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Elevated cadmium (Cd) concentrations in cacao (Theobroma cacao L.) beans
have concerned chocolate consumers worldwide because of the potential
detrimental human health effects. Compost application on the soil surface
could modify the labile Cd in soils and yet it could enhance Cd bound to humic
and fulvic acids, forming an organo-metallic complex that could reduce the
availability of Cd to plants. This study investigated the effect of surface compost
applications at two rates, the chemistry and fractionation of Cd at two soil
depths, and the relationship of these soil Cd pools with plant uptake. The
research was carried out on four Ecuadorian cacao farms. The compost was
applied at 6.25 Mg-ha™ (low) and 12.5 Mg-ha™ (high) per annum. There was also
a control treatment with no compost application. Soil samples were collected at
two depths, surface (0—5 cm) and below surface (5-20 cm). Leaf samples and
cacao pots were collected from each treatment. Soil Cd was fractionated into
five operational pools. Additionally, the Cd-bound to fulvic acids and humic
acids in soils were extracted separately. The EDTA-extractable fraction showed
the highest concentration of Cd at both depths. Cadmium bound to fulvic acids
was higher in compost-applied soils than in the control (p < 0.05) in all farms.
Leaf and bean-Cd were negative and significantly correlated with the Cd
extracted by EDTA, NaOH, HNOs and FA-Cd pools. The mobility of Cd in
soils cultivated with cacao, based on plant uptake, was strongly associated with
the soils’ chemical characteristics, especially pH and SOC. The surface
application of organic matter facilitates the redistribution of Cd in soil
fractions, mainly in EDTA-, NaOH-, and HNOgz-extractable fractions,
suggesting a reduction in Cd soil-plant transfer via adsorption or
complexation processes. Apparently, the application of high-quality
compost, i.e., high FA content, could aid in mitigating Cd contamination in
cacao orchards. Experiments on perennial crops merit a longer evaluation time
to better assess the changes in plant-Cd.
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Introduction

Cadmium (Cd) is a non-essential trace element with unknown
physiological activity in plants, animals, and humans (Kabata-
Pendias, 2000). Cadmium is naturally present in soils with a
concentration below 1.1 mg-kg™' in non-polluted soils (Smolders
and Mertens, 2013). This element is readily taken up by plants from
the soil and translocated to edible parts. The main Cd exposure
pathway to humans is the ingestion of Cd-contaminated food
(Nordberg et al, 2002; Islam et al, 2015). Chronic Cd toxicity
has been linked to kidneys, pulmonary, and cardiovascular diseases
(Nordberg, 2009; Robertsa, 2014). It has also been identified as a
factor for osteoporosis development (Buha et al., 2019). In the last
few years, there is an increasing concern within the cacao supply
chain about the high concentration of Cd in cacao beans and the
direct transmission to chocolates. Due to the risk of Cd exposure, the
European Union (EU) has implemented a regulation to limit the
maximum permissible levels of Cd in chocolates and various cacao
products (The European Commission, 2014). This regulation could
limit the trade of cacao from Latin American and Caribbean
countries to European markets if a feasible mitigation strategy is
not found. Cacao (T. cacao L.) is one of the most important
agricultural commodities in this region. Ecuador is one of the
major players, with an annual cacao bean production of around
345,000 Mg in 2019/2020. However, in some areas, the Cd
concentration in cacao beans could be above a selected threshold
of 0.6mgkg" dry weight (DW), which may impair the
commercialization of the commodity (Chavez et al, 2015
Barraza et al, 2017; Arglello et al, 2019). Soil chemical
stabilization methods are considered the most cost-effective
mitigation strategy in agricultural soils (McLaughlin et al., 1995;
Chen et al,, 2000; Liu et al., 2007). The use of organic amendments
has been proposed as a plausible mitigation strategy to reduce Cd
accumulation in cacao beans (Argiiello et al., 2019; Ramtahal et al.,
2019). Prediction models showed that a 2-fold increase in soil
organic carbon (SOC) could reduce bean Cd level by a factor of
1.9 (Vanderschueren et al, 2021). In this context, organic
amendments, ie, composts, are among the most popular soil
conditioners. The application of compost to the soil surface can
change the mobility and bioavailability of trace elements by
redistributing Cd in soluble and exchangeable organic matter,
carbonates, and residual pools which are less available. These
changes can reduce Cd availability, plant uptake, and leaching
into groundwater (Walker et al, 2003; Chavez et al, 2015).
Organic matter application can increase the content of fulvic and
humic acids, consequently complexing Cd and restricting its
mobility and plant uptake (Karlsson et al., 2005; Al Chami et al,
2013; Essington, 2015). Organic matter and Cd interactions are
attributed to various processes, including adsorption, complexation,
precipitation, redox reactions, and modification of soil properties
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(such as pH, cation exchange capacity, and salinity) as well as the
nature of the organic matter, particularly the degree of humification
(Staunton, 2002; Karaca, 2004; Walker et al., 2004; Bolan et al., 2014;
Huang et al,, 2016). Most of the researchers have reported the effect
of organic amendments in Cd mitigation in seasonal crops whereas
such evaluation in perennial crops, e.g., cacao, is very vague.
Ramtahal et al. (2019, 2022) used lime and biochar to mitigate
Cd contamination in cacao. The authors reported a lower leaf-Cd
concentration when using commercially available biochar. Neither
of those field studies identified the mechanism by which biochar
reduced the Cd concentration in the soil and plants. In this study, we
evaluated the effects of organic matter application, as compost, in the
redistribution of Cd among organic and inorganic soil phases and
the relationship between these changes and Cd uptake. The objective
of the study was to determine the effect of surface compost
applications in four cacao farms at two rates, on the chemistry
and fractionation of Cd at two soil depths (0-5 and 5-20 cm), and
the relationship of these soil Cd pools with plant uptake. In addition,
the aging effect of compost application was analyzed by sampling
farms 3 and 12 months after the amendment application.

Materials and methods
Location and sampling strategy

The research was carried out in four Ecuadorian cacao farms,
three of them located in Manabi (farms 1-3) and one located in
the Guayas (farm 4) province in Ecuador, both major cacao-
producing provinces affected by high Cd in cacao beans
(Argtiello et al,, 2019). The total soil Cd concentration ranged
between 0.37 mgkg™ to 0.92 mg-kg™. In addition, all cacao
farms showed a clay soil texture. In all farms, the organic
matter was applied at two rates in the form of commercial
compost, produced from different plant raw materials (e.g.,
manure, leaves, twigs, and corncob). The compost had an
organic matter content of 62% with a pH > 6.16, EC =
513mS-cm™’, and Cd concentration of 0.03mgkg'. The
compost was applied at two rates: 6.25Mgha™' (low) and
12.5 Mg-ha™ (high). There was also a control treatment with
no compost application. These compost rates were applied once
in farms 1, 2, and 3 (Manabi) and twice in farm 4 (Guayas). The
times of application were 3 (in Manabi) and 12 months (Guayas)
before samples were collected. This sampling strategy was
followed to estimate the aging effect of compost application.
The treatments were established in plots of 21 trees which
consisted of 16 border trees and five central trees where the
samples were obtained. The compost was applied on the surface
of the soils at a 1-m radius from the trunk. Leaf litter and twigs
were removed from the soil surface before compost application.
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All treatments were applied in a completely randomized block
design (CRBD) with three replicates per farm. Soil samples were
collected at 3 and 12 months after the first compost application in
the Manabi and Guayas farms, respectively. Four soil sub-
samples were taken per tree at 70 cm from the main trunk.
The soil samples were separated into two depths, surface
(0-5cm) and below surface (5-20 cm). Soil was placed in a
plastic bucket and mixed thoroughly. Approximately 1 kg of the
mixed soil was collected per treatment. Before chemical analysis,
the soil samples were air-dried, ground, and sieved through a
stainless-steel mesh (<2 mm). Cacao is a slow-growing perennial
tree. From early leaf development to full maturity, the tree needs
around 7 months (Gil et al., 2017). Therefore, to capture the soil
influence in cacao tissue, leaves were collected at two-time
intervals: 0 and 3 months after the soil sampling in the
Manabi farms (i.e, 6 months after compost addition); and
0 and 10months after soil sampling in the Guayas
(i.e., 12 months after compost addition). At each time interval,
four middle-aged leaves were collected from each of the central
trees. In total, 20-30 leaves were collected from different
branches around the canopy of the central trees. The leaf
samples were washed with deionized water to remove any
adhered particles, and oven-dried at 65°C for 72 h. Later, the
dry leaves were ground using a blender and sieved through a
stainless-steel mesh (<850 pm) and healthy and ripe cacao pods
were collected from each treatment 12 months after the compost
application. Cacao pods were opened and beans from each pod
were thoroughly mixed. A sub-sample of this mixture was
washed with deionized water and oven-dried at 65°C for 72 h.
Finally, the unfermented and unpeeled dry samples were ground
using a blender and stored for chemical elemental analysis.

Soil and amendment properties

Soil pH and electrical conductivity (EC) were measured with
deionized water (1:5 soil/water ratio) using a pH/conductivity
meter (Thermo Scientific Orion glass electrode, Beverly, MA),
previously calibrated in buffer solutions (Thomas, 1996). Soil
organic carbon (SOC) was determined by using the dry
combustion method using an elemental analyzer vario
MACRO Cube (Nelson and Sommers, 1996). Soil texture was
determined by using the hydrometer method (Sikora and Moore-
Kucera, 2014).

Total soil cadmium and sequential
extraction procedure

Total soil Cd concentration was determined by acid digestion
in aqua regia (3:1 HCl:HNOj ratio) (Amacher, 1966). Soil Cd was
fractionated into five pools, i.e., KNOs- (exchangeable), H,O-
(sorbed), NaOH- (organic bound), EDTA- (carbonate bound),
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and HNOs- (residual), using a sequential extraction procedure
developed by Sposito et al. (1982) and Mohamed et al. (2010)
(Table 1). Briefly, 2 g of air-dried soil was mixed with 25 ml of
0.5M KNOj; and stirred for 16 h to obtain the KNO; fraction.
Then, the remaining soil was mixed with 25 ml of deionized
water and shaken for 2h to obtain the H,O fraction. This
procedure was repeated thrice, and the extracts were
combined. Later, the soil was mixed with 25ml of 0.5M
NaOH and shaken for 16 h to release the Cd bound to the
NaOH fraction. After that, the soil was combined with 25 ml of
0.05M Na,-EDTA solution and shaken for 6 h to obtain EDTA.
Finally, the remaining soil was mixed with 25 ml of 4M HNO;
and shaken for 16 h to extract residual Cd. At each of the
extraction steps, the soils were centrifuged at 2,000 rpm for
30 min to obtain a clear supernatant which was decanted,
filtered using Whatman Quantitative Filter Papers, Ashless,
Grade 42, and stored in scintillation vials in a cold room at
~4°C until analysis.

Humic and fulvic acid fractionation

Furthermore, fulvic acids (FA) and humic acids (HA) were
extracted from 15 g of air-dried soil in a 1:10 soil to solution
ratio (w/v) after the sequential addition of different reagents
according to the International Humic Substance Society
(Swift, 1996) with slight modifications (Pitumpe et al,
2018). The FA and HA fractionation procedures are
summarized in Figure 1. Fulvic acid (FA1) was obtained by
mixing the soil with 150 ml of 0.1M HCI, shaken for 1 h. The
resulting supernatant was separated from the soil by
centrifugation at 2,500 rpm for 30 min. The supernatant
was decanted and stored in scintillation vials in a cold
room at 5°C. Fulvic acid (FA2) was obtained from the
remaining soil after extraction of FAl. Briefly, 150 ml of
0.1M NaOH was added to the soil residue and mixed for
4 h. The alkaline suspension was allowed to settle overnight,
and the resulting supernatant was centrifuged at 2,500 rpm for
30 min. The soil residue was discarded, and the supernatant
was acidified with 6M HCI with constant stirring at pH = 1.
The suspension was allowed to stand for 16 h. Finally, FA2 was
obtained after the separation of humic acid (precipitate) and
fulvic acid (supernatant-FA2) fractions by centrifugation at
2,500 rpm for 30 min. The resulting supernatant (FA2) was
decanted and stored in scintillation vials at 5°C. Lastly, the
total Cd bound to fulvic acid was obtained after combining the
solutions from FA1 and FA2. The humic acid (HA) fraction
was obtained by re-dissolving the precipitate (resulting from
FA procedures) with the addition of 40 ml of 0.1M KOH +
10 ml of IM KOH + 3.351 g of KCI. The solution was shaken
for 30 min and then acidified by adding 6M HCI constantly
stirring at pH = 1. The acid suspension was allowed to settle
overnight, and the resulting supernatant was collected after
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TABLE 1 Summary of the sequential extraction steps and procedures of Cd fractionation.

Step Target fraction Reagent

1 Exchangeable (KNO3) 0.5M KNO;

2 Sorbed (H,0) Deionized water
3 Organic (NaOH) 0.5M NaOH

4 Carbonate (EDTA) 0.05M Na,-EDTA
5 Residual (HNO;) 4M HNO,

The * symbol means the multiplication symbol or the same procedure was repeated thrice.

Soil/solution (w/v)

2/25
2/25
2/25
2/25
2/25

Fulvic and humic acid fractionation
procedures
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- J
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Re-dissolving the precipitate resulting from FA2
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Total Cd bound to fulvic acid fraction
(FA) was obtained after combining the
data from FAI and FA2.

FIGURE 1
Flow chart for Fulvic (FA) and Humic acid (HA) fractionations.
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Experiment conditions

Shake 16 h at 20°C

Shake 2 h at 20°C * three times
Shake 16 h at 20°C

Shake 6 h at 20°C

Shake 16 h at 80°C

Humid acid (HA)

|

(“Addition of 40 mL of 0.IM)
KOH + 10 mL of IM KOH +
3.351 g of KCL The solution
was shaken for 30 min and then
acidified by adding 6M HCI
\_With constant stirring at pH = 1. /

!

= .

The acid suspension was
allowed to settle overnight, and
the supernatant was collected
after centrifuging at 2500 rpm

for 30 min.

The supernatant was discarded,
and the precipitate was dissolved
in 40 mL of 0.1M NaOH.

J

3 J

l

The HA fraction was obtained
by filtering the solution through
0.2 um nylon filters (syringe),
and the sealed filtrate was stored
in 50 mL Falcon tubes in a cold
room at 5°C.

centrifuging at 2,500 rpm for 30 min. The supernatant was
discarded, and the precipitate was dissolved in 40 ml of 0.1M
NaOH. Lastly, the HA fraction was obtained by filtering the
solution through 0.2 um nylon filters (syringe), and the sealed
filtrate was stored in 50 ml Falcon tubes in a cold room at 5°C.
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Cadmium analysis

Total soil Cd concentration was quantified by an

inductively coupled plasma optical emission spectrometer
(ICP-OES, Perkin Elmer Optima 5300 DV). Cadmium
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concentrations in the different soil fractions (except H,O and
EDTA) were quantified by Varian GTA 120 Graphite Tube
Atomizer w/AA 240Z Zeeman Atomic Absorption
Spectrometer (AAS). In addition, the EDTA and H,O
fractions were confirmed by using an ICP-mass spectrometer
(ICP-MS, Agilent 7500cx, Agilent Technologies). The total
cadmium concentration in leaves and beans (except from
farm 4) were determined after the digestion of 300 mg
(beans) and 300 mg (leaves) in 6ml (beans), and 5ml
(leaves) of concentrated nitric acid (HNQOs3) for about 6 h at
120°C (Thomas, 1966) and was quantified by the ICP-OES.
However, in the leaves and beans from farm 4, the total Cd
concentration was determined using an ICP-MS (Agilent
7700x) after microwave-assisted digestion (MARS 6 240/50,
Matthews, NC). In this study, the practical quantification limit
(PQL) for ICP-OES was 24 ug Cd L', for GFAAS was 0.6 ug Cd
L', and for ICP-MS was 0.6 ug Cd L™'. Finally, certified
references materials, NIST 2709a (soil), NIST 1573a (leaves),
(FDA-CP36)
assurance-quality control (QA/QC) purposes, except for
farm 4. Two standards, NIST 1573a tomato leaves and NIST
2384 baking chocolates for the tissue samples were included in

and cacao beans were used for quality

some samples from farm 4. In addition, blanks, duplicates, and
spiked samples were included in each digestion batch as part of
the QA/QC protocol. The recoveries (+SD) of Cd calculated
relative to the certified concentration (expressed as %) were
80.1 £ 0.05 for soil; 96.4 £ 0.03 (NIST 1573a), and 92.9 + 3.70
(NIST 1573a farm 4) for leaves; 98.3 + 0.01 (FDA-CP36) and
91.5+10.2 (NIST 2384 farm 4) for cacao beans. In addition, soil
and plant analyses contained duplicates in every 10 samples to
evaluate the reproducibility. The coefficients of variation (CV)
for each set of duplicated samples ranged from 1.29% to 2.80%
(average 2.04%), from 2.09% to 2.75% (average 2.37%), and
7.58%-17.5% (average 11.5%) for Cd in the bean, leaf, and soil,
respectively. The CV for each of the duplicate reference samples
from sequential extraction procedures were between 7.32% and
17.1% and from 9.24% to 10.6% in the humus fractions.

Data analysis

All statistical analyses were performed using the JMP Pro

version 15.1 software. One-way analysis of variance
(ANOVA) was conducted to determine significant
differences of Cd concentration among the fractions

(KNO;, H,O, NaOH, EDTA, and HNO;) extracted by
sequential extraction and humus fractions (FA and HA).
Differences between the treatments were analyzed by using
Dunnett’s post-hoc test at a p < 0.05 significance level. A
multiple correlation analysis was performed to select the soil
fractions that best corresponded to the Cd concentration in
cacao leaves and beans. Data were checked to comply with
ANOVA assumptions.
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Results

Soil properties affected by organic matter
application

Soil pH and soil organic carbon (SOC) were the properties
affected by the application of compost. Treatments significantly
increased (p < 0.05) the soil pH at farm 4 on surface and below
surface depths, where the soil pH was on average 0.2 units higher
in the low organic rate treatment than in the control. Soil organic
carbon was mainly affected at farm 3 (p < 0.05), where the high-
compost rate increased SOC by a factor ~1.4 at both soil sampling
depths. There was an increasing trend in SOC with the higher
rate of compost in sites 1 and 4 (Table 2). The low rate was, on
average, 1.4-fold more elevated than the control, and the high
rate showed a 1.56- and 1.25-fold increase with respect to the
control in farms 1 and 4, respectively. Despite these apparent
differences, the compost application did not result in statistical
differences, likely due to the high natural variability of the soils.

Cadmium pools affected by organic
matter application

In general, the surface application of compost affected the Cd
distribution in different soil fractions. Cadmium concentration
showed a descending sequence order to EDTA > HNO; >
NaOH >> KNO3/H,O in all farms at the two soil depths
(Figures 2, 3). For instance, the compost-amended soils
showed a trend of reducing the Cd bound to the KNO;/H,O
fraction. The greatest reductions were observed at farms 1 and 4.
In farm 1, the Cd concentration in the low-rate treatment showed
a 1.54-fold decrease compared to the control (p < 0.05) in the
surface layer. In addition, the high-rate treatment showed a 1.44-
fold reduction as compared to the control in below-surface
depths (Figure 2). A similar trend was observed in farm 4.
The compost applied at the high rate showed a 1.13- and
1.11-fold decrease as compared to the control at both depths,
respectively (Figure 3). Cadmium bound to the NaOH fraction
was higher (p < 0.05) in compost-amended soils at farm 4 at both
depths. For example, the high rate increased NaOH-bound
fraction by factor ~3 compared to the control at surface and
below-surface depths. A similar increase was observed in farms
1 and 4 in the below-surface soil depth. Cadmium bound to
EDTA increased by factors 4 and 3.8 at farm 1 for the low and
high-compost rates, respectively. Likewise, Cd-EDTA was 1.6-
and 1.8-folds greater at the low and high rates, respectively at
farm 4 (Figure 3). Finally, the concentration of Cd bound to the
HNO; fraction did not differ between the treatments in all farms
at the two soil depths (Figure 3). Our results showed that the
compost treatment tended to increase the Cd bound to the
NaOH and EDTA fractions, mainly on below-surface soil
depths. It appeared that the greatest effect was observed on
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TABLE 2 Effect of organic matter application on the selected soil properties in the different field trials.

10.3389/fenvs.2022.954521

Soil properties  Treatment*  Farm 1 Farm 2 Farm 3 Farm 4
0-5cm 5-20 cm 0-5cm 5-20 cm 0-5cm 5-20 cm 0-5cm 5-20 cm
Control 7.7 £03 72 £0.1 6.5+02 63 +02 6.9 £ 0.1 6.8 £0.1 7.0 0.1 7.0 £0.1
pH Low rate 7.2 £0.1 6.8 £0.2 6.3 £0.1 6.2 £ 0.1 6.7 £0.1 6.5 £ 0.0 73 £0.1* 7.2 £0.1*
High rate 6.6 £0.2 68 £0.3 59 £02 6.0 £0.2 6.5+0.2 6.4 £0.2 71£0.0 7.1 £0.1
Control 1.37 £ 0.2 0.70 £ 0.1 359 £ 04 233+£02 228 £0.2 1.75 £ 0.1 224 +0.1 1.30 £ 0.1
SOC (%) Low rate 1.96 £ 0.2 0.89 £ 0.2 3.73+0.7 282+ 0.5 2.70 £ 0.2 2.07 £ 0.1 319 +£0.5 1.56 + 0.1
High rate 2.14 £ 0.1 0.90 + 0.1 3.65+ 0.9 228 £ 04 3.28 £ 0.2* 2.58 £ 0.1* 2.80 £ 0.2 1.36 £ 0.1
“Low rate = 12.5 Mg-ha ' year ~'; High rate = 25 Mgha ™" year .
*Statistical differences between treatments by Dunnett’s post-hoc (p < 0.05). Mean + Standard error.
40 Surface (0 to 5 cm) 40 Below surface (5 to 20 cm)
ns ns
ns
ns
3.0 3.0
ns
S a S
3 3 ns
= b = -
=] I =]
.§ 2.0+ ns ns .§ 2.0+
b
£ s . £
I
] ns = ns
=} =} ns
O 1.0 O 104 DS ns
ns ]: ns
ns
ns
=l oz
0- 0-
Farm 1 Farm 2 Farm3 Farm4 Farm 1 Farm 2 Farm3 Farm4
Treatment [JJll Control [l Low rate Highrate [ Standar Error Treatment [Jl] Control [l Low rate Highrate | Standar Error
FIGURE 2

Cadmium concentrations bound to the KNO3/H,O fraction in the soil influenced by the compost applied at the surface and below-surface soil
depth. Letters on the top of the bar indicate the statistical differences between treatments by using Dunnett’s post-hoc (p < 0.05). Ns: no statistical

differences.

the treatments with high compost rates where Cd associated with
the NaOH fraction was 3.32-fold greater than that of the control.
It is possible that, depending on organic matter mineralization
and stabilization, humic substances can move down to lower soil
depths, and subsequently modify the Cd associated with those
soil fractions (Figure 4).

Cadmium distribution among alkali-
extractable soil organic carbon fractions

Soil Cd bound to humic acids (Cd-HA) differed (p < 0.05)
between treatments at both depths (Table 3). On the 0-5cm
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depth, the application of compost affected the concentration of
Cd bound to HA. The greatest effect was observed at farm 1,
where Cd in HA was nearly 6-folds greater when the compost
was applied at a high rate as contrasted with unamended soils.
Similarly, at farms 2 and 3, HA-Cd concentrations were nearly
double in the high compost rate treatment as compared to the
control. Furthermore, in farm 4, Cd-HA was 1.38-fold higher
than control but only when compost was applied at the higher
rate. On the 5-20 cm depth, the highest Cd-HA concentration
was observed in farm 1, where the compost applied at the high
rate was nearly 7-fold greater than the control. Moreover, at
farms 3 and 4, the Cd-HA concentration in the high-rate
treatment was on average 1.8-fold higher than the control.
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Compost application affected the concentration of Cd bound to
FA (p < 0.05). On farm 1, the high-rate treatment showed a
1.4-fold increase compared to the control on the 0-5 cm depth
(Table 3). Similarly, the compost applications resulted in
significantly higher Cd-FA at farms 2, 3, and 4 in the
5-20 cm depth where the high-rate treatment increased the
Cd-FA concentrations by factors of 2.2, 1.9, and 3.3-fold
greater than the control, respectively (Table 3). Finally, in
farm 4, the Cd-HA concentration was less variable within the
replicates (CV < 15%) at both depths suggesting a potentially
high degree of stabilization.

Identify the plant-available cadmium soil
pool to cacao plants

A multiple correlation analysis was performed to study the
relationship between the Cd associated with each soil Cd pool/
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fraction, sequential extraction fractions (KNOs/H,O, NaOH,
EDTA, and HNO;) and humus fractions (FA and HA),
physical-chemical parameters of the soils, and the Cd
concentration in cacao leaves and beans. All data from the
four farms were merged. The correlation analysis was
distinguished by soil depths (surface or below surface)
(Tables 4, 5). The two-leaf and one-bean sampling intervals
were included to pinpoint when the tissue-Cd better reflects
the changes in Cd pools in the soils. In general, soil and plant
tissue parameters were more related to the below surface than
to the surface soil depths. Leaf-Cd was negative and
significantly correlated with the Cd in KNO3/H,0, -NaOH,
-EDTA, and -HNO; extractable pools at one or both soil
sampling depths. In addition, leaf-Cd was more correlated
with the Cd bound to FA than HA (p < 0.05). Soil pH showed a
significant negative correlation with leaf-Cd at both soil
depths. This negative relationship was more evident at later
leaf samplings, e.g., 3 or 10 months after the soil was collected
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(Tables 4, 5). Finally, the bean-Cd concentration was negative
affected by NaOH, and -HNOj fraction, and FA and SOC (%)
as well. The negative coefficient indicates that Cd bound to
different soil fractions impaired the uptake of Cd by the cacao
plant. Again, this effect was more notable at the second leaf
sampling time, e.g., 3 and 10 months (leaves) and 12 months
(beans) after the soil was collected. The aging effect of organic
soil amendment may affect the absorption of Cd into beans
and leaves 10 months after application. Surprisingly, humic
acids showed a positive correlation with the leaf and bean Cd
concentrations.
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Discussions

Cadmium distribution among the chemical fractions
decreased in the following order: EDTA > HNO; > NaOH >>
KNO;/H,0 in all farms. Similar results were found by Sposito
et al. (1982), where the application of soil-composted sludge
showed that the lowest concentration of Cd was bound to the
KNO3/H,0 fraction whereas the highest was bound to the EDTA
fraction compared to NaOH or HNOj5. These results suggest that
the superficial organic matter application could reduce the
amounts of Cd bound to available fractions and increase the
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TABLE 3 Effect of compost application at two rates on Cd distribution among soil humus fractions at two depths in four cacao sites.

Humus Fraction Treatment* Farm 1 Farm 2

0-5cm 5-20cm  0-5cm 5-20 cm

Humic acid (ug kg™") Control 1.35 £ 0.5 041 £0.2 1.33 £ 0.4 1.90 + 0.1
Low rate 225+0.8 0.43 £ 0.1 1.67 £ 0.2 159 £ 0.4

High rate 8.08 + 1.1* 3.22 £ 0.3* 2.60 + 0.1* 232+04

Fulvic acid (ug kg™") Control 112 + 0.2 7.65 + 0.4 7.10 £ 0.3 532+ 1.2
Low rate 124 £ 0.5 797 + 1.8 7.46 + 0.7 9.62 + 14

High rate 152 + 1.0* 8.07 + 1.1 121 £23 12.0 + 0.4*

“Low rate = 12.5 Mg-ha™" year™’; High rate = 25 Mg-ha™" year™".
*Statistical differences between treatments by Dunnett’s post-hoc (p < 0.05). Mean + Standard error.

Farm 3

0-5cm

0.99 + 0.1
0.87 £ 0.1
1.72 + 0.1*
6.66 + 0.7
10.8 + 2.3
8.06 + 1.6

TABLE 4 Correlation matrix between plant and soil parameters at the surface (0—5 cm) soil depth.

Surface Cd-KNO;/H,0 Cd-NaOH Cd-EDTA Cd-HNO; Cd-HA Cd-FA pH
(0-5 cm)

Cd-KNO3/H,0 — 0.63** -0.21 0.61** -0.06 0.76** 0.49**
Cd-NaOH — —0.42** 0.62** -0.2 0.87** 0.47**
Cd-EDTA — -0.21 0.19 -0.32 -0.25
Cd-HNO; — -0.27 0.71** 0.37**
Cd-HA — -0.23 -0.23
Cd-FA — 0.53**
pH -
SOC

Leaf-Cd,

Leaf-Cd,

Bean-Cd

Statistical significance: “*p < 0.1” (statistically significant); “**p < 0.05” (highly significant).

5-20 cm

0.89 £ 0.1
0.98 £ 0.2
1.61 £ 0.1*
5.67 £ 0.5
8.63 + 1.2
10.6 + 0.9*

SOC

-0.12
-0.07
0.09
0.12
-0.1
0.04
—-0.43**

TABLE 5 Correlation matrix between the plant and soil parameters at the below surface (5-20 cm) soil depth.

Farm 4

0-5cm 5-20 cm

0.73 £ 0.1 0.78 £ 0.0

0.89 £ 0.0 0.85 £ 0.1

1.01 + 0.1* 1.47 + 0.2*

525+ 12 220 + 4.1

85.7 + 8.7 333 +0.8

Leaf
Cd 1

-0.29
—0.34**
0.36**
—0.47**
0.39**
-0.43**
-0.12
-0.29

86.6 + 10 72.1 £ 5.8*

Leaf Bean Cd
Cd2

-0.24 -0.18
-0.36"  -0.23
0.28 0.37**

-0.37%  -0.50**
0.38** 0.36**

-0.41  -0.31*
-0.35"*  -0.02
0.08 —-0.39**
0.66** 0.66**
— 0.41**

Below Cd-KNO3/H,0 Cd-NaOH Cd-EDTA Cd-HNO; Cd-HA Cd-FA pH SOC Leaf Leaf Bean Cd
surface Cd, Cd,

(5-20 cm)

Cd-KNOs/H,0 — 0.57** 0.23 0.77** -03 0.68** 066"  -035* -038 039  -0.27
Cd-NaOH — 0.34%* 0.54** -0.03 0.93** 036  -0.11 0.3 -031*  —0.29*
Cd-EDTA — 0.43** -0.17 0.38** 0.12 0.19 —0.51%  —0.69* —0.26
Cd-HNO; — -0.26 0.60** 0.45%  —0.12  -0.56"* —0.58** —0.52**
Cd-HA — -0.07 -035*  0.15 0.17 033 0.06
Cd-FA — 040  -0.16  -0.40** 038" —0.32*
pH — -0.63* -0.14  -031  —0.03
SOC — -024 001 —0.38*
Leaf-Cd, — 0.66"  0.66**
Leaf-Cd, — 0.41*%*
Bean-Cd

Statistical significance: “*p < 0.1 (statistically significant); “**p < 0.05” (highly significant).
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contents of Cd bound to the HNO3, NaOH, and EDTA fractions
(Sposito et al., 1982). In the absence of carbonates in soil, as the
soils in the current study, EDTA extraction could extract metals
specifically bound to organic matter and Fe/Al oxyhydroxides
(Chrastny et al., 2008; Manouchehri and Bermond, 2009; Zhou
et al, 2016). This is possible because EDTA can enhance the
dissolution of Fe/Al oxyhydroxides via complexation or ligand-
promoted dissolution (Essington, 2015). There is an apparent
contradiction in the literature regarding the effect of organic
matter on metal mobility, which may be due to the tendency of
metals to bind with organic components in both the solid and
solution phases of the soil (Rieuwerts et al., 1998). For example,
metals may be complex with low-molecular weight organic
carbon compounds in the soil solution phase, thereby
increasing their mobility. However, it should be noted here
that the most biologically active species are usually the free,
unassociated metal ions; strong organo-metallic complexes in the
soil solution would not be readily available for plant uptake
(Essington, 2015). Finally, metals may be complexed with
organic carbon compounds in the solid phase, and depending
on the binding strength, restricting both mobility and availability
of the metals (Esteves Da Silva and Oliveira, 2002).

The transformation of available-Cd to insoluble fractions can
also be explained by soil pH changes (Wang et al, 2009).
Increasing pH can increase Cd adsorption via multiple
mechanisms. First, high pH causes an increase in the surface-
negative charge, thereby increasing Cd*" adsorption, especially in
soils high in variable-charged minerals, such as the soils in
Ecuador. Secondly, high pH favors the Cd hydrolysis forming
Cd hydroxide (e.g., CdAOH") that are favorably adsorbed over
metal cations; and thirdly, precipitation of Cd** as Cd(OH),
(Sparks, 2003; Bolan et al., 2014; Palansooriya et al., 2020). Our
results showed that compost application increased the soil pH on
an average by 0.2 units compared to the control at both sampled
depths. A similar effect was reported by Walker et al. (2004),
where using an organic amendments in a pot experiment at two
rates (24.3 and 23.3 gkg™') increased the soil pH by 0.84 units
higher than the control. In addition, Li et al. (2008) reported that
organic amendments such as pig manure and peat-increased soil
pH by 1.31- and 1.18-folds compared to the control, respectively.
On the other hand, as mentioned before, the SOC could form
strong (i.e., inner-sphere) organo-metallic complexes with the
trace metals (e.g, Zn, Cd, Cu, and Pb), reducing the
bioavailability for the plants (Udom et al., 2004). It is possible
that the concentrations of the available soil-Cd decreased with
increasing soil pH observed in our study as an effect of
amendment applications, suggesting that this could be one
mechanism by which these reduced Cd-
bioavailability. Argiiello et al. (2019) and Ramtahal et al
(2019) found that the most significant soil properties

amendments

explaining Cd concentration in tissues were the soil pH and
SOC in conjunction with total soil Cd, and oxalate extractable
Mn. However, in their studies, the authors did not differentiate
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Cd distribution in different soil pools via sequential or humic
substance (FA and HA) extraction procedures. Our results
indicated that the soil parameters that had a significant
relationship with Cd in cacao plant tissues (leaves—beans)
were pH, SOC (%), and KNO;/H,0-, NaOH bound- and
fulvic acid bound-Cd.

In addition, the complexation of organic C with soil Cd
could result in an overall decrease in the mobility of the
contaminant. The results from this study showed that the
SOC (%) in the compost-treated soils were on average 1.4-
times higher than the control. The cadmium bound to humic
and fulvic acids were significantly enhanced because of the
application of composts in contrast with the control in all
farms, at both sampling depths. The cadmium bound to FA
was, on average, 13-fold greater compared to Cd-HA. In general,
FA has a lower molecular weight and more polar structure than
HA. Some studies suggest that FA performs better than HA,
because FA has a higher capacity or surface-site density than HA
due to its higher number of reactive groups (mainly acidic
carboxyl groups) for metal complexation (Donisa et al., 2003;
Popovic et al,, 2011; Essington, 2015; Rashid et al., 2018; Liu
et al., 2022). The cadmium concentration in cacao leaves and
beans showed a negative correlation with the Cd bound to FA
(p < 0.05). This suggests that Cd-FA complexation in soils
tended to decrease the plant’s Cd uptake. Similar results were
reported by Esringii et al. (2021), where soil FA application
resulted in Cd stabilization which limited its availability in the
root zone reducing Cd in Tagetes eracta and Zinnia elegans
crops by factor ~14. A positive correlation between HA and
plant Cd (leaves and beans) could be because of the relatively
low enhancement of soil HA levels upon compost addition. The
increased levels might not have been high enough to negate the
potential enhancement of soil Cd mobility (Bolan et al., 2014;
Rashid et al., 2018). Furthermore, it should be noted that an
apparent contradiction also exists regarding the effect of FA on
metal availability. Bloomfield, (1981) stated that the metal salts
of FA are readily soluble. However, research has shown that,
metal-binding sites on soluble humic substances, such as FA,
could range from a very strong inner-sphere and polydentate to
weak outer sphere-binding sites (Brown et al., 1999; Otto et al.,
2001; Esteves Da Silva and Oliveira, 2002). In addition, metal-
binding constants to FA increase with increasing pH (Saar and
Weber, 1980; Buckley et al., 1985), likely due to decreasing the
proton competition. It has been suggested that, when the
concentration of FA far exceeds the metal concentration in
soils, FA-metal complexations are dominated by strong and
inner-sphere complexations (Essington, 2015), consequently
restricting their plant availability. Similar to our study,
previous studies also suggested a link between soil organic
matter content and the fixation of metals in the soil’s solid
phase (Elliott et al., 1986; Maskall et al., 1995, 1996). In contrast,
some other studies have found no such association (Abd-
Elfattah and Wada, 1981; Scokart et al., 1983).
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Conclusion

Cadmium contamination in cacao beans merits an in-
depth study; particularly in evaluating soil amendments
applied to affect major soil properties. The surface
application of the composts resulted in the redistribution of
soil Cd from readily available into less available phases,
i.e, NaOH, EDTA, and HNOj; fractions. The compost
quality is critical for Cd-binding in amended soils. Our
results suggest that the amount of fulvic acids present in
the compost, and the equilibration time between the
amendment and the soil, played a key role in modifying
the Cd partitioning in organic and inorganic phases. The
most significant effects in soils occurred after 12 months of
compost application. Furthermore, time also affected the layer
at which the effect was observed. For instance, in the oldest
farm, the soil changes were observed at the 5-20 cm layer. The
application of organic matter can increase the Cd bound to
fulvic acids possibly forming strong metal-fulvate complexes
thus affecting Cd availability and the potential plant uptake.
Plant-Cd uptake was strongly associated to the soil’s chemical
characteristics such as soil pH, and SOC. The cadmium bound
to HNOj3, and mainly in fulvic acids were directly linked to
plant-Cd. The Cd bound to HNOj; and fulvic acid showed a
significant and negative correlation with Cd in cacao tissues
(leaves and beans), indicating that the Cd bound to these
fractions in the soil might have reduce the uptake of Cd by the
cacao plant. Moreover, the soil properties and Cd fractions at
the 5-20 cm layer showed a greater impact to plant-Cd as
compared to the 0-5 cm layer. Fulvic acids play a more critical
role in reducing labile Cd as compared to humic acids maybe
because of the greater quantity, stability, and retention
capacity of the former organic acid. Further studies are
needed to fully understand the long-term effects of organic
amendments for mitigating Cd in the cacao crop. Compost
maturity and higher fulvic and humic acid contents may be
key for lowering plant Cd in field conditions.
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