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ABSTRACT 
 

The production system influences the cadmium (Cd) content and mycorrhization in cocoa plantations. The objective of this study 

was to determine the effects of different production systems on Cd uptake and the presence of mycorrhizas in cacao clones in field 

conditions, in the Peruvian Amazon. Twelve subplots of 108 m2 were selected in representative cocoa cultivation systems under 

agroforestry (AF) and monoculture (MON), with the cocoa clones ICS and CCN. Significant differences and data distribution 

were evaluated using ANOVA, principal component analysis, and Tukey's tests. Mycorrhizal colonization was higher in the 

AF_ICS system (71.11%) while the length of the extraradical mycelium was higher in the AF_CCN system (17.23%). The highest 

Cd content in soils was found under the AF_CCN and AF_ICS systems, both with 0.39 mg∙kg-1. The Cd content in cacao roots, 

leaves, and beans were higher in the MON_CCN system with 1.87, 2.06, and 1.12 mg∙kg-1 respectively. Cocoa monocultures 

(with both clones) generally showed lower levels of mycorrhizal colonization than agroforestry systems, which in turn (also for 

both clones) presented higher Cd content in beans, even exceeding the limit established by the world health authorities. 

Additional keywords: Mycelium, mycorrhizal colonization, Peruvian amazon, Theobroma cacao 
 

RESUMEN 
 

Absorción de cadmio y micorrización en clones de cacao bajo agroforestería y monocultivo en la Amazonía peruana 

El sistema de producción influye en el contenido de cadmio (Cd) y la micorrización en las plantaciones de cacao. El objetivo de este 

estudio fue determinar los efectos de diferentes sistemas de producción en la absorción de Cd y la presencia de micorrizas en clones 

de cacao en condiciones de campo en la Amazonía peruana. Se seleccionaron doce subparcelas de 108 m2 en sistemas representativos 

de cultivo de cacao bajo agroforestería (AF) y monocultivo (MON), con los clones de cacao ICS y CCN. Se evaluaron las diferencias 

significativas y la distribución de datos mediante ANOVA, análisis de componentes principales, y la prueba de Tukey. La 

colonización micorrícica fue mayor en el sistema AF_ICS (71,11 %) mientras que la longitud del micelio extrarradical fue mayor en 

el sistema AF_CCN (17,23 %). El mayor contenido de Cd en suelos se encontró bajo los sistemas AF_CCN y AF_ICS, ambos con 

0,39 mg∙kg-1. Los contenidos de Cd en las raíces, hojas, y granos de cacao fueron mayores en el sistema MON_CCN, con 1,87, 2,06 y 

1,12 mg∙kg-1, respectivamente. Los monocultivos de cacao (con ambos clones) mostraron en general menores niveles de colonización 

micorrícica que los sistemas agroforestales, que a su vez (también para ambos clones) presentaron mayor contenido de Cd en el 

grano, superando incluso el límite establecido por las autoridades sanitarias mundiales. 

Palabras clave: Amazonía peruana, colonización micorrícica, micelio, Theobroma cacao 
 

INTRODUCTION 
 

One of the metals with the greatest 

environmental and human health impacts is 

cadmium, a metal present in certain crops, 

particularly in cacao plantations (Theobroma 

cacao L.). This presence has generated alerts and 

concern on a global scale, and Cd contamination 

of soil and food crops is considered a critical 
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environmental threat, as it deteriorates soil health 

and creates a danger to food security and thus to 

human health (Bali et al., 2020). Cd is relatively 

mobile in the soil and plant system (Chávez et al., 

2015), and consequently, tolerable limits for Cd 

have been regulated internationally for some 

commercial crops. It is important to study the 

innate capacity of cacao to absorb or tolerate 

certain levels of Cd in the soil, particularly in 

clones or genotypes developed in specific sites, 

which could contribute to shortening the trophic 

transmission of this metal (Maddela et al., 2020). 

It is well known that different cacao clones 

respond to cadmium differently. For example, 

Arévalo et al. (2017) reported differences in 

accumulation of Cd in farms with different cacao 

clones, where the clone CCN-51 had lower 

concentrations of Cd than samples from a 

combination of clones CCN-51 and ICS-95 

together. Different cacao clones also might 

respond differently under several environmental 

conditions, for example shade. Cacao (Theobroma 

cacao L.) grows well under the shade of tree 

canopies. Agroforestry systems use various shade 

trees useful for wood, fruits, and other non-timber 

forest products (Schneider et al., 2016). These 

shade trees, together with cacao trees, have the 

potential to increase the sustainability of cacao 

production, due to the various ecosystem services 

provided (Meylan et al., 2017). Previous studies 

on cacao plantations in South America have 

shown a strong correlation between Cd in beans 

and total Cd in the soil, as well as a considerable 

influence of soil pH on increasing plant available 

Cd in the soil (Ramtahal et al., 2019). Soil pH is 

considered the main factor influencing Cd 

availability (Chávez et al., 2015). 

One adaptation of cacao to adverse 

environmental conditions, like high Cd content, 

can be found on its rhizosphere, for example by 

forming symbiosis with arbuscular mycorrhizal 

fungi (AMF), which are obligate biotrophs 

associated with approximately 71% - 78% of 

terrestrial vascular plants (Brundrett and 

Tedersoo, 2018). However, the contribution of 

AMF to the host plant depends on the taxonomic 

diversity, abundance, and functional diversity of 

their communities (Schneider et al., 2016). T. 

cacao is considered a highly mycorrhizal plant, 

highly dependent on these root fungal symbionts 

reaching values of root colonization of over 70% 

(Gai et al., 2018), while enhancing plant growth 

and reducing Cd in soils and stems of Peruvian 

cacao plants (Vallejos-Torres et al., 2022).     

There is evidence of a high Cd content in cacao 

plantations in many Peruvian regions; such is the 

case of the cacao farms of Bagua, Amazonas 

region, where the maximum permissible limits 

established by Peruvian and European legislation 

have been exceeded (Oliva et al., 2020). Also, it 

has been found that the Cd content in cacao 

plantations located between 600 and 800 masl in 

the San Martín region (Perú) exceeded the 

maximum permissible limits indicated by the 

World Health Organization (Mendoza et al., 

2021). Likewise, the average concentration of Cd 

found in cocoa powder from unfermented seeds in 

the Huánuco region of Peru was 2.46 mg kg⁻¹, 

with a range of 0.2 to 12.56 mg kg⁻¹; this 

maximum is well above the permitted limit of 1.5 

mg kg⁻¹ (of the World Health Organization), and 

also the highest reported so far in the literature 

(Zug et al., 2019). There are very few -if any- 

studies analyzing the relationships of AMF 

colonization and Cd and nutrient uptake in the 

Peruvian Amazon. Furthermore, and in general, 

most mycorrhizal studies worldwide occur in pots 

and not in field conditions (Lekberg and 

Helgason, 2018). A higher number of field-

conditions studies are required to test real-world 

drivers of mycorrhizal colonization.The objective 

of this study was to determine the influence of 

different production systems on Cd absorption and 

mycorrhizal colonization and extraradical 

mycelium in cacao crops in the Peruvian Amazon, 

in field conditions. As hypothesis, we proposed 

that Cd and mycorrhization are influenced by both 

the cacao clones and the production system of 

cacao plantations in the Peruvian Amazon. 
 

MATERIALS AND METHODS 
 

Study area. The study was carried out in the San 

Martín region, Peru, between August 2020 and 

June 2021. Average annual rainfall and 

temperature in the region is 1800 mm and 25°C, 

respectively, though there is high variability 

associated with altitudinal gradients. The rainy 

season occurs from November to May. The 

average altitude of the study area was 608 m 

(6°21'7.50"S, 76°37'0.20"W). 
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Cocoa plantations in this region consist mainly 

of the ICS and CCN clones (Chávez et al., 2022). 

In this study, four plots of 2500 m
2
 each 

containing three sub-plots were selected; making a 

total of 12 subplots of 108 m² each. A plot (three 

subplots) per treatment. The agroforestry system 

with the clone CCN (AF_CCN) was associated 

with laurel (Cordia sp), capirona (Calycophyllum 

spruceanum), huito (Genipa americana), cedar 

(Cedrela odorata), and guava (Inga sp.). The 

agroforestry system with the ICS clone (AF_ICS) 

was associated with C. spruceanum, bolaina 

(Guasuna crinita), C. odorata, and Inga sp; both 

agroforestry systems were located in the province 

of Lamas. The cocoa monoculture system with the 

CCN clone (MON_CCN) was located in the 

province of Mariscal Cáceres and the cocoa 

monoculture system with the ICS clone 

(MON_ICS) was located in the province of Rioja. 

All plots had a planting distance of 3 m x 3 m, that 

is, 1,111 plants per hectare with an age between 9 

and 12 years. All plots had a traditional 

management characterized by a scarce application 

of compost (organic amendments) prepared by the 

cocoa producers themselves, from the harvest 

remains of the same crop. 

Determination of mycorrhizal colonization and 

extraradical mycelium length. In order to 

analyze AMF root colonization of Cacao and 

extraradical mycelium in field conditions, roots 

and rhizospheric soil were collected. AMF 

inoculants were not added in this study. For the 

collection of roots, an area around each plant was 

cleaned of litter and debris within the vertical 

projection of the crown. In each plot, three 

samples were taken (one for each sub-plot), 

mixed, and homogenized (Vallejos et al., 2021). 

Samples of secondary and tertiary roots were 

taken from the entire contour of the cacao plant, 

one meter away from the trunk; the roots were 

placed in a Ziploc® bag, coded, and taken to the 

laboratory for their respective treatment. Once in 

the laboratory, the best rootlets were separated and 

selected to form the sample. 

Roots and AMF were stained using the 

technique proposed by Phillips and Hayman 

(1970) and subsequently, radical colonization was 

quantified by quadrant intersects, i.e. a hundred 1 

cm roots fragments were randomly distributed and 

hypha-line intersections were quantified. 

Extraradical mycelium was evaluated from 100 g 

of soil, collected in three different sectors 

surrounding each cacao plant. To quantify the 

length of the extraradical mycelium, the samples 

were placed in Petri dishes and observed in a 

stereo microscope at 4.5x. The numerical quantity 

obtained was converted to mycelial length per unit 

of weight dry soil, using the formula proposed by 

Newman (1966). 

Physical-chemical analysis of soils. For the 

physical-chemical soil analyses, three sub-samples 

were taken from each of the four plots (one 

sample per sub-plot; 12 sub-samples analyzed) as 

follows: holes 30 cm deep were made in each sub-

plot, a cut from 0 cm to 20 cm of soil was 

extracted, and 2 kg of soil were taken, according 

to the Technical Guide for Sampling, prepared by 

the Ministry of the Environment of Peru 

(MINAM, 2014). The following physical-

chemical properties were determined: pH (1:2 

H2O; potentiometer method), available ions (P, K; 

modified Olsen method), and soil organic matter 

(OM) by the Walkley and Black method (Table 

1). 
 

Table 1: Physical-chemical characteristics of the soil in the production systems 
 

Production system pH OM (%) P (ppm) K (ppm) 

AF _CCN 5.55± 0.12 b 4.31±0.25 a 8.65±1.00 b 142.0±10.97 a 

AF_ICS 5.99±0.10 bc 3.85±0.54 b 6.77±1.74 c 143.5 ±8.95 b 

MON_CCN 6.01±0.03 b 4.20±0.18 b 19.18±0.65 b 43.0  ±2.31 c 

MON_ICS 6.71±0.12 a 4.92±0.23 ab 13.40±0.35 bc 327.0±59.47 a 

AF_CCN (agroforestry with CCN clone), AF_ICS (agroforestry with ICS clone), MON_CNN (monoculture with 

CCN clone), and MON_ICS (monoculture with ICS clone). OM (Soil organic matter). Different lowercase letters 

indicate significant differences between treatments according to Tukey's test (P≤0.05) 
 



240 

Volumen 35 (2023)       BIOAGRO                                                           N° 3 

 

 
 

 

Analysis of cadmium in soils, cacao roots, 

leaves, and beans. For Cd analyses, 12 soil 

samples were taken, one for each sub-plot, 

according to the Technical Guide for Sampling, 

prepared by the Ministry of the Environment of 

Peru (MINAM, 2014). For the foliar sampling, in 

each sub-plot, 4 leaves per plant were collected 

from the intermediate part of the crown at four 

cardinal points (4 plants), making a homogeneous 

composite sample. For bean sampling, 1.5 kg of 

cocoa beans in slime were collected per sub-plot, 

from mature fruits from the middle part of healthy 

and reproductive trees (Sandoval et al., 2020). Cd 

in soils was determined by the EPA 3050B 

method by FLAMA (EPA, 1996); in leaves by the 

digestion method: HNO3/spectrophotometer and 

atomic absorption; and Cd in beans by the 

digestion method: HNO3:H2O2 (2:1)/spectro-

photometer and atomic absorption. 

Statistical analyses. The data were analyzed 

using Tukey's mean comparison test with a 

statistical significance of 95% (p <0.05). 

Normality and homoscedasticity of the data were 

verified using the Shapiro Wilk and Levene tests, 

respectively, and those non-normal variables were 

transformed by logarithm, square root or arcsine, 

as appropriate. However, the results are expressed 

in original units. A Pearson correlation between 

the average concentrations of Cd in grains and the 

total concentrations of Cd in the soil was made. A 

principal components analysis (PCA) was carried 

out, which includes the five variables measured in 

the different treatments, using the Vegan package 

(Oksanen et al., 2022) in R Studio. 
 

RESULTS 
 

There were no statistical differences among 

production systems and clones regarding 

mycorrhizal colonization, which was slightly 

higher in the AF_ICS and AF_CCN systems with 

71.11% and 64.99%, respectively, with no 

significant differences between all treatments 

(Figure 1A). The lowest values were obtained by 

the MON_CCN and MON_ICS systems, with 

60.65% and 58.32%, respectively (Figure 1A). 

The length of the extraradical mycelium was 

significantly higher in the AF_CCN and AF_ICS 

systems with 17.23% and 17.36%, respectively, 

with no significant differences between both 

treatments; the lowest values were obtained by the 

MON_ICS and MON_CCN treatments with 

12.51% and 13.58%, respectively, with no 

significant differences between both treatments 

(Figure 1B). Table 2 shows that there was no 

significant correlation between Cd in soils 

with the Cd in cocoa roots, leaves or beans. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Mycorrhizal colonization (A) and length of extraradical mycelium (B) in the production systems: 

MON_CNN (monoculture with CCN clone), MON_ICS (monoculture with ICS clone), AF_CCN 

(agroforestry with CCN clone), and AF_ICS (agroforestry with ICS clone). Different lowercase 

letters indicate significant differences between treatments according to Tukey's test (p ≤0.05). 

Vertical bars correspond to the standard deviation  
 

Cd content in soils was only significantly 

lower in the MON_ICS system (Figure 2A). The 

highest Cd content in soils was found in the 

AF_CCN and AF_ICS systems, both with 0.39 

mg kg
-1

, while the lowest values were found in the 

MON_ICS and MON_CCN systems, with 0.19 

mg kg
-1

 and 0.33 mg kg
-1

, respectively (Figure 

2A). Cd content in leaves was significantly higher 

in the MON_ICSS and MON_ICS systems, with 

values of 2.06 mg kg
-1

 and 1.81 mg kg
-1

, 
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respectively, compared to the agroforestry 

systems. The lowest values were found in the 

AF_CCN and AF_ICS systems, with 1.12 mg kg
-1

 

and 1.28 mg kg
-1

, respectively (Figure 2B). Cd 

content in leaves was significantly higher in the 

MON_ICSS and MON_ICS systems, with values 

of 2.06 mg kg
-1

 and 1.81 mg kg
-1

, respectively, 

compared to the agroforestry systems. The lowest 

Cd values were found in the AF_CCN and 

AF_ICS systems, with 1.12 mg kg
-1

 and 1.28 mg 

kg
-1

, respectively (Figure 2C). Regarding Cd 

content in cocoa beans, the highest value was 

obtained in the MON_CCN and MON_ICS 

systems, with 1.12 mg kg
-1

 and 0.64 mg kg
-1

, 

respectively, with significant differences between 

treatments; the lowest contents were obtained in 

the AF_CCN and AF_ICS systems, with 0.35 mg 

kg
-1

 and 0.44 mg kg
-1

, respectively, with 

significant differences between both treatments 

(Figure 2D). 
 

     
 

 

Figure 2. Cd content in soils (A), in root (B), in leaves (C) and in cocoa beans (D) in the production systems. 

MON_CNN (monoculture with CCN clone), MON_ICS (monoculture with ICS clone), AF_CCN 

(agroforestry with CCN clone), and AF_ICS (agroforestry with ICS clone). Different lower case letters 

indicate significant differences between treatments, Tukey test (P≤0.05). Vertical bars correspond to the 

standard deviation. 
 

Table 2. Correlation between soil Cd and Cd content in cacao roots, leaves, and beans 

  Root Cd Leaf Cd Bean Cd 

Soil Cd 
Rho P Rho P Rho P 

      -0.101     0.753           -0.545 0.066          -0.259      0.415 

Rho: Spearman’s Rho correlation coefficient; P: statistical probability 
 

There was a low (rho = -0.259) and no significant 

correlation (P = 0.415) between total Cd in soil 

and beans. Cd concentration in beans is directly 

related to Cd concentration in soil (Ramtahal et 

al., 2016), but this depends on the production 

system used (Gramlich et al., 2017). Figure 3 

shows higher Cd concentration in soils under 

agroforestry systems for both clones, reducing its 

content  in  cacao  beans. There  was  a  negative 

(rho = -0.545) and slightly significant (P = 0.066) 

relationship between soil Cd and cacao leaf Cd.
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Figure 3: Correlation between the average concentrations of Cd in cacao beans and soil for each 

production system. The gray line is the 95 % confidence interval for a linear regression  

 

The main component 1 (PC1) had a strong and 

positive association with cadmium content in 

leaves, beans, and roots; likewise, it had a strong 

and negative association with mycorrhizal 

colonization, extraradical mycelium, and cadmium  

 

content in soil. The main component 2 (PC2) had 

a medium and positive association with the 

content of cadmium in soil, in beans, and roots, 

and to a lesser extent with mycorrhizal 

colonization (Figure 4).  

 

 

Figure 4: Principal component analysis (PCA) based on the combined data sets of cadmium in soils, 

roots, leaves, beans, colonization, mycelium, and soil characterization in production systems 

(as an ecological Eucledian distance). MON_CNN (monoculture with CCN clone), 

MON_ICS (monoculture with ICS clone), AF_CCN (agroforestry with CCN clone), and 

AF_ICS (agroforestry with ICS clone) 
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DISCUSSION 

The mycorrhizal colonization values obtained 

(58.32% to 71.11%) were higher than those 

obtained by Iglesias et al. (2011) and Gramlich et 

al. (2017), who reported an average of 38.74% y 

28.70% of mycorrhizal colonization in fine roots 

of cacao trees, respectively. Regarding the length 

of extraradical mycelium, the highest values were 

found in agroforestry systems with higher, semi-

neutral pH (close to 6.0). This is in agreement 

with the work of Van Aarle et al. (2002), who 

found that different species of arbuscular 

mycorrhizal fungi form more extraradical 

mycelium at higher pH. 

The cocoa cultivation systems in both the ICS 

and CCN clones associated with shade trees 

showed the highest percentages of root 

mycorrhizal colonization as well as the length of 

extraradical mycelium. This might due to the fact 

that agroforestry systems present a greater 

biodiversity of plant species, favoring a greater 

root system and providing better habitat 

conditions for AMF spores. Our results support 

the existence of a protective effect of AMF against 

Cd phytotoxicity, since plants with a very high 

mycorrhizal colonization reduce the translocation 

of Cd to the shoots, as reported by several studies 

(Tan et al., 2015; Zhang et al., 2018; Rask et al., 

2019). Such protective effect means an advantage 

over less-mycorrhized plants, because toxic 

elements are immobilized within the mycelium 

(including the extraradical mycelium) or in the 

root system (Hildebrandt et al., 2007; Jiang et al., 

2016). 

According to He et al. (2015), there is a direct 

relationship between soil pH and Cd phytotoxicity 

in soils. This study shows that Cd contents in soils 

are below the permissible limits, as they do not 

exceed the 1.4 ppm permitted by the World Health 

Organization (WHO) (Figure 2A); i.e. the highest 

value was 0.39 mg kg
-1

 in the AF_CCN and 

AF_ICS systems. These results are probably due 

to the much higher tree density in the agroforestry 

system as compared to monocultures. The pH in 

the study plots was slightly-acid to neutral 

(between 5.55 and 6.71), an important factor since 

the mobility and availability of Cd in the soil is 

mainly controlled by soil pH (Alloway, 2013). 

The overall low Cd content in our study could also 

be explained by the use of compost, as this 

material has been shown to reduce or immobilize 

Cd (Vallejos et al., 2022). Regarding Cd content 

in leaves (higher in monoculture systems; Figure 

2c), our results are consistent with those of 

Gramlich et al. (2017), who reported lower Cd 

contents in cacao leaves from agroforestry 

systems in the Alto Beni region, Bolivia, 

compared to leaves from monocultures.  

Cd content in beans was higher in the 

MON_CCN system with 1.12 mg kg
-1

, while the 

lowest value was shown by the AF_CCN system 

with 0.35 mg kg
-1

. Likewise, Mendoza et al. 

(2021) found 0.887 mg kg
-1

 in cocoa beans in the 

San Martín region, Peru, surpassing the limits 

established by the WHO. Monoculture systems 

present Cd concentrations above the critical 

threshold for cacao beans; likewise, in Honduras, 

Gramlich et al. (2018) reported high 

concentrations of Cd in cocoa beans, with an 

average of 2.60 ± 0.40 mg kg
-1

, exceeding the 

maximum permissible limit. Another study also 

reports much higher concentrations of Cd in cocoa 

beans than in the soil (Ramtahal et al., 2015). We 

attribute the differences between these latest 

studies and our study to differences in clones and 

site conditions. Accumulation of Cd in the soil 

favors its uptake by plants (Ramtahal et al., 2016; 

Gramlich et al., 2017), however, other authors 

have found low to moderate Cd mobilization from 

the soil to beans (Engbersen et al., 2019; Argüello 

et al., 2019). The high concentrations of this 

heavy metal in beans and leaves exceed the 

maximum permissible limit of 0.50 ppm 

established by the WHO, a fact that leads to a 

serious problem for cacao-producing areas (Furcal 

and Torres, 2020). 

The average Cd content in agroforestry system 

beans (0.39 mg kg
-1

) did not surpass the UE 

permissible limits of 0.80 mg kg
-1

 (European 

Commission, 2014), while the monoculture 

systems did surpass such limit, with a Cd bean 

concentration of 0.88 mg kg
-1

. This could be 

caused by several factors, for example tree density 

and biodiversity. Although it is true that cacao 

density was the same in both cultivation systems, 

total tree density was much higher in the 

agroforestry system. Direct competition for 

available Cd in the soil would also explain the 

lower Cd uptake in agroforestry systems at the 

same available Cd concentrations (Gramlich et al., 

2017). These results indicate that agroforestry has 
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a significant potential for Cd phytoextraction from 

the soil as reported by Fan et al. (2011), for the 

species Leucaena leucocephala and Swietenia 

macrophylla, respectively. Trees have been 

traditionally considered as phytoremediation tools 

due to their considerable production of aerial 

biomass (Raza et al., 2020; Silva et al., 2020). The 

lower Cd content in agroforestry systems found in 

this study agree with Gramlich et al. (2017), who 

found that cocoa trees in agroforestry systems 

accumulated less foliar Cd than trees in 

monocultures. 

 

CONCLUSIONS 
 

The production system influenced extraradical 

mycelial length, with lower levels found in the 

monoculture system as compared to the 

agroforestry systems, for the two cacao clones 

included in the study. Likewise, monoculture 

systems showed higher Cd content in leaves and 

beans as compared to agroforestry systems. Cocoa 

under agroforestry systems showed an overall 

lower Cd presence compared to monocultures, 

demonstrating that the trees associated with cocoa 

cultivation could be a potential tool for the 

phytoextraction of Cd. Such high contents of 

cadmium found in cacao leaves and beans in 

MON_CCN and MON_ICS exceeded the 

maximum permissible limit allowed by the WHO, 

a fact that generates concerns in the cacao-

producing areas of the Peruvian Amazon. 
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