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/ Abstract

and relevant role for the local economy.

~

Brazil is the world’s seventh largest cocoa producer. This study analyzes the dynamics and socio-economic and environmental relevance of
cocoa farming in Mocajuba, using time series and econometric models. Vector error correction (VEC) and autoregressive (VAR) models were
applied to assess the impacts of cocoa production. The results indicate that cocoa farming does not contribute to deforestation and has a positive
impact on local GDP. Although the VEC model suggests that forest reduction in the past may have influenced cocoa production, the 10-year
VAR model indicates no effect on forest cover. The positive correlation between cocoa production, production value and GDP reinforces this
relationship. The study confirms the importance of cocoa farming as a driver of economic development in Mocajuba, highlighting its sustainable
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INTRODUCTION

The cacao tree is an evergreen, dicotyledonous arboreal
plant belonging to the Sterculiaceae family and to the genus
Theobroma and the species Theobroma cacao (Costa et al.,
1973). It originated on the American continent and is found
in the tropical region of the Amazon basin (Afonso, 1979;
Rangel, 1982; Queiroga, et al., 2021). According to Gavrilova
(2021), cocoa used to grow only in the tropical forests of the
Amazon, but gradually spread to almost all the countries in
the sub-equatorial belt. Although the fruit of the cacao tree
is used as a raw material for various products, the seeds are
most used to produce chocolate (De Araudjo & Campos, 1998;
Motamayor et al., 2008; Martins & Melo, 2021), a product
consumed all over the world.

Brazil is one of the world's largest producers of the fruit,
currently occupying seventh place (Brainer, 2021; Batista et

al., 2023; ICCO, 2024) and crops can be found in the North,
Northeast, Southeast and even Centre-West regions of the
country. In the Northeast, the state of Bahia stands out as the
second largest national producer, while in the North, the state
of Para stands out as the largest national producer. In the
Amazon, plantations are mostly concentrated in areas owned
by small producers (TFA, 2022), in dryland environments or in
the floodplains of the region’s large rivers (Almeida & Brito,
2003).

Production in the state of Para is concentrated in five main
regions: the southeast, northeast, Tocantins River Islands,
Transamazon and the west of the state (Mapa, 2022). Crops
in the Transamazon region account for 77% of the state’s
production (Mendes & Mota, 2018). They are produced in
monoculture systems, known as full-sun production systems,
with intensive use of chemical fertilisers and pesticides, and
low biological and genetic diversity (Folhes & Serra, 2023). It is
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in this region of Para that the municipality of Medicilandia is
located, the state’s largest producer (Vegro et al., 2014; Santos
et al., 2021), known as the national cocoa capital, as it is the
largest producer among Brazilian municipalities.

However, there is significant production that is concentrated
in the floodplains of rivers, especially in the Amazon,
developed by riverside families, with cultivation and traditional
practices in native cocoa plantations (Mapa, 2022; Mendes,
2017) or semi-domesticated cocoa plantations of undefined
age (Almeida, 1991). This is the case in the municipality of
Mocajuba, where cocoa cultivation is concentrated in the
floodplains of the Tocantins River, exploited by riverside
populations, who produce cocoa beans in a significant way,
whose production is aimed at the local and national markets
(Viana; Simdes & Bastos, 2020).

The Amazon floodplains are important ecosystems that
provide raw materials for the regional economy (Junk et al.,
2020) and in the floodplains of the Tocantins River, the two
main products of the bioeconomy of the state of Para acai
and cocoa are found forming traditional agroforestry systems
(Santos, Miranda; Tourinho, 2004) along with other native
species, which are used both to generate income and for
family subsistence (Rodrigues; Medeiros, 2024).

Despite several studies reporting the socio-economic and
environmental importance of cocoa farming at different
spatial scales (Willumsen & Dutt, 1991; Durr, 2002; Almeida
& Brito, 2003; Viana, Simdes & Bastos, 2019; Conceicdo et al.,
2020; Gama-Rodrigues et al, 2021; Dos Santos et al., 2023;
Dos Santos Batista et al., 2023; Coslovski, 2023; Fernandez-
Jeri et al., 2023) few studies measure the implications of this
activity at the municipal level and even fewer studies report
these implications in the case of floodplain cocoa.

In the context of land use and land cover, cocoa cultivation
has been identified as a driver of both deforestation and
reforestation (Orozco-Aguilar et al., 2021; Renier et al.,
2023; Kalischek et al., 2023), and there are several reasons
for this. In the case of the Amazon region, Venturieri et al.
(2021) strengthen the argument that cocoa farming is a
driver of reforestation, since plantations are concentrated
in areas degraded by pasture in the state of Para, because
cocoa plantations are being planted in agroforestry systems
(Schroth et al., 2016), transforming previously degraded
landscapes. According to Garcia et al. (2024), cacao cultivation
is vital for the economies of several developing countries,
particularly in Africa and Latin America and In 2022-2023,
global production surpassed 4.9 million tons, with major
contributions from Ivory Coast (50%), Ghana (17%), and
Ecuador (8%). In countries such as Indonesia, cocoa farming
has a significant influence on economic growth and has been
correlated with gross domestic product - GDP growth in the
order of 1% (Silalahi et al., 2024).

The GDP measures the dynamic results of a society's

productive activities (Alagoas, 2008) over a given period and
is made up of the industrial, trade, services and agricultural
sectors. According to Jank et al (2005), agribusiness is one of
the most important sources of wealth for Brazil and places
the country on a competitive level in the production of
commodities and the contribution of the cocoa production
chain and the chocolate industry contributed R$20 billion
to the country’'s GDP (Bastos et al., 2017). To illustrate this,
Pessoti (2006) analysed the contribution of cocoa to the
composition of GDP in the state of Bahia in two different
periods and in 1985, cocoa ranked first according to the Gross
Value of Production and in 2000, cocoa ranked 7th among
agricultural products in the same state (Pessoti, 2006).

It is argued that cocoa production in Mocajuba has positive
environmental implications in the context of the dynamics
of use and cover, since most cocoa areas are located on
the floodplain islands of the Tocantins River (Mendes &
Mota, 2018) and therefore agro-extractivist activity does not
contribute to the dynamics of municipal deforestation. It is
also argued that cocoa farming plays an effective role in the
composition of the municipal GDP, contributing to local socio-
economic development.

With this in mind, the aim of this study was to analyse the
temporal dynamics of cocoa farming in Mocajuba in order
to analyse the implications of this agricultural activity for the
dynamics of municipal deforestation and the composition
of the municipality’'s GDP, using environmental and socio-
economic variables as parameters. It is based on the
hypotheses that: i) cocoa farming does not contribute to the
dynamics of deforestation because most of the plantations
are located in floodplain forest areas of the Tocantins River;
and ii) cocoa farming plays a significantrole in the composition
of the municipality’'s GDP.

METHODOLOGY

Study area

The study was carried out in the municipality of Mocajuba
(Figure 1), located on the lower reaches of the Tocantins
River in the state of Para. It belongs to the Intermediate
Geographical Region of Belém - RGIB and the Immediate
Geographical Region of Cameta - RGIC, along with three
other municipalities: Cametd, Limoeiro do Ajuru and Oeiras
do Para (IBGE, 2017). Of the four municipalities that make
up the RGIC, Mocajuba is the smallest both in terms of land
area, with 871.17 km2 (FAPESPA, 2021), and population, with
27,265 inhabitants (IBGE, 2022), corresponding to 12.09% of
the geographical region’s population.

According to the Municipal Statistics report (FAPESPA, 2022),
the main land-use activities in the municipality of Mocajuba
are agriculture, livestock and plant extraction. Among
agricultural activities, the most important are annual crops
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such as rice, beans, manioc and corn, and perennial crops such as acai, cocoa and black pepper. Cattle, pigs and poultry are
the main livestock farming activities. And among extractive activities, the collection of acai fruit is the most important product.

Figure 1. Location of the study area
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Data source

The data used in this study comes from two secondary sources: the first source is the IBGE, which includes a set of variables
relating to cocoa farming and Mocajuba’s GDP, and the second source is the MapBiomas Project (MapBiomas Project, 2023),
which includes land use and land cover variables (Table 1). The different sources provide data from different historical periods
and, therefore, this difference in time determined the time, in years, of each statistical analysis applied.

Chart 1. Data, variables and units of the Mocajuba cocoa farming variables.

Data* Variables Unit of variables
Area planted/harvested Hectares (ha)
Cocoal Production Tons (tons.)
Productivity Kilograms per hectare (kg.ha-1)
Production value R$ 1000
0,
Land use and cover2 Forest area Percentage (%)
Agricultural area Percentage (%)
Gross Domestic Product - GDP3 Municipal GDP R$ 1000
Agricultural GDP R$ 1000

*Data source: 'Municipal Agricultural Production; IBGE Automatic Recovery System; 2MapBiomas Project; *National Accounts - IBGE.

The data on cocoa farming in Mocajuba was extracted from the IBGE Automatic Recovery System - SIDRA and based on the
work of Pessoa et al. (2021) four variables were evaluated: (a) Planted/harvested area (ha), which represents the total annual
planted/harvested area of the two crops analysed in the municipality of Mocajuba; (b) Production, which represents the annual
quantity produced in tonnes (t); (c) Cocoa productivity in kilograms per hectare (kg/ha), described by the ratio between the
quantity of dried beans produced and the area of cocoa harvested in the municipality; and (d) Production value (in thousands
of R$), calculated by the weighted average of the information on quantity and average current price paid to the producer.

To reduce the impact of inflation on the economic variables used in this study, the data on the value of cocoa production was
deflated for the year 2021, using the average annual value of the General Price Index - Internal Availability of the Getulio Vargas
Foundation (FGV-IBRE, 2016) for the period analysed, while the GDP values were deflated using the annual rate of change of
the Implicit Deflator of the Gross Domestic Product at current prices of the National Accounts System - SCN (IBGE, 2016).

It should be noted that although data on the value of cocoa production has been available since 1974, these variables were
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only analysed from 1999 onwards, which coincides with the
start of Mocajuba’'s GDP time series. Similarly, it was only
possible to analyse the correlation between the planted/
harvested area variables and the land use and land cover
variables from 1985 to 2022 (the period in which Mocajuba’s
land use and land cover data is available). It should also be
noted that the data presented in the planted/harvested area
variable are different variables within IBGE's SIDRA system,
but in the case of Mocajuba, the values for planted area and
harvested area (in hectares) are the same, which is why it was
decided to aggregate the data into a single variable.

Data analysis

The Mocajuba cocoa farming dataset, consisting of the
following variables: planted/harvested area, annual
production, productivity and production value, as well as
land use and land cover data and economic variables, were
analyzed using descriptive statistics to check the average,
maximum and minimum values and the standard deviation

and were presented in the form of tables, while the annual

Chart 2. Variables, types of analysis and sample period.

series of these variables were presented in the form of graphs.
To assess the environmental and socio-economic implications
of cocoa farming, Spearman’s correlation analysis was first
applied to verify the relationship between the variables, The
strength of the correlation was classified according to Xiao et
al (2016) as strong (p-value between -1.0 to -0.5 and 1.0 to
0.5), moderate (p-value between -0.5 to -0.3 and 0.5 to 0.3),
weak (p-value between -0.3 to -0.1 and 0.3 to 0.1) and very
weak or non-existent (p-value between -0.1 to 0.1). After
the correlation analysis, vector autoregressive models (VAR)
were developed to analyse the influence of cocoa farming
on environmental and socioeconomic variables separately.
The first model analysed the influence of cocoa farming on
land use through the planted/harvested area variable on the
percentages of forest and agriculture for the period 1985 to
2022; while the second model assessed the influence of the
value of cocoa production on municipal and agricultural GDPs
for the period 1999 to 2022. Table 2 describes the variables,
the type of analysis and the sample period used in this work.

Variables Type of analysis

Sample period (n)

Area planted/harvested

Production

Descriptive Statistics
Productivity

Production value

1974-2022 (n=49)

1999-2021 (n=23)

Production

Area planted/harvested

Forest area

Agricultural area

Production with the Autoregressive Vector Model

Production value
Municipal GDP
Agricultural GDP

Descriptive Statistics + Spearman Correlation

Analysis + Error Correction Model associated

1985-2022 (n=38)

1999-2021 (n=23)

The Vector Autoregressive Model (VAR) is a statistical approach widely used to model the dynamic interdependence between
multiple endogenous variables in non-stationary time series. It consists of multivariate linear autoregressive equations that
capture the dynamics of economic variables, identifying structural shocks through restrictions and estimating impulse response
functions to analyse the effects of these shocks on the economy. In the case of non-stationary series, i.e. with a unit root, it is
desirable to incorporate an error correction vector. Thus, the VEC is an extension of the VAR model, suitable for cointegrated
time series, i.e. when the variables under analysis have a long-term relationship with each other and can capture long-term
deviations that affect the short term.

To analyse whether the time series are cointegrated, the Extended Dickey-Fuller (DFA) unit root test (Dickey; Fuller, 1979) was
applied at significance levels of 1, 5 and 10%, considering the null hypothesis (HO) that the series has a unit root and is therefore
non-stationary and the alternative hypothesis (H1) that the series does not have a unit root and is therefore considered
stationary. Once the cointegration of the series analysed had been defined, the Johansen cointegration test (Johansen, 1988)
was applied to check the number of cointegration vectors. The number of lags in the models was chosen based on the Akaike
Information Criterion (AIC); Hannan-Quinn Criterion (HQC); Bayesian Criterion of Gideon Schwartz (SBC); and Final Prediction
Error (FPE). The stability of the model was checked using diagnostic tests: Ljung-Box test (Ljung; Box, 1978) for autocorrelation
of the residuals; White test (White, 1980) for heteroscedasticity of the residuals and Jarque-Bera test (Jarque; Bera, 1980) for
normality of the residuals.

The VEC model was transformed into a VAR to analyse the elasticity of impulse responses for 10 years ahead so that the
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behaviour of the variables to individual shocks could be assessed, as well as the decomposition of the variance of the model
error. All the analyses were carried out using the R Statistical Software (R Core Team, 2022) version 4.2.1 and the ggplot2
package (Wickham, 2016) was used to compose the graphs.

RESULTS AND DISCUSSION

Temporal dynamics of cocoa farming in Mocajuba
Table 1 shows the results of the descriptive statistics for cocoa production in the municipality of Mocajuba, containing the
variables planted/harvested area, production, productivity and production value from 1974 to 2022.

Table 1. Descriptive statistics of the productive aspects of cocoa farming in Mocajuba, containing the sample period (n),
maximum and minimum values, means and standard deviations.

Description Area planted/harvested (ha) | Production (tons) | Productivity (Kg.ha-1) Z::(::;;:;;m value
n 49 49 49 23

Max. 3520 661 750 7476.81

Min. 100 33 29 2406.38

Mean 1383 308 274 3986.83

Standard Deviation | 756 +154 +146 1530.58

The planted/harvested area varied from 3520 ha in 1980 to 100 ha in 1996/97, with an average of 1383 (+756) ha. In 1974, the
first year of the historical series, the area of cocoa (planted and/or harvested) in the municipality was 2,400, 73.4% more than
the average for the entire historical period. In the second half of the 1990s, there was a significant reduction in the planted/
harvested area, reaching 400 ha in 1995, a reduction of 83.33% compared to the first year of the historical series, and in the
following years (1996 and 1997) the reduction was even greater, falling to 100 ha with a reduction rate of 95.83%. From 1999
onwards, the cocoa production area rose to 1105 ha, remaining at this level until 2018 (with 1125 ha), reducing to 700 ha in the
last four years of the historical series (Table1).

Dry almond production during the sample period averaged 308 tons per year, ranging from 661 to 33 tons in 1976 and
1996/97, respectively. In terms of productivity, the historical average was 274 Kg.ha-1 with the lowest productivity in 1978 with
only 28 Kg.ha-1, while the highest productivity was achieved in 2022 with 750 Kg.ha-1. The value of cocoa production (in values
of R$ 1000), measured from 1999 onwards, deflated by the General Price Index - Domestic Availability (IGP-DI) for the year
2021, ranged from R$ 2406.00 in 2006 to R$ 7476.81 in the year 2021, with an average of R$ 3986.83.

Figure 2. Time series with trend lines for cocoa farming in Mocajuba from 1974 to 2022, containing: planted/harvested area,
production, productivity and production value.
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.::: ::\_{f{SLIKHW
e e
F—————‘—-———r1r=—=‘:_:jfj_§h_ﬂr
R,

2010 2020

ha

Year

Cocoa praduchan

tons
-

Year

Productivity

Kgha-1
sl &

103 80 =
Year

Production valee

Open Access, Volume 12, 2025 Pa ge - 05



Daniel Fernandes Rodrigues Barroso

Directive Publications

The results show that, over time, the size of the planted/
harvested area has reduced, but there is a tendency for growth
in the quantity produced (of dried almonds), in productivity
and in the value of production. The reduction in the cocoa
area between 1974 and 2022 in Mocajuba contrasts with the
results of the work by Landau, Silva and Moura (2020), who
observed a trend towards an increase in the area of cocoa
cultivation in the northern region of Brazil, but agrees with
the same authors with regard to production and productivity,
since in that work, these variables increased over time. The
upward trend in the value of cocoa production coincides with
the pattern of increase observed for the quantity produced
and productivity.

It is important to remember that until the 1980s, Brazil was
the world's second largest cocoa producer, second only to
Cote d'lvoire (Coslovsky, 2023) and the reduction in planted/
harvested area from the 1980s onwards may be associated
with the crisis faced by the cocoa sector caused by infestations
of witches'broominthe plantations of Bahia, which culminated
in regional economic destabilization (Trevisan, 1998: Carvalho
et al.,, 2007) with direct consequences for Brazilian cocoa
exports (Conceicdo, Soares & Lisboa, 2022), 2007) with direct
consequences for Brazilian cocoa exports (Concei¢do, Soares

& Lisboa, 2022) or the increasing presence of potential and
actual competitors (Carvalho et al., 2007). Furthermore, in
the Amazon, since 1996, the Executive Commission of the
Cocoa Plantation Plan - CEPLAC has imposed a requirement
that new plantations be made in anthropized areas (Gama-
Rodrigues et al., 2021), discouraging new plantations in
floodplain environments.

The relationship between cocoa farming and the dynam-
ics of land use and cover and Mocajuba’s GDP

Table 2 shows the land use and land cover variables, more
specifically the forest cover and farming data for Mocajuba
from the MapBiomas Project. Using this data, it is possible
to assess the growth of agricultural activities and correlate
them with the production and areas of cocoa plantations in
the municipality. For analysis purposes, only the following
land use categories were considered: forest percentage
(which includes forest formation, savannah formation and
flooded forest) and agriculture (which includes pasture and
temporary and perennial agriculture), which were correlated
with the variable cocoa production and planted/harvested
area in the sample period (1985-2022).

Table 2. Descriptive statistics for Mocajuba’s land use and land cover variables, containing the sample period (n), maximum,
minimum, average and standard deviation values for the area and percentage of forest and agriculture.

Description Forest (ha) Agriculture (ha) Forest (%) Agriculture (%)
n 38 38 38 38

Max. 60914.33 11784.89 69.90 13.50

Min. 56592.44 7788.63 65.00 8.90

Mean 59002.59 9563.93 67.74 10.97

Standard Deviation 1347.22 1347.00 1.55 1.55

Source: prepared by the authors (2025) based on data from the MapBiomas Project.

The results show that there was a reduction in forest cover throughout the 1990s with an increase in the percentage of
agricultural land, since in 1985, the percentage of forest was 69.8% (60760.3 ha), falling to 65.5% (57059.61 ha) in 1999. In the
same period, the percentage of agriculture was 9.5% (8,302.83 ha) in 1985 and rose to 13.1% (1,043.2 ha) in 1999. Between
the years 2000 and 2022, the area devoted to agricultural activities fluctuated, remaining above or close to the percentage at
the start of the historical series. These results are corroborated by Spearman’s correlation analysis (Figure 5a), which showed
a significant inverse correlation (p= - 0.95; p<0.01) between the two variables. Among agricultural activities, cattle ranching
was the main driver of deforestation in the municipality, since, since the beginning of the historical series, the pasture area
has increased by more than 18% (MapBiomas (2023), occupying 10.82% of the entire municipal area. These results indicate
that the increase in agricultural areas is a determining factor in the increase in deforested areas in Mocajuba, following the
same trend as the increase in deforestation observed for the Amazon region, which is widely cited in scientific literature, with
agricultural activities and livestock farming, especially cattle farming, as vectors (Maranhdo et al., 2024; Delazeri, 2016; Lima,
Skutsch & Medeiros Costa, 2011).
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Figure 3. Time series with the percentages of forest cover and agricultural use in Mocajuba from 1985 to 2022.
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Source: prepared by the authors (2025) based on data from the MapBiomas Project.

On the contrary, the statistical analysis showed a moderate positive correlation between the variables cocoa production area
and percentage of forest area (p= 0.44 and p<0.006) and a negative correlation with the percentage of agricultural area (p= -
0.44 and p<0.001) (Figure 5a), indicating a directly proportional relationship between cocoa and forest areas. It is important to
note that the municipality of Mocajuba is located in the Tocantins region, where the practice of cocoa growing is traditionally
in floodplain cultivation (Folhes & Serra, 2023), whose plantations are located in the understory of floodplain forests of the
Tocantins River forming traditional agroforestry systems (Santos, Miranda; Tourinho, 2004) consortium with native species,
especially acai. Because they are located in the understory of floodplain forests, the cocoa forests of the Tocantins River are
not identified as agricultural crops, but rather as forests in the context of land use and occupation.

Table 3 shows the results of the descriptive statistics for the econometric variables: the value of cocoa production and the
total GDP and GDP of the agricultural sector in Mocajuba. In relation to Mocajuba’s GDP (Total GDP), measured between 1999
and 2021, it can be seen (in values of R$ 1000) that it varied from R$ 397881.23 in 1999 to R$ 3361204.01 in 2021, while the
GDP of the agricultural sector (Agricultural GDP) varied from R$ 152015.51 to R$ 1373960.11 in 1999 and 2021. The share of
the agricultural sector's GDP in total GDP averaged 35.61% over this period, ranging from 26.62% in 2004 to 47.37% in 2013.
The share of the value of cocoa production in the municipality’s total GDP over the period analyzed averaged 0.30%, ranging
from 0.03% in 2019 to 0.93% in 2003, while the share of the agricultural GDP averaged 0.90%, ranging from 0.09% to 3.27% in
2019 and 2003, respectively.

Table 3. Descriptive statistics for Mocajuba's econometric variables, containing the sample period (n), maximum, minimum,
average and standard deviation values for the area and percentage of forest and agriculture.

*
b L. PVa(Ijue o.f Cocoa **Total GDP | **Agricultural | "Participation | 2Participation | 3Participation
escription roduction (R$1000) | GDP (RS 1000) | (%) (%) (%)
(R$ 1000)
n 23 23 23 23 23 23
Max. 7476.81 8975055.81 | 3616825.22 47.37 0.30 0.90
Min. 2406.38 330307.38 94001.04 23.04 0.93 3.27
Mean 3986.83 2684123.74 | 994246.40 35.61 0.03 0.09
StandardDeviation | £1530.58 +2678350.14 | £1042825.97 | £5.75 +0.24 +0.80

Source: prepared by the authors (2025) based on IBGE data. *Inflated by the average value of the IGP - DI for the year 2021; **Inflated by the Implicit
GDP Deflator; 1Participation of the agricultural sector’s GDP in relation to the municipality’s total GDP; 2Participation of VP_Cacao in relation to total
GDP; and 3Participation of VP_Cacao in relation to agricultural GDP.
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Figure 4 shows the time series of Mocajuba’s total GDP and agricultural GDP values, comparing them with the municipality’s
cocoa production values. The result shows similar behavior between the economic variables: cocoa production value, total
GDP and agricultural GDP over the period analyzed.

This behavior is corroborated by the Spearman correlation analysis between these variables (Figure 5b), which showed
positive, strong and significant correlations. The value of cocoa showed a correction coefficient of p= 0.61 and p<0.05 with
total GDP; and p= 0.58 and p<0.05 with the GDP of the agricultural sector. Similarly, the correlations between Mocajuba's
total and agricultural GDP values were strong, direct and significant with the cocoa production variable, (p= 0.84 and p<0.001)
and (p= 0.83 and p<0.001), respectively. The correlation between cocoa production and the value of production was p= 0.80
and p<0.01. These statistical relationships show that an increase in cocoa production in Mocajuba is a determining factor in
raising the value of the municipal GDP and agree with the results of the studies by Breisinger et al (2008), Pérez, Cevallos and
Campoverde (2022), Alain (2024) and Silalahi et al. (2024).

Figure 4. Time series containing the value of cocoa production and the values of Mocajuba’s total and agricultural GDP from
1999 to 2021.
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Figure 5. Results of Sperman’s correlation analysis between the variables: a) cocoa production, planted/harvested area,
percentage of forest cover and percentage of agricultural use in the period from 1985 to 2022; and b) cocoa production, value
of cocoa production, total GDP and GDP of the agricultural sector in the period from 1999 to 2021.
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Vector Error Correction Model - VEC associated with the Vector Autoregressive Model - VAR

The VEC associated with the VAR was applied in this work to analyze the implications of cocoa farming on land use and land
cover and socioeconomic variables in Mocajuba. To this end, two models were tested: Model | analyzed the implications of
cocoa production on the area under cocoa cultivation, as well as on the percentages of forest area and area under agricultural
activities in the municipality. The second model (Model I1) assessed the implications of cocoa production on the value of cocoa
production and on the values of Mocajuba’s total GDP and the GDP of the agricultural sector.

The unitroot testin a VAR model is necessary to check whether the time series is stationary or not. We tested models without a
constant and without a trend (None); with a constant and without a trend (Drift); and with a constant and with a trend (Trend).
Table 4 shows the results of the level test, indicating that the series are stationary, since the critical values are greater than
the t-statistic values.

Table 4. Augmented Dickey-Fuller unit root test for the time series analyzed: cocoa production, planted/harvested area,
percentage of forest cover and percentage of agricultural use in Mocajuba from 1985 to 2021 for models | and II.

Model |
Variaveis None Drift Tend
*Critical value | t-statistic | *Critical value | t-statistic | *Critical value | t-statistic
LNCocoa_Production |-1.95 0.039 -2.93 -3.258 -3.50 -4.066
LNCocoa_Area -1.95 -0.375 -2.93 -3.699 -3.50 -3.645
LNPerc_Forest -1.95 -0.265 -2.93 -2.484 -3.50 -2.597
LNPerc_Agriculture -1.95 -0.266 -2.93 -2.484 -3.50 -3.285
Model Il
cocoa_production -1.95 0.09 -3.00 -1.47 -3.60 -1.37
value_ production -1.95 0.34 -3.00 -1.56 -3.60 -1.97
total_GDP -1.95 1.15 -3.00 -0.93 -3.60 -2.80
agriculture_GDP -1.95 1.43 -3.00 -0.72 -3.60 -3.37

*at the 5% significance level

The first difference test was carried out (Table 5) and the result showed that model | does not have a unit root and is therefore
non-stationary, since the values of the statistical tests (t-statistic) are lower at the 5% significance level.

Table 5. Augmented Dickey-Fuller unit root test in first difference for the time series analyzed: cocoa production, planted/
harvested area, percentage of forest cover and percentage of agricultural use in Mocajuba from 1985 to 2021 for models land Il.

Model |
Variables None** Drift Tend
* Critical value | t-statistic | * Critical value | t-statistic | * Critical value | t-statistic
d_LNCocoa_Production -1.95 -2.64 -3.00 -2.57 -3.60 -2.62
d_LNCocoa_Area -1.95 -4.20 -3.00 -4.15 -3.60 -4.14
d_LNPerc_Forest -1.95 -2.15 -3.00 -2.35 -3.60 -2.08
d_LNPerc_Agriculture -1.95 -3.28 -3.00 -4.04 -3.60 -3.76
Model lI
d_cocoa_production -1.95 -2.64 -3.00 -2.57 -3.60 -2.62
d_value_ production -1.95 -4.20 -3.00 -4.15 -3.60 -4.14
d_total_GDP -1.95 -2.15 -3.00 -2.35 -3.60 -2.08
d_agriculture_GDP -1.95 -3.28 -3.00 -4.04 -3.60 -3.76

*At 5% significance level; **Best-fit model.

The series in the None model (Table 5) are stationary in first difference and therefore integrated, so the Johansen
cointegration test was carried out to check the number of cointegration vectors. The result of the trace test (Table 6) showed
three cointegration vectors at a 5% significance level in both models, demonstrating the existence of long-term relationships
between the variables analyzed.
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Table 6. Results of the Johansen Cointegration test for Models | and |I

Null hypothesis Model |
Trace test Critical value (1%) Critical value (5%) Critical value (10%)
<3 10.54 11.65 8.18 6.50
r<2 38.76 23.52 17.95 15.66
r< 87.08 37.22 31.52 28.71
r= 139.53 55.43 48.28 45.23
Model I
r<3 4.34 11.65 8.18 6.50
r<2 13.98 23.52 17.95 15.66
r< 38.15 37.22 31.52 28.71
r= 72.65 55.43 48.28 45.23

Table 7 shows the results for choosing the number of lags in the VAR model, according to the Akaike (AIC), Schwarz (SC),
Hannan-Quinn (HQ) and Error Prediction Function (EFF) criteria. For Model |, the AIC criterion suggested five lags, the SC
criterion suggested only one lag and the HQ and FPE criteria suggested two lags. For Model Il, all the criteria suggest three lags.
We therefore opted for the HQ criterion with two lags for Model | and three lags for Model Il, since this criterion increases the
accuracy of multivariate time series analysis, effectively capturing complex dependencies between variables, leading to better

forecasting and classification performance in hierarchical structures (Prado et al., 2005).

Table 7. Results for the number of lags in the VAR model, based on the Akaike (AIC), Schwarz (SC), Hannan-Quinn (HQ) and
Error Prediction Function (EFF) information criteria.

Lag Model |
AIC HQ SC FPE

1 -2.124840e+01 -2.100547e+01 -2.051553e+01* 5.945960e-10

2 -2.187278e+01 -2.138693e+01* -2.040705e+01 3.308086e-10*

3 -2.167753e+01 -2.094876e+01 -1.947893e+01 4.491315e-10

4 -2.125859e+01 -2.028689e+01 -1.832711e+01 8.686015e-10

5 -2.229464e+01* -2.108001e+01 -1.863030e+01 4.936039e-10
Model Il

1 -1.145530e+01 -1.132070e+01 -1.065998e+01 1.086752e-05

2 -1.160458e+01 -1.133539e+01 -1.001395e+01 1.140750e-05

3 -1.311564e+01* -1.271185e+01* -1.072969e+01* 4.950776e-06*

Table 8 shows the diagnostic tests applied to the VEC model converted to VAR. These tests assess the adequacy of the model's
residuals to the assumptions of independence, homoscedasticity and normality. The results of the tests indicate that both

models meet the main assumptions: there is no evidence of autocorrelation, the residuals are homoscedastic and follow a
normal distribution, and are therefore suitable for the analyses carried out, since the p-value was greater than 0.05 in all the

tests.

Table 8. Diagnostic test results for models | and II.

Test Model |
Type Statistics Degrees of freedom | p-valor
Autocorrelation Ljung-Box Test 224.67 228 0.5499
Heteroscedasticity White's Test 300 500 1.0000
Normality Jarque-Bera Test 8.8807 8 0.3525
Model I
Test Type Statistics Degrees of freedom | p-valor
Autocorrelation Ljung-Box Test 234.65 212 0.1367
Heteroscedasticity White's Test 140 500 1.0000
Normality Jarque-Bera Test 12.007 4 0.09406
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Vector Error Correction Model - VEC of Model |

The coefficients of the long-term equations, represented by the beta matrix () of the VEC, are shown in Table 9. The cocoa
production (d_producao_cacau.l2), cocoa planted/harvested area (d_area_cacau.|2) and percentage of forest area (d_floresta_
perc.|2) variables have normalized coefficients (B = 1) in their respective long-term equations. However, the percentage of
agricultural area shows a positive relationship with these variables in the long-term dynamics, as indicated by the correction
error coefficients (ECT1 = 2.883; ECT2 = 3.249; ECT3 = 0.162). Specifically, the coefficient of 2.883 (ECT1) suggests that the
percentage of agricultural area has a positive impact on cocoa production in the long term. Similarly, the positive impact of the
percentage of agricultural area on the area planted/harvested with cocoa is more expressive, as evidenced by the coefficient
ECT2 = 3.249. Finally, the influence of the percentage of agricultural area on the percentage of forest area is also positive and
significant, albeit to a lesser extent (ECT3 = 0.162).

Table 9. Model | long-term equation

Variables ECT1 ECT2 ECT3
d_producao_cacau.|2 1.000 0.000 0.000
d_area_cacau.l2 0.000 1.000 -0.000
d_floresta_perc.I2 0.000 0.000 1.000
d_agropecuaria_perc.I2 2.883 3.235 0.162

The positive relationship between cocoa production and the area of cocoa cultivation with the percentage of agricultural
land indicates that the expansion of agricultural activities in the municipality of Mocajuba is partly directed towards cocoa
farming, directly impacting cocoa production in the long term. This suggests that new agricultural areas may be earmarked for
cocoa cultivation. In addition, it is possible that the expansion of cocoa farming will occur in forest areas, especially through
agroforestry systems, which can minimize the impacts of this activity on ecosystems.

Table 10 shows the regression coefficients of Model | of the VEC for the cocoa production variable (d_producao_cacau),
containing the Error Correction Terms (ECTs) and the coefficients of the short-term dynamics. The ECT1 (-2.35) and ECT2
(1.49299) terms are statistically significant (p <0.001) and (p < 0.01) with negative ECT1 indicating that when there is a deviation
from the long-term equilibrium, cocoa production decreases to correct this imbalance and positive ECT2 suggesting that long-
term imbalances increase cocoa production.

Table 10. Error correction terms and short-term relationships in Model I.

Variables Estimate Standard Error | t-valor p-valor
ECT1 -2.35437 0.49267 -4.779 0.000055***
ECT2 1.49299 0.47349 3.153 0.00393**
ECT3 -24.86740 26.98139 -0.922 0.36487
Constante 0.09009 0.08570 1.051 0.30249
d_producao_cacau.dl1 -0.88032 0.37996 -2.317 0.02834*
d_area_cacau.dl 0.38080 0.38468 0.990 0.33101
d_floresta_perc.dl1 -45.83318 21.20619 -2.161 0.03970*
d_agropecuaria_perc.dl1 -6.64106 3.28376 -2.022 0.05314.

Codes Significance: (***) = 0.001; (**) = 0.01,; (*) = 0.05, ()= 0.1, () =1

The coefficients of the short-term variables highlight the influence of previous variations on current dynamics. At the previous
lag, cocoa production influences its own current production (8 = -0.88 and p< 0.00), the percentage of forest area also has a
negative and significant effect on current cocoa production (8 =-0.45 and p< 0.05), and the percentage of agricultural area has
a negative and marginally significant effect (3 =-0.64 and p <0.01). These values mean that an increase of 1 unitin the change
in cocoa production in the previous lag reduces current production by approximately 0.88 tons; a 1% reduction in forest cover
in the previous period is associated with an increase of approximately 45.83 tons in cocoa production in the current period;
and a 1% increase in agricultural area reduces the change in cocoa production by around 6.64 tons.

The reduction in cocoa production in the current period may be related to various factors, including climatic and seasonal
factors, since cocoa can be influenced by annual variations in the climate (Mbo et al., 2023). In addition, the reduction of forests
may be being converted into new areas of cocoa plantations with positive responses on cocoa production in the medium and
long term. On the other hand, the reduction in cocoa production with the increase in agricultural areas is an indication that
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the expansion of these agricultural areas is not necessarily for the implementation of cocoa farming, indicating diversity in
land use in Mocajuba.

Figure 6 shows the impulse response (IRF) of the VEC model converted to VAR, analyzing the impact of cocoa production on the
planted/harvested area and the percentages of forest and agricultural area over a 10-year horizon. The initial shock to cocoa
production has a positive effect in the first year (1.15), persisting over time, although it becomes negative in the third period.
The cocoa area responds positively to the shock, starting at 0.19 and remaining positive until the tenth period (0.13). The
percentage of forest area shows a minimal positive response (0.0045), which is practically constant over time. The percentage
of agricultural area reacts negatively (-0.035 in the first period), but this effect is slightly reduced over time (-0.036 in the tenth
period).

Figure 6. Impulse Response Function (IRF) of cocoa production on the planted/harvested area of cocoa and on the percentages
of forest and agricultural area.
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The increase in cocoa production drives its own growth over time, reflecting economic incentives and investments in the
crop. This growth expands the planted area, but the effect is reduced over time due to physical, environmental or economic
limitations. Despite the higher production, there is no significant impact on forest cover, indicating that cocoa farming in
Mocajuba occurs mostly in agroforestry systems on the floodplains of the Tocantins River. In addition, cocoa production
slightly reduces the percentage of agricultural activities, suggesting a partial substitution of land uses, although this effect
stabilizes over time.

The graph in Figure 4 shows the decomposition of the forecast error variance. Initially, cocoa production is explained almost
100% by itself. In the medium term (5 periods), its influence decreases, being shared with the cocoa area (12%) and the
percentage of forest (20%). In the long term (10 periods), cocoa production still dominates (60%), but the influence of the other
variables increases, especially forest area (23%) and cocoa area (12%).
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Figure 7. Decomposition of the forecast error variance (FEVD) of cocoa production on the area planted/harvested and on the
percentages of forest and agricultural area for ten years ahead of Model I.
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The results indicate that, in the short term, cocoa production depends mainly on internal factors, such as technology and
investments. In the medium and long term, the variation in production is influenced by the area of cocoa and the percentage
of forest, suggesting that the expansion of farming is essential for sustainable growth. The greater influence of forest indicates
a possible association with agroforestry systems. The low influence of the agricultural area suggests that cocoa farming is
consolidating as an independent activity, possibly replacing other land uses.

Vector Error Correction Model - VEC of Model Il

Table 11 shows the coefficients of the long-term equations, represented by the beta matrix (B) from the VEC model. Cocoa
Production (d_producao_cacau), Value of Cocoa Production (d_vp_cacau) and Total GDP (d_pib_total) have normalized
coefficients (B = 1) in their respective long-term equations. However, Agricultural GDP shows a negative relationship with
the other variables in the long-term dynamics. The Coefficient of -0.080 (ECT1) of agricultural GDP has a small and negative
impact on the long-term relationship with cocoa production. The negative impact of agricultural GDP from ECT2 (-0.248) is
more relevant in the long-term relationship with the value of cocoa production. While agricultural GDP has a higher negative
influence on the long-term relationship with total GDP (ECT3= - 0.934).

Table 11. Model Il long-term equation between the variables: cocoa production, plant/harvested area, total GDP and GDP of
the agricultural sector in Mocajuba.

Variavel ECT1 ECT2 ECT3

d_producao_cacau.I3 1.000 0.000 0.000
d_vp_cacau.I3 0.000 1.000 0.000
d_pib_total.I3 0.000 0.000 1.000
d_pib_agrop.I3 -0.080 -0.248 -0.934

Table 12 shows the coefficients of the ETCs for the cocoa production equation and the coefficients of the short-term equation,
which measures the current dynamics of cocoa production in relation to the lagged periods. ETCs 1 and 3 are negative and
significant, indicating that when there are deviations from the long-term equilibrium, cocoa production decreases to correct
these deviations (ECT1=-1.38860, p< 0.05; and ECT3=-1.83847, p< 0.05).
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The short-term coefficients (Table 12) show the impact of past variations on current dynamics. At the first lag, only agricultural
GDP shows a positive and marginally significant effect (B = 0.55431; p < 0.1). At the second lag, cocoa production is negatively
impacted by its own production (3 =-1.02428; p < 0.05) and by total GDP (3 =-1.35500; p < 0.05). On the other hand, agricultural
GDP has a significant positive effect (B = 1.15566; p = 0.0177). These coefficients indicate that an increase of 1 ton in the
variation of cocoa production in the second lag reduces current production by approximately 1.02 tons and a R$ 1000.00
reduction in Mocajuba’s total GDP in the two previous periods is associated with an approximate loss of 1.35 tons of dried
cocoa beans in the current period. In contrast, an increase of R$ 1000.00 in the GDP of the agricultural sector in two previous
periods is associated with an increase in cocoa production of around 1.15 tons in the current period.

Table 12. Error correction terms and short-term relationships in Model Il between the variables: cocoa production, plant/
harvested area, total GDP and GDP of the agricultural sector in Mocajuba.

Variavel Estimativa Erro Padrdo t-valor p-valor
ECT1 -1.38860 0.54323 -2.556 0.0378*
ECT2 0.30435 0.37819 0.805 0.4474
ECT3 -1.83847 0.65492 -2.807 0.0263*
Constante 0.03343 0.03596 0.930 0.3834
d_producao_cacau.dl1 -0.68132 0.39698 -1.716 0.1298
d_vp_cacau.dl -0.14466 0.18805 -0.769 0.4669
d_pib_total.dl1 -0.53817 0.31595 -1.703 0.1323
d_pib_agrop.dI1 0.55431 0.24677 2.246 0.0595.
d_producao_cacau.dl2 -1.02428 0.40198 -2.548 0.0382*
d_vp_cacau.dI2 0.08459 0.24057 0.352 0.7355
d_pib_total.dI2 -1.35500 0.39593 -3.422 0.0111*
d_pib_agrop.dI2 1.15566 0.37456 3.085 0.0177*

Codes Significance: (***) = 0.001; (**) = 0.01, (*) = 0.05; ()= 0.1, ()= 1

Figura 8. Funcdo Impulso-Resposta (IRF) do modelo Il da produc¢do de cacau sobre as varidveis valor da produgdo de cacau,
PIB Total e Agropecuario para o periodo de 10 anos.
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Figure 8 shows the impulse response function of the VEC model converted to VAR over a 10-year horizon. Initially, a shock
to Cocoa Production (0.088) generates a positive impact on itself (0.015), a small negative effect on the value of production
(-0.007) and positive impacts on total GDP (0.087) and agricultural GDP (0.127). In the following periods, the responses oscillate
between positive and negative. In the medium term (5 years), a negative shock to cocoa production (-0.020) reduces the value
of production (-0.009), while total GDP (0.0481) and agricultural GDP (0.043) respond positively. In the long term (10 years),
cocoa production recovers (0.023), boosting the value of production (0.132), but negatively impacting total GDP (-0.005) and, to
a greater extent, agricultural GDP (-0.010).

The results suggest that a shock to cocoa production has mixed effects over time. In the short term, there are benefits for
the economy, but instability in production can lead to fluctuations in the value of production and GDP. In the long term, the
recovery in production strengthens the sector, but can generate negative effects on the general economy, perhaps due to the
reallocation of resources or structural changes in the agricultural sector. This may be a reflection of the market behavior in the
cocoa chain, which increases the price of the product in years of lower agricultural production, caused by external factors such
as climatic dynamics, positively impacting on the value paid to the producer and also reflecting on GDP figures.

Figure 9. Decomposition of the variance of cocoa production on the variables production value, total GDP and agricultural GDP
for the 10-year period.
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Figure 9 shows the variance decomposition for 10 years in Model II. In the short term (1 year), cocoa production explains 100%
of the variance. In the medium term (5 years), this contribution drops to 26%, while agricultural GDP accounts for 48% and the
other variables (Value of Production and Total GDP) for 12%. In the long term (10 years), cocoa production explains 29% of its
variance, while agricultural GDP accounts for 45%, the value of production 12% and total GDP 14%.

The FEVD analysis in the VAR model showed that the value of cocoa production is initially explained by itself, but the role of the
other variables increases significantly over the 10-year forecast horizon, with a greater impact of the GDP of the agricultural
sector in the medium and long term and a lesser impact of total GDP and the value of production, suggesting a strong
interdependence between these variables.

CONCLUSION

The temporal analysis of the dynamics of cocoa farming in Mocajuba showed a tendency for production and productivity to
increase, even with a reduction in the area planted/harvested over the course of the historical series analyzed.
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Based on the results of the statistical correlation analyses
and the regression models used, the study confirmed the
hypotheses tested that cocoa farming does not contribute to
deforestation in Mocajuba and that this activity contributes
effectively to the composition of Mocajuba’s GDP. Although
the VEC regression model shows that the reduction of forest
in past periods suggests an increase in cocoa production in
the presentin the historical period analyzed, the VAR forecast
model for the 10-year horizon points to a null effect of cocoa
production on the percentage of forest cover in Mocajuba.
The
production value and GDP values corroborated the results of
the VEC model, which showed an increase in production with
an increase in GDP, strengthening the second hypothesis of

positive correlation between cocoa production,

this study and confirming the socio-economic importance of
cocoa growing in Mocajuba as a driver of local development.
Given the environmental and socio-economic importance of
cocoa farming in Mocajuba, future studies are recommended
that incorporate socio-economic and environmental variables
at different spatial scales in order to understand how these
factors may be influencing cocoa production in Mocajuba.
Such studies are fundamental to understanding natural or
anthropogenic threats to cocoa production in Mocajuba.
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