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Abstract: The exploitation of the Amazon biome in search of net profit, specifically in the
production of cocoa (Theobroma cacao) and agai (Euterpe oleracea), has caused deforestation,
degradation of natural resources, and high greenhouse gas (GHG) emissions, highlighting
the urgency of improving the environmental, economic and social sustainability of these
crops. These species were selected for their rapid expansion in the Amazon, driven by global
demand, their local economic relevance, and their potential to either promote conservation
or drive deforestation, depending on the production system. This study analyzes the pillars
of environmental, social, and economic sustainability of cocoa and agaf production systems
in the Amazon, comparing monoculture, agroforestry, and extractivism to support forest
conservation strategies in the biome. Analysis of the environmental life cycle, social life
cycle, and economic performance were used to determine the carbon footprint, the final
point of workers, and the net profit of the activities. According to the results found in
this study, cocoa monoculture had the largest carbon footprint (1.35 tCOzeq/ha), followed
by agroforestry (1.20 tCO,eq/ha), agai monoculture (0.84 tCOzeq/ha) and extractivism
(0.25 tCOzeq/ha). In the carbon balance, only the areas outside indigenous lands presented
positive carbon. Regarding the economic aspect, the net profit of acai monoculture was
USD 6783.44/ha, extractivism USD 6059.42/ha, agroforestry USD 4505.55/ha, and cocoa
monoculture USD 3937.32/ha. In the social sphere, in cocoa and agai production, the most
relevant negative impacts are the subcategories of child labor and gender discrimination,
and the positive impacts are related to the sub-category of forced labor. These results
suggest that acai and cocoa extractivism, under responsible management plans, offer a
promising balance between profitability and environmental conservation. Furthermore,
agroforestry systems have also demonstrated favorable outcomes, providing additional
benefits such as biodiversity conservation and system resilience, which make them a
promising sustainable alternative.

Keywords: agroforestry system; carbon footprint; extractivism; life cycle assessment;
monoculture

1. Introduction

The destruction of tropical forests not only increases carbon dioxide (CO;) in the
atmosphere but also creates a negative feedback loop in which expanding deforestation
causes an increase in global temperatures and a decrease in rainfall, which in turn can cause
forest droughts and an increase in forest fires [1]. Ecological succession, developed over
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millions of years, resulted in the formation of this rainforest, but intensive human activities
have caused manipulation, altering natural or ecological processes that no longer follow the
expected patterns. Since the 1950s, the Amazon biome rainforest has lost 20% of its original
forest cover, and up to 28% of the remaining forest has been partially destroyed [2]. This is
mainly due to the high levels of deforestation over the years, related to the expansion of
infrastructure, the implementation of development projects, the intensified exploitation
of natural resources, and the expansion of industrial agriculture and livestock farming [3].
For the Amazon, these calls highlight a critical moment: a tipping point that, if crossed,
could convert the lush rainforest into a more arid and degraded biome [4].

In light of these environmental pressures, it is crucial to examine key agricultural
commodities in the Amazon that are both economically significant and environmentally
impactful. In this context, we can include cocoa (Theobroma cacao), considered an essential
crop in several tropical countries due to the income it provides to many farmers. It also
plays a key role as a raw material in the global chocolate production chain. In Brazil,
in 2023 the country produced around 274,000 tons of cocoa beans, of which around 55%
(151,000 tons) came from the Amazon, generating gross revenue of USD 353 million [5,6].
Another notable commodity is acai (Euterpe oleracea). In the Amazon, the fruit not only
supplies the domestic market but also accounts for more than 95% of global agai exports. It
is important to highlight that the main form of export is frozen pulp, whose production
increased from 87,470 tons in 1987 to 1.08 million tons of pulp in 2022. In 2023, production
reached 1.60 million tons, generating a gross revenue of USD 1.12 billion [7]. However,
this expansion has caused a reduction in species and functions in the Amazon ecosystem,
turning the spotlight to research on sustainable management practices in the production of
these crops [8].

Despite the importance of cocoa and agai crops, the emissions associated with their
production require the adoption of new ecological management strategies to maintain the
pillars of sustainability. Native forests are an essential global resource, and play a role in a
wide range of ecosystem services, from climate regulation to population support and the
development of a forest-based bioeconomy. In this context, extractivism refers to the non-
destructive harvesting of native forest products, such as acai and cocoa, typically carried
out by traditional or indigenous communities, using knowledge transmitted through
generations. These systems are rooted in territorial and cultural practices and maintain the
forest structure while enabling income generation. This distinguishes extractivism from
agricultural systems that require land conversion or intensive management. Furthermore,
it has been advocated as a crucial strategy for the sustainable use of tropical forests,
poverty reduction, and the provision of biological services in macro- and microclimatic
regulation [9].

Currently, the cultivation of cocoa and agai in monocultures, combined with the use of
agrochemicals, is leading to deforestation and, consequently, loss of shade, biodiversity,
increased carbon emissions, and soil degradation [10]. However, they commodities also
play an important role in the global market and must be carefully analyzed in light of
the state of the art. In turn, integrated production, through agroforestry systems, land
use practices that combine perennial trees such as cocoa and agai, or agricultural crops in
the same area, has been presented as a promising solution, reducing the vulnerability of
crops to climate change and promoting production that is more harmonious with native
forests [11-13].

In cocoa and agai agroforestry, both crops are intercropped spatially: cocoa is planted
in double rows between agai trees, mimicking forest structure while allowing productive
integration. These systems are distinct from monocultures, which involve intensive single
species cultivation, and from extractivism, which rely on naturally occurring trees, often
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managed by traditional and Indigenous communities. These three models differ signif-
icantly in terms of land use intensity, carbon emissions, and biodiversity conservation
potential. For example, emissions in agai systems are influenced not only by farming but
also by processing steps such as pulp freezing, while extractivism avoids land conversion
and use of inputs altogether. Clarifying these distinctions is essential for understanding the
environmental and social metrics adopted in this study.

These systems contribute to reforestation and generate significant environmental
benefits, such as increased biodiversity, lower local temperatures, greater humidity, and
improved resilience to changing climatic conditions [14,15]. Therefore, adopting an alterna-
tive path for cocoa and agaf production is essential to promote harmony with the biome
and increase crop resilience in the face of climate change [16]. Although intensive monocul-
tures can aid in the reforestation process, they often do not favor sustainable agricultural
practices or agricultural diversification, which are essential for ecological resilience. In
contrast, agroforestry systems demonstrate superiority in promoting long-term environ-
mental preservation, due to their ability to integrate biodiversity and natural cycles. Several
studies indicate that the implementation of agroforestry systems can serve as a strategy
for the conservation of the Amazon biome [11,17-19], but few studies comprehensively
compare the different production systems (monoculture, agroforestry, and extractivism)
under environmental, economic, and social lenses in the Amazonian context [20,21].

In this context, the main objective of this study is to analyze cocoa and agaf production
scenarios in the Amazon, considering monocultures, agroforestry systems, and extractivism,
by assessing their carbon footprint (using global warming potential (GWP)), economic
return (gross revenue, total revenue, net profit, and net present value (NPV)), and social
sustainability (workers endpoint category). This comprehensive evaluation is essential to
support sustainable land-use decisions that promote climate resilience, environmental con-
servation, and equitable socio-economic development in the Amazon biome, ensuring that
cocoa and agai production contributes to both local well-being and global climate action.

2. Materials and Methods
2.1. Life Cycle Assessment (LCA)

This study followed the structure established by the International Organization for
Standardization (ISO), which encompasses four distinct phases, namely: (i) definition of
the objective and scope; (ii) life cycle inventory (LCI); (iii) life cycle impact assessment
(LCIA); and (iv) interpretation of results [22,23].

2.1.1. Environmental Life Cycle Analysis (E-LCA)
Definition of the Objective and Scope of Environmental Life Cycle Assessment

The main objective of applying E-LCA was to evaluate the carbon footprint of peren-
nial acai (Euterpe oleracea) and cocoa (Theobroma cacao) crops in the Amazon Biome in
monoculture, agroforestry, and native forest scenarios. Data collection for theoretical
evaluation was substantiated by data consolidated by classic bibliographic references.

Functional Unit and System Limits of Environmental Life Cycle Assessment

The functional unit defined as one hectare of area. The system boundaries were
defined as “cradle-to-gate”. Four production models were evaluated: cocoa monoculture,
acaf monoculture, cocoa and acgaf agroforestry systems, and cocoa and acgaf extractivism.
The crop cultivation cycle in monoculture and agroforestry systems was set at three years.
Emissions related to transportation, infrastructure, equipment maintenance, and harvesting
were not accounted for, as these crops are harvested manually and their transportation does
not result in significant emissions during production. The design of the areas allocated to
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cocoa and agai monocultures took into considered spacing of 3.0 x 3.0 m and 4.0 x 4.0 m
with arboreal density of 1100 and 600 per hectare, respectively [24,25]. The agroforestry
system involved planting cocoa trees in double rows (3.0 x 3.0 m) between rows of agaf
trees, arranged spatially at 4.5 X 9 m, with an arboreal density of 770 cocoa trees and 180 agai
trees per hectare [14]. In extractivism, the growth of other arboreal species was considered,
and a density of 300 cocoa trees and 150 agaf trees per hectare was established [26]. The
arboreal density of extractivism in the native forest was based on the geographic and
climatic conditions, as well as the historical occurrence of anthropogenic and natural
disturbances. The presence of acaf palms in the native forest due to their proximity to
floodplain areas, providing a favorable environment for the growth of these palms. The
system boundaries and technical characteristics of the evaluated scenarios are presented in
Figure 1. The spatial arrangements are shown in Figure 2.
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Figure 1. System boundaries for cocoa monoculture and acai monoculture, Agroforestry system
(cocoa and agaf), and Extractivism (cocoa and agafi).
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Figure 2. Schematic diagram of the spatial arrangements of Cocoa monoculture, A¢ai monoculture,
Agroforestry (cocoa and agaf), and Extractivism (cocoa and agaf).

Environmental Life Cycle Inventory (E-LCI)

The requirements for the production of Amazon biome commodities were listed in
Tables 1-3 of the (E-LCI).

Table 1. Material and energy requirements for cocoa and agai production per hectare.

Process Unit Amount

Cocoa Acai
Temporary planting
Input
Fungicide kg/ha 3.18 -
Foliar Fertilizer kg/ha 1.10 -
Fertilizer organic kg/ha 180.80 280.00
Potassium kg/ha - 0.15
Water irrigation m®/ha 1.10 0.20
Plastic bag/polyethylene kg/ha 0.67 0.36
Preparing soil
Plaster kg/ha 500.00 500.00
Limestone kg/ha 1000.00 1000.00
Cultivation
Fertilizer -
Nitrogen kg/ha 105.60 100.20
Phosphorus kg/ha 64.51 127.80
Potassium kg/ha 52.82 169.20
Triple superphosphate kg/ha - 80.00
Pesticides -
Herbicide kg/ha 11.00 3.00
Insecticide kg/ha 10.00 -
Water irrigation m®/ha 95.62 232.50
Diesel irrigation L/ha 19.09 46.41
Output (i)
Cocoa kg/ha 935.00 -
Acali (fresh fruit) kg/ha - 3600.00
Beneficiation
Cocoa kg/ha 935.00 -
Acai (fresh fruit) kg/ha - 3600.00
Water m3/ha - 1.66
Hypochlorite L/ha - 248
Electricity kwh/ha 8409.70 1086.00
Output (ii)
Cocoa beans kg/ha 935.00 -
Pulp agai kg/ha - 2160.00

Adapted from [13,27-41]. The terms in bold represent the steps of the production system. Terms in italics represent
inventory inputs and outputs for the system shown.
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Table 2. Material and energy requirements for cocoa and agai production per hectare in the context
of agroforestry.

Process Unit Amount

Cocoa Acai

Temporary planting

Input

Fungicide kg/ha 2.23 -

Foliar Fertilizer kg/ha 0.77 -

Fertilizer organic kg/ha 126.56 84.00

Potassium kg/ha - 0.05

Water irrigation m3/ha 0.77 0.06

Plastic bag/polyethylene kg/ha 0.47 0.11

Preparing soil

Plaster kg/ha 350.00 150.00

Limestone kg/ha 700.00 300.00

Cultivation

Fertilizer -

Nitrogen kg/ha 73.92 30.06

Phosphorus kg/ha 45.16 38.16

Potassium kg/ha 36.97 50.76

Triple superphosphate kg/ha - 24.00

Pesticides -

Herbicide kg/ha 7.70 0.90

Insecticide kg/ha 7.00 -

Water irrigation m3/ha 66.93 69.75

Diesel irrigation L/ha 13.36 13.92

Output (i)

Cocoa kg/ha 654.50 -

Agafi (fresh fruit) kg/ha - 1080.00

Beneficiation

Cocoa kg/ha 654.50 -

Agafi (fresh fruit) kg/ha - 1080.00

Water m3/ha - 0.50

Hypochlorite L/ha - 0.74

Electricity kwh/ha 5886.79 325.94

Output (ii)

Cocoa beans kg/ha 654.50 -

Pulp acai kg/ha - 648.00

Adapted from [13,27-42]. The terms in bold represent the steps of the production system. Terms in italics represent
inventory inputs and outputs for the system shown.

Table 3. Material and energy requirements for cocoa and agai production per hectare in extractivism.

Process Unit Amount

Cocoa Acai
Beneficiation
Input
Cocoa 309.60 -
Acgaf (fresh fruit) - 2100.00
Water m3/ha - 0.97
Hypochlorite L/ha - 1.45
Electricity kwh/ha 4204.85 633.79
Output
Cocoa beans kg/ha 309.60 -
Pulp acai kg/ha - 1260.00

Adapted from [28,30,32,37,38,40]. The terms in bold represent the steps of the production system. Terms in italics
represent inventory inputs and outputs for the system shown.
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Environmental Life Cycle Impact Assessment (E-LCIA)

The potential environmental impacts were determined using the ReCiPe 2016 method
for traditional life cycle assessment (Midpoint, World—Hierarchist version), as described
by [42] and consistently applied according to [43]. Specifically, the global warming potential
(GWP), a midpoint indicator, category was used to quantify the carbon footprint. The
calculation model is provided in Equation (1), and the characterization factors used are
detailed in the Supplementary Material (Tables S1 and S2).

GWP =Y GWPi x mi (1)

where GWP is the environmental sustainability category expressed in tons of CO, equiv-
alent (tCO,eq), i refers to each greenhouse gas considered over a 100-year time horizon,
GWPi are the characterization factors of substance i, and mi is the mass of emissions of
substance i (in tons).

It is important to note that the carbon footprint estimates presented here are subject to
methodological limitations. The data for agricultural emissions relies in part on secondary
sources and standard emission factors, which may not fully reflect local variability in
management practices. Additionally, the study distinguishes between emissions from
cultivation (for example, land preparation, fertilization, irrigation) and emissions from
post-harvest processing, such as cocoa bean drying and acai pulp freezing, which are
often more energy-intensive and depend on infrastructure. While the approach follows
established LCA guidelines, improvements in data granularity and inclusion of additional
indirect emissions (for example, transport, equipment lifecycle) could enhance the accuracy
of future assessments.

Carbon Balance

The methodology developed by the GHG Protocol for Agriculture [44], as described
in Equation (2), expressed in tons of carbon dioxide equivalent (tCO,eq), was used to
determine the carbon balance. The Carbon capture values were estimated from secondary
data available in the literature [31,45,46], adjusted according to tree species and planting
densities specific to each system. In the extractivism and agroforestry systems, only
the capture value corresponding to cocoa and agai trees was accounted for. In addition,
estimates for native forest areas were incorporated based on values reported by [47].
These data indicate that native forests located within indigenous lands emit approximately
0.60 tCOseq per hectare per year and capture about 2.2 tCO,eq per hectare per year.
Outside indigenous lands, emissions increase to 3.2 tCO,eq per hectare per year, while
carbon capture reaches 2.5 tCOjeq per hectare per year. It is important to highlight that
these areas of native forest, inside and outside indigenous lands, do not strictly cover cocoa
and agaif production. Were used exclusively as a conceptual reference to exemplify, from
the point of view of the carbon balance, the effects of forest preservation or degradation.
Therefore, these scenarios were included only in the carbon assessment and were not part
of the economic and social analyses.

COyBalance = COqemissions — COqcapture (2)

where CO, emissions correspond to the total de CO,, expressed in tons of CO; equivalent
(tCOqeq), associated with cocoa and acai production systems—monocultures, agroforestry,
extractivism—as well as native forest areas located inside and outside indigenous lands,
based on life cycle inventory data. CO; capture refers to the carbon capture potential of
the arboreal components, specifically cocoa (Theobroma cacao) and agai (Euterpe oleracea)
trees, whose capture rates were estimated from literature values and scaled according to
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the planting density and structure of each production model. In the case of native forest
areas, carbon flux values were adopted from reference estimates available in the literature,
encompassing both natural uptake and emission processes.

2.1.2. Social Life Cycle Analysis (S-LCA)
Definition of the Objective and Scope of Social Life Cycle Analysis

The objective of the Social Life Cycle Assessment (S-LCA) in this study was to assess
the social impacts on workers involved in direct production activities of cocoa and agaf in
the Northern region of Brazil. The scope was restricted to direct impacts occurring at the
production stage of these commodities, without including upstream or downstream pro-
cesses in the supply chain (for example, inputs such as fertilizers, energy, or transportation).
Therefore, this approach does not fully characterize a full life cycle perspective and can
be more accurately described as a cradle to gate analysis. This delimitation is consistent
with data availability and is used to characterize the direct social conditions at the point of
production of these commodities. The analysis was primarily based on secondary data from
the Brazilian Institute of Geography and Statistics [48] and complemented by a literature
review on social issues in the agricultural sector. When specific data on subcategories such
as child labor, freedom of association, and collective bargaining were not available for
cocoa and acaf, broader data from the Brazilian agricultural sector were used, prioritizing
national-level sources; when unavailable, regional data or international references were
considered, covering monocultures, agroforestry systems, and extractivism. The sources
supporting the social assessment are listed in the Supplementary Material, Table S3.

Functional Unit and System Limits of Social Life Cycle Analysis

To assess the social impact on workers, a scale of —2, —1, 0, +1, +2 was used, assigning
weights that reflect the degree of social impact. +2: Ideal compliance; +1: Above basic
compliance; 0: Within basic compliance by local and international laws; —1: Below basic
compliance; —2: Does not meet basic compliance. Furthermore, a direct numerical quantity
was not adopted for the functional unit as described by [49]. The system limits were defined
from cradle to gate. The data used refers to the year 2022.

Social Life Cycle Inventory (S-LCI)

In the social life cycle inventory, data collection was directed towards the Northern
region of Brazil, since this covers a vast area of the Amazon biome. Data were incorporated
on the remuneration for the production of each crop, the total number of workers involved
in the production cycle, the affiliation of employees to unions, the number of children and
adolescents present in paid work, and the inclusion of employers on the government list of
workers in conditions analogous to slavery. National legislation on labor issues served as a
reference for the fundamental requirements.

Social Life Cycle Impact Assessment (S-LCIA)

The Guidelines for Social Life Cycle Assessment of Products published by the United
Nations Environment Programme and the Society of Environmental Toxicology and Chem-
istry (UNEP/SETAC) were used to assess potential social impacts [49]. In this study,
equality of opportunity/discrimination (gender and ethnicity), freedom of association and
collective bargaining, salary and benefits, forced labor, and child labor were the midpoint
impact categories addressed. The inventory data were adjusted based on the baseline
requirements established by the assessment scales, as presented in Table S3.
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2.1.3. LCA Interpretation

The interpretation of the E-LCI, E-LCIA and S-LCI, S-LCIA of the E-LCA and S-LCA of
cocoa and agaf production aims to transform data and information into actionable insights
to promote environmental and social sustainability. Understanding these results in a
comprehensive and critical way makes it possible to drive innovation, promote agricultural
responsibility, in order to contribute to a resilient future in the Amazon biome in the face of
climate change and social impacts.

2.2. Economic Analysis

The economic analysis was conducted for cocoa monoculture, agai monoculture, the
agroforestry system, and extractivism, based on the preparation of cash flow statements
for each production model. Unlike LCA methods, which assess environmental or social
impacts per functional unit, economic analysis applies a financial lens, using actual cash
flows to calculate indicators such as net profit and NPV. While LCA provides system-wide
impact monitoring, it often ignores financial viability. In contrast, economic modeling
captures profitability over time, which together provides complementary insights into
sustainability. The analysis involved calculating gross revenue, total revenue, net profit,
and net present value (NPV) to assess the financial sustainability of the systems. Gross
revenue was calculated by multiplying productivity by the sales price, set at USD 8.80/kg
for cocoa and USD 4.10/kg for frozen agai pulp (Equation (3)). Total revenue was obtained
by subtracting taxes from gross revenue (Equation (4)). Net profit was determined by
subtracting production costs from total revenue (Equation (5)). Net present value (NPV)
was calculated according to [50,51] (Equation (6)), by summing the present values of
revenues and expenses throughout the production cycle. Productivity data for each crop
were obtained from the life cycle inventory, considering a cultivation cycle of three years,
the average time required for these crops to reach commercial fruit production. Production
costs for each system were sourced from [52] and the National Supply Company [53].
Commodity prices were estimated based on data from [51,54]. A discount rate of 12.25%
per year was applied, comprising 1.5% from the Rural Worker Assistance Fund, 6.13% from
the long-term interest rate of the National Bank for Economic and Social Development
(BNDES), and 4.62% corresponding to the Broad National Consumer Price Index (IPCA).
The exchange rate used was USD 0.18 [55].

GR=P x SP 3)
TR=GR-T (4)
NP = TR — PC ()

where P is the productivity produced per hectare, SP is the sales price, GR is the gross
revenue from product marketing, T is the taxes that are paid on marketing, NP is the net
profit obtained by the products, TR is the total revenue that corresponds to the value left
after deducting taxes, and PC is the production cost that includes all expenses from planting
to processing.

NPV = 5T Rt T Ct

g — g 6
t_0(1+it0tal)t t_0(1+itoml)t ©)

where Rt is the net cash inflows during period ¢, Ct is the net cash outflows during period
t, itotal is the discount rate, t is the number of periods in years, and T is the total number
in years.
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3. Results and Discussion
3.1. Environmental Performance

Figure 3 illustrates the CO, equivalent emissions associated with cocoa and agaf pro-
duction under different systems, monoculture, agroforestry, and extractivism, highlighting
the substantial variation in environmental impact among them. Among all the systems ana-
lyzed, the lowest emissions were observed in extractivism, around 0.25 tCO,eq, followed by
acaf monoculture, which recorded 0.84 tCO,eq. Agroforestry systems recorded 1.20 tCO,eq,
while cocoa monoculture had the largest carbon footprint, with emissions of approximately
1.35 tCOzeq. The lowest tCO,eq emissions were for cocoa and agaf extractivism. In this system,
cocoa beneficiation contributes to approximately 80% of emissions and acaf beneficiation
to 20%. It is worth noting that cocoa beneficiation, which accounts for the largest share of
emissions, has a larger electrical footprint when compared to agai beneficiation, because
cocoa beans are dried in temperature-controlled ovens [37]. It is not surprising that extractive
cocoa and acai production was the best, as it does not include steps such as temporary planting,
soil preparation and cultivation as in other systems. Crop production under environmentally
friendly practices, without the use of agrochemicals, as occurs in native forests, results in lower
greenhouse gas emissions compared to conventional production [56].

0.08

scenarios tCO2eq
Cocoa monoculture 1.354
Acai monoculture 0.84°
Agroforestry (cocoa and acai) 1.20¢
Extractivism (cocoa and acgai) 0.252

Figure 3. Carbon footprint values (tCO,eq) for cocoa and agai monoculture, agroforestry systems and
extractivism. Different letters indicate statistically significant differences between means by Tukey’s
test (p < 0.05).
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On the other hand, among the monoculture systems evaluated, the highest tCO,eq
emissions were for cocoa monoculture. Temporary planting, soil preparation, cultivation,
and processing of cocoa contributed 1.59 times more emissions than those of acai [57]. This
can be attributed in part to the disparity in tree density between cocoa and acaf, requiring
greater use of agrochemicals to support the cocoa monoculture system. Evidently, in the
context of monocultures, the choice of agaf appears to be the best option for the environment
and also for reforesting areas in the biome. Furthermore, among all scenarios, it is the
second-best option in terms of greenhouse gas emissions, after extractivism.

However, when comparing agroforestry with acai monoculture, the latter showed, on
average, a 29.2% lower carbon footprint. This can be explained because the agroforestry
system presents a lower density of acai trees. The fact that there are fewer agai trees per
hectare results in less need for inputs and energy, as can be seen in Tables 1 and 2 of the
life cycles inventories. At this point, it is important to note that adjusting the density and
choosing of each arboreal species can improve the resilience of the agroforestry system [17].

Simultaneously, another relevant aspect in evaluating acaf and cocoa production
systems is the role of CO; capture. This approach allows a more accurate and balanced
assessment of the environmental impact of these forestry practices, providing support for
decision-making. Given the conditions evaluated in this study, the results show that the
COyeq balance, presented in Figure 4, reflects the particularities of each system for cocoa
and agaf production, highlighting the variation in emissions and carbon capture capacity
between monocultures, agroforestry systems, and extractivism.

Inside Outside
Cocoa Acai indigenous indigenous
210 monoculture monoculture Agroforestry Extractive lands lands
0.70
0.00 -
O -2.10 A -1.60
O
-4.20 = -3.70 =
3.36 o 412
-6.30

Bl Negative carbon balance

M Positive carbon balance

Figure 4. Characterized values of the balance of net emissions of tCOeq from monoculture produc-
tion systems, agroforestry systems, extractivism, native forests inside and outside indigenous lands.
Different letters indicate statistically significant differences between means by Tukey’s test (p < 0.05).

As illustrated in Figure 4, the carbon balance indicates negative values for cocoa
monocultures, agai monocultures, agroforestry, extractivism, and areas located inside
indigenous lands. On the other hand, outside indigenous lands, it presented a positive
value (0.70 tCO5eq), evidencing the significant influence of the territorial context on carbon
capture. Among these systems, extractivism stands out with the greatest potential for
carbon sequestration (—4.12 tCO,eq), followed by cocoa monoculture (—3.86 tCO,eq),
agroforestry (—3.81 tCO,eq), and agai monoculture (—3.70 tCO,eq), indicating the capacity
to function as effective carbon sinks. However, it is important to note that these differences
are not all statistically significant, especially among cocoa monoculture, agroforestry, and
acaf monoculture, which share overlapping groupings. The difference observed between
forest areas inside and outside Indigenous lands, where traditional management practices
promote more efficient carbon carbon, highlights the effective-ness of these approaches
in mitigating carbon dioxide emissions. And outside indigenous lands, it demonstrates
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that changes in unsustainable management practices, such as the adoption of intensive
cultivation systems, can increase emissions.

It is worth noting that areas outside indigenous lands, even with a positive carbon
balance, face pressures such as deforestation, mining, and agriculture, which compromise
their capacity to sequester carbon dioxide. The dynamics of climate change intensify the
challenges of maintaining carbon capture in any ecosystem. Extreme weather events and
biodiversity loss can affect the ability of forests to sequester carbon, even in areas with
traditional and sustainable management practices. The relatively lower sequestration in
indigenous lands (—1.60 tCO,eq), though still negative, may reflect constraints in man-
agement intensity or environmental degradation pressures that limit their full carbon
capture potential.

Also, in Figure 4, most of the results indicate that almost all of the systems evaluated
function as carbon sinks, capturing more CO, from the atmosphere than is released. Cocoa
monoculture (—3.86 tCO,eq) and acai monoculture (—3.70 tCO,eq) stand out as positive
contributions in this context, representing beneficial levers for the Amazon. Although the
literature often criticizes monoculture for its negative impacts on the environment [58,59],
under the premises of this study, which include high tree density and specific management
practices, monocultures can play a significant role in CO, capture, as can agroforestry
systems, extractivism, and areas within indigenous lands. Furthermore, cocoa and agai
monocultures, agroforestry systems, extractivism, and areas within indigenous lands may
offer opportunities for revenue generation through carbon credit mechanisms, given their
function as carbon sinks. However, it is important to highlight that the extractive and
agroforestry scenarios assessed did not include CO, capture by other tree species, which
could have resulted in even more significant carbon sequestration estimates. These systems
act as carbon sinks and play a crucial role in mitigating climate change by absorbing more
CO, than they emit. Furthermore, their full potential is often underestimated when tree
species diversity or belowground biomass are not fully considered in the assessments.

The preservation of biodiversity goes beyond the carbon capturing capacity of mono-
cultures. Extractivism in native forests reveals the structural complexity and biological
richness of these ecosystems, playing an essential role in maintaining ecological cycles,
protecting the soil, regulating water levels, and providing habitat for countless species [60].
Agroforestry systems also balance agricultural productivity with environmental preser-
vation. Although they do not provide immediate resilience, they are more aligned with
the natural dynamics of the forest, integrating agricultural production with biodiversity.
While monocultures can be effective in sequestering carbon under certain management
conditions, they tend to simplify ecosystems, reduce biodiversity, and make crops more
vulnerable to environmental stressors, especially in full sun cultivation. This reduction
in ecological complexity limits the ability of monocultures to provide a broader range of
ecosystem services compared to more biodiverse systems such as extractivism and agro-
forestry. However, extractivism may also lead to ecosystem degradation if poorly managed,
which reinforces the potential of biodiverse agroforestry systems as more structured and
adaptable alternatives for sustainable land use.

3.2. Economic Performance of Production Systems

Furthermore, balancing economic sustainability is crucial, especially in regional devel-
opment con-texts. In this sense, Figure 5 presents the values of gross revenue, net profit,
net pre-sent value and productivity for the production systems. The highest gross revenue
obtained, within the developed systems, was for the acai monoculture USD 8856/ha and
the lowest for the cocoa monoculture USD 7554.8 /ha. For net profit, the values were USD
6783.44 /ha for the acai monoculture, USD 6059.42 /ha for extractivism, USD 4505.55/ha
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in agroforestry and USD 3937.32/ha for cocoa monoculture. In the results, the NPV of all
the production systems analyzed were positive. Regarding productivity, cocoa, and acai
monocultures had productivity of around 935 kg/ha of cocoa beans and 2160 kg/ha of
frozen agai pulp. For the agroforestry system, it was around 654.5 kg /ha of cocoa beans and
648 kg /ha of agai pulp, while in the ex-tractive systems, it was 309.6 kg /ha of cocoa beans
and 1260 kg/ha of agai pulp. These differences are mainly due to the higher density of pro-
ductive trees per hectare in monoculture systems, compared to agroforestry and extractive
systems. Productivity values refer to processed forms—cocoa beans (after fermentation and
drying) and frozen acai pulp (after pulping). This distinction ensures consistency between
productivity and emissions. Differences may also reflect product density and harvesting
systems (tree vs. palm), which influence yield and efficiency.
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1302.5
7554.8
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Cocoa monoculture
6344.5
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7667.56

Extractivism (Cocoa and Acai)
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Figure 5. Financial indicators for monoculture, agroforestry and extractivism scenarios.

Based on these results, agai monoculture has the best financial performance compared
to extractivism, agroforestry systems, and cocoa monoculture. When comparing financial
returns, it is also important to consider how each production model uses land, inputs, and
labor. These factors directly influence not only costs and revenue but also the broader
sustainability trade-offs among the systems. The main factors related to the financial
performance of acai monoculture were productivity per area and the commercialization
price of agai. As shown in Figure 5, extractivism, followed by agroforestry systems, ranks
second and third in economic aspects, respectively. This result can be explained by the
ability to provide several high-value products with low operating costs [61].

In the agroforestry system, the integration of different crops increased net profits
compared to cocoa monoculture, not only by diversifying income sources but also by
interactions between crops [61-63]. This productive integration in agroforestry systems
mitigates the economic vulnerability associated with dependence on a single crop, re-
ducing the impacts of price fluctuations and demand for agricultural commodities [11].
Furthermore, in the long term, these interactions recreate habitats and perform functions
similar to native forests, promoting a restorative area in landscapes degraded by human
disturbances. The harmonious coexistence between cocoa and agaf agricultural production
and environmental regeneration paves the way for sustainable development, balancing
economic and ecological needs and promoting the biodiversity of the biome.
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Evidently, monoculture can offer short-term financial returns, but as already men-
tioned, its instability in the commodity market and high production costs can compromise
the economic sustainability of producers. In contrast, the agroforestry system, in addition
to extractivism, by combining cocoa production with other crops and forest conservation,
demonstrates greater resilience to external shocks and provides more lasting environ-
mental and social benefits, in line with the principles of eco-economics [64]. Furthermore,
agro-forestry can provide an additional source of income through ecosystem services, as
provided for in Brazilian Law No. 14,119/2022 [65], which establishes a legal framework
to value the services provided by those who conserve ecosystems and promote biodiver-
sity. For example, estimating economic values for services for food production (Brazil
nuts), supply of raw materials (rubber and timber), climate regulation, and mitigation of
CO, emissions can generate significant economic values. These values range from USD
56.72 to USD 737 per hectare per year, depending on the location and services provided.
Furthermore, the transition from monocultures to agroforestry systems is reinforced by
the expectation that these systems can support biodiversity and ecosystem functions ap-
proaching those of native forests. While not identical in complexity, agroforestry enhances
structural diversity, and, together with extractivism, especially those with high palm and
tree densities, plays a vital role in maintaining ecological balance and resilience. They can
revitalize the biome, promoting biodiversity recovery and efficient land use. For example,
ref. [14] reveal that the combination of cocoa and rubber trees can reduce land equivalence,
concluding that 2.45 ha and 1.41 ha of rubber and cocoa monoculture, respectively, would
be needed to obtain the production of 1.0 ha of intercropping between these crops.

In the context of cocoa monoculture, this presents the worst financial performance,
mainly attributed to the high cost of production, associated with the intensive use of
agrochemicals in the system [17]. The use of agrochemicals in monoculture systems is well
documented, particularly in cocoa production, while agroforestry systems typically require
fewer chemical inputs due to their diversified structure and ecological interactions. This
scenario is also reflected in the agroforestry system analyzed, where cocoa is combined with
acaf cultivation [66]. The greater allocation of resources and more complex management
result in significantly higher costs compared to acai monoculture and extractivism. This
suggests that the adoption of other crop combinations, such as native species or those with
greater economic viability, could optimize results, reduce costs, promote greater efficiency
in the use of resources, and improve both the financial and environmental aspects of
the system.

Regarding the net present value (NPV), this is a crucial indicator that demonstrates
long-term projections, as it assesses the current value of future cash flows discounted
at a rate that reflects the opportunity cost of capital. Considering projected future rev-
enues and investment costs. Although all production systems presented positive NPV,
cocoa monoculture (USD 6344.50/ha) was the most financially attractive, followed by
agroforestry (USD 5812.60/ha), agai monoculture (USD 4571.50/ha) and extractivism (USD
1576.38/ha). However, cocoa and agai extractivism are considered the most advantageous
in weighted terms.

3.3. Social Sustainability

A social assessment is essential so that the trade-offs between economic viability
and sustainability are not neglected. In this sense, Figure 6 presents the midpoint cate-
gories evaluated in the study, referring to the workers endpoint category. In this sense,
Figure 6 shows the midpoint categories evaluated in the study, referring to the workers
endpoint category.
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Figure 6. Classification of the social life cycle analysis of cocoa and agai commodities present
in the northern region of Brazil. +2: Ideal compliance; +1: Above basic compliance; 0: Within
basic compliance by local and international laws; —1: Below basic compliance; —2: Does not meet
basic compliance. * Corresponds to data from the primary sector, covering all activities related to
monocultures, agroforestry systems, and extractivism of the biome.

As shown in Figure 6, cocoa and agaf production presents, among the subcategories
evaluated, only the forced labor at an ideal level of compliance (+2). Related to this, it is
noted that there is a very low risk of the existence of induced work involved in these crops
from the S-LCA perspective. This is often explained by the idea that forced labor is much
less widespread than child labor, which in turn has a negative impact. This is pointed out
in other countries, for ex-ample in Ghana and Coéte d’Ivoire, demonstrating that forced
labor corresponds to a small portion of the problem for the category of workers [67]. Little
scientific evidence provides explanations for the existence of this type of labor in cocoa and
acaf production, but those that shed light on the problem are limited to the migrant labor
force. However, the claim that forced labor is limited to this factor is an oversimplification
and misleading, as it is a complex and multifaceted problem that requires a comprehensive
and humanitarian approach.

As for the child labor subcategory, alarmingly, it is among the two worst subcategories
evaluated in the study, allocated on the worst scale (—2). In Brazil, the Federal Constitution
establishes the prohibition of work for children under 16 years of age, except as apprentices
from the age of 14. The 2022 Continuous National Household Sample Survey indicates that
4.9% of children and adolescents, between 5 and 17 years of age, were in a situation of child
labor, totaling 1.9 million young people [49]. It is worth highlighting that the agricultural
sector, including the production of cocoa and agai, is one of the main responsible for this
practice, making these products socially unsustainable. Therefore, there may be a very
high risk that much of the chocolate purchased and consumed globally may have been
produced using child labor.

Acai was also assessed as having a negative impact on the child labor subcategory
(—2). Short stature and unfavorable socioeconomic conditions contribute to the irregular
employment of minors, due to the morphology of the palm, which is tall and thin, favoring
the employment of minors. In 2021, published reports revealed the serious risks to which
these children are exposed, such as handling chainsaws, climbing tall trees, and dispro-
portionate machetes, increasing the risk of fatal accidents [68]. In addition, the location
in tropical areas increases the incidence of insects and pests, resulting in a high use of
pesticides and, consequently, exposing these children to these chemicals [69].
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According to the result of the subcategory salary and benefits, both cultures had
a social impact above basic compliance (+1). For acai, the scenario remains the same,
presenting a social impact above compliance. Regarding the subcategory equal opportuni-
ties/discrimination, gender issues have the same impact in both cultures (—2), often the
social identity of men and women is pre-shaped. Although women play an important role
in the production of these commodities, they often face challenges. Generally explained
by the fact that employment opportunities, financial returns, and working conditions are
not equitable between genders [70]. In contrast, in a recent study [71] highlighted in this
subcategory a negative impact on cocoa production in countries such as Ghana and Ivory
Coast, emphasizing that both attributed a high risk of very low salary, making it impossible
for cocoa producers to even have a decent life.

The impact on the subcategory of equal opportunities based on ethnicity resulted in
0 for cocoa and +1 for agai. In cocoa, modernization industrial, by prioritizing efficiency,
sacrificing traditional knowledge, and exploiting labor, especially in areas with less ethnic
diversity, can result in a significant ethnic impact [72]. However, it is worth noting that
family farmers are essential for sustainable cocoa production in the Amazon, boosting
the local economy while also adding value to the market that seeks to prioritize overall
sustainability [13]. In the case of acai, the social impact focused on the ethnic issue may be
more significant, since agai production is strongly linked to traditional communities, such as
riverside and indigenous populations in the Amazon, being the main source of subsistence
for these communities. In this context, ethnicity is also understood as the preservation of
traditional knowledge and cultural practices. Similarly, extractivism in this study refers not
only to harvesting from native forests but also to culturally embedded practices that reflect
the ancestral management of forest resources by traditional and Indigenous communities.

The subcategory of freedom of association in cocoa and agai production, data from
2022, indicates that 16.5% of workers were unionized. In this sense, both crops meet the
requirements established by law. Although there are barriers or lack of understanding for
mass membership, there is opportunity for association. Furthermore, unionization can
be considered a social innovation that can help them overcome structural barriers and
promote the inclusion of practices with a bias toward social, economic, and environmental
sustainability [73].

3.4. Integrated Interpretation, Limitations and Sustainability Trade-Offs

Although extractivism presented the lowest NPV, they stood out for having the highest
net profit and the lowest carbon footprint. This highlights a limitation of the NPV metric,
which does not fully capture environmental externalities or ecological benefits. From
a broader sustainability perspective, native forest systems maximize long-term returns
through climate regulation, biodiversity conservation, and ecosystem services that are
not reflected in conventional financial indicators. Therefore, using NPV in isolation may
overlook the socio-environmental value of systems like extractivism and agroforestry, which
play essential roles in resilience and sustainability beyond immediate monetary returns.

Although their NPV is the lowest, they stand out for presenting the highest net
profit and the lowest impact on CO,eq emissions. In this sense, native forest maximizes
sustainable financial return in the long term and contributes significantly to the mitigation of
climate change, maintaining low levels of CO,eq emissions. Furthermore, it plays a crucial
role in regulating climatic, hydrological, and biogeochemical cycles, and in maintaining
air humidity and safety standards, providing broad and sustainable ecological benefits.
These benefits, however, depend on well-regulated extractivist practices, since without
proper management of harvesting intensity and tree density, the ecological resilience
of native forests may be compromised. Although the results of the study show that
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monocultures can play a role in carbon capture, extractivism is essential for forest resilience.
Agroforestry can become a long-term alternative, and the economics of these systems
choose agai monoculture.

It is difficult to verify these results with those of other similar studies due to the scarcity
of literature on S-LCA, E-LCA, and financial indicators in cocoa and acaf production. In
this sense, government surveys are the main sources of this information and indices.
Furthermore, this research gap is consistent with the initial objective of expanding the
literature on the social impacts of cocoa and agaf production in the Amazon biome from an
S-LCA perspective. The scarcity of social data can also lead to the exclusion and technical
attention of certain subcategories of workers, underestimating the extent of the problem
in the Amazon region. It is worth noting that the social results presented reflect regional
aggregate data and do not fully capture the differences between production systems. For
example, extractivism tends to require more labor and promote greater local attachment,
while monoculture involves greater mechanization and use of agrochemicals, with specific
implications for workers.

Therefore, due to the scarcity of published data and measurable indicators, it is neces-
sary to expand the repertoire of social metrics used in S-LCA to improve its accuracy and
applicability. Furthermore, agroforestry systems can represent an interactive alternative,
promoting income diversity and social inclusion, but they still lack specific data that would
allow for more robust social analyses. Although this assessment contains an initial knowl-
edge base, more complete and updated data are needed, which future studies should focus
on. Currently, challenges persist, such as low female participation and child labor in cocoa
and acai production. However, the positive impact related to the ethnic culture of agaf can
open paths for more equitable production.

Another limitation of the study is the lack of gender-disaggregated data on child labor
in cocoa and agai production. This restricts the ability to assess how gender roles may
influence the type and intensity of tasks performed by children, potentially obscuring
important social vulnerabilities.

The main limitation of the extractive scenario is related to the counting and mapping
of tree species, especially in estimating density per hectare. The natural occurrence of agai
and cocoa in the Amazon biome is highly variable, and there may be areas with higher or
lower concentrations of these species. This heterogeneity makes it difficult to standardize
data and may impact the accuracy of carbon accounting and productivity. Therefore, the
estimate of density per hectare should be interpreted with caution, considering regional
ecological fluctuations.

Given this scenario, the protection of native forests and the promotion of sustainable
agroecological practices become even more urgent. By valuing traditional knowledge and
implementing management practices that respect natural cycles, it is possible to reconcile
food production and biodiversity conservation, contributing to the mitigation of climate
change and ensuring long-term sustainability.

4. Conclusions

The insights provided in this study reveal that in relation to environmental charges, cocoa
monoculture proved to be the largest contributor to the carbon footprint (1.35 tCO,eq/ha),
followed by agroforestry (1.20 tCOjeq/ha), agai monoculture (0.84 tCO,eq/ha) and ex-
tractivism (0.25 tCOzeq/ha). In the carbon balance, all systems presented negative values,
unlike for areas outside indigenous lands. In economic terms, agai monoculture had a
net profit 1.72 times greater than that of cocoa monoculture, 1.50 times greater than the
agroforestry system, and 1.12 times greater than extractivism. On the other hand, social
analysis points to signs of inequality in the distribution of opportunities among ethnic



Commodities 2025, 4, 8

18 of 22

groups and possible occurrences of child labor in certain production chains. Such issues,
associated with socioeconomic vulnerability, require more in-depth empirical investiga-
tion. Additionally, the limited availability of disaggregated social data highlights the
need to expand measurable social indicators in S-LCA, allowing for more accurate and
inclusive assessments.

Finally, opting for a trade-off focused on extractivism in the Amazon biome can be a
long-term strategic solution. It offers a robust approach to combine agricultural productivity
with environmental conservation, demonstrating a sustainable and responsible use of
resources. This strategy often involves compensations between short-term economic gains
and the long-term maintenance of ecosystem services. Although extractivism, especially of
acai, has a low carbon footprint and good financial performance, it can entail ecological
and social risks, such as resource depletion and labor exploitation, if there is no strict
control over harvesting, land use, and working conditions. On the other hand, without
requiring absolute preservation, agroforestry systems promote balance between society and
nature, offer benefits to biodiversity, and mimic the ecological functions of native forests.
Despite lower short-term profits, they have long-term potential for sustainable restoration
and climate adaptation. These systems highlight that maximizing immediate profit or
reducing labor intensity may come at the expense of environmental resilience, reinforcing
the need for integrated approaches. It is proposed that it is possible to generate wealth
while keeping the forest standing, using sustainable strategies such as the carbon credit
market, strengthening the bioeconomy and payment for ecosystem services. However,
the effectiveness of these mechanisms depends on regulatory clarity, institutional capacity,
market access, and the active participation of local communities—factors that need to
be addressed for successful implementation. Moreover, aligning these strategies with
broader frameworks such as the United Nations Sustainable Development Goals (SDGs),
particularly goals related to climate action (SDG 13), life on land (SDG 15), and poverty
reduction (SDG 1), can increase their global relevance and reinforce their contribution
to international climate and sustainability targets. It is essential to consider, in addition
to agriculture, production models that value forest resources and promote conservation,
pointing out viable ways to balance economic prosperity and environmental sustainability.
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