Plant spacing assessment in cocoa (Theobroma cacao L.)
agroforestry systems in the Colombian Pacific region
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ABSTRACT

Cocoabeans produced in the municipality of Tumaco (Colom-
bia) are very attractive for chocolate producers and consumers
because of their fine and aromatic characteristics. However,
optimal plant spacing that could improve income for cocoa
farmers is uncertain. To address the problem, this study was
carried out from 2016 to 2017 taking into account two phases.
In the first phase, a characterization of the cocoa production
system in the Colombian Pacific region was conducted. This
characterization included plant spacing, cocoa-associated
species, production costs, financial sources, and system yields.
In the second phase, an analysis of optimal plant spacing was
conducted using the results from the characterization phase.
Thus, a linear programming model was developed that uti-
lizes the three plant densities most used by producers (3x3 m,
3.5x3.5 m, and 4x4 m). Labor force, monthly bank fees, and
minimum farmer income were considered as constraints of
the model. Profitability was established as the objective func-
tion. This model was optimized with GAMS software, using
the CPlex solver. Plant spacing of 4x4 m (625 plants ha™) was
found to be the optimal solution that maximized profitability.
The minimum cocoa bean price required for this solution was
5,000 Colombian pesos kg and the rural capitalization incen-
tive (RCI) needed to be greater than or equal to 40%.

Key words: linear programming, profitability, incentives, plant
density.

Los granos de cacao producidos en el municipio de Tumaco
(Colombia) son muy atractivos para los productores y consu-
midores de chocolate por sus caracteristicas finas y aromaticas.
Sin embargo, la distancia de siembra 6ptima que podria mejorar
los ingresos de los cacaoteros es incierta. Para abordar este
problema, este estudio se realiz6 entre 2016 y 2017 en dos fases.
En la primera fase se realizé una caracterizacion del sistema
de produccion de cacao en el Pacifico colombiano que incluyé
distancias de siembra, especies asociadas al cacao, costos de
produccion, fuentes de financiacion, y rendimientos del siste-
ma. En la segunda fase se realiz6 un andlisis del espaciamiento
optimo de siembra con los resultados de la fase de caracteriza-
cién. Asi, se desarrollé un modelo de programacién lineal que
utiliza las tres densidades mds usadas por los productores (3x3
m, 3.5x3.5 m y 4x4 m). La mano de obra, las cuotas bancarias
mensuales y un ingreso minimo del agricultor se conside-
raron como las restricciones del modelo. La rentabilidad se
establecié como la funcion objetivo. Este modelo se optimizd
con el software GAMS, utilizando el solucionador CPlex. Se
identifico que el espaciamiento de 4x4 m (625 plantas ha') era
la solucién 6ptima que maximizaba la rentabilidad. El precio
minimo del cacao requerido para esta solucion era de 5000
pesos colombianos kg™ y el incentivo a la capitalizacién rural
(ICR) debia ser mayor o igual al 40%.

Palabras clave: programacion lineal, rentabilidad, incentivos,
densidad de plantacion.

Introduction

In Colombia, cocoa production has high socio-economic
relevance. Twenty-five thousand families depend on this
crop, and more than 7.5 million labor days are generated
annually. The reported planted area during 2017 reached
175,000 ha with a dry bean yield of 65,535 t (Baquero Lépez,
2018). According to official data, cocoa is planted in 29 of
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the 32 departments of Colombia (Zambrano & Chavez,
2018). Because of weather and soil variability in these
areas, cocoa beans produced in Colombia have favorable
organoleptic characteristics for the national and interna-
tional markets. Thus, 95% of Colombian cocoa beans are
classified as “fine aroma cocoa”, a valuable distinction
given to only 5% of the grains in the world (Ballesteros et
al., 2015; FEDECACAO, 2019).
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As aresult of external market conditions, the global cocoa
bean market is expected to grow, and both demand and
prices are expected to increase. Based on these market
circumstances, the Colombian government defined cocoa
as “the peace crop”, in a strategy that seeks the expan-
sion of crops in the post-conflict areas of the country, as
an option for economic development (USDA, 2018). The
department of Narifio in the Colombian Pacific region
stands out within the post-conflict areas as the sixth larg-
est dry bean producer nationwide with 2871 t per year
(FEDECACAO, 2019).

The municipality of Tumaco is responsible for 70% of the
total cocoa production in the department. Several cocoa
samples from Tumaco were internationally awarded the
“Foreign Excellence” at the “Salon du Chocolat” in Paris
(Ballesteros et al., 2015; Montoya-Restrepo et al., 2015).

Plant density is an important variable for crop productivity.
Some previous reports have shown the variability in plant
density (200 to 1,000 trees ha") and cocoa production is
frequently seen as alow-tech production system (Montoya-
Restrepo et al., 2015). At the technical and production
levels, variability in cocoa plant densities faces two main
criteria. On the one hand, the government and chocolate
factories (e.g, Casa Luker and Compaiifa Nacional de
Chocolates) recommend cultivating 1,000 cocoa trees ha™,
used as a reference density for granting agricultural loans
and subsidies (e.g, rural capitalization incentive - RCI).
The government only grants incentives to plantations with
densities of 1,000 trees ha™. The percentage of government
incentives can be as high as 40% (DNP, CVC, & UNICEEF,
1983; Pinz6n Useche et al., 2012). The criteria of some
farmers in the Pacific coast of Colombia for planting cocoa
are based on environmental conditions, such as high levels
of relative humidity, high rainfall, and low luminosity that
lead to planting at densities from 625 to 800 trees ha™.
Since the densities differ from those recommended by the
government, the RCI on agricultural loans is generally not
granted to these producers.

Access to financial services, especially loans, enhances the
development of the agricultural sector, mainly for small
producers who do not have enough capital (Echavarria Soto
et al., 2018). Perfetti et al. (2013) suggested that this prac-
tice has a negative impact on the aggregate consumption
and, consequently, on the generation of new investment
opportunities.

Formal loans are regularly offered to rural producers in
Colombia through the Fund for the financing of the agri-
cultural sector (FINAGRO), mainly by the Banco Agrario
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(Agricultural Bank of Colombia). These programs usually
involve incentives, such as the RCI, that are granted as an
additional resource that relieves the net cash flow of pro-
ducers (FINAGRO, 2017).

Currently, there are no studies about the post-conflict of
the Colombian Pacific zone that show that farmer incomes
decrease when the planting density is reduced to less than
1,000 trees ha™. In this regard, some authors suggest that the
plantations are easier to manage at slightly greater distances
(Pinzon Useche et al., 2012). When cocoa is produced under
agroforestry systems, shading plays an important role in
the correct management of the crop and, consequently, in
the generation of income for producers (Alvarez-Carrillo
etal., 2013).

The main purpose of the algebraic linear modelling ap-
plied to agriculture is to identify the optimal outcome
(maximum or minimum) from a mathematical model,
including parameters, equations, and restrictions (Aliev et
al., 2015). This method of optimization has been followed
by Colombian and Latin American research institutions.
For example, the Agricultural Research Corporation of
Colombia (AGROSAVIA) and CIAT performed algebraic
linear modelling in the models of adaptation and agrocli-
matic prevention (MAPA) initiative. By doing this, they
identified technologies that maximize farmer’s incomes in
the country. Several regions and 18 crops, including cocoa,
were evaluated. The results of the MAPA initiative allowed
researchers and farmers to define the optimal method of
introducing irrigation systems and fertilization plans to
the crops (Ministerio de Agricultura, Fondo Adaptacion,
& CORPOICA, 2017).

This study aimed to assess the optimal plant spacing that
would maximize the monetary income of cocoa producers
in the Colombian Pacific, allowing the repayment of bank
loans and the improvement of living standards.

Materials and methods

Study area

This research was carried out in the municipality of Tu-
maco (Fig. 1) located in the southeast of Colombia (2°48°24”
N, 78°45'53” W) on the Pacific coast of the department
of Narifio. It has a warm humid climate, with an average
temperature of 28°C, average annual relative humidity of
83.86%, and annual precipitation of 2,531 mm. The mu-
nicipality has an area of 3,760 km” and most of its territory
is tlat or slightly slopped (Angulo Guevara, 2016).
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FIGURE 1. Location of the municipality of Tumaco in Colombia.

The municipality of Tumaco, with 134,992 ha suitable for
agriculture (UPRA, 2020), has a vocation and productive
commitment mainly based on traditional agriculture, fish-
ing, forestry and, to a lesser extent, tourism. The agricul-
tural sector is historically based on production systems such
as cocoa, coconut, oil palm, and rice, and some specialty
crops such as tabasco pepper (Bitacora & Territorio, 2017).
However, illegal crops have affected traditional agricultural
activities (UNODC, 2019). Cocoa crops are a productive
alternative that is being promoted by the government for
the substitution of illicit crops in the region (Barbosa, 2019).

Selection of cocoa farms and data collection

in the municipality of Tumaco

Before visiting and/or selecting the farms to collect data, we
carried out a review of reports and research studies focused
on cocoa in the Pacific area of Narifno. By doing this, we
were able to analyze the biophysical and socio-economic
aspects of cocoa farmers in this region. To select the farms,
we consulted cocoa corporations, community councils,
producer associations, and agricultural technical assistance
service providers (EPSAGROS). We then classified the
study farms considering the variables crop age, planting
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distance, and type of clone. Villages were selected using the
criteria of five or more cocoa producers in the area, acces-
sibility, and a planted area greater than 1 ha. The number
of farms selected for each density was defined by stratified
probability sampling, in which 10 farms were required for
each density for sampling (Barrantes et al., 2018).

Characterization of the farms and

identification of cocoa tree spacing

Cocoa corporations and organizations provided a database
of 926 producers, of which 95% had plant densities below
1,000 trees ha (Compaiia Nacional de Chocolates, 2012;
Pinzén Useche et al., 2012). A total of 483 producers were
surveyed in the townships of the municipality of Tumaco:
Alto Mira (n =45), Las Varas (n = 71), Medio Mira (n = 110),
Rio Chagui (n = 87), Rio Tablon Dulce (n = 29), veredas
adicionales (n = 8), zona carretera (n = 86), Rio Rosario (n
=47). Based on this data, 358 producers were not included,
335 because they were in areas affected by a social conflict
(e.g, presence of illegal armed groups), 15 because they
were located in distal regions where there were no more
than five cocoa farmers, and 8 because they had less than
1 ha of cocoa crop.
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The information collected through the surveys and the
structure (Passaro, 2014) and function of traditional co-
coa production systems were systematized using Excel
software. A descriptive statistical analysis was performed
to characterize the cocoa farms in the municipality of
Tumaco. As a result, three planting densities were defined
for the region, and these were used to model the optimal
planting density.

Determining the optimum plant spacing

To determine tree spacing that allows cocoa farmers to
maximize their profits, the linear programming method
was used.

An algebraic model was developed based on costs and
yields of each tree spacing (1,111, 816, or 625 trees ha™)
along with parameters of typical prices and financial costs
of the cocoa market in the municipality of Tumaco. The
model was optimized with the Cplex solver, using the
general algebraic modelling system (GAMS). Following
linear programming, the model was used to identify the
planting density that maximizes the gross margin (in-
come minus costs) and allows local farmers to pay their
annual obligations of a bank loan (offered by the Banco
Agrario). Land and capital restrictions were included,
stating that the start-up budget required was 15 million
Colombian pesos (COP) ha, adding the loan value and
the farmer’s own contribution. Given the purpose of the
model, cash flow and optimal planting area outputs were
used to determine the optimal condition for maximizing
the producer’s profit. Once the optimal planting density
was obtained, simulations of price scenarios (3,500, 4,000,
4,500, 5,000, and 5,500 COP kg of dry cocoa beans) and
loan subvention levels (RCI = 20%, 40%, and no incentive
= 0%) were carried out.

These simulations helped to determine the levels of prices
and subventions that generate feasible and non-feasible out-
puts at a given density. In addition, a financial analysis was
carried out using the net present value (NPV) approach.
The NPV is an absolute metric for measuring economic
profitability. This parameter expresses rates of return
that allow investors to identify the financial efficiency of
a project (e.g., a cocoa crop) (Magni & Marchioni, 2020).
Although other financial parameters could be used (e.g,
internal rate of return), because of the purpose of the study,
only the NPV was calculated. This parameter allowed us to
identify the cocoa plant spacing that maximizes financial
income.

The NPV is calculated as follows:

Rt
NPV= —— ey
1 +i)f

where NPV is the net present value (COP), Rt is the net cash
flow at time ¢ (COP), i is the discount rate (percentage), and
t is the time of the cash flow (years).

Description of the model used
Sets:

D: Densities (ha); (d = {1,.....m})

T: Time periods (year); (t={L,....p})
Objective function:

2, 2 ((Y,N,P)- (CN))

(deD) teT
Parameters:
A: Farm size (ha)
P: Price (COP kg™)
Y,: Yield per planting density per period (kg ha™)
Cy: Costs per planting density per period (COP ha™)
I: Minimum family income (COP)

K.: start-up budget (COP)

Variables:
N;: planted area per density per period (ha per year)

CF;: cashflow (COP per year)

Constraints:

Land:
Y N<A VteTL VdeD

(deD)

Cash flow:

Z ((Y,N,P)- (C,N))) +CF, (t-1) +K,~,=CF,V t€T

(deD)
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Results

Characterization of farms and identification

of local planting densities

Among the 483 producers interviewed, 95% were currently
using densities lower than 1,000 plants ha™. The most used
densities by producers were: 816 trees ha” (87%), 943 trees
ha' (7%), 1,100 trees ha™ (5%), and 625 trees ha (1%).

Regarding land ownership, 97% of the farmers owned the
land they used for the cocoa crop and most of crops were
on lands situated within the territories of community coun-
cils (ethnic entities that manage a territory collectively).
Therefore, these lands were assigned as work areas for the
families that were members of the community council, ac-
cording to decree 1745 of 1995 (Ministerio de Agricultura,
Fondo Adaptacion, & CORPOICA, 2017), where 2% was
leased, and 1% was under another form of land ownership.

Moreover, 72% of the producers had less than 3.3 ha planted
with cocoa (Fig. 2) that showed that cocoa cultivation was a
small-scale activity in this region. In many cases, producers
complemented their labors in cocoa with other activities.
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FIGURE 2. Size of areas established with cocoa crop in the municipality
of Tumaco.

Cocoa accompanying species

On the Pacific coast of Narifio, cocoa is planted in agrofor-
estry systems that were not included in the monoculture
study. Although cocoa crops were already in the production
stage, different species were still present in the crop (Fig. 3),
predominantly timber, fruit, and plantain. These species
are important for food security and generate income in the
short, medium, and long terms.
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FIGURE 3. Cocoa farms with accompanying species in the municipality
of Tumaco.

Financing the establishment and

management of cocoa farming

Among the producers surveyed, 76.3% stated that the area
they currently own and maintain was established with their
own resources, and only 19.6% did so with the help of a
loan (Fig. 4). However, when producers were asked why
they did not expand their cocoa growing area, 63% of them
indicated that the lack of resources through loan lines was
one of the major causes for not planting new areas of cocoa
(Fig. 5). Because of a lack of guarantees, cocoa farmers have
difficulties for accessing bank loans. Most producers have
not defined the legal situation of their land, so they do not
have deeds to support the loan credit application since these
are collective territories. Moreover, they cannot obtain
the loan scores needed because they were not able to meet
their obligations when loans were granted to them. This
situation is sometimes due to a lack of banking assistance
(CORDEAGROPAZ, 2011).

Own resources

Bankloan [ ] 19.6%

Moneylender [ ] 3.5%

| 76.3%

Agrocherg;g?g 0.4%

International

cooperation 0.2%

0 20 40 60 80 100
Cocoa farms (%)
FIGURE 4. Percentage of farms with the financing sources used for the

establishment and maintenance of cocoa cultivation in the municipality
of Tumaco.
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FIGURE 5. Percentage of farms with causes for not planting cocoa in
new areas in the municipality of Tumaco.

Cocoa marketing

According to the results obtained in the diagnostics, there
is a high level of intermediation; 65% of cocoa beans was
sold to middlemen, suggesting that the price paid to the
producer does not generate a surplus, making production
non-profitable, 17% was sold to producer organizations,
17% was sold to the industry, and 1% was sold to coop-
eratives. Although cocoa farmers could sell the beans at
higher prices at the market center without intermediation,
the costs associated with the transportation from the farm
to the market center are higher than the benefit of selling
without intermediation. Therefore, they prefer to sell their
products to an intermediate buyer. This situation was spe-
cially aggravated during seasons in which cocoa trees do
not produce enough quantities of pods (April to October).

Determination of the optimal plant density

in the municipality of Tumaco

Sixty-five farms were pre-selected using the data from the
survey and the criteria areas planted with cocoa (greater
than 1 ha) and sowing density. These farms were then vis-
ited by the research team to verify the information provided
by the producer at field level. Among these farms, 16 did
not meet the above-mentioned criteria and, therefore, were
discarded. Also, several farms were not selected because
they showed the same density of cocoa planting. This al-
lowed, in some cases, selecting up to 10 farms per planting
density. Finally, the data revealed that the most common
densities used by cocoa farmers with technified crops in

Tumaco are 625, 816, and 1,111 trees ha. However, for the
last density it was not possible to obtain the number of
representative farms. This left a total of 22 farms in dif-
ferent parts of the municipality of Tumaco to be analyzed
by the model.

A specific economic survey was applied to the produc-
ers of the 22 selected farms. In addition, an area of 40 x
40 m was delineated in the farms, and, within this area,
20 cocoa trees were selected to monitor production and
incidence of diseases. This process allowed the consolida-
tion of information for quantifying the costs and income
generated by the activity of cocoa producers in the region
of Tumaco. With the organized information, it was possible
to determine the activities and infer the costs (considering
prices in 2016) incurred in the cocoa activity in the region
of Tumaco (Tab. 1).

The analysis of start-up and production costs (Tab. 1) al-
lowed inferring that the farmers did not invest in drainage
construction during any year, despite the high levels of
rainfall and constant crop flooding. The number of daily
labors used in the first year of cultivation was 194, 182, and
84 for planting densities of 816, 1,111, and 625 trees ha’,
respectively. Moreover, the greatest demand for labor was
observed in the planting density of 816 trees ha” (1072 labor
days). This was mainly because this density requires more
crop management tasks than other densities. Indeed, under
a density of 1,111 trees ha™ 668 labor days are required,
and under a density of 625 trees ha' 493 labor days are
required (Fig. 6).

Regarding start-up and general management activities,
more than 20% of labor days corresponded to weed control.
This proportion is higher in the 625 trees ha” scheme, prob-
ably because of more free space in which weeds can grow.

The yield ha' in the main components of the agroforestry
system with cocoa also varied (Tab. 2). For this specific
analysis, the harvest of other crops (different from cocoa
and plantain) was not included (i.e., some other crops were
harvested to be consumed within the farm). Likewise,
within the evaluation period, the yield of timber products

TABLE 1. Estimated annual costs ha™ for the cocoa plant densities in the municipality of Tumaco.

Plant density Years of establishment of the plantation
(trees ha™) 1 2 3 4 5-10
111 8,928,400 6,406,000 3,905,800 2,789,500 3,327,000
816 9,683,600 12,552,800 8,430,400 4,162,600 4,392,600
625 4,553,300 4,386,600 3,394,000 2,288,00 2,533,000
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FIGURE 6. Percentage of farms with activities reporting the greatest use of wages by cocoa crop in the first 5 years of cultivation in the municipality

of Tumaco.

TABLE 2. Yield (ha™) of the components of the cocoa agroforestry system by planting density.

; ; Year
" T 1 R T S
oy Cocoa dry beans (kg) 0 561 514 510 455
Plantain (hundred) 44 46 29 0 0
815 Cocoa dry beans (kg) 0 620 944 1 733
Plantain (hundred) 107 88 64 X X
605 Cocoa dry beans (kg) 0 630 772 701 864
Plantain (hundred) 73 90 43 20 X

Hundred: 100 fingers of bananas, which is the way bananas are marketed in the municipality of Tumaco.

was not included because the harvesting period was lon-
ger than 12 years. In the short term (years 2 to 4), the best
yield was obtained at a density of 816 trees ha™ and in the
medium term (years 6 to 11) the highest yield was recorded
with a density of 625 trees ha’. This is probably related
to cocoa tree growth since as the crop matures, the rows
become more closed and, if there is no adequate pruning
and disease control, this affects the production of the crop
(Tab. 2).

Optimal planting area

The data shown in Table 3 (sets, scalars, and parameters)
was used as an input for the model studied here. After
compiling these data, iterations under linear programming
assumptions rendered financial viability results only in the
4x4 m plant density. For this density, the model compila-
tion found an optimal solution, in which the profit variable
(revenues minus costs) was maximized, and land and cash
flow constraints were met.

According to the results obtained, the solution that maxi-

mizes the profit and complies with all the restrictions was
the planting of the 4x4 m density, in the totality of the
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available area (1 ha) (Fig. 7), during the deadline for the
payment of the loan (11 years).

This result indicated that, for the area studied, the 4x4 m
density maximized the income of the cocoa producers and
allowed farmers to cover the obligations of the agricultural
loan offered by the Banco Agrario.
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5000000+

U

Colombian Pesos (COP)

-5000000-
-10000000

0 1 2 3 4 5 6 7 8
Years of cocoa cultivation

M Inflows 3 Outflows
B Minimum Income Required

W Start-up budget
Cashflows

FIGURE 7. Cocoa system cash flow under a 4x4 m plant density in the
municipality of Tumaco.
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TABLE 3. Input from the microeconomic optimization model for three densities of cocoa planting in the municipality of Tumaco.

Type of data (input)

Data description Data

Set 1-11
3x3
Set Densities (m) 3.5x3.5
4x4
Scalar Crop area (ha) 1
Scalar Price (COP kg™) 5,500
Parameter Minimum family income (COP) per year 500,000
Parameter Start-up budget (COP) 15,000,000
Parameter RCI (%) 40
Years 1-3 = 1,552,000
Year 4 = 2,882,000
Year 5 = 2,688,000
Year 6 = 2,494,000
Parameter Annual loan payment (COP) Year 7 = 2,300,000
Year 8 = 2,106,000
Year 9 = 1,912,000
Year 10 = 1,718,000
Year 11 = 1,524,000
Parameter Gross margin (COP) = incomes — total costs

RCI - Rural capitalization incentive.

Cash flow

The output of this component (Fig. 7) was made up of total
income, expenses, and initial capital, corresponding to the
value of the loan granted by the Banco Agrario and the
amount contributed by the farmer. It should be noted that
the annual income included the minimum income value for
the family, in this case $500,000 COP per year ha' (above
this value, the model does not find an optimal solution).

The cashflow values for all periods were positive, which
guarantees that the farmer had the necessary financial re-
sources to carry out the cultivation labors. Given the value
of the initial capital, the farmer could cover the expenses
from year 1 to year 4, the time range in which cocoa main-
tains low production and relatively low income. From year
4 onwards, expenses are stabilized and income increases,
generating a considerable increment in capital flow. This
increase can be considered as the surplus between total
income and the established minimum family income.

Behavior of the net present value (NPV)

Given the planting system cash flow for the 4x4 m density in
the municipality of Tumaco, NPV behavior was evaluated
with a 10% discount rate to determine, under this param-
eter, the financial viability of the investment. This discount
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FIGURE 8. Discounted cash flow of the cocoa production system under

a plant density of 4x4 m.

rate is between the values mentioned by Piraquive Galeano
et al. (2018). The exception is that this cash flow does not
include the leverage that the farmer carries out with the
bank loan; therefore, neither the initial capital nor the an-
nual loan obligations shown in Figure 8 were considered.

The cash flow behavior (income and expenses) of the
density that maximized the profit for the municipality
(4x4 m) showed a positive NPV (4,390,003 COP) during
the evaluated period (11 years) (Fig. 8). Under this model-
ing scenario, based on this parameter, the planting system
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showed financial viability and the data are consistent with
the results of the previously proposed model.

RCI and price scenarios

To determine the effect of the variation on both the RCI
and the cocoa bean price in Tumaco, modeling was carried
out and the viability of the cocoa production system was
observed at a density of 4x4 m in nine combined scenarios
(three price scenarios and three RCI scenarios) (Tab. 4).
The modeling “base” was selected subjectively, assuming a
cocoa price at the lowest level in the current period (4,500
COP kg') and a bank loan without subsidy or incentive
(RCI = 0%). The other values, 20% and 40% for the RCI,
were set assuming the actual rate for the area (40%) and
its average value (20%). The price values of the remaining
scenarios were set considering the average of historical
cocoa prices over the last 7 years (5,500 COP kg") and the
price at the time of modelling (4,700 COP kg™).

TABLE 4. Feasibility of rural capitalization incentive (RCI) scenarios and
prices for a 4x4 m plant density in the cocoa system in the municipality
of Tumaco.

Price RCI (%)
(COP) 40 20 0

5,500 Feasible Not feasible Not feasible
5,000 Feasible Not feasible Not feasible
4,500 Not feasible Not feasible Not feasible

According to the RCI scenarios and prices proposed in the
model, only under conditions of RCI 40% with prices above
5,000 COP kg, the model showed viable results (Tab. 3).

Discussion

The information from the survey of 483 producers revealed
that most of them planted cocoa with a density of less than
1,000 trees ha', disagreeing with the recommendations for
cocoa cultivation in the country (Compaiia Nacional de
Chocolates, 2012; Pinzén Useche et al., 2012). These recom-
mendations have not been implemented due to several fac-
tors such as low support from governmental and/or private
institutions, absence of bank loan programs focused on
cocoa crop establishment and development, proliferation
ofillicit crops and/or crop switching (e.g., establishment of
oil palm), and insufficient knowledge about the technical
management of the crop (CORDEAGROPAZ, 2011).

Regarding the area planted with cocoa, 72% of the pro-
ducers have less than 3.3 ha planted with this species (Fig.
2) that is the minimum recommended economic area for
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the crop (Moreno Rozo & Lépez Villalobos, 2013). This
result is consistent with a characterization performed in
a community council in Tumaco where the size of the
production unit of 55.4% of the producers included areas
between 2 and 3 ha. Preciado et al. (2011), in a study of the
traditional system of cocoa in the region, concluded that
53% of producers have areas of 1 to 5 ha. These assessments
state that the size and low yields of areas cultivated with
cocoa do not generate capital accumulation because income
and expenditure are equivalent, making producers engage
in other productive activities. In Tumaco and other frontier
regions of Colombia, the infrastructure for transporting
the product is less developed and there are difficulties for
moving the cocoa beans to purchasing centers. Therefore,
marketing costs are higher, and the prices and income
received by the producer are low (Abbott et al., 2018).

Espinosa-Alzate and Rios-Osorio (2016) classified the
cocoa production systems in Tumaco into two groups:
complex local systems with greater biodiversity and com-
mercial exploitation systems with less biodiversity and a
greater number of cocoa trees (plant density greater than
1,000 trees ha™). In this study, there was no evidence for the
presence of crops with commercial exploitation systems,
also identified by several authors. In these crops the pre-
dominance of timber and fruit species and banana stands
out, with the latter being important for food security and,
in the case of timber, for generating income in the short,
medium and long terms (Aguifio, 2010; Laing, 2011; Pre-
ciado et al., 2011).

Other studies have shown that cocoa production profit-
ability depends on four factors: 1) the plant material used,
2) the plant densities, 3) the type of system adopted (e.g.,
agroforestry), and 4) the crop technological management.
Moreover, agroforestry systems with yields above 1,000
kg ha’ and cocoa prices above 4,800 COP kg" of bean
dry weight are economically viable options for farmers
(Pinzon Useche et al., 2012; Yambure et al., 2014). For
profitability indicators to be positive, annual production
should be between 1,500 and 2,000 kg of dry beans ha™,
with the minimum production unit being 3 ha (ERS - ABC
USAID/MIDAS Crops, 2009). In this way, it is possible to
obtain the internal rate of return (IRR that is an interest
rate that equates the current worth of a cash flow stream
to zero) values of 46.7% and 55.5%, respectively.

In Mexico, cocoa cultivation is profitable for the humid
tropics when it produces more than 770 kg dry beans ha™
even with variations in price and increased costs of fertil-
izers (Espinosa-Garcia et al., 2015). A net profit for cocoa
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cultivation is obtained when the crop is properly managed
with 1,000 trees ha'! under the conditions of Colombia, with
ayield of 2,000 kg ha” and a price of 7,000 COP kg of dry
cocoa in 2016 (Barén Urquijo, 2016). For the Caqueta re-
gion, a feasibility study of cocoa cultivation in agroforestry
arrangement results in positive financial indicators with
an IRR of 5.23%, a benefit-cost ratio of 6.45, and a planting
density for cocoa 0f 1,000 trees ha™ (Yafiez Agudelo, 2009).

In Tumaco, cocoa is traditionally cultivated with low
planting densities from 200 to 250 trees ha. However,
new crops are being planted at densities such as 800 trees
ha'', especially by using loans to finance them. This is the
determining factor for access to financial services used to
boost economic growth because of its positive impact on
aggregate consumption and the generation of investment
opportunities (Perfetti et al., 2013). However, due to the
difficulties for accessing loans in the region, this factor
was not identified as a strategy for improving or increasing
cocoa areas according to Montoya-Restrepo et al. (2015).
Espinosa-Alzate and Rios-Osorio (2016) identified the re-
duction of product sales to intermediaries in the chain as a
priority action for strengthening organizational processes
to achieve economies of scale. However, this is a complex
action since the producers only harvest small volumes in
very heterogeneous conditions of presentation and qual-
ity, making it very difficult for farmers to meet the market
demands (DNP, 2014).

FEDECACAO currently recommends planting approxi-
mately 1,000 trees ha”', which is a reference for FINAGRO
to apply for 40% RCI. This is a complex issue for the Pacific
region, that has high cloudiness, rainfall, and temperature.
These conditions favor a rapid development of plants with
exuberant foliage, but they also allow the occurrence of
diseases as well as increased production costs due to a
higher demand for labor such as pruning and phytosani-
tary management. In this study, the number of labor days
used in the first year of cultivation was 194, 182, and 84
for planting densities of 816, 1,111, and 625 trees ha’, re-
spectively. For the planting density of 1,111 trees ha’, this
value is lower than that reported by Pinzén Useche et al.
(2012) for the same density.

The economic analysis carried out in this study showed that
RCl is required for the producer to maintain a positive cash
flow. Therefore, the cocoa farmers might ask FINAGRO
and the Banco Agrario to recognize the incentive for new
crops with planting densities used in the municipality of
around 625 to 800 trees ha™.

The linear programming method used helps to improve
resource allocation and optimize profit. For example, Ad-
ewumi ef al. (2020) used linear programming to allocate
the best land use efficiency in farms in Nigeria and found
that the best solution for increasing yield was to employ
mixed cropping instead of monocropping. Indeed, these
data showed that the mixed cropping strategy increased
the net income return to farmers and optimized the land
use efficiency. Shirshahi et al. (2020) also used linear pro-
gramming to optimize crop areas and water allocation in
Iran, with profit maximization as the objective function.
In that study, higher revenue was obtained using less area
and water, by selecting species that are well acclimated to
those environmental conditions.

Conclusions

Cocoa farmers in Tumaco have, on average, less than 1,000
trees ha” planted and a total yield of 400 kg of dry cocoa
ha'. Consequently, to make cocoa crops viable in the Co-
lombian Pacific zone, a rural capitalization incentive (RCI)
of 40% is required. Additionally, we recommend to cocoa
farmers to use the 4x4 m planting density when establishing
their crops. These conditions, with prices above 5,500 COP
kg, allow cocoa farmers not only to pay the bank loan fees
but also to obtain an income from the cocoa production.
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