
2.27 ± 0.08
2.34 ± 0.07
0.68 ± 0.01
0.92 ± 0.02
0.52 ± 0.06
0.82 ± 0.04
0.96 ± 0.05
1.81 ± 0.08
1.04 ± 0.08
0.93 ± 0.01
0.78 ± 0.15
1.21 ± 0.06
1.12 ± 0.02
1.99 ± 0.10
1.83 ± 0.07
1.95 ± 0.09
1.28 ± 0.07
1.39

0.43 ± 0.01
0.70 ± 0.02
1.27 ± 0.01
0.90 ± 0.00
0.32 ± 0.01
0.32 ± 0.00
0.38 ± 0.02
0.18 ± 0.01
0.15 ± 0.00
0.75 ± 0.01
0.38 ± 0.00
0.11 ± 0.00
0.14 ± 0.01
0.08 ± 0.00
0.28 ± 0.00
0.44 ± 0.01
0.28 ± 0.02
0.36 ± 0.01
0.21 ± 0.01
0.40
0.34 ± 0.01
0.82 ± 0.00
0.99 ± 0.02
1.00 ± 0.00
0.17 ± 0.01
0.22 ± 0.01
0.12 ± 0.01
0.07 ± 0.01
0.08 ± 0.00
0.56 ± 0.01
0.21 ± 0.01
0.02 ± 0.01
0.08 ± 0.01
0.01 ± 0.00
0.06 ± 0.01
0.30 ± 0.01
0.19 ± 0.01
0.24 ± 0.01
0.10 ± 0.01
0.29

0.44 ± 0.00
0.76 ± 0.03
1.52 ± 0.01
1.07 ± 0.02
0.32 ± 0.00
0.38 ± 0.00
0.43 ± 0.00
0.20 ± 0.02
0.23 ± 0.00
0.93 ± 0.03
0.45 ± 0.00
0.16 ± 0.01
0.22 ± 0.00
0.14 ± 0.00
0.41 ± 0.01
0.57 ± 0.01
0.36 ± 0.02
0.51 ± 0.01
0.27 ± 0.01
0.58
0.38 ± 0.01
0.81 ± 0.06
1.18 ± 0.02
1.10 ± 0.01
0.16 ± 0.01
0.28 ± 0.00
0.14 ± 0.02
0.07 ± 0.01
0.14 ± 0.02
0.66 ± 0.01
0.25 ± 0.01
0.08 ± 0.00
0.08 ± 0.01
0.04 ± 0.00
0.13 ± 0.01
0.44 ± 0.01
0.24 ± 0.00
0.35 ± 0.01
0.13 ± 0.00
0.41

0.06 ± 0.00
0.14 ± 0.00
0.12 ± 0.00
0.11 ± 0.00
0.04 ± 0.00
0.06 ± 0.00
0.08 ± 0.00
0.07 ± 0.00
0.07 ± 0.00
0.13 ± 0.00
0.09 ± 0.00
0.04 ± 0.00
0.07 ± 0.00
0.08 ± 0.00
0.10 ± 0.01
0.09 ± 0.00
0.08 ± 0.01
0.15 ± 0.00
0.06 ± 0.01
0.10
0.06 ± 0.00
0.15 ± 0.00
0.10 ± 0.00
0.08 ± 0.00
0.02 ± 0.00
0.05 ± 0.00
0.05 ± 0.00
0.03 ± 0.00
0.05 ± 0.00
0.10 ± 0.00
0.07 ± 0.00
0.03 ± 0.00
0.06 ± 0.00
0.04 ± 0.00
0.05 ± 0.00
0.08 ± 0.00
0.05 ± 0.01
0.10 ± 0.00
0.04 ± 0.00
0.07

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
Average

Average
5–15

Concentrations of Cd in the plant digesters were determined in triplicates using the ICP-OES. The quality of analysis was assured by the recovery (90–110% or better) of spiked Cd from independent standard
source, and the analysis of blank and standard references, and
duplicates every 10 samples. The method detection limit of Cd was
0.1 ug L−1.

beans and shell, vertical distribution of total recoverable, and M3extractable Cd along soil proﬁles.

3. Results and discussion
3.1. Soil Cd content in relation to soil characteristics

2.4. Data analysis
The data were analyzed using JMP® (version 8.0.2, SAS institute,
2009). To assess the distribution of Cd along the soil proﬁles, the differences in total recoverable and extractable Cd between depths
were calculated by one-way analysis of variance (ANOVA), the
same statistical tool was used to compute the difference in Cd between leaves, beans, and shell across the 19 sites. Pairwise correlation and simple regression were used to determine the interrelationships between, plant uptake, total recoverable, and available
Cd in soils estimated by the three extraction methods (M3, HCl and
NH4OAc). Stepwise regression analysis was applied to differentiate
which major soil properties contribute to available Cd in soils and
Cd uptake by cacao plants. Statistical signiﬁcance was established
at P ≤ 0.05. Standard errors were used in total recoverable, extractable and soil properties tables, the concentration of Cd in cacao

Soil properties and Cd concentrations differed for all the depths
(Table 1), for the ﬁrst depth (0–5 cm), the pH ranged from 4.92 to
7.97, with a mean value of 6.46, whereas EC ranged between
64.6 μS cm−1 and 315 μS cm−1, with an average of 159 μS cm−1. Soil
carbon contents were in the range of 1.51 to 3.93 g kg− 1, averaged
2.37 g kg−1. Total recoverable Cd ranged from 0.88 to 2.45 mg kg−1,
with a mean value of 1.54 mg kg−1, which is higher than US EPA critical
level (0.43 mg kg−1) for agricultural soils (USEPA, 2002), whereas extractable Cd varied among the sites and extraction methods. On average,
0.40, 0.58 and 0.10 mg kg−1 were estimated as M3-, HCl- and NH4OAcextractable Cd, respectively. M3- and HCl-extractable Cd were higher at
site 3, while the highest NH4OAc extractable Cd occurred at site 18, the
lowest M3 and HCl extractable Cd was measured at site 14, and the lowest NH4OAc extractable Cd was observed at sites 5 and 12 (Table 1).
Medium loam was the predominant textural class (8 sites) of
the studied soils, with the remaining of slightly sandy or clay
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Table 2
Total recoverable (TR), M3 extractable Cd and chemical properties of the soils for the 15–30 cm and 30–50 cm depth of the selected sites (mean ± SE).
Site

Depth (cm)

pH (H2O)

EC (μS cm−1)

Total C (g kg−1)

Cd (mg kg−1)
TR

M3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

15–30

6.28 ± 0.03
6.55 ± 0.01
6.89 ± 0.01
6.76 ± 0.01
6.39 ± 0.04
6.89 ± 0.02
6.34 ± 0.03
5.01 ± 0.04
5.13 ± 0.02
6.20 ± 0.02
5.97 ± 0.02
6.38 ± 0.01
5.54 ± 0.05
5.48 ± 0.03
6.80 ± 0.03
7.97 ± 0.01
7.51 ± 0.01
7.04 ± 0.03
6.06 ± 0.01
6.42
5.74 ± 0.02
6.09 ± 0.02
6.87 ± 0.07
6.83 ± 0.00
6.43 ± 0.03
7.50 ± 0.02
6.06 ± 0.04
4.96 ± 0.07
5.03 ± 0.04
5.97 ± 0.03
5.77 ± 0.03
6.11 ± 0.02
5.53 ± 0.01
5.45 ± 0.03
6.51 ± 0.02
8.02 ± 0.00
7.43 ± 0.01
7.22 ± 0.01
5.91 ± 0.03
6.33

65.4 ± 4.63
85.8 ± 0.78
98.3 ± 0.56
69.5 ± 0.20
57.7 ± 0.23
94.8 ± 13.03
73.1 ± 2.05
30.6 ± 0.17
42.7 ± 0.56
139 ± 61.2
49.9 ± 7.71
42.5 ± 2.06
32.5 ± 2.18
34.5 ± 6.40
48.8 ± 0.22
107 ± 0.40
108 ± 1.35
135 ± 25.5
42.1 ± 0.20
80.7
80.3 ± 5.01
77.4 ± 1.47
56.1 ± 8.14
45.5 ± 0.09
92.9 ± 1.75
192 ± 72.7
137 ± 3.24
28.1 ± 0.27
36.0 ± 1.34
39.4 ± 0.95
57.4 ± 21.7
45.6 ± 3.33
30.5 ± 1.29
26.4 ± 2.41
44.1 ± 5.39
215 ± 9.00
94.4 ± 2.72
110 ± 0.25
34.8 ± 4.74
81.8

0.66 ± 0.01
0.68 ± 0.02
0.64 ± 0.00
0.76 ± 0.00
0.38 ± 0.00
0.57 ± 0.01
0.471 ± 0.02
0.70 ± 0.00
0.98 ± 0.00
0.84 ± 0.02
0.49 ± 0.01
0.55 ± 0.01
0.41 ± 0.01
0.72 ± 0.00
0.59 ± 0.00
1.25 ± 0.00
0.91 ± 0.00
0.77 ± 0.00
0.73 ± 0.00
0.69
0.41 ± 0.01
0.29 ± 0.00
0.31 ± 0.00
0.45 ± 0.01
0.24 ± 0.00
0.26 ± 0.00
0.43 ± 0.02
0.27 ± 0.00
0.42 ± 0.01
0.63 ± 0.01
0.46 ± 0.01
0.42 ± 0.01
0.66 ± 0.00
0.32 ± 0.00
0.58 ± 0.00
0.34 ± 0.01
0.72 ± 0.00
0.71 ± 0.01
0.67 ± 0.00
0.59

0.78 ± 0.12
1.04 ± 0.38
1.02 ± 0.02
1.46 ± 0.04
0.38 ± 0.06
0.58 ± 0.04
0.16 ± 0.03
0.41 ± 0.05
0.73 ± 0.14
2.36 ± 0.11
1.26 ± 0.03
0.58 ± 0.05
0.38 ± 0.06
0.82 ± 0.03
0.59 ± 0.02
0.95 ± 0.04
0.66 ± 0.03
0.41 ± 0.02
0.07 ± 0.04
0.77
0.72 ± 0.10
1.08 ± 0.14
0.71 ± 0.13
0.73 ± 0.02
1.08 ± 0.07
0.68 ± 0.02
0.41 ± 0.08
0.65 ± 0.10
1.84 ± 0.02
2.59 ± 0.23
1.52 ± 0.08
0.65 ± 0.02
0.38 ± 0.06
0.68 ± 0.03
0.78 ± 0.02
0.64 ± 0.04
0.43 ± 0.05
0.57 ± 0.04
0.06 ± 0.03
0.85

0.20 ± 0.00
0.55 ± 0.01
0.55 ± 0.02
0.80 ± 0.00
0.13 ± 0.01
0.17 ± 0.00
0.07 ± 0.01
0.05 ± 0.00
0.03 ± 0.00
0.29 ± 0.01
0.06 ± 0.01
0.01 ± 0.00
0.02 ± 0.00
BDL
BDL
0.25 ± 0.00
0.15 ± 0.01
0.15 ± 0.00
0.07 ± 0.01
0.19
0.07 ± 0.01
0.19 ± 0.00
0.33 ± 0.01
0.18 ± 0.01
0.18 ± 0.02
0.11 ± 0.01
0.10 ± 0.01
0.01 ± 0.01
0.02 ± 0.01
0.11 ± 0.00
0.02 ± 0.01
0.02 ± 0.01
BDL
BDL
BDL
0.15 ± 0.01
0.14 ± 0.01
0.15 ± 0.00
0.06 ± 0.01
0.10

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Average
30–50

Average
BDL = below detection limit.

loam. The CEC E values of the soils varied from 3.84 to
25.1 cmol c kg− 1 , which corresponded to the soils with the lowest
and highest pH.
Table 3
Effective cation exchange capacity (CECE), particle distribution and textural classes of surface soils (0–15 cm).
Site

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

CECE
(cmols kg−1)

Sand

14.6 ± 0.07
15.4 ± 0.05
21.6 ± 0.06
17.1 ± 0.07
8.86 ± 0.08
14.7 ± 0.03
8.36 ± 0.06
3.84 ± 0.25
5.44 ± 0.03
21.9 ± 0.07
19.2 ± 0.14
13.4 ± 0.10
5.74 ± 0.03
6.58 ± 0.04
19.3 ± 0.17
25.1 ± 0.22
22.39 ± 1.16
21.6 ± 0.07
9.69 ± 0.20

48.6 ± 1.31
33.6 ± 1.27
35.3 ± 5.53
35.2 ± 1.78
68.8 ± 0.66
55.5 ± 0.25
72.4 ± 0.18
46.6 ± 0.04
41.8 ± 0.49
40.5 ± 1.81
45.0 ± 0.77
57.9 ± 2.35
90.3 ± ND
47.1 ± 0.62
35.0 ± 2.55
22.1 ± 0.93
25.4 ± 0.70
20.9 ± 0.57
40.4 ± 0.46

Silt

Clay

Textural class

27.7 ± 0.99
41.1 ± 1.19
39.6 ± 5.69
40.6 ± 1.70
17.9 ± 0.40
22.7 ± 0.28
17.2 ± 0.27
29.5 ± 0.14
33.7 ± 0.69
41.3 ± 2.88
40.8 ± 0.49
32.2 ± 2.38
6.48 ± ND
23.9 ± 0.56
36.8 ± 3.20
41.9 ± 0.94
54.1 ± 1.71
47.4 ± 0.33
33.5 ± 0.58

23.7 ± 0.32
25.3 ± 0.08
25.1 ± 0.16
24.3 ± 0.09
13.3 ± 0.26
21.8 ± 0.03
10.4 ± 0.09
23.9 ± 0.18
24.5 ± 0.19
18.2 ± 1.07
14.2 ± 0.28
9.90 ± 0.03
3.21 ± ND
29.0 ± 0.06
28.1 ± 0.65
35.9 ± 0.01
20.5 ± 1.01
31.6 ± 0.24
26.1 ± 0.12

Sandy clay loam
Medium loam
Medium loam
Medium loam
Sandy loam
Sandy clay loam
Loamy sand
Medium loam
Medium loam
Medium loam
Medium loam
Sandy loam
Sandy
Sandy clay loam
Clay loam
Clay loam
Silty Loam
Clay loam
Medium loam

%

Correlation analysis between soil Cd and soil properties indicated
that: for the surface soils (0–5 cm), total recoverable Cd was positively
correlated with clay content (r = 0.55, P b 0.01), CECE (r = 0.82,
P b 0.01) and pH (r = 0.63, P b 0.05), while M3 extractable Cd was signiﬁcantly correlated with total recoverable Cd (r = 0.70, P b 0.05) and
CECE (r = 0.55, P b 0.05). For the second layer (5–15 cm), total recoverable Cd was signiﬁcantly correlated with total C (r = 0.55, P b 0.05), clay
content (r = 0.57, P b 0.05), CECE (r = 0.69, P b 0.05), and pH (r = 0.57,
P b 0.05), whereas M3 extractable Cd was related to total recoverable Cd
(r = 0.81, P b 0.01), CECE (r = 0.47, P b 0.05) and EC (r = 0.47, P b 0.05).
At the 15–30 cm depth, total recoverable Cd was signiﬁcantly correlated
with only CECE (r = 0.51, P b 0.05) whereas M3 extractable Cd was not
related to any soil property. For the deepest layer (30–50 cm), total recoverable Cd was not correlated to any soil property, but M3 extractable
Cd was signiﬁcantly related to CECE (r = 0.52, P b 0.05) and pH (r =
0.60, P b 0.05) (Table 4).
To study the effects of soil properties on M3-extractable Cd, a stepwise regression analysis was conducted for the 0–5 and 5–15 cm
depths; the regression coefﬁcients (R2) are presented in Table 5, soil
properties (predictors) were backward selected using the highest R2.
The analysis revealed that, for both depths, total recoverable Cd and %
of clay were the most relevant soil parameters for predicting M3extractable Cd (R2 = 0.54 and 0.77, P b 0.01 for the 0–5 and 5–15 cm
depth, respectively). A number of studies have examined the relationships between soil properties and plant-available Cd. Soil pH has been
commonly reported as a “master” variable controlling the fate of soil
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Table 4
Correlation coefﬁcients (r) between soil properties and total recoverable, or M3 extractable Cd.
TR
0–5 cm
M3
TR
TC
Clay
CEC
pH
5–15 cm
M3
TR
TC
Clay
CEC
pH

0.70 ⁎

0.81 ⁎⁎

15–30 cm
M3
0.53 ⁎
TR
TC
Clay
CEC
pH
30–50 cm
M3
−0.03
TR
TC
Clay
CEC
pH

TC

Clay

−0.15
0.01

0.21
0.55 ⁎

CECE
0.55 ⁎
0.82 ⁎⁎
0.27
0.38

0.34
0.63 ⁎
0.16
0.27
0.81 ⁎⁎

0.42
0.50
0.39
0.11
0.72 ⁎
0.52 ⁎

0.22
0.57 ⁎
0.70 ⁎

0.47 ⁎
0.69 ⁎
0.57 ⁎

0.35
0.57 ⁎
0.38
0.33
0.87 ⁎⁎

0.47 ⁎
0.62 ⁎
0.35
0.32
0.77 ⁎
0.70 ⁎

0.40
0.11
0.34
0.35
0.83 ⁎⁎

0.44
0.45
0.41
0.32
0.77 ⁎
0.69 ⁎

0.26
0.11
0.71 ⁎

−0.12
−0.07

EC

0.19
0.55 ⁎⁎
0.42

0.38

0.20
0.31

pH

0.44
0.51 ⁎
0.40
0.38

0.52 ⁎
0.16
0.27
0.38

0.24
−0.06
0.41

0.60 ⁎
−0.26
0.24
0.35
0.76 ⁎

0.34
−0.21
0.15
0.23
0.39
0.74 ⁎

Nomenclature: TR = total recoverable Cd (mg kg−1), TC = total carbon (g kg−1), Clay =
% of clay, CECE = effective cation exchange capacity (cmolc kg−1), EC = electric conductivity (μS cm−1).
⁎ P b 0.05.
⁎⁎ P b 0.01.

Cd, a negative correlation is usually observed between soil pH and soluble Cd (Adams et al., 2004). Other soil attributes such as organic matter
content, CEC, clay content, and total metal concentration have been also
reported to affect the behavior of Cd in soils (Wang et al., 2004).

3.2. Geological vs. anthropogenic sources
Total Cd concentration in non-polluted soils ranges between 0.10
and 1.10 mg kg−1 (Ma et al., 1997; Burt et al., 2003; Fadigas et al.,
2006; Kabata-Pendias, 2011). In this study, 13 out of the 19 studied
sites had a total Cd concentration above 1.10 mg kg−1, of which six
sites were between 1.10 and 2.00 mg kg−1 (Table 2), and seven sites
higher than 2.00 mg kg−1, far above the critical level of 0.43 mg kg−1
established for agricultural soils (USEPA, 2002).

A decreasing trend was observed for total recoverable and M3extractable Cd with respect to soil depth (Figs. 2 and 4). On average
across the sampling sites, total recoverable Cd decreased by 42%,
whereas M3-extractable Cd declined by 78%, from the surface to subsurface soil layer, respectively. The noticeable decrease in total recoverable
or M3 extractable Cd may indicate the likelihood of anthropogenic
source of soil pollution for most of the ﬁeld sites. The application of
Cd-enriched fertilizers and/or manures and the irrigation with Cdcontaining water are among the most common exogenous causes of
soil Cd contamination (Chen et al., 2007; Kabata-Pendias, 2011;
Jiao et al., 2012). However, nutrient supply in cacao ecosystems
relies mainly on the decomposition of plant litters and harvest residues
(Hartemink, 2005), thus soil Cd contamination is unlikely the result of
fertilizers and/or manures. However, elevated levels of Cd have been reported in rivers near the studied area (Carling et al., 2013), and consequently the irrigation of cacao ﬁelds with Cd-enriched water might
have raised soil Cd to the current levels. In addition, historical deposits
of volcano ashes and continental dusts may also contribute to soil Cd accumulation (Hall et al., 2008). Yet, further research is needed to ascertain the nature of pollution.
One common approach to identify the source of contamination is to
assess the vertical distribution of Cd along a soil proﬁle to a certain
depth. For instance, Buccolieri et al. (2010) monitored total and available Cd in southern Italy, samples were taken at 0 to 10 and 10 to
30 cm; for most of the soils, total and available Cd were higher in the
ﬁrst 10 cm, which was frequently observed in the sites near landﬁlls, cement factories, and coal burning plants. However, this group pointed
out that agricultural practices, such as plowing, could make this type
of studies inaccurate and unreliable (Buccolieri et al., 2010). This inﬂuence is unlikely on cacao farms because plowing is not a common practice. In northern Spain, total recoverable and extractable Cd were
monitored at different depths, the distribution of Cd along soil proﬁles
varied with agricultural activities and parent materials; for instance, in
soils developed from serpentine rock Cd decreased from 2.79 mg kg−1
in surface soil to nearly none in the subsurface layers, whereas in soils
developed from amphibolite rock the concentration of Cd was similar
throughout the proﬁle, 1.65 mg kg− 1 in the 0–15 cm layer to
1.89 mg kg−1 in the 45–65 cm layer. These ﬁndings suggested that
soil Cd accumulation in this region could be inﬂuenced by both geogenic
and anthropogenic activities (Caridad‐Cancela et al., 2005). McDowell
et al. (2013) analyzed a wide range of data derived from multiple studies in New Zealand; they reported that total and acid extractable Cd in
surface soil layers, was, in nearly all cases, related to external loads
with contaminated P-fertilizers. They concluded that Cd enters the soil
through agricultural activities and accumulates in surface soils rather
than inherited from geogenic processes (McDowell et al., 2013).
Anthropogenic activities have been suggested as the main cause for
elevated soil-Cd. As reported by Lucho-Constantino et al. (2005) the use

M3-Extractable Cd

0

Table 5
The relationship between M3-extractable Cd and selected soil properties for the 0–5 and
5–15 cm depths.
R2

Soil properties
(5–15 cm)

R2

TR, TC, % clay, CECE, pH, EC
TR, TC, % clay, pH, EC
TR, % clay, pH, EC
TR, % clay, pH
TR, % clay

0.57
0.57⁎
0.57⁎
0.57⁎⁎
0.54⁎⁎

TR, TC, % clay, CECE, pH, EC
TR, TC, % clay, CECE, pH
TR, TC, % clay, pH
TR, TC, % clay
TR, % clay

0.77⁎⁎
0.77⁎⁎
0.76⁎⁎
0.75⁎⁎
0.74⁎⁎

Nomenclature: TR = total recoverable Cd, TC = total carbon, CECE = effective cation
exchange capacity, EC = electrical conductivity.
⁎ P b 0.05.
⁎⁎ P b 0.01.
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Fig. 2. Vertical distribution of total recoverable and M3 extractable Cd along soil proﬁle:
depth 1 = 0–5 cm, depth 2 = 5–15 cm, depth 3 = 15–30 cm, depth 4 = 30–50 cm.
Vertical bars indicate standard error.
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Fig. 3. Linear regression between M3 extractable Cd and total recoverable Cd in soils from
cacao farms in southern Ecuador (all depths).

of contaminated raw wastewater resulted in soil Cd accumulation up to
1.9 mg kg−1; moreover, most of this metal was readily available for crop
uptake (Lucho-Constantino et al., 2005). The maximum soil Cd reported
in that study is similar to the level measured in the present study for
surface layer (1.54 mg kg− 1). In Cartagena (Spain), García et al.
(2001) assessed the vertical distribution (up to 35 cm) of heavy metals
in soils near metallurgic activities; they reported no difference between
total recoverable (EPA 3050 B) and 1 M HNO3 extractable Cd, indicating
high availability of Cd in the studied soils. In the case of cacao areas,
available Cd estimated by M3 accounted for 30, 24, 12 and 12% of the
total recoverable Cd for the 0–5, 5–15, 15–30, 30–50 cm, respectively,
indicating that the availability of Cd decreased with depth along the
soil proﬁle.
Furthermore, in order to study the relationship between M3 extractable and total recoverable Cd, simple regression was performed
(Fig. 3). Linear regression was statistically signiﬁcant (P b 0.01),
however the regression coefﬁcient was not high (R2 = 0.43), indicating that M3 extractable Cd accounts for a portion of total recoverable
Cd in the soils.

The concentrations of Cd in beans and shells are summarized in
Fig. 5. However, the concentration of Cd in leaves was mostly below
the method detection limit (0.1 μg L−1).
Concentrations of Cd in cacao beans ranged from 0.02 to
3.00 mg kg−1, with a mean value of 0.94 mg kg−1 (Fig. 5). The highest
bean Cd concentration occurred in site 4 while the lowest was at site
12. Two samples (sites 9 and 12) had a concentration below the detection limit. Shell Cd concentration ranged from 0.02 to 0.46 mg kg− 1
with a mean value of 0.09 mg kg− 1, the lowest and highest values
were recorded on sites 3 and 17, respectively. Nonetheless, the concentration of Cd in shells was below the detection limit for nine sites.
The accumulation of Cd in cacao beans, and the implementation of
new regulations for the export of this commodity were discussed in
May 2012 by the International Cocoa Organization (ICCO) at the “International workshop on cadmium in cocoa and chocolate products”. Scientist and cacao-producing countries established permissible levels of
Cd in cacao and cacao-based products, 0.6 mg kg−1 of Cd in cacao
beans has been proposed as the threshold. This regulation will be in effect by 2019 in the European Union (ICCO, 2012). Other countries and
organizations have established different permissible levels, for instance,
Malaysia sets a higher level (1.00 mg kg− 1) whereas Australia has a
lower level (0.5 mg kg−1) (Zarcinas et al., 2004). In this study
0.6 mg kg−1 in bean is used as the threshold for subsequent discussion.
The distribution of Cd in cacao plant generally decreased in the order
of beans N shell N N leaves. Cadmium was detected in shells only when
the concentration of Cd in beans was N1 mg kg−1. Cacao beans from
12 sites contained Cd above the critical level (0.6 mg kg−1), of which
six sites had a Cd concentration of 0.6–1.0 mg kg−1, four sites from
1.0 to 2.0 mg kg− 1, and two sites N 2.0 mg kg− 1. These data merit
more attention since 60% of the studied sites had bean Cd concentration
above the threshold and the sampling sites were randomly selected.
Few studies have focused on the accumulation of heavy metals in
cacao beans. Zarcinas et al. (2004) investigated heavy metals content
in soil and plants in Peninsular Malaysia. They found a variable concentration of Cd in the studied crops, with mean values for cacao beans

Fig. 4. Distribution of total recoverable and M3 extractable Cd in six representative soil proﬁles (0–50 cm) in southern Ecuador.
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Fig. 5. Cadmium concentration in cacao beans and shell of 19 sites in southern Ecuador. Bars represent standard error, and red line represents Cd threshold in cacao beans set at
0.6 mg kg−1.

reported at 0.66 mg kg− 1 although the highest Cd was recorded at
1.68 mg kg−1. These values are above the critical level according
to European Union standards. Total soil Cd was much lower
(0.17 mg kg−1), as compared to Ecuadorian soils in the present study,
and Cd in leaves and shell were not measured (Zarcinas et al., 2004).
In comparison, higher Cd concentrations in bean and soil were measured in Ecuadorian samples. Most of the previous studies have been
conducted directly in chocolate and cocoa powder (cacao byproduct)
(Mounicou et al., 2003; Dahiya et al., 2005; Rehman and Husnain,
2012; Yanus et al., 2014). For instance, cocoa powder from Ecuador,
and particularly from Guayas and El Oro provinces, were reported to
have 10 times more Cd than samples from Brazil, Ivory Coast and
Ghana (Mounicou et al., 2003). These ﬁndings agreed with our results,
suggesting that soil contamination may have resulted in Cd accumulation in cacao beans in some areas of southern Ecuador. Since cacao powder is used to make ﬁne chocolate (dark chocolate) that is widely
consumed, particularly by children and women, it is important to reduce Cd uptake and accumulation in cacao beans (Dahiya et al., 2005;
Rehman and Husnain, 2012; Yanus et al., 2014).
3.4. Cadmium availability in soil and plant uptake
Soil test is a useful tool for diagnosis of plant nutrients and pollutants. Chemical extraction is a commonly used method for estimating
available nutrients or contaminants in soils. Extractable Cd in surface
layer (0–5 cm), as estimated by the three extractants, ranged from
0.14 to 1.52 mg kg−1, 0.08 to 1.27 mg kg−1, and 0.04 to 0.15 mg kg−1,
for HCl, M3, and NH4OAc, respectively, with the corresponding mean
values of 0.58, 0.40, 0.10 mg kg−1. The extractable Cd for the 5–15 cm
soil layer was 0.04 to 1.18 mg kg−1, 0.01 to 1.00 mg kg−1, and 0.02 to

0.15 mg kg−1, for HCl, M3 and NH4OAc, respectively with the average
values of 0.41, 0.29, and 0.07 mg kg−1 accordingly. Interestingly, HCl
and M3 extractable Cd was always higher in site 3 and lower in site 14
for both depths, but the highest NH4Oac extractable Cd varied with
soil depth (site 18 for surface and site 2 for subsurface layer), the lowest
NH4OAc extractable Cd was measured consistently in site 5 (Table 1).
The difference between extractable Cd by the three methods and
their relationship with bean-Cd were compared. For surface layer
(0–5 cm) signiﬁcant differences in extractable Cd (P b 0.01) were measured among the three extractants and extractable Cd decreased in the
order of HCl N M3 N NH4OAc. HCl extracted 45% and 480% more Cd than
M3 and NH4OAc, respectively. For the second layer (5–15 cm), HCl- and
M3-extractable Cd were similar but signiﬁcantly higher than NH4OAcextractable Cd (P b 0.01) (Fig. 6a and b).
Labile Cd as estimated by chemical extraction is often used as an
indicator of available Cd pools in soils (Amacher, 1996). By their nature,
neutral salts (NH4OAc) are known to extract only soluble-exchangeable
Cd whereas strong acids (HCl and M3) scavenge Cd bound to organic
and inorganic soil components. Meers et al. (2007b) tested 13 different
extraction procedures for a variety of soils, they grouped the methods
based on their extraction capacity, 0.1 M HCl extracted 2.6 times more
Cd than 1 M NH4OAc (and other neutral salts), but M3 was not tested
in this experiment (Meers et al., 2007b). These results are partially in
line with our ﬁndings, although in our case, HCl extracted 5 times
more Cd than NH4OAc. In addition, Zhang et al. (2006) studied the extraction capacity of ﬁve reagents, this group reported that M3 extracted
3.5 times more Cd, as compared to NH4OAc (Zhang et al., 2006).
Caridad‐Cancela et al. (2005) reported similar results for Spanish soils,
in which M3 extracted 2.6 times more Cd than DTPA (Caridad‐Cancela
et al., 2005). Both reagent strength and soil–metal interactions inﬂuence

Fig. 6. Cadmium extraction capacity of three single extraction methods at two depth, 0–5 cm (A) and 5–15 cm (B). Different letters on the top of bars in the same plot indicate signiﬁcant
difference within depths at P b 0.05 by Tukey–Kramer multi-range analysis.
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Table 6
Relationship between soil parameters and Cd concentration in cacao beans for the 0–5 and
5–15 cm depth.
Soil properties
(0–5 cm)

R2

Soil properties
(5–15 cm)

R2

M3, EC, pH. % clay,
total C, TR, CEC
M3, EC, pH. % clay, total C, TR
M3, EC, pH. % clay, total C
M3, EC, pH. % clay
M3, EC, pH
M3, EC

0.77

M3, total C, % clay,
pH, TR, EC, CEC
M3, total C, % clay, pH, TR, EC
M3, total C, % clay, pH, TR
M3, total C, % clay, pH
M3, total C, % clay
M3, total C

0.84

0.77
0.77
0.76
0.76
0.73⁎,+

0.84
0.84
0.82
0.79⁎,+
0.72

Nomenclature: TR = total recoverable Cd, Total C = total carbon, CECE = effective cation
exchange capacity, EC = electrical conductivity.
⁎ P b 0.05.
+
Best model.

the estimation of available Cd in soils. 0.1 M HCl is known to extract
water soluble, exchangeable and inorganic-bound Cd; M3 extracts
water soluble, exchangeable and organic-bound Cd, while NH4OAc extracts only water soluble and exchangeable Cd (Mehlich, 1984; Rauret,
1998). Based on the nature of extraction, it is likely that Cd in the studied soils is mainly bound to organic matter and inorganic minerals, with
a small proportion present as water soluble or exchangeable.
An objective of this research was to predict Cd uptake in cacao plants
using single extraction methods. To accomplish this objective, correlation analysis was conducted between shell and bean Cd and extractable
Cd (HCl, M3, NH4OAc) or total recoverable Cd (Table 7).
Bean-Cd was highly correlated with shell-Cd (r = 0.85; P b 0.01). For
most sites, Cd was accumulated in shells only when its concentration in
beans exceeded a certain level (approximately 1.0 mg kg−1) (Table 7).
M3- and HCl-extractable Cd were highly correlated with bean-Cd concentration at both the surface and subsurface layers (0–5 and
5–15 cm), with similar correlation coefﬁcients (r = 0.80 and 0.82 for
M3, and r = 0.78 and 0.82 for HCl; P b 0.01). Therefore, both methods
appear to be adequate for predicting plant-available Cd in soils under
cacao production in southern Ecuador. There were signiﬁcant correlations between bean-Cd and NH4Oac extractable Cd at the subsurface
layer (5 to 15 cm) (r = 0.49, P b 0.05). As the correlation coefﬁcient
was low, so the weak extraction capacity of NH4Oac may underestimate
plant-available Cd in soil. In comparison to M3 and HCl extractable Cd,
lower correlation coefﬁcients were observed between total recoverable
Cd and bean-Cd (r = 0.56 and 0.61; P b 0.05). These results agree with
those reported in literature, indicating that total soil Cd concentration is
not a good indicator of its availability for plant uptake (He et al., 2005;
Kirkham, 2006; Alloway, 2013).
Predicting plant-available metal through single-step extraction is a
common approach in soil pollution management. Fontes et al. (2008)
studied the suitability of Mehlich 3 (M3) for predicting bioavailable Cd
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for beans and lettuce in tropical soils, and reported correlation coefﬁcients (r) of 0.91 and 0.81, respectively for beans and lettuce. They
also suggested M3 as an appropriate method for predicting bioavailable
pools of Cd in tropical soils (Fontes et al., 2008). In contrast, previous
studies also suggested neutral salts, which extract only water soluble
and exchangeable metals, as good predictors of plant-available Cd; for
instance, Zhang et al. (2010) tested six single extractants to predict Cd
availability for rice in paddy soils; based on the correlation coefﬁcient
they found that CaCl2 and NH4OAc extractable Cd were strongly correlated (r = 0.83 and 0.85, respectively) with grain-Cd; this group also reported a weak correlation between grain-Cd and total recoverable Cd
(Zhang et al., 2010). Zhang et al. (2006) and Meers et al. (2007a) also reported neutral salts (CaCl2 and NH4OAc) as best predictors of plantavailable Cd for tea plants and beans (Zhang et al., 2006; Meers et al.,
2007a). The results in the present study disagreed with previous reports, showing that M3- or HCl-extractable Cd is a better indicator of
plant-availability of Cd in soils than NH4OAc-extractable Cd, presumably because Cd in the cacao-growing soils in south Ecuador is mainly
bound to organic matter and/or inorganic minerals.
To explore the relationship between soil parameters and Cd content
in cacao beans, a stepwise regression analysis was conducted. The results indicated that the best predicting models were obtained when
M3-extractable Cd and EC (R2 = 0.73, P b 0.05) or M3-extractable Cd,
total C and % Clay (R2 = 0.79, P b 0.05) were entered as independent
variables for the 0–5 and 5–15 cm depth, respectively (Table 6).
Among the diverse soil parameters, soil pH has been reported as the
most relevant in controlling plant-available Cd; however, clay and organic matter content, soil texture, iron and aluminum oxides, and
total Cd content, have also been indicated as useful properties for
predicting Cd uptake by plants (Rieuwerts et al., 1998; Adams et al.,
2004).

4. Conclusions
Cadmium has been substantially accumulated in the surface soils
(0–15 cm) under cacao production in south Ecuador, likely due to anthropogenic activities (e.g. irrigation of Cd rich water) as total recoverable and extractable Cd, as estimated by M3 or HCl method, decreased
with soil depth. Soil Cd contamination has resulted in Cd accumulation
in cacao bean, with 12 out of 19 sampling sites in this region having a
bean Cd concentration above 0.6 mg kg−1, the maximum critical level
established by European Union. Bean Cd concentration was better related to extractable Cd than total recoverable Cd in soil. Of the three soil
test methods, M3- and HCl-extractable Cd are superior to NH4OAcextractable Cd for predicting Cd availability in the cacao-growing soils
as they are more closely correlated with Cd concentration in cacao
beans.

Table 7
Correlation coefﬁcients (r) among selected variables.
Pearson correlation coefﬁcients for selected variables
–

TR-D1

TR-D2

M3-D1

M3-D2

HCl-D1

HCl-D2

AA-D1

AA-D2

Bean

Shell

TR-D1
TR-D2
M3-D1
M3-D2
HCl-D1
HCl-D2
AA-D1
AA-D2
Bean
Shell

–

0.95**
–

0.70*
0.72*
–

0.72*
0.81*
0.95*
–

0.74*
0.74*
0.99**
0.93**
–

0.77*
0.83**
0.96**
0.99**
0.96**
–

0.70*
0.72*
0.61*
0.62*
0.64*
0.63*
–

0.72*
0.78*
0.69*
0.75*
0.70*
0.74*
0.88*
–

0.56*
0.61*
0.80**
0.82**
0.78**
0.82**
0.43
0.49*
–

0.56*
0.55*
0.65*
0.64*
0.68*
0.66*
0.49*
0.40
0.85**
–

Nomenclature: * and ** indicate statistical signiﬁcance at P b 0.05, 0.01, respectively. TR = total recoverable Cd,
HCl = 0.1 M HCl extractable Cd, M3 = Mehlich 3 extractable Cd, AA = 1 M NH4OAc extractable Cd.
D1 = depth 1 (0–5 cm), D2 = depth 2 (5–15 cm).
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