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• Bean Cd exceeded European standards
in some areas, although soils were un-
contaminated.

• DGT-available soil Cd (CdDGT) best pre-
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Cadmium (Cd) is a trace metal without essential biological functions that is toxic to plants, animals and humans
at low concentrations. It occurs naturally in soils, but inputs from anthropogenic sources have increased soil Cd
contents worldwide. Cadmium uptake by cocoa (Theobroma cacao L.) has recently attracted attention, after the
European Union (EU) decided to bring into force values for maximum Cd concentrations in cocoa products
that would be exceeded by current products of various provenances from Latin America. In order to identify fac-
tors governing Cd uptake by cocoa, we carried out a survey on 55 cocoa farms in Honduras in which we deter-
mined Cd concentrations in cocoa leaves, pod husks and beans and analysed their relationships to a variety of
surrounding soil and site factors. Averaging 2.6±0.4mgkg−1, the concentrations of Cdwere higher in the leaves
than in the beans.With an average of 1.1± 0.2mg kg−1, the bean Cd concentrations still exceeded the proposed
EU limit, however. The bean Cd showed large differences between geological substrates, even though regional
variations in ‘total’ soil Cd were comparably small and the average concentration was in the range of uncontam-
inated soils (0.25±0.02mgkg−1). Aswe found no influence of fertilizer application or vicinity to industrial sites,
we conclude that the differences in soil Cd between sites were due to natural variation. Of all factors included
here, DGT-available soil Cd was the best predictor of bean Cd (R2 = 0.5). When DGT was not considered, bean
Cdwas best predicted by ‘total’ soil Cd, pH and geology. The highest bean Cd concentrations were found on allu-
vial substrates.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Cadmium (Cd) is a tracemetal without essential biological functions
that is toxic to plants, animals and humans at low concentrations. The
primary natural source of Cd in soils is theweathering of parentmaterial
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(Adriano, 2001). The mobility of Cd in soils is high compared to other
heavy metals, and it is taken up readily by plants, even though it has
no essential biological functions (McLaughlin and Singh, 1999). While
soil Cd can be naturally enriched to concentrations of 2 mg kg−1 and
more, especially in soils developed on alluvial sediments or on andesite
and other volcanic rocks (Fauziah et al., 2001;Manton, 2013), anthropo-
genic inputs originating from sources such as mining and smelting, the
plastic and microelectronics industry, and rock-based fertilizers are the
primary cause of elevated Cd contents in many soils (He and Singh,
1994; Ross, 1994).

Cadmium uptake by cocoa plants (Theobroma cacao L.) has recently
attracted increasing public attention, after rather high concentrations of
Cd and lead (Pb) were found in cocoa products (Manton, 2013). Many
chocolate products contained N100 μg kg−1 Cd and thus Cd levels that
were higher than those of other food products (European Food Safety
Authority, 2012). According to a report of the European Food Safety Au-
thority (2012), chocolate confectionary products contributed on aver-
age 4.3% to the weekly Cd intake of the European population.
Responding to public health concerns caused by these figures, the
EuropeanUnion (EU) definedmaximumvalues for Cd in cocoa products
imported to the EU to be enforced in 2019 (The European Commission,
2014).While protecting the health of consumers, these regulations are a
potential threat to the livelihood of many cocoa-growing smallholder
farmers, in particular for producers of high-value cocoa used in products
with high cocoa contents, such as dark chocolate. Thus, there is a need to
identify the factors that govern Cd accumulation in cocoa beans and to
find measures to reduce its concentration.

While cocoa products from Latin America generally contain higher
Cd concentrations than those from West Africa (Mounicou et al.,
2003), considerable variation in bean Cd contents has also been found
within Latin America, between as well as within countries (Chavez
et al., 2015; Gramlich et al., 2017; Mite et al., 2010; Mounicou et al.,
2003). The variability in Cd concentrations in cocoa beans fromdifferent
sites has been attributed to different soil parent materials (Manton,
2013), but also other factors must be considered, such as Cd inputs
with phosphorus (P) fertilizers (McLaughlin and Singh, 1999; Zarcinas
et al., 2004) or soil properties influencing the availability of soil Cd for
uptake by plants (Chavez et al., 2015).

Honduras is one of the countries where elevated Cd contents in
cocoa beans were observed recently by the chocolate industry. Even
though most cocoa farmers do not add organic or mineral fertilizers to
their plantations and many farms are certified for organic production
in Honduras (Fromm, 2013), applications of fertilizers and pesticides
in the past are still a possible source of soil contamination Cd. Intensive
banana production was widespread in the second half of the last centu-
ry andmany cocoa farms have been established on former banana plan-
tations. Further inputs to be considered as potential sources, at least
locally, are atmospheric deposition of emissions from industries in the
vicinity of cocoa fields or diffuse pollution due to flooding or irrigation
with polluted river water.

Apart from the ‘total’ soil Cd content, soil pH, texture and organic
matter are important soil factors influencing Cd availability to plants
(Adams et al., 2004; Fauziah et al., 2001; Kirkham, 2006). Increased Cd
uptake has also been found in plants deficient in zinc (Zn) compared
to plants with adequate Zn nutrition (Choudhary et al., 1995; Dar
et al., 2012; Oliver et al., 1994). One explanation for this finding is com-
petition of Zn and Cd for the same carriers or transporters in the root cell
membranes (Hart et al., 2002). However, there are also studies that did
notfind an antagonistic effect of Zn onCduptake and the interaction be-
tween the two metals may even vary among different cultivars of the
same plant species (Köleli et al., 2004; Nan et al., 2002; Sanaeiostovar
et al., 2012). Cadmium accumulation was also found to vary with age
and season in trees (Lettens et al., 2011).

Only a few studies have investigated the effects of soil and other en-
vironmental factors on heavy metal uptake by cocoa, especially under
field conditions (Chavez et al., 2015; Fauziah et al., 2001; Gramlich
et al., 2017; Ramtahal et al., 2016; Ramtahal et al., 2015). In two of the
studies good correlations between plant Cd and ‘total’ soil Cd were
found (Fauziah et al., 2001; Ramtahal et al., 2016). In a further study
EDTA, DTPA and Ammonium-Bicarbonate-DTPA extractions were
found to be suitable methods to predict the available Cd to cocoa plants
(Ramtahal et al., 2015). In the two other studies from Ecuador (Chavez
et al., 2015) and Bolivia (Gramlich et al., 2017), the ‘available’ soil Cd
(Mehlich 3 or diffusive gradients in thin films (DGT)method) in combi-
nationwith the soil organicmatterwere good predictors of the plant Cd
content. An additional effect of the clay content was observed in one of
them. While in the study from Bolivia only the leaf concentration could
be modeled, in the one from Ecuador a good prediction of the bean Cd
was achieved (Chavez et al., 2015; Gramlich et al., 2017). The reason
for this difference may be that a much broader concentration range
was covered in the study from Ecuador.

The objective of this studywas to identify sources of Cd in the soils of
cocoa plantations in Honduras and the factors governing its accumula-
tion in cocoa. For this purpose, we carried out a survey on 55 cocoa
farms in northern and eastern Honduras in which we determined Cd
concentrations in cocoa leaves, pod husks and beans and analysed
their relationships to a variety of soil and site factors at the scale of indi-
vidual trees.

2. Materials and methods

2.1. Survey area

Cocoa is grown in the northern and eastern parts of Honduras
(Fromm, 2013), where the climate is mostly an equatorial monsoon cli-
mate (Am) according to the Köppen classification (Kottek et al., 2006).
The annual temperatures vary between 20 and 35 °C in the low lands,
with maxima in May and June, and the average monthly rainfall varies
between about 100mm in April andMay and up to 500mm in October,
November and December.

Cocoa production is mostly in the hands of smallholder farmers in
Honduras, with farm sizes ranging from less than one up to six hectares.
Most farmers grow cocoa in agroforestry systems in addition to fruit and
timber trees (Fromm, 2013). On the surveyed farms, we frequently
found the legume tree Madreado (Gliricidia sepium), Caoba (Swietenia
macrophylla), various species of the genus Inga, and fruit trees such as
orange, mango or lemon. Most smallholder cocoa farms are managed
organically. Mineral fertilizers were applied only on a few farms sur-
veyed and not on a regular basis. The age of the sampled cocoa planta-
tions varied greatly, from 3 to N30 years.

The survey was carried out in December 2014 and January 2015 on
55 cocoa farms in the political departments Santa Bárbara, Cortés,
Atlántida, Yoro and Gracias a Dios (Figs. 1, S.1). The farmswere selected
to represent a wide range of soil types, site conditions (geology, topog-
raphy, climate) andmanagement schemes. The geological substrates in-
cluded alluvial sediments, cretaceous intrusive and undifferentiated
volcanic rocks, Cacaguapa schist, and rocks of the Matagalpa formation
and Yojoa group according to USGS classification (US Geological
Survey, 2016).We divided the alluvial sites into four geographic groups
for the analysis of the results (wherever enough samples were available
the division was made by catchment, Fig. 1). According to the FAO
ClassificationMap of Honduras (1998), the soil types included Fluvisols,
Nitosols, Cambisols and Regosols.

2.2. Soil and plant sampling

On each farm, two cocoa trees with mature fruits were selected at
random and their location recorded using GPS. A total of 10 medium
aged leaves were collected from each tree by taking the 9th and 10th
leaf of 5 different branches, counting from their tips. In addition, 1–4
mature pods, depending on availability, were collected from each tree,
separated into beans and pod husks and combined to one composite



Fig. 1. Sampling area in northern and eastern Honduraswith geological substrates. Points indicate farmswhere sampleswere taken. Colours of different points indicate the geological sub-
strates, including the subunits of alluvial sediments used for analysis. Blue lines indicate rivers and borders of the country. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)
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sample for each of the two parts. The trunk circumference was mea-
sured at 30 cm above ground. If multiple stems occurred at that height,
they were measured individually (dindividual), and the overall diameter
(doverall) was calculated as the equivalent diameter of a single stem
with the same total cross sectional area (assuming geometrical similar-
ity in shape), as proposed by the (USA Department of Agriculture,
2007):

doverall ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX

d2
individual

q
ð1Þ

Below each tree, 8 soil coreswere taken at equal distances fromeach
other on a circle with 70 cm radius around the trunk, using an
Eijkelkamp soil corer. The cores were separated into two increments
each from 0 to 10 cm (“topsoil”) and 10–25 cm depth (“subsoil”) and
combined to give one composite sample for each depth increment.
Using a prepared questionnaire, the farmers were asked about whether
they applied fertilizers or pesticides, the age of the plantation and for-
mer use of the sampled land.

2.3. Analysis of samples

The leaf and pod husk samples were cleaned carefully with nano-
pure water and oven-dried at 70 °C for at least 72 h. The bean samples
were directly dried in the same way and peeled. All plant samples
were then milled, digested following the guidelines of EPA Method
3050 (United States Environmental Protection Agency, 1996), and
analysed by means of atomic absorption spectrometry (AAS). Graphite-
furnace AAS (Varian SpectraAA-200) was used for the analysis of Cd
and flame AAS (Elmer Analyst 200) for the analysis iron (Fe) and Zn.

The soil sampleswere sieved to 2mm, oven-dried at 70 °C for at least
72 h, and then subsampled for the individual analyses described in the
following. Soil pH was analysed in suspension with deionised H2O at a
1:2 solid:liquid ratio. The organic matter content was determined
using the Walkley Black method (ISRIC, 2002). Soil texture was
analysed using the Bouyoucos method (Bouyoucos, 1962). ‘Available’
P was determined as Olsen-extractable P (ISRIC, 2002) using a Hach
Dr/3000 spectrophotometer. ‘Available’ calcium (Ca), magnesium
(Mg), and potassium(K)were determined in ammoniumhydroxide ex-
tracts, buffered at pH 4.8 with acetic acid, using atomic absorption spec-
troscopy (AAS, Perkin Elmer Analyst 200). The EPA-3050B extraction
method was used to determine ‘total’ soil Cd and Zn concentrations in
the soil (United States Environmental Protection Agency, 1996). To de-
termine ‘available’ soil Fe DTPA-CaCl2-triethanolamine extraction
(Lindsay and Norvell, 1978) and ammonium-acetate-EDTA
(AAAcEDTA) buffered at pH 4.65 (Lakanen and Ervio, 1971) were
used. For ‘available’ Zn DTPA, AAAcEDTA and the DGT method, as de-
scribed in the next section, were used and for Cd AAAcEDTA and DGT
were used as indicators of soil Cd availability. Except for DGT-available
Cd, all metal analyses were performed by means of AAS in the same
way as the plant samples. Two replicates of each soil and plant sample
were digested and each digestionwasmeasured by AAS twice. For qual-
ity assessment, we included the followingWEPAL (Wageningen Evalu-
ating Programs for Analytical Laboratories) soil and plant reference
materials: ISE 952 (aqua regia extractable Cd: 0.120 mg kg−1), ISE 992
(aqua regia extractable Cd: 0.539 mg kg−1), and IPE 212 (total Cd
concentration: 0.040 mg kg−1). Respective recovery rates for Cd were
102 ± 3%, 94 ± 4%, and 123 ± 17%.

For DGT analysis (Zhang and Davison, 1995; Zhang et al., 1998), we
used 45 g aliquots of dried and sieved soil. After adjusting the moisture
content to 100%WHC(between 20 and 23ml nano-pureH2O), the sam-
ples were covered with parafilm and left to equilibrate for 24 h in an in-
cubator at 25 °C and then brought in contact with rinsed DGT samplers
for 72 h at 25 °C. TheDGT samplers (0.4mmChelex-100 gel, 0.8mmdif-
fusive gel, 2.54 cm2 window size) were obtained from DGT Research
Ltd. at Lancaster LA2 0QJ, UK. After deployment, the samplers were
cleaned, and then the resin gel was immersed for 24 h in 1ml of 1M ul-
trapure HNO3 to extract the accumulated metals. In each batch of 40
samples, we included 3 blank DGT samplers and 3 acid blank samples
as controls. Each sample was analysed in 3 analytical replicates for Cd
and Zn by means of ICP-MS (ICP-MS 920, Varian, CH). The masses of
Cd and Zn accumulated in the resin gel were calculated as

M ¼ C Ve þ Vg
� �

fe
ð2Þ

where C is the concentration of the respective metal in the HNO3 ex-
tract, Ve the volume of the extract, Vg the volume of the resin gel and
fe an elution factor accounting for incomplete elution. The respective
DGT-available soil metal concentration (CDGT) was then calculated, fol-
lowing Zhang et al. (1998), as

CDGT ¼ MΔg
DtA

ð3Þ

where Δg is the thickness of the diffusive gel, D the diffusion coefficient
of the gel for the metal, t the exposure time, and A the area of the diffu-
sive gel exposed to the soil slurry.

Image of Fig. 1
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Transfer factors relating dryweight leaf, pod and bean Cd concentra-
tions to ‘total’ and DGT-available soil Cd were calculated as

TF ¼ Plant Cd
Soil Cd

ð4Þ

where “Plant Cd” and “Soil Cd” denote the respective concentration
values.

2.4. Statistical analysis

All statistical analyseswere carried out using the programR (version
3.2.3, R-Development Core Team, 2015). Differences in soil and plant
characteristics between geological and geographic units were deter-
mined using one-way ANOVA in combination with the Tukey HSD test
for post-hoc analysis. Multiple regression analyses relating DGT-
available topsoil Cd to other variables were carried out using best-fit
weighted least-square estimation (MM estimator) with forward vari-
able selection (modified rlm of the MASS package), starting out from
the following selection of 11 explanatory variables with a potential in-
fluence on Cd availability: geological substrate, topsoil pH, topsoil or-
ganic matter and clay content, and the concentrations of ‘total’ Cd,
DTPA-extractable Zn, DTPA-extractable Fe, ‘available’ Ca, ‘available’ K,
‘available’Mg, and ‘available’ P in the topsoil. ‘Available’ Cd was exclud-
ed, as it was very strongly correlated to the ‘total’ soil Cd concentration.
AAAcEDTA-extractable Zn and Fe were excluded, as DTPA-extractable
Zn and Fe proved to be better predictors of plant Cd in a preliminary ex-
ploratory analysis (pairs plot). The criteria for model improvement
were: significance of the variable and decrease in BIC (Bayesian infor-
mation criterion). The residuals of eachmodelwere checked for system-
atic deviations using Tukey-Anscombe plots, normal QQ plots and
residuals vs. leverage plots. Multiple regression analysis was also
applied to analyse the dependencies of ‘total’ soil Cd from potential ex-
planatory variables, including geological substrate, fertilizer application
and altitude categories. The same procedure was applied to plant Cd,
using trunk diameter and DGT-available Cd in addition to the same 11
variables used to describe the DGT-available Cd in the soil as initial set
of variables. Only topsoil variables were included in the analysis, since
much better correlations between plant and CdDGT from the topsoil
were obtained in a previous study on cocoa (Gramlich et al., 2017).

Formost numerical variables, log10 transformationswere used in the
ANOVA and regression analyses to meet the criterion of normal distri-
bution. For variables relating to fractions (texture and organic matter
content)we used the asin sqrt transform. The number of considered ob-
servations (n) is given for each analysis. The small variation in observa-
tion numbers is caused by a fewmissing soil and plant sample analyses.
If not indicated otherwise, the significance level for differences was set
at p ≤ 0.05 and error bars indicate standard errors of the means (SE).

3. Results

3.1. Soil characteristics

The soils showed quite large variability within as well as between
different geological subunits (Table 1). The topsoil pH ranged from 4.6
to 7.8. The highest values were found in the western part of the country
on theMatagalpa Formation, which is composed of calc-alkaline lava of
basaltic and andesitic composition andminor pyroclastic layers (Barberi
et al., 2013). This was the only region in which themedian pH exceeded
a value of 6. Also, the highest values in ‘available’ Ca, K and Mg concen-
trations and the lowest DTPA-extractable Fe concentrations were found
on this substrate. The lowest soil pH's were found on cretaceous intru-
sive rocks and on undifferentiated volcanic rocks. The soil organic mat-
ter was again highest on the Matagalpa Formation and it was lowest on
the different alluvial sediments. The soil texture was predominantly
loamy, with maximal clay contents of about 50% on some volcanic
rocks. AAAcEDTA-extractable Zn and Fe concentrations were generally
higher than the respective DTPA-available concentrations, especially
in soils with high pH on the Matagalpa Formation.

3.2. Soil Cd and relations to other soil parameters and geological substrates

‘Total’ soil Cd concentrationswere within the range of Cd concentra-
tions normally found in uncontaminated soils all over the world
(Kabata-Pendias, 2001). They averaged 0.25± 0.02mg kg−1 in the top-
soil (0–10 cm) and 0.16±0.01mgkg−1 in the sub soil (10–25 cm). Like
‘total’ soil Cd, also the concentrations of AAAcEDTA-extractable
Cd were higher in the topsoil, with an average of 0.14 ±
0.01 mg kg−1, than in the subsoil concentrations, where they averaged
0.08 ± 0.01 mg kg−1.

We found no indication that ‘total’ soil Cd concentrationswere influ-
enced by any fertilizer application (current application or applications
in the past) reported by the farmers in the survey and also not by the al-
titude of the location, as no dependencies of ‘total’ soil Cd from these
variables were observed. The concentrations were also not enhanced
on soils in the vicinity of industrial sites. The values of ‘total’ soil Cd
only depended significantly on the different geological substrates,
with the highestmedian concentration on alluvial sediments (especially
in the ones in the north of the country) and the lowest values on
Cacaguapa Schist and Cretaceus Intrusive Rocks in the Western parts
of Honduras. Similar results were obtained with the AAAcEDTA-
extractable and DGT-available soil Cd, but the relative differences be-
tween substrates increased in the order ‘total’ bAAAcEDTA extractable
bDGT-available soil Cd (Fig. 2). The biggest relative differences between
‘total’ and DGT-available soil Cd were found on the Matagalpa Forma-
tion with comparably high ‘total’ soil Cd concentrations, but very low
DGT-available Cd (Table 1, Fig. 2).

Using ‘total’ soil Cd (positive relationship), DTPA-extractable Fe
(positive relationship), clay content (positive relationship), organic
matter content (negative relationship) and geological substrate as ex-
planatory variables, 88% percent of the total variance of the DGT-
available Cd in the topsoil could be predicted by our best regression
model (Table 2). Of these explanatory variables, soil organic matter im-
proved the model only marginally and thus could be omitted without
relevant loss of predictive power. Being closely correlated with topsoil
pH, DTPA-extractable Fe accounted for most of the influence of pH on
DGT-available Cd. When DTPA-extractable Fe was replaced by pH, the
model still explained 85% of the total variance.

3.3. Plant Cd, Zn and Fe concentrations

Leaf Cd concentrations averaged 2.6 ± 0.4 mg kg−1 dry weight
(DW). Theywere thusmore than twice as high as the Cd concentrations
of the pod husks (1.1±0.2mgkg−1 DW) andbeans (1.1±0.1mgkg−1

DW). Likewise, Zn and Fe concentrationswere higher in the leaves than
in the pod husks and beans. The Zn concentrations in leaves, pod husks
and beans averaged 89.7 ± 6.1 mg kg−1 DW, 45.8 ± 1.4 mg kg−1 DW
and 41.8 ± 0.7 mg kg−1 DW, respectively, and the average Fe concen-
trations were 93.4 ± 9.5 mg kg−1 DW in the leaves, 67.5 ±
3.7 mg kg−1 DW in the pod husks and 30.4 ± 0.8 mg kg−1 DW in the
beans. These concentrations were for both elements in the respective
ranges considered sufficient for plant nutrition (Fageria et al., 2002).
The plant Cd concentrations (leaves, pod husks and beans) varied con-
siderably between geological substrates. The lowest values were found
on Cacaguapa Schist, Cretaceous Intrusive Rocks and on Matagalpa For-
mation, the highest values on alluvial sediments, especially in the
East and North of the country, and intermediate values on alluvial sed-
iments in the West and North West, as well as on undifferentiated vol-
canic rocks (Fig. 2, Table 3). The regional variation of plant Zn
concentrations was quite different to that of Cd. The median concentra-
tion of bean Zn was very similar on all substrates, even though median
leaf Zn concentrations were much higher on the alluvial sediments in



Fig. 2.Distribution of ‘total’ (a), AAAcEDTA-available (b), DGT-available (c) soil Cd andbean Cd (d) on different geological substrates. Error bars indicate SE. n=30 (AlluviumEast), n=18
(Alluvium North), n = 12 (Alluvium North/West), n = 5 (Alluvium West) n = 22 (Cacaguapa Schist), n = 6 (Cretaceus Intrusive Rocks), n = 5 (Matagalpa Formation), n = 6
(undifferenciated Volcanic Rocks), n = 1 (Yojoa Group).
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the east and north west than on the other substrates. Also, the bean Fe
concentrations showed no clear regional pattern and the median con-
centrations were between 26 and 33 mg kg−1 DW in all regions
(Table 3).

The log-transformed concentrations of Cd in the leaves, pod husks
and beans were highly correlated among each other, with an R2 value
of 0.69 for the correlation between bean and pod husk Cd and an R2

value of 0.47 for the correlation between bean and leaf Cd. In contrast,
there was only a weak correlation between the log-transformed con-
centrations of Zn in the leaves and pod husks (R2: 0.32), and no signifi-
cant correlation of these with bean Zn concentrations. There were also
no significant correlations between the Fe concentrations of the differ-
ent plant parts. Correlations between the concentrations of the three el-
ements in the same plant part were generally very weak (R2 b 0.2). The
strongest correlation between these elements in plant tissue was the
one between leaf Zn and Cd with an R2 value of 0.31 (Fig. S.2).
Table 1
Top soil properties (min.–max. (median)) found on different geological substrates. The abbrevi
trusive Rocks (CI), Matagalpa Formation (MF), Undifferentiated Volcanic Rocks (V), Yojoa Grou

Al
East

Al
North

Al
No/We

Al
West

n = 30 n = 18 n = 12 n = 5

Soil pH (H2O) 5.0–6.4
(5.9)

5.2–6.2
(5.9)

5.0–7.8
(5.7)

5.2–6
(5.8)

Soil organic matter (%) 2.1–5.6
(3.6)

2.1–5.8
(3.6)

2.4–4.5
(3.2)

2.3–3.7
(3.5)

Clay content (%) 7–43
(23)

11–42
(25)

8–42
(22)

10–25
(17)

Silt content (%) 16–52
(38)

16–56
(42)

18–49
(30)

26–32
(30)

Texture class (median) Loam Loam Loam Sandy loam
Available P [mg kg−1] 2–19

(6)
6–39
(21)

4–16
(11)

3–14
(5)

Available Ca [g kg−1] 0.7–2.8
(1.4)

0.8–2.5
(1.8)

0.5–5.7
(1.6)

0.7–1.1
(0.9)

Available K [mg kg−1] 33–453
(63)

51–569
(82)

42–1540
(63)

23–113
(69)

Available Mg [mg kg−1] 115–496
(220)

117–496
(326)

93–246
(186)

63–193
(149)

AAAcEDTA Zn [mg kg−1] 0.8–10.0
(2.3)

1.0–21.9
(5.4)

0.6–10.4
(4.2)

1.4–6.6
(2.2)

DTPA Zn [mg kg−1] 1.3–2.0
(2.7)

0.8–9.6
(3.1)

0.5–6.2
(2.5)

0.2–0.5
(0.2)

DGT available Zn [μg l−1] 1.7–35.2
(5.4)

1.0–25.2
(6.8)

1.8–17.9
(6.0)

1.7–15.4
(8.6)

AAAcEDTA Fe [mg kg−1] 154–740
(265)

146–359
(267)

130–355
(244)

148–226
(187)

DTPA Fe [mg kg−1] 34–177
(98)

20–125
(55)

7–129
(85)

21–74
(38)

Total Cd [mg kg−1] 0.1–0.6
(0.2)

0.1–1.1
(0.4)

0.1–0.6
(0.3)

0.02–0.5
(0.2)

AAAcEDTA Cd [mg kg−1] 0.01–0.39
(0.11)

0.06–0.87
(0.24)

0.06–0.43
(0.13)

0.01–0.19
(0.07)

DGT available Cd [μg l−1] 0.20–1.16
(0.42)

0.17–1.69
(0.63)

0.14–1.23
(0.36)

0.10–0.93
(0.21)
3.4. Correlations of plant Cd and Zn with site factors

Overall, the variation of DGT-available soil Cd among different geo-
logical substrate showed a pattern that was comparable to that of
bean Cd (Figs. 2, 3). The high Cd concentrations found in beans grown
on alluvial sediments in the east of the country (Fig. 2) are reflected in
the highmedian values of the Cd soil-plant transfer factor for this region
(Table 4).

The (not weighted) linear correlation between log-transformed
bean Cd and log-transformed DGT-available soil Cd was quite high (R2

= 0.4), considering the broad range of soils and plantations included
in the survey (Fig. 3). The DGT measurements did not only provide
good predictions of bean Cd concentrations, but also of the concentra-
tions of Cd in the leaves and pod husks (Fig. 3). These relationships
were closer than the relationships between bean Cd and AAAcEDTA-
extractable or ‘total’ soil Cd (Fig. S.3).
ations of the geological substrates are: Alluvial (Al), Cacaguapa Schist (CS), Cretaceous In-
p (Y). For each substrate, the number of analysed samples (n) is given.

CS CI MF V Y

n = 21 n = 4 n = 5 n = 6 n = 1

4.7–6.2
(5.8)

4.6–5.6
(4.9)

6.2–7.0
(6.5)

5.0–5.8
(5.3)

6.8

1.7–6.9
(4.4)

3.1–6.3
(4.7)

4.3–5.5
(5.1)

3.4–7.8
(4.4)

7.2

9–29
(18)

7–26
(17)

28–41
(30)

18–49
(25)

25

15–35
(22)

18–22
(19)

26–36
(35)

18–24
(22)

26

Sandy loam Sandy loam Clay loam Sandy clay loam Sandy clay loam
1–13
(4)

3–7
(7)

2–26
(18)

0.3–30
(18)

14

0.2–2.3
(1.0)

0.3–0.8
(0.5)

1.5–7.9
(4.4)

0.7–1.8
(0.9)

1.3

20–480
(80)

37–103
(55)

104–850
(253)

49–97
(73)

102

48–600
(163)

50–127
(111)

155–818
(695)

153–566
(192)

216

0.3–48.9
(1.3)

0.5–1.6
(0.7)

2.0–58.9
(20.3)

1.9–16.5
(4.0)

15.2

0.1–5.3
(1.1)

0.4–0.8
(0.5)

0.1–3.1
(0.6)

1.0–7.0
(2.6)

0.45

0.9–30.7
(3.4)

0.6–11.6
(3.5)

1.0–31.2
(3.6)

3.2–50.9
(12.4)

10.6

41–488
(196)

97–132
(108)

184–363
(286)

198–313
(274)

187

29–155
(66)

35–72
(46)

9–23
(16)

69–154
(125)

7

0.1–0.5
(0.1)

0.1–0.2
(0.1)

0.1–0.2
(0.2)

0.02–0.6
(0.1)

0.25

0.02–0.17
(0.04)

0.01–0.05
(0.03)

0.02–0.12
(0.09)

0.01–0.5
(0.08)

0.12

0.04–0.34
(0.11)

0.06–0.12
(0.09)

0.05–0.11
(0.07)

0.05–1.04
(0.12)

0.15

Image of Fig. 2


Table 2
Multiple linear regression analysis for thedescription of CdDGT in top soil (TS) using best fit
weighted (MM estimator) least square estimation. Cdtot = ‘total’ soil Cd, Geology = geo-
logical substrate, and Feavailable for the DTPA Fe. All soil variables are from the top soil. To
assess the quality of eachmodel, the Bayesian Information Criterion (BIC) and themultiple
adjusted R2 are given. All mentioned variables were significant. 104 observations could be
used.

Model parameters BIC R2

CdDGT ~ 1 −
203.28

–

CdDGT ~ Cdtot −
318.34

0.65

CdDGT ~ Cdtot + Feavailable −
349.60

0.77

CdDGT ~ Cdtot + Feavailable + clay content −
371.00

0.81

CdDGT ~ Cdtot + Feavailable + clay content + geology −
372.50

0.87

CdDGT ~ Cdtot + Feavailable + clay content + geology + organic
matter

−
372.49

0.88
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The prediction of plant Cd concentrations further improved when
we used aweightedmore robustmodel and also included the ‘available’
soil Mg (negative relationship) in addition to DGT-available soil Cd in
the linear regression model for the leaves (Table 5). The best model
Table 3
Plant Cd, Fe and Zn concentrations inmg kg−1 dry weight (min.–max. (median)) found on diffe
Cacaguapa Schist (CS), Cretaceous Intrusive Rocks (CI), Matagalpa Formation (MF), undifferenti
ples (n) is given.

Al
East

Al
North

Al
No/We

Al
West

n = 26 n = 15 n = 10 n = 6

Bean Cd [mg kg−1] 0.1–7.1
(1.8)

0.2–6.0
(1.2)

0.2–1.2
(0.4)

0.1–2.2
(0.5)

Pod husk Cd [mg kg−1] 0.2–6.7
(2.1)

0.1–10.2
(0.8)

0.1–1.2
(0.5)

0.2–2.5
(0.4)

Leaf Cd [mg kg−1] 0.8–28.0
(4.4)

0.2–19.1
(1.7)

0.3–6.5
(1.3)

0.1–3.3
(1.9)

Bean Zn [mg kg−1] 31–52
(40)

38–52
(42)

32–62
(49)

34–53
(43)

Pod husk Zn [mg kg−1] 39–69
(56)

26–73
(40)

25–57
(39)

26–48
(40)

Leaf Zn [mg kg−1] 64–215
(131)

29–149
(65)

17–199
(80)

18–96
(40)

Bean Fe [mg kg−1] 26–46
(33)

12–41
(33)

10–37
(26)

24–40
(34)

Pod husk Fe [mg kg−1] 44–164
(72)

20–269
(75)

22–72
(42)

35–120
(54)

Leaf Fe [mg kg−1] 36–111
(51)

47–278
(80)

24–143
(76)

58–149
(128)

Fig. 3. Linear correlations of logarithmic plant Cd (leaves (a), pod husks (b), beans (c)) and loga
= 103.
for Cd in the pod husks based on DGT-available soil Cd was obtained
by including topsoil clay content (negative relationship), while none
of the other variables considered in our survey improved the prediction
of bean Cd in models that included DGT-available soil Cd (Table 5).
When CdDGT was not taken into account, the best predictions of plant
Cd concentrations were obtained with models including ‘total’ soil Cd
(positive relationship) and ‘available’ Fe (leaves) or soil pH (pod husks
and beans) (Table 5). Accounting in addition to ‘total’ soil Cd for the fac-
tor ‘geology’ led to further improvement of the models for Cd in beans
andpodhusks, primarily due to the strong effect of the alluvial soilsmen-
tioned above, while accounting for ‘available’ soil K (negative relation-
ship) improved leaf Cd prediction, and accounting for the factor
organic matter (negative relationship) significantly improved the pre-
dictions for leaves and pod husks (Table 5). In line with the modelling
of DGT-available soil Cd, also the regression analysis of plant Cd concen-
trations in the leaves did not reveal a direct influence of soil pH, as the in-
fluence of soil pH was apparently covered by that of DTPA-extractable
soil Fe, which was closely correlated with soil pH (R2 = 0.37).

In contrast to the suitability of the DGT method for predicting plant
Cd concentrations, noneof themeasurements used to characterize plant
‘available’ soil Zn (ZnDGT, DTPA Zn, AAAcEDTA Zn) was a good predictor
of plant Zn concentrations. A considerable correlation was only found
between leaf Zn and DTPA-extractable as well as DGT-available Zn (R2

= 0.30, R2 = 0.22), while the other correlations between plant and
soil Zn parameters were not significant (Fig. S.4).
rent geological substrates. The abbreviations of the geological substrates are: Alluvial (Al),
ated Volcanic Rocks (V), Yojoa Group (Y). For each substrate, the number of analysed sam-

CS CI MF V Y

n = 22 n = 6 n = 5 n = 6 n = 1

0.03–0.6
(0.2)

0.04–2.3
(0.2)

0.05–0.3
(0.1)

0.04–1.5
(0.6)

0.4

0.04–0.8
(0.2)

0.1–0.2
(0.1)

0.1–0.2
(0.1)

0.1–1.7
(0.2)

0.7

0.1–2.4
(0.5)

0.2–0.8
(0.5)

0.2–1.0
(0.4)

0.1–6.3
(0.3)

0.8

19–57
(41)

33–53
(40)

26–46
(35)

38–59
(41)

44

25–136
(38)

24–55
(37)

21–52
(41)

36–81
(62)

43

17–133
(50)

32–96
(54)

22–100
(54)

31–381
(51)

43

5–51
(30)

12–47
(27)

18–35
(26)

23–40
(30)

26

29–170
(53)

22–138
(41)

255–57
(40)

24–83
(48)

29

42–113
(72)

44–114
(68)

84–444
(114)

40–76
(54)

66

rithmic CdDGT. The colours of the points represent geological subunits as defined in Fig. 1. n

Image of Fig. 3


Table 4
Transfer factors (Cd concentrations in plants (DW) divided by soil Cd concentrations) for leaves and beans (min.-max. (median)) on different geological substrates. The abbreviations of
the geological substrates are: Alluvial (Al), Cacaguapa Schist (CS), Cretaceous Intrusive Rocks (CI), Matagalpa Formation (MF), Undifferentiated Volcanic Rocks (V), Yojoa Group (Y). For
each substrate, the number of analysed samples (n) is given.

Transfer factors Al
East

Al
North

Al
No/We

Al
West

CS CI MF V Y

n = 30 n = 18 n = 12 n = 5 n = 22 n = 6 n = 5 n = 6 n = 1

Leaf Cd/total soil Cd 4–46
(15)

0.3–26
(5)

1–26
(6)

5–20
(6)

1–25
(7)

2–11
(9)

1–5
(2)

1–10
(7)

3

Bean Cd/total soil Cd 0.4–18
(6)

0.3–11
(3)

0.4–19
(2)

0.9–6
(5)

0.1–7
(3)

0.6–46
(2)

0.3–1
(0.6)

1–22
(3)

2

Leaf Cd/CdDGT 2–34
(11)

0.2–13
(4)

2–18
(3)

1–16
(3)

0.8–23
(6)

4–8
(5)

3–20
(4)

0.6–6
(2)

5

Bean Cd/CdDGT 0.3–14
(4)

0.2–4
(2)

0.3–7
(2)

1–4
(2)

0.1–5
(2)

0.2–33
(3)

1–6
(2)

0.4–7
(2)

3
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4. Discussion

4.1. Cadmium concentrations in soil and plant samples

The Cd bean concentrations found in this survey were too high in
some regions to meet the guidance value for acceptable Cd concentra-
tions in cocoa beans of 0.5 mg kg−1 and most likely also to meet future
critical values of 0.1–0.8 mg kg−1 (0.1 mg kg−1 for products with b30%
cocoa solids and 0.8 mg kg−1 for products with N50% cocoa solids) in
final chocolate products set by the EuropeanUnion (TheEuropeanCom-
mission, 2014; NetherlandsMinistry of Foreign Affairs, 2016). It is inter-
esting to note in this context that the ‘total’ soil Cd concentrations were
within the range of what is normal for uncontaminated soils worldwide
(Kabata-Pendias, 2001). This finding however is in line with similarly
high Cd accumulation by cocoa reported recently also in other studies
(Chavez et al., 2015; Mite et al., 2010; Ramtahal et al., 2016; Zarcinas
et al., 2004) and indicates that cocoa trees extract more Cd from soil
than plants in general. In fact, the values of the transfer factor relating
‘total’ soil Cd to the Cd concentrations in leaves and beans found in
this study (Table 4) are much higher than those found for wheat and
many other crop plants (Smolders, 2001). They are comparable to
those found inwillow and poplar trees, which are known for their accu-
mulation of Cd (Evangelou et al., 2012; Puschenreiter et al., 2013). This
observation remains valid also when comparing plant Cd uptake of
cocoa (this study) at comparable DGT-available Cd concentrations
with other crops such aswheat and potato (Pérez and Anderson, 2009).

The ability of cocoa trees to extract higher amounts of Cd than other
plants may be promoted by enhanced Cd availability in soil resulting
from the recycling of Cd with leaf litter and pod husks falling onto the
soil below the trees. In contrast to practices in countries such as
Ghana (Kwawukume et al., 2014), pod husks are commonly left on
the ground after harvest in Honduras to reduce nutrient losses from
the cocoa farms. Decomposing quickly in the tropical climate, litter fall
from cocoa trees could be an important source of easily available Cd in
the uppermost soil layers, where the fine roots of cocoa plants are
Table 5
Multiple linear regression analysis for Cd in leaves (CdLeaves), pod husks (CdPod husks) and
beans (CdBeans) using best fit weighted (MM estimator) least square estimation. All soil
variables are from the top soil. CdDGT = DGT-available Cd, Cdtot = ‘total’ soil Cd content,
Mgavailable, Feavailable and Kavailable = the ‘available’Mg, K and DTPA Fe, Geology= the geo-
logical substrate and pH the top soil pH. To assess the quality of eachmodel, the Bayesian
Information Criterion (BIC) and the multiple adjusted R2 were used. All mentioned vari-
ables were significant. For leaves and beans 101 observations (n) could be used, for pod
husks n equalled 99.

Model parameters R2

CdLeaves ~ CdDGT + Mgavailable 0.59
CdLeaves ~ Cdtot + Feavailable + organic matter + Kavailable 0.57
CdPod husks ~ CdDGT + clay content 0.62
CdPod husks ~ Cdtot + pH + Geology + organic matter 0.73
CdBeans ~ CdDGT 0.53
CdBeans ~ Cdtot + pH + Geology 0.57
mainly found (Kummerow et al., 1982). Such a recycling effect would
also explain why Cd concentrations were generally higher in the top
10 cm of the sampled soils than in the zone below. A similar effect on
the vertical distribution of Cd in soil has been has been observed
below 33-years old poplar trees growing on an initially homogeneously
contaminated soil, whereas the opposite effect was found below oak,
ash andmaple trees growing on the same site (Mertens et al., 2007). El-
evated concentrations of Cd in the top soils of cocoa plantations could
also result from the application of phosphate fertilizers or pesticides,
as discussed (Chavez et al., 2015). Fertilizer application could be a rele-
vant factor especially in the low land area around San Pedro Sula (De-
partment Cortés), where also potential soil contamination due to
intensive use of fertilizers and pesticides during former land use for ba-
nana production needs to be taken into account. However, in our study
Cd enrichment in the topsoil was found even in very remote locations
where no fertilizers had ever been applied according to the best knowl-
edge of the interviewed farmers, notably in cocoa farms located on hill-
sides in the departments Cortes and Santa Barbara, in the north-western
part of Honduras and in Gracias a Dios in the east of the country (Fig.
S.1). Given that we found no relationship between ‘total’ soil Cd and vi-
cinity to industrial sites or other potential Cd emitters, we conclude that
parent material was the main source of soil Cd in the survey area. This
does not rule out that in some regions, especially on the northern allu-
vial sediments, also diffuse industrial or agricultural pollution contribut-
ed to the observed Cd enrichment in the top soils. Also, Cd inputs
through deposition of sediments transported with inundating river
water may have been a relevant source of topsoil Cd on some alluvial
sites.

4.2. Allocation of Cd, Fe and Zn in different plant parts

Similar correlations between leaf, pod husk and bean Cd concentra-
tions as found in this studywere also reported by Ramtahal et al. (2016).
In contrast, leaf Cd concentrations were not correlated with concentra-
tions of Cd in beans and pod husks in a previous study, in which we in-
vestigated Cd accumulation by cocoa in a field trial comparing different
cocoa production systems in Bolivia (Gramlich et al., 2017). In the latter
study, plant Cd concentrations were much lower than in the study pre-
sented here and in the study of Ramtahal et al. (2016). The lack of cor-
relation between leaf and bean Cd concentrations may be related to
this difference. Possibly, leaf-to-bean transfer of Cd is significantly influ-
enced by leaf Cd concentration only at high concentration levels. Cadmi-
um loading of beans involves xylem-to-phloem transfer, which is
generally well controlled by plants (Clemens et al., 2013). However, at
elevated Cd concentrations the control might be less effective.

In contrast to Cd, the essential elements Fe and Zn showed no corre-
lations between concentrations in leaves and beans, indicating that
their allocation in these partswas controlled by independent physiolog-
ical factors. Many authors reported competition between Zn and Cd up-
take in plants (Choudhary et al., 1995; Dar et al., 2012; Oliver et al.,
1994). The positive correlation between leaf Zn and Cd concentrations
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suggests that competition did not play a major role in the uptake of
these two elements by cocoa in our study. The fact that the correlations
between Zn and Cd in soils were of similar magnitude as in the leaves
may suggest that the uptake of the two elements by the plants was
primarily determined by their occurrence and availability in the soil
(R2 = 0.22 (Zntotal-Cdtotal), 0.28 (ZnDGT-CdDGT)).
4.3. Correlations of environmental factors with Cd and Zn concentrations in
the plants

The DGT-available Cd fraction in the topsoil proved to be the best
predictor for plant Cd uptake of all soil parameters analysed in this
study, despite quite large differences in the properties of the sampled
soils. The DGT method was in particular much better suited to describe
the fraction of available soil Cd than AAAcEDTA extraction. The DGT
method has been frequently used to predict metal accumulation in an-
nual crops (Zhang and Davison, 2015), but with the exception of two
studies to our knowledge not in perennial plants. Puschenreiter et al.
(2013) used it to describe the availability of Zn and Cd for uptake bywil-
low (Salix smithiana) in a pot trial, and in a recent studywe used it to re-
late the availability Cd and Zn in soil to their accumulation in cocoa
leaves in afield trial in Bolivia (Gramlich et al., 2017). The study present-
ed here shows that DGT is not only well suited to predict Cd contents of
cocoa leaves, but also of cocoa beans grown on a wide variety of sites
with large differences in soil characteristics. The predictive power of
DGT for bean Cd may depend on the level of leaf Cd concentrations,
comparing the results of this study with those of Gramlich et al.
(2017), as discussed before. The role of other soil properties on plant
Cd was negligible or minor. The marginal influence of exchangeable
soil K andMg could be explained by ion competition with Cd for uptake
by cocoa tree roots.

The highest ‘total’ and ‘available’ soil Cd concentrations were found
in all regions on alluvial soils. High abundance of Cd in soils developed
on sedimentary rocks has been reported also in previous studies
(Adriano, 2001). The alluvial soils had relatively low pH values and or-
ganic matter contents in comparison to the soils on the Matagalpa For-
mation. This explains why ‘available’ soil Cd and plant Cd
concentrations were much lower on the Matagalpa Formation than on
the alluvial sites, despite similar ‘total’ soil Cd concentrations
(Table 1). The lower ‘available’ soil and plant Cd concentrations found
on Cacaguapa Schist and on Cretaceous Intrusive Rocks, where the
soils tended to have even lower pH than the alluvial soils, can probably
be attributed to the lower ‘total’ soil Cd concentration in these soils.

On the alluvial sites in the East of the country not only DGT-available
soil Cd concentrationswere elevated relative to ‘total’ soil Cd as onmost
other alluvial sites, but also plant Cd concentrations relative to DGT-
available soil Cd (Figs. 2, 3). These variations in soil-plant transfer
show that additional factors were at work that neither DGT, nor any of
the other soil parameters accounted for. One reason that could account
for the observed variation in soil-plant transfer could be that different
cultivarsmayhave been grown in the different parts of the study region.
This factorwas not included in the study, as therewas not reliable infor-
mation about the cultivars grown, taking into consideration also that
cocoa trees are often grafted on root stock of a different cultivar. Differ-
ences in heavymetal accumulation among different cultivars have been
found in many plant species (Clemens et al., 2013; Grant et al., 1999).

It is interesting to note that DGT-available soil Cd was largely deter-
mined by ‘total’ soil Cd and DTPA-extractable Fe and that in the absence
of DGT measurements these two parameters could be used to predict
leaf Cd concentrations with similar accuracy as by using DGT-available
soil Cd. The predictive value of DTPA-extractable Fe can to a large extent
be explained by its strong correlation with soil pH, which is well known
as a key factor of soil Cd solubility. In fact, predictions using soil pH in-
stead of DTPA-extractable Fe in the model explained only slightly less
of the variance in DGT-available soil Cd (R2: 0.85 compared to 0.88).
In contrast to the suitability of the DGT-method to predict the avail-
ability of Cd to cocoa, the availability of Zn could not be describedwell in
this study, as DGT-available Zn was not correlated to the bean Zn con-
centrations and only weakly to the Zn in the leaves (R2 = 0.22). While
in previous studies DGT has been found to be a usefulmethod to analyse
Zn availability for several crop plants (Zhang and Davison, 2015), in a
recent study on Zn and Cd uptake by wheat from uncontaminated
soils, DGT-available Cd was also correlated much closer to plant Cd
than the DGT-available Zn to the Zn in the plants (Grüter et al., 2017).
These results indicate that under the studied conditions additional fac-
tors are dominating Zn uptake by the plants.

5. Conclusion

DGT-available soil Cd was the best predictor of Cd concentrations in
the sampled cocoa beans, pod husks and leaves. It explainedmost of the
influence of the analysed soil parameters, including ‘total’ soil Cd con-
centration and geological substrate, on plant Cd concentrations, notably
the high Cd uptake from the soils on alluvial substrates. To explain the
high Cd uptake in the east of the country, other factors such as the effect
of the cocoa cultivars should be considered in future studies.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.08.145.
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