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Abstract: Cacao (Theobroma cacao L.) is an important woody species for production in Ecuador. Woody
species have the potential to incorporate organic carbon (OC) into the soil. The province of Manabí is
known for its cocoa plantations and several cocoa species, which generates interest in their analysis.
This study aimed to determine the concentration and accumulation of SOC in three cocoa species
(EET95, EET103 and EET116) than more than 15 years old, both under the tree and in the rows, at
different depths 0-5, 5-10, 10-20 and 20-30 (cm). The results showed that soil SOC concentration
was higher in the row for EET116 (2.51%) and significantly different under the tree for EET103
(1.57%) at 0-5 cm. No significant differences were found in the other sections. In the whole profile
analyzed (0-30 cm), the EET116 species accumulated 41 t ha−1 and 54 t ha−1 under the tree and
in the row, respectively. The species EET103 in the row presented 47 t ha−1 with no significant
differences. Species EET95 and EET103 had the lowest values, but without significant differences
between sampling locations, with 36 t ha−1, 37 t ha−1 and 47 t ha−1 under the tree and in the windrow,
respectively. In conclusion, the species EET116 accumulated more organic carbon due to several
factors, possibly a higher decomposing biomass, not only from the tree but also from other trees in
the area, which contributes to the incorporation of organic matter throughout the soil profile.

Keywords: SOC; organic matter; agroforestry; permanent crop; estimation

1. Introduction

Global warming is a pressing environmental issue caused primarily by the release of greenhouse
gases, such as carbon (C), nitrogen (N), and phosphorus (P) compounds into the atmosphere [1].
Carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O) are the main contributors to
greenhouse gas emissions, with CO2 accounting for 80%, CH4 for 11%, and N2O for 6% [2].

Intensive agriculture is one of the major contributors to greenhouse gas emissions, accounting for
18.4% of total emissions [3]. It negatively impacts the ecosystem by reducing soil biodiversity, impairing
ecosystem functioning, lowering productivity, increasing resistance of weed pests to chemical products,
causing soil degradation, and water contamination, all of which contribute to climate change [4]. In
contrast, soil organic carbon (SOC) sequestration refers to the removal of carbon from the atmosphere
through photosynthesis, organic matter, and residue decomposition, and it provides a way to store
atmospheric carbon [5].

The Latin American and Caribbean region contributes 8.1% of GHG emissions, with Argentina,
Brazil, Mexico, and Venezuela contributing 5.7% [6]. However, the region also holds one of the most
significant carbon reserves globally, with the Amazon basin containing approximately 57% of the
world’s remaining primary forests, storing around 104 Gt ha−1 of C, and harboring up to 50% of the
world’s biodiversity and one-third of all plant species [7].

Ecuador is a country in the Latin American and Caribbean region with a wide variety of woody
species, which release leaves as part of their physiological development [8]. In cacao (Theobroma cacao

L.) agroforestry systems, C sequestration is significant when planted at high densities [9]. Cocoa is
considered an important commodity for the country, with annual exports in the world cocoa market
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growing at about 4.5% annually and a current planting area of 543,547 ha−1 [10]. Ecuador is the
third-largest exporter of organic cocoa, with 10% of cocoa production grown in the Amazon region,
primarily under conventional and organic agroforestry systems [11].

Previous studies indicate that cocoa crops can absorb CO2 from 80,000 ha−1, releasing 63,000
CO2 ha−1 and producing about 730,000 t ha−1, roughly 14% of the world’s cocoa harvest, to be
converted into carbohydrates [12]. Cocoa presents an alternative for the accumulation of OC, and there
is potential for C sequestration as a means of rural development and environmental conservation [13].
Studies have been conducted on OC sequestration in the Carrizal Chone river basin with the aim
of implementing appropriate technologies in cocoa-producing countries and comparing values in
cumulative CO sequestration per hectare [14,15].

Different cocoa plantation species can have varying levels of soil organic carbon sequestration [13].
Soil organic carbon sequestration refers to the process of capturing carbon dioxide from the atmosphere
and storing it in the soil in the form of organic matter. Research has demonstrated that the type of
cocoa plantation species can affect the amount of organic matter produced and the rate at which it
decomposes, both of which can do. This leads to the following question. Does the species of cocoa
(Theobroma cacao L.) positively affect the capture in different level of organic carbon in the soil?

2. Materials and Methods

The study area is situated at 0°51”46” S, 80°80’61” W, and between 19 and 80 m.a.s.l. (Figure 1).
The plots were located at the Polytechnic Campus of Agricultural Engender career of ESPAM MFL, in
the area where soil samples were taken in the three species of cocoa (Theobroma cacao L.) cultivations.
The average annual temperature of the area is 25.6◦C, the average annual potential evapotranspiration
is 1365.2 mm, and the average annual precipitation is 838.7 mm, with a dry period occurring from June
to December, and a rainy period from January to May.

Figure 1. The study area at Escuela Superior Politécnica Agropecuaria de Manabí (ESPAM MFL),
Agriculture engineer career. The cocoa crop with the varieties Tropical Experimental Station its
acronym in Spanish (EET), EET 95, EET 103 and EET 116.

2.1. Management of the cocoa plantation

The cocoa crop was planted in March 1990 with the varieties Tropical Experimental Station its
acronym in Spanish (EET), EET 95, EET 103 and EET 116. With a planted area of 0.84 ha, the cocoa
trees are established at a distance of 4 meters between plants and 4 meters between rows with a total
of 205 plants. The presence of trees within the cocoa crop, the only shade that is present is from a
guachapéele tree (Albizia guachapele).

Weed control is done mechanically with a scythe every 8 to 15 days; the weeds found in the
cocoa crop are broad-leaved and thin. Phytosanitary control is done by pruning, which consists
of eliminating diseased fruit, sucker shoots and branches, and pruning is done twice a year at the
beginning of the rainy season and at the end of the rainy season.
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Insect management is controlled every 8 days with traps and applications are made according to
the insect damage threshold or preventive traps are placed. Harvest management is done manually.
Fertilization is carried out in a complete edaphic way, which consists of direct applications to the soil.
Complete edaphic fertilization + foliar application of biostimulants: Fertilizers: MicroEssentials SZ 150
kg ha−1, Korn Kali 500 kg ha−1, Yesolina 333 kg ha−1, Urea 722 kg ha−1.

Irrigation was carried out using the sprinkler method, with a frequency of twice a week, with a
time of two hours and an irrigation laminal amine of 17.6 mm. In the months of January, February and
March, the crop is not irrigated because the rainfall in these months meets the water needs of the crop.
The residues of the husks are left in the crop and the pruning residues are cut and left in the same row
between plants which is 0.48 cm while the residues of leaves are 0.20 cm.

2.2. Soil sampling and laboratory analysis

Soil sampling was carried out between July and August 2022 in different soil-management types
and also in different species of cocoa crop. Soil samples were selected in a design which allowed to
determine if the tree influence has a direct effect on the soil, and in turn a comparison between species.
In each area EET 95, EET193 and EET 116 crop, below tree and outside the plant (row), 10 sampling
points were selected. Therefore, a total of 20 sampling points per area were sampled. Samples were
taken at 4 different depth intervals (0–5 cm, 5–10 cm, 10–20 cm and 20–30 cm) at each sampling point,
having previously removed the grass and mulch surface. Soil samples were taken a manual soil
sampler. Overall a total of 240 soil samples were taken (area × sampling points × depth). Figure 2.

Figure 2. Samples were taken below tree and row at 4 different depth intervals (0–5 cm, 5–10 cm, 10–20
cm and 20–30 cm) at each sampling point of the EET 95, EET 103 and EET 116 with 15 years old.

Undisturbed soil samples were taken with a hand soil sampler to determine bulk density (BD).
The samples were taken at the five pits, distinguishing between pit zone below tree and row at four
depths (0-10 cm, 10–20 cm and 20–30 cm) with three repetitions, in totaling 45 samples. The samples
were oven-dried at 105 ◦C for 72 h to a constant mass. The bulk density of the soil was calculated by
dividing the dry mass of soil by the volume of the bulk density sampler (98.2 cm−3), according to Hao
at al., (2008). At the same time subsamples until constant weight to obtain soil sample moisture, while
the rest of the soil in each sample was air dried. The samples were passed through a 2 mm sieve and
homogenized, and stoniness was determined as % in mass. The samples were dried to a constant mass
at 40◦C for 72 h. SOC concentration was determined in accordance with [16]., Equation (1). The stock
of soil organic carbon for each soil-depth interval (SOC) and for the whole soil profile were calculated
in accordance with according to [? ]. Equation 1:

SOCstocki = 10000SOCi · BDi · d · (1 − ρ) (1)

SOCstock =
i=n

∑
i=1

SOCstock i (2)
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where SOCstocki is total soil organic carbon in a given layer (t ha−1). SOCi is organic carbon
concentration (g g−1), BDi is bulk density (T m−3), d is the thickness of the depth interval (m), ρ

is the fraction (0 - 1) of gravel larger than 2 mm in the soil, and n is the number of soil layers. Thus,
Equation 2 gives the total soil organic carbon, SOCstock (t ha−1) in the whole soil profile. BD values for
upper soil depths not sampled were interpolated using mass-conserving splines.

2.3. Statistical data analysis

Differences between average values of SOC and SOCstock in the three cocoa crop species by
depth and location were evaluated using a parametric ANOVA test. A PCA analysis and general
linear model (GLM) was used to investigate the effect of the soil depth, location and species on soil
characteristics such as humidity and carbon stock. All the statistical analyses were performed with
InfoSTAT 2018.

3. Results and discussion

3.1. Soil moisture

Figure 3 shows the behavior of moisture in each of the sections of the soil profile. From 0-5 cm
the variety EET103 showed in the row a higher percentage of moisture with 7.04%, being significantly
different only from EET116 below tree with 5.62% moisture. From this behavior of moisture on the
surface, it can be understood that the effect of crop residues and pruning in each of the species directly
affects moisture retention on a different scale compared to the samples under the tree. Traditional
management in cocoa plantations leads to not having residues or vegetation cover under the tree [17].

This management has an opposite effect to what we see in the rows where better moisture
retention is noted [18]. In sections 5-10 and 10-20 cm, there were no significant differences between
varieties of cocoa plants, neither below tree and the rows. In these sections of the soil profile, humidity
already has a more standardized behavior since there is no difference in any locality and the values
that are appreciated would be related to the texture of the soil. In these sections there is largely a
sandy-loam soil, which means that at the time the soil samples were taken (August 2022) it was a
dry season. Nevertheless, the plantations have sprinkler irrigation, maintaining the soils with their
respective humidity. However, in section 20-30 cm showed a similar behavior as in the first section,
being the variety EET103 in the row with the highest percentage of moisture of 7.01% and being
significantly different only from EET116 below tree with 5.69%. There were no significant differences
in the other sampling locations. The increase in humidity in the last section can be assumed to be due
to the slight change in texture that exists in the area [19]. A small percentage increase in clay content
has had a notable effect on moisture in the 20-30 cm section.

Moisture was also analyzed vertically to see the behavior in each of the varieties of cocoa plants.
The results showed that only the variety EET116 showed significant differences between the row and
below cocoa plant. The section 5-10 cm in the row with 6.91% and below plant at 0-5 and 20-30 cm
with 5.62% and 5.69%, respectively. Figure 3.
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Figure 3. Humidity (%) between EET 95, EET 103 and EET 116 cocoa trees at different depths, below
tree and row. Mean with a common letter are not significantly different (p> 0,05); Capital letter is
vertical comparison by localization and small letter is horizontal comparison by section.

On the other hand, bulk density did not show any difference in depth or sampling location. The
average for the EET95 variety was 1.12 g/cm−3 below tree and 1.15 g/cm−3 in the row. Likewise,
EET103 and EET 116 with 1.14, 1.18, 1.22 and 1.17 (g/cm−3), respectively. The apparent density after 15
years of management in cocoa plantations, the values have been standardized and without significant
differences, it is not a determining factor of discrimination for the comparison of organic carbon
concentration in the soil.

3.2. Effect of tree present vs management plantation on SOC and SOCstock

The results obtained in the concentration of soil organic carbon in the different species of cocoa
plantations, showed an average on the surface (0-5 cm) of 2% of carbon concentration. The highest
being the row in the species EET 116 with 2.51% and the lowest located under the tree EET 103 with
1.57% being significantly different between them. In the other locations there were no differences in the
concentrations of organic carbon. Likewise, no significant differences were found in the other depths
of the soil profile. However, the soil organic carbon concentration decreased as the depth increased,
averaging 1.3%, 1.0% and 0.89% in each of the depths, respectively. [5] affirms that the concentration
in the upper layer was up to 4 times higher than in the lower layer from 0 to 100 cm, in comparison in
our work of 0 to 30 cm the differences reached almost 3 times more in the upper layer vs second lower
layer. An important behavior on surface carbon dynamics is that waste management has played an
important role in these systems [13]. Pruning, and the shells of the cocoa pod are accumulated in the
rows between the plants. This residue has been incorporated and decomposed during the 15 years
that the plantations are old. The accumulation of these residues makes a fundamental contribution to
the superficial layer of the soil where the most active microbial activity is found [20]. On the contrary,
as seen in Figure 4, below the cacao tree the organic carbon concentrations were lower than in the
rows. This explains the importance of the incorporation of the organic residues in the rows for their
incorporation through decomposition in time [21]. Likewise, microorganisms at depth do not have
this access to nutrients, so the difference in carbon concentration is notable [22].
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Figure 4. SOC concentration (%) between EET 95 (black), EET 103 (red) and EET 116 (green) cocoa
trees at different depths, below tree (continue line) and row (segmented line). Mean with a common
letter are not significantly different (p> 0,05); Capital letter is vertical comparison by localization and
small letter is horizontal comparison by section.

The accumulation of total organic carbon in the different cocoa species at different sections of
the soil profile, it was observed that in the locality of the rows between the species EET 116 and EET
103 values from 0-5 cm of 14.44 and 14 (t ha−1), respectively. The sample located under the tree of
the EET 103 species showed to be the one that accumulated less tons of carbon compared to the other
species, with a value of 9.04 t ha−1. In the next sections, the accumulation of organic carbon did not
show significant differences between the different sampling locations.

Accumulation decreased in the 5-10 cm section by an average of 7.56 t ha−1. On the other hand,
the notable increase in carbon accumulation in the 10-20 cm section was 12.5 t ha−1 and in the last
section (20-30 cm) it decreased to 10.2 t ha−1. The accumulation of carbon (t ha−1) in each section of the
profile shows the dynamics of the roots. These results are related to the profile moisture values. As the
rows of the plantation have a larger layer covered on the surface, whether it is alive or dead vegetation,
in this particular case it is residue from pruning and harvesting, an accumulation of organic carbon was
found in the surface section (0-5 cm) due to decomposition over time, adding environmental factors
such as temperature [23]. These factors in a tropical climate cause microbial activity to be more active
than in the samples located under the tree where no pruning or harvesting residues are found [23,24].

On the other hand, there was an increase in accumulation in the 10-20 cm section of the soil
profile, Figure 5. This could be explained by the growth of the roots of the cocoa trees. In times of
long summers with sprinkler irrigation, moisture is retained for much longer under the pruning and
harvest residues. This has a direct effect on the development of the roots causing them to drift towards
the direction of the rows in search of water. This leads to a greater presence of roots in that section.
According to studies, the greatest amounts of roots are between 10 to 20 cm deep [23,25].
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Figure 5. Comparison of SOCstock accumulated (t ha−1) in each section between EET 95, EET 103 and
EET 116 cocoa trees at different depths, below tree and row. The letter indicates significant differences.

With the analysis of the entire profile analyzed (0-30cm), it was observed that the species EET 116
accumulated 41 t ha−1 and 54 t ha−1 below tree and row, respectively. The sample located in the row
of the species EET 103 with 47 t ha−1 did not differ. On the other hand, the lowest values, but without
significant differences between the different sampling locations are the species EET95 and EET 103,
with 36 t ha−1, 37 t ha−1 and 47 t ha−1, below tree and row, respectively. Figure 6.

Figure 6. Comparison of SOC stock accumulated total 0-30 cm (t ha−1) between EET 95, EET 103 and
EET 116 cocoa trees at different depths, below tree and row. The letter indicates significant differences.
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With this experimental design it has been possible to appreciate that the management has a
positive impact on the capture of organic carbon in the soil. We can see those organic residues from
crops and pruning of the same plantation have significantly increased the accumulation of organic
carbon. However, we cannot affirm that all cocoa varieties have this capacity. As can be seen in
Figure 5, the EET-95 variety has shown that it has generated less biomass, since it sequesters between
10 to 15 tons less carbon compared to its competitors EET-103 and EET-116.

4. Conclusions

In conclusion, the species EET116 accumulated more organic carbon due to several factors,
possibly a higher decomposing biomass, not only from the tree but also from other trees in the area,
which contributes to the incorporation of organic matter throughout the soil profile. The management
of a cocoa plantation older than 15 years has had a positive impact on carbon sequestration, regardless
of the cocoa variety. Since we in the rows of the plantation is equal to or greater but not less than the
tons of carbon in the soil. This makes the agroforestry system of cocoa plantations a major contributor
to the organic carbon supply.
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