Science of the Total Environment 849 (2022) 157795

Contents lists available at ScienceDirect

Science of the Total Environment
journal homepage: www.elsevier.com/locate/scitotenv

Assessment of the environmental impact and economic performance of cacao
agroforestry systems in the Ecuadorian Amazon region: An LCA approach
⁎

Carlos Caicedo-Vargas a, , David Pérez-Neira b, Julio Abad-González b, David Gallar c
a
b
c

Institute of Sociology and Peasant Studies (ISEC), Universidad de Córdoba, Spain and Central Experimental Station of the Amazon of INIAP (National Institute of Agricultural Research), Ecuador
Dept. of Economics and Statistics, Universidad de León, Spain
Institute of Sociology and Peasant Studies (ISEC), Universidad de Córdoba, Spain

H I G H L I G H T S

G R A P H I C A L

A B S T R A C T

• The environmental performance of cacao
production was assessed applying LCA.
• Organic management reduces all the environmental impacts except for land footprint.
• Organic management also improves economic/environmental efﬁciency.
• Economic proﬁtability is one of the weaknesses of cacao production in this region.
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A B S T R A C T

Ecuador is the third largest cacao exporter in the world. Up to 10 % of Ecuador's cacao production is grown in the Amazon region, mostly under conventional (CA) and organic (OA) agroforestry systems. Despite the importance of cacao
in this area, no previous studies on its environmental impact and economic viability have yet been carried out. The
main objective of this research is to ﬁll this gap and, more speciﬁcally, perform a comparative analysis between CA
and OA systems. For this purpose, primary information was gathered from 90 farms (44 conventional and 46 organic
ones) that implement land management practices. The environmental performance of cacao production was assessed
using a life cycle analysis methodology, with a cradle-to-farm gate approach. Up to twelve impact categories and ﬁve
environmental and monetary efﬁciency indicators were estimated based on three functional units (1 kg of cacao, 1 kg
of output sold, and 1 ha). Additionally, an economic viability analysis was performed, focused on proﬁtability. The results show that organic management allows to reduce the environmental impact in all the analyzed categories, except
for the land footprint, and improved the environmental and economic efﬁciency of agroforestry systems. The economic
analysis shows no statistically signiﬁcant differences between CA and OA proﬁtability (net margin), which can be improved by selling co-products. Despite the low environmental impact of both types of system, economic proﬁtability is
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certainly one of the weaknesses of cacao production in the Ecuadorian Amazon region. This study contributes to develop technical, production-related and political actions that could improve the economic cacao production situation
without jeopardizing the environmental beneﬁt obtained by these systems.

1. Introduction

impact in various categories. With regard to cacao, most works have focused
on analyzing the full life cycle of chocolate using different impact categories
(GHG emissions, energy, eutrophication, etc.) (Miah et al., 2018; Bianchi
et al., 2021; Boakye-Yiadom et al., 2021). Those studies have shown that
the production of raw materials, particularly cacao, and the manufacturing
of chocolate are the stages of the process that have a major impact (PérezNeira, 2016a; Recanati et al., 2018). Examining the differences in the management of cacao farms, Steiger (2010) proved that organic chocolate, in contrast
with conventional chocolate, can reduce the carbon footprint; whereas PérezNeira et al. (2020b) highlighted the role of transportation in maintaining or
cancelling the environmental beneﬁts obtained in the production phase.
Another studies have analyzed the environmental impact associated
with the on-farm phase of the production process (Table 1). Some studies
have highlighted the differences between agroforestry systems and monocultures (Utomo et al., 2016; Parra-Paitan and Verburg, 2022), while others
have contributed to the debate by examining the differences between organic and conventional management (Akroﬁ-Atitianti et al., 2018; PérezNeira et al., 2020a; Armengot et al., 2021). In general terms, agroforestry
systems (particularly, the organic ones) obtain better environmental results
than conventional monocultures, mainly due to the latter use synthetic
chemical fertilizers and pesticides (Pérez-Neira et al., 2020a; Armengot
et al., 2021). In the case of Ecuador, Pérez-Neira (2016b) evaluated the energy efﬁciency of producing cacao under CA and OA systems in the coastal
province of Guayas. Organic systems are more efﬁcient in the use of nonrenewable energy, although the statistical signiﬁcance of this difference is
limited. Even though most of these studies do not evaluate the economic viability of cacao farms, the trade-offs between economic and environmental
results cannot be ignored when decisions concerning sustainability are
taken (Pérez-Neira, 2016b; Akroﬁ-Atitianti et al., 2018). Consequently, economic proﬁtability is an important factor of change and one of the strong
spots of conventional systems in the short term, particularly of monocultures (Seufert et al., 2012; Armengot et al., 2016). However, organic and/
or agroecological agriculture has a great economic potential that needs to
be developed (Van der Ploeg et al., 2019).
As seen in Table 1, the literature has not yet delved into the analysis of
agronomical management systems, particularly in their economic viability.
In addition, to the best of our knowledge, no previous studies have been
published about the environmental and economic behavior of cacao production in the Ecuadorian Amazon region. Consequently, the main objective of this work was twofold: 1) to evaluate the environmental impact
(using the LCA methodology and several indicators of environmental and
economic efﬁciency at farm level); and 2) to assess the economic viability
of the production management of cacao agroforestry systems in Ecuador's
Amazon region (calculating the proﬁtability of the crop based on the sale
of cacao and other co-products). Two types of agroforestry system management: conventional vs. organic were compared. For this purpose, primary
information was gathered from 90 farms distributed into six cacao producers' associations operating in three Amazon provinces (see the methodology section). This research discusses the main hotspots of the crop, as well
as provides certain technical, production and policy recommendations
aimed to improve sustainability in the afore-mentioned context.

Cacao is a globalized good with a growing demand in recent years.
Ecuador is the third largest cacao exporting country in the world (7.9 % of
cacao beans) (Faostat, 2022). This activity accounts for approximately 15 %
of the country's peasant economy (Anecacao, 2022). Ecuador's Amazon region, which comprises the provinces of Sucumbíos, Orellana, Napo, Pastaza,
Morona Santiago and Zamora Chinchipe, produces 10 % of the cacao grown
in the country. This represents >315,000 tons of cacao beans, which means
around USD 810 million (SIPA, 2022). Cacao production of Ecuador's
Amazon region is concentrated in small and medium-size farmers (owning
<5 ha). Most of farmers grow the crop under a traditional agroforestry system
known as “chakra”, in contrast with other regions where the prevailing management system is monoculture and the cacao variety cultivated is the one
known as “Colección Castro Naranjal” (CCN51). The chakra is a diversiﬁed
system where the owning family produces a great variety of food, including
cacao (mostly the Fino de Aroma autochthonous variety) and other products
(wood, ﬁber, etc.) for self-consumption and local sale (Vera et al., 2019;
Heredia et al., 2021). This agroforestry system also provides a large number
of ecosystem beneﬁts (climate maintenance, carbon sinks, nutrient cycles,
biodiversity reservoirs, etc.), which are key to environmental sustainability
(Jadan et al., 2012; Vera et al., 2019; Niether et al., 2020; Lori et al., 2022).
This aspect is important for the Amazon region, which is one of the world's
biodiversity hotspots, which currently suffers of growing pressure on natural
resources due to the expansion of the agricultural frontier, the spread of
monoculture, and the excessive use of synthetic chemical fertilizers and pesticides (Foley et al., 2011; Vasco et al., 2021).
From a production perspective, cacao grown in agroforestry systems such
as conventional (CA) or organic (OA), requires low-intensity management in
terms of external inputs (fertilizers, energy, etc.). Family labor is predominant
and the yields tends to be low or very low, which also causes low economic
proﬁtability (Subía et al., 2014; Paredes et al., 2019; Huera-Lucero et al.,
2020). Previous studies on the cacao production of Ecuador's Amazon region
have focused on topics such as generation and transfer of agroforestry technology (Virginio et al., 2014), conservation, use of agrobiodiversity and genetic improvement (INIAP, 2021), and integrated pest management (Nieto
and Caicedo, 2012; Suh and Melua, 2022). Despite the importance of this
crop, no studies about its environmental impact and economic viability
have been carried out to visualize the differences between agroforestry management systems (conventional vs. organic). In order to ﬁll this gap, this study
used the life cycle analysis (LCA) methodology, which is an internationally
tool that allows to assess the environmental impact of a good or service according to different impact categories (use of energy, global warming potential, eutrophication, etc.) and functional units (ISO, 2006). LCA makes it
possible to generate scientiﬁc and rigorous information enabling the identiﬁcation of the main hotspots of one or several processes and/or to develop
models (Nabavi-Pelesaraei et al., 2017; Ghasemi-Mobtaker et al., 2022) to
guide production and political decision-making (Notarnicola et al., 2017;
Sonnemann et al., 2018; Nabavi-Pelesaraei et al., 2022a).
LCA methodology has been widely used to evaluate the climate or exegetic impact of food (Clune et al., 2017; Mostashari-Rada et al., 2020;
Nabavi-Pelesaraei et al., 2022b), to highlight the environmental beneﬁts of organic production (Smith et al., 2015; Meier et al., 2015) or assessing the use of
production technologies, policies or strategies (Pérez-Neira et al., 2021). In
the case of subtropical crops, there are some studies focused on analyzing
the carbon footprint of exported bananas (Iriarte et al., 2014; Coltro and
Karaski, 2019), or the extent to which the organic management of coffee cultivated (Muner et al., 2015; Basavalingaiah et al., 2022) reduces the crop's

2. Materials and methods
2.1. Case study: sample selection, boundaries, functional unit and inventory
This study was carried out in three provinces in the central-northern area
of Ecuador's Amazon region: Napo, Orellana and Sucumbíos. The annual
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Table 1
Main works on the environmental and economic impact of cacao/chocolate using a LCA methodology.
Sphere of evaluation

Country (cacao) to
country (chocolate)

Boundaries

Cacao production and processing
Organic and conventional chocolate production
Aluminum- and paper-wrapped chocolate
Chocolate manufacture
Environmental impact of dark chocolate
Cacao production and processing
Dark chocolate in Italy
Confectionery products
Production and consumption of chocolate products

Ghana
Ghana to Switzerland
Germany to Europe
Different countries to Italy
Ecuador to different countries
The Philippines
Peru to Italy
The Philippines to the United Kingdom
United Kingdom

Cradle to grave
Cradle to retailer
Cradle to grave
Cradle to process
Cradle to retailer
Cradle to process
Cradle to grave
Cradle to grave
Cradle to grave

When transportation cancels the ecological beneﬁts of production
Different chocolates
Different chocolates

Ecuador to different countries
Ghana to different countries
Ecuador, Ghana, Indonesia to Italy

Cradle to retailer
Cradle to retailer
Cradle to grave

Carbon footprint of conventional agroforestry systems
Agroforestry systems and monocultures
Different production management systems
Climate-intelligent agriculture
Different production management systems
Food-energy-water nexus according to different management systems

Colombia
Indonesia
Ecuador
Ghana
Bolivia
Bolivia

Cradle to farm gate
Cradle to farm gate
Cradle to farm gate
Cradle to farm gate
Cradle to farm gate
Cradle to farm gate

Agroforestry systems vs. monocultures at farm level
Different agroforestry systems

Ghana
Ecuadorian Amazon region

Cradle to farm gate
Cradle to farm gate

Evaluation

Organic

Reference

Main environmental impacts

Economic
impact

AD, AP, EP, FAETP, GW, HT, OD, POCP, TETP.
GWP.
GWP
CED, GWP, OD, TE, WE.
CED, GWP.
AC, GWP, HT, TE.
AC, AD, CED, EU, GWP, OD, PO.
AD, ALO, GWP, TE, ULO, WF
ALO, FE, FWE, CED, GWP, HT, ME, MD MET,
NLT, OD, POF, TA, TE, ULO.
AC, AD, CED, EU, FWE, GWP, HT, OD, PO, TE.
AC, AD, CED, EU, FWE, GWP, HT, ME, OD, PO, TE.
AC, AD, CED, EU, GWP.

No
No
No
No
No
No
No
No
No

No
Si
No
No
No
No
No
No
No

Ntiamoah and Afrane (2008)
Steiger (2010)
Jungbluth and Konig (2014)
Vesce et al. (2016)
Pérez-Neira (2016a)
Leyte et al. (2017)
Recanati et al. (2018)
Miah et al. (2018)
Konstantas et al. (2018)

No
No
No

Si
No
No

Pérez-Neira et al. (2020b)
Boakye-Yiadom et al. (2021)
Bianchi et al. (2021)

GWP.
AC, EU, GWP.
CED, EROI.
GWP.
CED.
AC, AD, CED, EU, FWE, GWP, HT, LF, MAE, OD,
PO, TE, WF
AC, DALY, FWE, GWP, HT
AC, AD, CED, FWE, GWP, HT, LF, OD; PO, TE, WF.

No
No
Si
Si
No
No

No
No
Si
Si
Si
No

Ortiz et al. (2016)
Utomo et al. (2016)
Pérez-Neira (2016b)
Akroﬁ-Atitianti et al. (2018)
Pérez-Neira et al. (2020a)
Armengot et al. (2021)

No
Si

No
Si

Parra-Paitan and Verburg (2022)
This study

Supply chain

3

On-farm phase
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AC = Acidiﬁcation; AD = Abiotic depletion; ALO = Agricultural land occupation; CED = Cumulative energy demand; DALY = Disability-adjusted life years; EU = Eutrophication; EP = Eutrophication potential; EROI = Energy
return on investment; FAETP = Freshwater aquatic ecotoxicity potential; FE = Freshwater eutrophication; FWE = Freshwater ecotoxicity; GWP = Global warming potential; HT = Human toxicity; LF = Land footprint; MD =
Mineral depletion; MET = Marine ecotoxicity; NLT = Natural land transformation; OD = Ozone layer depletion; PDF = Potentially disappeared fraction of species; PO = Photochemical oxidation; POF = Photochemical oxidant
formation; POCP = Photochemical ozone creation potential; TA = Terrestrial acidiﬁcation; TE = Terrestrial ecotoxicity; TETP = Terrestrial ecotoxicity potential; ME = Marine eutrophication; ULO = Urban land occupation; WE
= Water ecotoxicity; WF = Water footprint.
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precipitation in those provinces ﬂuctuates between 3400 and 3900 mm, the
average temperature between 22 °C and 24 °C, and the altitude between 250
and 600 m a.s.l. (Climate-Data.org, 2022). Cacao agroforestry in the Amazon
is characterized by very diverse agroecosystems and integrated management
where there are also different timber trees (laurel, cedar, etc.), fruit trees
(guaba, orange, chontaduro, among others), short cycle crops (banana, cassava, manioc, corn), medicinal plants (guayusa) and small animals such as
chickens, hens, etc. In general terms, the planting density for cocoa is 4 m
× 4 m. The environmental and economic analysis was based on empirical
data gathered from 90 cacao farms, 44 of which were managed under a conventional agroforestry system and 46 under an organic agroforestry system
(50 % of them were in the process of obtaining the organic certiﬁcation).
The sample was designed in accordance with technical and production
criteria. Farmers who carried out a crop management of agroforestry systems (pruning, plague control, fertilization, etc.) and produced a minimum
yield (≥ 200 kg/ha) were selected. Farms were selected with help from
the ﬁeld technicians of the Estación Experimental Central de la Amazonía
(Central Experimental Station of the Amazon region), which is managed
by the Instituto Nacional de Investigaciones Agropecuarias (INIAP,
National Agricultural and Livestock Farming Research Institute), as well
as from agricultural extension ofﬁcers of the Ministry of Agriculture and
Livestock Farming of Ecuador and the cacao producers' associations in the
region. Those farms that managed crops poorly or that only harvested
cacao (without any management) were excluded (both situations are very
common in the studied area). The selected farms allow to quantify and compare the environmental impact and economic performance of production
systems with minimal management (fertilization, pruning, crop protection,
etc.). Quantitative data, which are referred to 2020, were collected using
face-to-face questionnaires conducted between March 2020 and March
2021. Most of the interviewed farmers (especially CA) do not have production records. Therefore, to improve its quality, the information obtained
was contrasted with the one available from cooperatives and/or other
primary sources (technicians, INIAP reports, etc.). For example, the sold
production and/or the purchase of inputs were checked against the records
of the cooperative. As regards to certiﬁed OA, farmers keep records to
comply with the obligations of the certifying companies.
The boundaries of the system were determined from a cradle to farm
gate approach. In order to perform the environmental and economic analysis, three functional units were selected: a) 1 kg of cacao; b) 1 kg of output
sold, which, in addition to cacao, included other co-products (yuca, banana,
etc.); and c) 1 ha (this unit was mostly used for economic analysis). Based on
the data gathered through the questionnaires, an inventory was created that
included physical and economic information on the main inputs used, as
well as on the yield of cacao and other products sold (mainly banana and
yuca). No information was collected on production for self-consumption.
The inputs were divided into ﬁve large groups according to their function:
i) fertilization: amount of fertilizers used, whether organic (manure,
compost, etc.) or inorganic (10–30-10 NPK, muriate of potash, etc.);
ii) crop protection: amount of herbicides, pesticides and fungicides applied
(glyphosate, cuprous hydroxide, etc.); iii) petroleum derivatives: amount of
fuel and oil consumed, mostly for the use of weeding machines and, exceptionally, motorized or gas pumps to dry cacao beans. When this information
was not available, consumption was estimated based on available technical
data (machinery, hourly consumption, etc.); iv) tools and machinery: inventory of the tools and machines used to manage the crop (weeding machines,
pruning material, sprayers, gloves, etc.), the useful life of each tool was
estimated according to Armengot et al. (2021); v) human labor: only paidlabor has been considered for the economic analysis. Although unpaid
family work is the most abundant, it has not been considered because it
does not represent a cost to the farms (see section 2.2.2).

categories were estimated: land footprint (LF); non-renewable cumulative
energy demand (CED); global warming potential (GWP 100y); water footprint (WF); abiotic depletion (AD); ozone layer depletion (OD); human toxicity (HT); terrestrial ecotoxicity (TE); photochemical oxidation (PO);
acidiﬁcation (AC); eutrophication (EU) and freshwater ecotoxicity (FWE).
With the exception of LF, which was estimated using Eq. (A1), the rest of
the impact categories were calculated from Eq. (A2) (both included in the
Appendices). The calculations were made using the CML-IA baseline LCIA
methodology, the Ecoinvent 3.5 and agribalyse 3.0 databases and the
SimaPro software version 9.1.08. In the particular case of WF, the
AWARE 1.04 methodology was used. The agroforestry systems analyzed
were rain-fed and, for this reason, irrigation was not included in the analysis of the WF.

2.2. Analysis of the environmental and economic impact of cacao production

As observed in Table 2, the LF of the OA systems was larger than
that of the CA systems, requiring 2.78 ha (on average) to produce
1 ton of cacao in contrast to the 2.22 ha needed in conventional
farms. CA systems demand approximately nine times more energy
(CED) and produce also around nine times more GHG emissions

2.2.2. Economic dimension
To tackle the economic dimension, a cost-proﬁt analysis was carried
out. The income derived from the sale of cacao and other co-products
(yuca, banana, etc.) was estimated and the total cost (TC) for each farm
was calculated as the sum of the costs of the used inputs (GhasemiMobtaker et al., 2022). The following costs were included: fertilizers,
crop protection, petroleum derivatives, labor (paid) and the amortization
of the of tools and machinery. The net margin (the difference between
total income and total cost) (Eq. (A6)) was used as a way to approach the
economic viability of the crop. This indicator provides serves as a proxy
of the net disposable income per hectare generated by agroforestry systems
and received by households.
2.2.3. Environmental and economic efﬁciency indicators
Additionally, ﬁve environmental and economic efﬁciency indicators were estimated: (i) non-renewable energy return on investment
(EROI) (Eq. (A3)) and (ii) energy return on water investment
(EROWI) (Eq. (A4)), which measure the efﬁciency in the use of nonrenewable energy and water to produce one unit of energy output
(Armengot et al., 2021); (iii) economic return on investment
(EcoROI), which approaches the efﬁciency in generating income in relation to the expenditure (Eq. (A5)); (iv) energy intensity (EI), which
measures the output of food (kg) and the value added (USD) generated
according to the use of non-renewable energy (Eq. (A7)); and (v) GHG
emission intensity (GHG I), which quantiﬁes the GHG emissions per
unit of net margin (Eq. (A8)) (all equations are shown in the Supplementary Materials).
2.3. Statistical analysis: contrast between conventional and organic management
Shapiro and Wilk (1965) test was carried out to determine the normality of all the variables. Given the high positive skewness and the presence of
outliers (Fig. A1), none of the variables analyzed can be considered normal.
Consequently, in order to compare their distribution, the non-parametric
Mann and Whitney (1947) test for two independent samples (CA and OA)
was performed. Moreover, the estimated difference of the location parameters between conventional and organic farms and their corresponding
nonparametric 95 % conﬁdence intervals (Hollander and Wolfe, 1973)
was also computed. All analyses and plots were performed using R statistical software (v4.1.2; R Core Team, 2021) and the ‘tidyverse’ package
(v1.3.0; Wickham et al., 2019).
3. Results
3.1. Food production, energy, GWP, WF, and economic and environmental
efﬁciency in the production of organic and conventional cacao

2.2.1. Environmental dimension
From the primary information and following the methodological
recommendations found in ISO (2006) and Guinee (2002), twelve impact
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Table 2
Food production, energy, GHG emissions, WF, and economic efﬁciency in the production and sale of cacao grown in agroforestry systems (conventional vs. organic): a) cacao
and b) output sold (cacao + other products). The table also shows the 95 % trimmed means for all the variables in both samples (CA and OA) in order to eliminate the inﬂuence of outliers or data points on the tails that may unfairly affect the traditional mean.
Particulars

Unit

CA

OA

CA vs. OA

95 % trimmed means

< or >

p-value

Estimated difference

95 % CI

ha/t

2.22

2.78

<

0.00

0.01

38.9

6.2

MJ/kg
kg CO2−eq/kg

3.27
0.300

0.36
0.034

>
>

0.00
0.00

2.60
0.25

1.80
0.18

3.4
0.3

m3/kg

0.305

0.009

>

0.00

0.28

0.20

0.37

USD/ha
USD/ha
USD/ha

825.0
173.9
665.6

735.0
89.8
607.7

>
>
–

0.03
0.00
0.34

132.86
86.79
62.45

4.70
49.0
−72.7

258.0
118.5
198.3

–
MJ cacao/m3
–
Kg/MJ
USD/ MJ
kg CO2−eq/$

5.95
63.83
5.69
0.31
0.48
0.170

53.50
2069.5
7.51
2.75
3.93
0.023

<
<
<
<
<
>

0.00
0.00
0.01
0.00
0.00
0.00

−45.47
−1557.3
−2.96
−2.34
−3.34
0.15

−60.6
−2120
−8.45
−3.12
−4.84
0.11

−30.3
−1177
−0.57
−1.56
−1.66
0.21

USD/ha
USD/ha

867.5
721.00

744.4
639.37

>
–

0.00
0.11

184.90
103.20

51.9
−27.59

327.5
252.3

–
MJ/m3
–
Kg/MJ
USD/MJ
kg CO2−eq/USD

6.17
74,71
6.19
0.51
0.50
0.168

53.67
2085,66
7.61
3.21
4.00
0.022

<
<
<
<
<
>

0.00
0.00
0.02
0.00
0.00
0.00

−45.71
−1576.9
−2.82
−2.54
−3.50
0.14

−74.7
−2139
−8.16
−4.06
−5.80
0.09

−32.97
−1213
−0.46
−1.73
−1.97
0.18

A. Cacao
Food production
Land footprint
Energy and GHG emissions
CED
GWP
Water
WF
Economic efﬁciency
Income
TC
Net margin
Efﬁciency indicators
EROI
EROWI
EcoROI
EI
GHG I

B. Output sold (cacao + other crops)
Economic efﬁciency
Income
Net margin
Efﬁciency indicators
EROI
EROWI (i)
EcoROI
Energy intensity
Carbon intensity

and organic incomes were 10 % lower. Nevertheless, since TC is
higher in CA, there are no statistically signiﬁcant differences between
the net margin of the two managements. Fertilization and crop protection were the inputs that carried the most weight (%) in CA systems,

(GWP) per kilogram of cacao than OA systems. The WF associated with
the inputs used in conventional management was also larger: 0.305 vs.
0.009 m 3 /kg. In economic terms, the higher prices paid for organic
cacao (+11.4 %) did not compensate the farms' low performance,

Fig. 1. Structure of the environmental impacts (CED, GWP and WF) and economic costs (TC) by production management in % (CA vs. OA).
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environmental terms, it is widely acknowledged that organic agriculture allows to reduce oil dependence, improves efﬁciency and reduces considerably the various impacts per unit of area, although
these results are less conclusive per kilogram of product due to the
differences in yields (Seufert et al., 2012; Meier et al., 2015; Smith
et al., 2015). However, in the case of the Ecuadorian Amazon region, the gap between the yield in favor of CA systems does not
compensate the environmental impact derived from the use of synthetic chemical fertilizers and pesticides. Armengot et al. (2021)
and Pérez-Neira et al. (2020b) obtained similar results, although
the latter do not ﬁnd any signiﬁcant differences in GWP, CED, OD
and AC for Ecuadorian cacao. The data showed how the impacts of
Amazon agroforestry systems are lower than those calculated in
other studies for other areas (Recanati et al., 2018; Pérez-Neira
et al., 2020b), and highlighted the low intensity of the use of external inputs in agroforestry systems (even conventional ones). In relation to other subtropical crops, Roibás et al. (2014) and Muner et al.
(2015) also underline the importance of implementing organic management practices in order to reduce the GHG emissions and improving the energy efﬁciency of banana and coffee productions,
respectively.
As pointed out before, most previous studies on cacao have focused
on analyzing the life cycle of chocolate (Pérez-Neira, 2016a; Recanati
et al., 2018; Miah et al., 2018; Bianchi et al., 2021; Boakye-Yiadom
et al., 2021; Parra-Paitan and Verburg, 2022) and/or comparing management systems (Pérez-Neira, 2016b; Utomo et al., 2016; Bianchi
et al., 2021), while the economic viability of the crop is the least
researched aspect (Table 1). The data presented in this study show
how conventional cacao in the Amazon region produces higher income,
but it is not more proﬁtable than organic cacao (no statistically signiﬁcant difference). In both systems, the labor in the chakra is mostly performed by families and only rarely external labor is hired. The farming
families work for the conservation of the integrated agrobiodiverse
chakras to ensure food safety, preserving forest species, fruit trees,
functional and medicinal plants, and providing ecosystem functions
(biodiversity, carbon sequestration, etc.) (Vera et al., 2019 and 2021;
Paredes et al., 2019; Niether et al., 2020; Lori et al., 2022). Despite
this, the higher prices paid for organic products (+11 %) are not
enough to generate a clear economic incentive for adopting organic
management. In fact, the low economic proﬁtability of the crop
(in terms of production costs and low market prices) may become an incentive to abandon sustainable management systems in favor of more
proﬁtable ones, particularly monocultures (Subía et al., 2014; HueraLucero et al., 2020; Heredia et al., 2021; Vasco et al., 2021). The pressure on families who implement a biodiverse management system in
their chakras caused by the expansion of monoculture is, therefore, a
serious threat to the protection and conservation of the territory, to
food safety and to biodiversity, and involves an increase in other environmental impacts that cannot be ignored by public authorities
(LOASFAS, 2017).

particularly in relation to the categories of GWP and CED (Fig. 1). In
monetary terms, the purchase of tools and machinery was important,
while the cost of labor was relatively low, considering that it was
mostly provided by the owning family members, and therefore, it
was not remunerated. In the case of OA systems, the use and purchase
of tools and machinery represents the largest input (%) in all the analyzed categories.
When the efﬁciency of the systems was analyzed in terms of energy,
emissions and added value, OA systems showed better results for all indicators; for instance, the estimated difference between CA and OA is
−45.71 (EROI) and − 2.82 (EcoROI). On the other hand, organic production is associated with higher energy intensity, meaning that it is
capable of producing more kilograms of cacao and added value per
unit of energy used than conventional systems. These results vary
slightly when the output sold (cacao + other crops) is taken into consideration. In this sense, the data indicated that conventional farms
sold more co-products, which allowed to improve their net margin
per hectare by 8 %, in contrast to only 5 % in organic farms, though
the difference between the net margin of the two managements is
still statistically non-signiﬁcant. OA systems continue to achieve better
results in relation to energy use, energy efﬁciency, GHG emissions and
water use (Table A1), especially considering that none of the economic
calculations included the monetary value of all the food and other
products destined to self-consumption, which is higher in the organic
agroforestry systems.
3.2. Additional environmental impact categories: LCA approach
Regardless of the functional unit selected, the analysis of the rest of
the impact categories shows that CA systems have larger environmental impacts than organic ones (Table 3 and Table A2). For instance, the
AC of the CA systems per kilogram of cacao was ﬁfteen times higher
than that of the OA systems; while their FWE was six times higher,
and the EU was twelve times higher. Differences between systems
were mostly determined by the use of chemical fertilizers and crop
protection inputs (herbicides, pesticides, etc.) in conventional farms
(Fig. A2).
4. Discussion
4.1. Environmental and economic behavior of the cacao production of Ecuador's
Amazon region
The crop yield of the analyzed farms (both OA or CA systems)
are higher than the average recorded for the Amazon region
(250–440 kg/ha) (ESPAC, 2022), but they are still below the
Ecuadorian average (621 kg/ha) (Faostat, 2022). Armengot et al.
(2016) report similar cacao yields in CA and OA while Pérez-Neira
(2016b) and Akroﬁ-Atitianti et al. (2018) ﬁnds higher yields in
OA connecting this fact to good agroecological practices. In

Table 3
LCA impact categories per kilogram of cacao in agroforestry systems (CA vs. OA). The table also shows an estimate of the differences of the location parameters between
conventional and organic farms and the corresponding nonparametric 95 % conﬁdence intervals (95 % CI).
Particulars

Unit
per kg cacao

AD
OD
HT
TE
PO
AC
EU
FWE

kg Sb eq
kg CFC-11 eq
kg 1.4-dB eq
kg 1.4-dB eq
kg C2H4 eq
kg SO2 eq
kg PO4 eq
kg 1.4-dB eq

CA

OA

95 % trimmed means
1.43E-05
3.13E-08
1.04E-01
8.47E-03
1.05E-04
1.82E-03
9.59E-04
9.57E-02

9.65E-07
5.06E-09
3.46E-02
1.18E-04
1.26E-05
1.70E-04
7.69E-05
1.50E-02

CA vs. OA
< or >

p-value

Estimate

>
>
>
>
>
>
>
>

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

1.30E-05
2.22E-08
5.74E-02
7.88E-03
5.21E-05
1.54E-03
8.63E-04
7.11E-02

6

95 % CI
9.31E-06
1.76E-08
3.71E-02
3.84E-03
4.66E-05
1.10E-03
4.56E-04
4.03E-02

1.53E-05
2.98E-08
7.85E-02
1.06E-02
1.44E-04
1.89E-03
1.03E-03
8.80E-02
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others indicators such as exergy (Mostashari-Rada et al., 2020;
Nabavi-Pelesaraei et al., 2017 and 2022b) or other ecosystem services
assessments (Liu et al., 2019) and e) the economic analysis should be
improved by including, for instance, possible incomes obtained from
the sale of the total output of co-products; by modeling proﬁtability scenarios in a context of inﬂationary stress like the current one or including
the role of self-consumption and unpaid family labor as key elements to
understand the functioning of the peasant or indigenous economy in
Ecuador (Van der Ploeg et al., 2019). In this sense, this work opens
some interesting questions, such as why conventional farms sell more
co-products, or what economic or institutional incentives organic
farms would need to improve this aspect. These and other limitations
open the door to further research.

4.2. Hotspots and proposals for the improvement of organic production
The low proﬁtability was one of the main hotspots identiﬁed in the
Ecuadorian Amazon agroforestry systems, particularly in the OA. This
is the result of their yields, which are much lower than those of conventional systems (particularly in relation to monocultures), and the lack
of better prices for their products. Prior studies have shown how the
improvement of organic management may lead to an increase in
productivity and consequently to a better economic performance
(Akroﬁ-Atitianti et al., 2018). In the Ecuadorian coast, Pérez-Neira
(2016b) estimated that the proﬁtability was three times higher in OA
systems than in CA systems (1500 vs. 500 USD/ha), but lower than
that obtained for monocultures (2300 USD/ha). Comparing to the results of this study, the proﬁtability of conventional monocultures in
the coast is three times than that obtained in agroforestry systems of
the Amazon region (even if the production management of those systems is good compared with the reality of the area under study). On
the other hand, it should be noted that the intensiﬁcation of organic
production in the coast, mainly through irrigation, has an environmental cost; energy efﬁciency decreases due to the higher use of fossil fuels
to pump the water (Pérez-Neira, 2016b). Beyond productivity and
given that agroforestry systems are capable of producing more food
per hectare than monocultures, a good management of the coproducts could contribute to improve the income of farms substantially
and increase their proﬁtability up to the level of monocultures
(Armengot et al., 2016). In this sense, the role of cooperatives and public policies are essential to support and guide farming families, not only
in accessing high-value markets, as well as in improving their participation in local markets and in developing other strategies (processing,
quality seals, price differences, etc.) (Donovan et al., 2017; Jacobi
et al., 2015; Van der Ploeg et al., 2019), which may allow to valorize,
from a monetary point of view, the agrobiodiverse production of the
Amazon chakra.
Although the management of the selected farms can be described as
average or good compared to others in the area, there still is not much
room for improvement. Thus, the yield of OA systems could substantially increase by implementing an integrated agroecological plan or
improving the existing one (Huera-Lucero et al., 2020; Suh et al.,
2022). Among the measures suggested are the integrated management
of pests and diseases; organic soil management (for instance, soil liming to control acidity); organic fertilization with bioles, compost or a
vegetation cover composed of leguminous plants; the implementation
of formative and sanitary pruning; or the use of biological controllers
and cupper-based fungicides (INIAP, 2020). The environmental and
economic impact of implementing these agroecological measures is
not still estimated and will show the hotspots, strengths and scope of
these measures. Finally, another fundamental challenge that cacao
production is facing in Ecuador's Amazon region is the lack of scientiﬁc advances in agroecological research and the adoption of
new practices as part of the farmers' daily work. This challenge entails
an improvement of rural expansion services and public policies,
as reﬂected in the current Ecuadorian regulation (Reglamento
LOASFAS, 2020).

5. Final remarks
This study analyzed the economic and environmental performance of the cacao production in agroforestry systems of Ecuador's
Amazon region. The results showed how their yield per hectare is
not high, especially when the production is organic. Nonetheless,
OA systems had a lower environmental impact in all the analyzed categories (except for land footprint), they were more efﬁcient in the use
of energy and water, and even more economically efﬁcient in terms of
economic return on investment, energy intensity or GHG emission intensity. In addition, the analysis shows that economic proﬁtability
was the weakest point in both agroforestry systems. Low economic
proﬁtability may cause the abandonment of the sustainable management of agroforestry systems. In this sense, it is needed to concentrate research, agricultural extension and public policy efforts on
supporting and rewarding the labor of small and medium-size
farmers (which is currently poorly remunerated), who are struggling
to keep aﬂoat the economy and preserve the natural wealth of the
Ecuadorian Amazon region.
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Appendix AA.1. Methodology
A.1.1. Environmental impact
In order to estimate the Land Footprint, Eq. (A1) was used, whereas to calculate the impacts associated with the categories of non-renewable cumulative energy
demand (CED), global warming potential (GWP 100y), water footprint (WF), abiotic depletion (AD), ozone layer depletion (OD), human toxicity (HT), terrestrial
ecotoxicity (TE), photochemical oxidation (PO), acidiﬁcation (AC), eutrophication (EU), and freshwater ecotoxicity (FWE), Eq. (A2) was employed.
LF ¼ 1=Y

ðA1Þ

In the above equation: LF = Land footprint; Y = Yield (t/ha).
EIðiÞ ¼

X

ðA2Þ

Ið jÞ x Cði; jÞ

In the above equation: EI(i) = Environmental impact i (where i: GWP; CED; AC, etc.) (unit/kg); I(j) = Input j (where j: fertilizers, energy, crop protection,
machinery, tools, etc.) (unit/kg); C(i,j) = Characterization factor of impact i in relation to input j, which allows aggregating and homogenizing the releases
(impact/ unit). As regards tools and machinery, the environmental impact of their production and maintenance was amortized over 1–5 years.
A.1.2. Environmental and economic efﬁciency indicators
Non-renewable energy return on investment (EROI), energy return on water investment (EROWI), and economic return on investment (EcoROI) were estimated from Eqs. (A3), (A4) and (A5), respectively. Net margin and ndicators energy intensity (EI) and GHG emission intensity (GHG I) were calculated using
Eqs. (A5), (A6) and (A7).
EROI ¼ EO=CED

ðA3Þ

EROWI ¼ ðEO=YÞ=WF

ðA4Þ

EcoROI ¼ I=TC

ðA5Þ

In the above equations: EROI = Non-renewable energy return on investment; EO = Energy output (MJ/ha), which was calculated by multiplying the output
(cacao and other crops) by the energy content of each foodstuff (MJ/kg) (Pérez-Neira et al., 2020a, 2020b); CED = Non-renewable cumulative energy demand (MJ/ha); EROWI = Energy return on water investment (MJ/m3); Y = Yield (kg/ha); and WF = Water footprint of the inputs used in the management
of the plots (m3/ha); EcoROI = Economic return on investment; I = Income (USD/ha); TC = Total cost (USD/ha).
Net Margin ¼

X

Income−

X

ðA6Þ

TC

EI ¼ ðY or AVÞ=CED

ðA7Þ

GHG I ¼ GWP=AV

ðA8Þ

In the above equations: Net Margin ($/ha); Income = Income obtained by farmers from the sale of cocoa and other co-products (price for quantities sold); TC
= Total Cost; The result of adding up all the monetary expenses of the farms (fertilization, labor -paid-, petroleum derivatives, etc.) plus the amortization of
tools and machinery; EI = Energy intensity (kg/MJ or USD/MJ); Y = Yield (kg/ha); AV = Added value (USD/ha); CED = Non-renewable cumulative energy demand (MJ/ha); GHG I = Greenhouse gas emission intensity (kg CO2-eq/USD); GWP = Global warming potential (kg CO2-eq/ha).
A.2. Results
Table A1 shows the indicators related to food production, energy use, GHG emissions and water, while Table A2 synthesizes various LCA environmental
impact categories. The data in both tables are in relation to 1 kg of output sold. Fig. A1 present the distribution of the main environmental impacts and economic indicators by production system and Fig. A2 presents the environmental impact structure according to different LCA categories.
Table A1
Food production, energy, GHG emissions and WF per kilogram of output sold (cacao + other crops) in conventional vs. organic agroforestry systems (CA vs OA). The table
also shows the 95 % trimmed means for all the variables in both samples to eliminate the inﬂuence of outliers or data points on the tails that may unfairly affect the traditional
mean.
Particulars

Unit

CA

OA

CA vs. OA

95 % trimmed means

< or >

p-value

Estimated
difference

95 % CI

1.31

2.22

<

0.00

0.01

14.29

2.69

Energy and GHG emissions
CED
MJ/kg
GWP
kg CO2−eq/kg

1.96
0.18

0.31
0.03

>
>

0.00
0.00

1.57
0.14

1.19
0.10

2.03
0.19

Water
WF

0.17

0.01

>

0.00

0.16

0.08

0.22

Output sold
Food production
LF

Ha/t

m3/kg
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Table A2
LCA impact categories per kilogram of output sold (cacao + other crops) in conventional vs. organic agroforestry systems (CA vs OA).
Particulars

AD
OD
HT
TE
PO
AC
EU
FWE

Unit per kg of output sold

kg Sb eq
kg CFC-11 eq
kg 1.4-dB eq
kg 1.4-dB eq
kg C2H4 eq
kg SO2 eq
kg PO4 eq
kg 1.4-dB eq

CA

OA

CA vs. OA

95 % trimmed means

< or >

p-value

Estimated difference

95%CI

7.79E-06
1.96E-08
6.02E-02
4.70E-03
5.73E-05
9.86E-04
5.36E-04
4.90E-02

<
<
<
<
<
<
<
<

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

6.84E-06
1.31E-08
3.14E-02
4.19E-03
3.50E-05
7.48E-04
4.25E-04
3.42E-02

5.03E-06
9.02E-09
1.75E-02
2.17E-03
4.36E-05
5.12E-04
2.45E-04
2.13E-02

8.61E-07
4.20E-09
3.04E-02
8.26E-05
9.83E-06
1.37E-04
5.48E-05
1.27E-02

9.89E-06
1.79E-08
4.70E-02
6.34E-03
5.21E-05
1.25E-03
7.18E-04
5.27E-02

Fig. A1. Distribution of the main environmental impacts and economic indicators in conventional vs. organic agroforestry systems (CA vs OA): Cacao (impact per kg of cacao)
and output sold (cacao + other crops) (impact per kg of output sold). Abbreviations: CED = Non-renewable cumulative energy demand; GWP = Global warming potential;
WF = Water Footprint; TC = Total Cost; AD = Abiotic depletion; OD = Ozone layer depletion; HT = Human toxicity; TE = Terrestrial ecotoxicity; PO = Photochemical
oxidation; AC = Acidiﬁcation; EU = Eutrophication; FEW = Freshwater ecotoxicity.
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Fig. A2. Structure of LCA impact categories by production system. Abbreviations: AD = abiotic depletion; OD = ozone layer depletion; HT = human toxicity; TE = terrestrial ecotoxicity; PO = photochemical oxidation; AC = acidiﬁcation; EU = eutrophication; FEW = freshwater ecotoxicity.

Faostat, 2022. Statistics. Online: https://www.fao.org/statistics/es/ (07/25/2022).
Foley, J.A., Ramankutty, N., Brauman, K.A., Cassidy, E.S., Gerber, J.S., Johnston, M.,
Mueller, N., O’Connell, R.D., West, P., Balzer, C., Bennett, E., Carpenter, S., Hill,
J., Mongreda, C., Polasky, S., Rockström, J., Sheehan, J., Siebert, S., Tilman, D.,
Zaks, D., 2011. Solution for a cultivated planet. Nature 478 (7369), 337–342.
https://doi.org/10.1038/nature10452.
Ghasemi-Mobtaker, H., Kaab, A., Raﬁee, S.H., Nabavi, A., 2022. A comparative of modeling
techniques and life cycle assessment for prediction of output energy, economic proﬁt,
and global warming potential for wheat farms. Energy Rep. 8, 4922–4934. https://doi.
org/10.1016/j.egyr.2022.03.184.
Guinee, J., 2002. Handbook on Life Cycle Assessment. Operational Guide to the ISO Standards. Springer Science & Business Media, p. 692.
Heredia, R.M., Villegas, G., Torres, B., Alemán, R., Barreto, D., Bravo, C., Cayambe, J., Ramos,
N., Díaz-Ambrona, C.G.H., 2021. Towards the sustainability of traditional agroforestry
systems Kichwa: Sumaco Biosphere Reserve case, Amazonia. MDPI. Proc. 68, x.
https://doi.org/10.3390/xxxxx.
Hollander, M., Wolfe, D.A., 1973. Nonparametric Statistical Methods. Wiley, New York.
Huera-Lucero, T., Labrador-Moreno, J., Blanco-Salas, J., Ruiz-Téllez, T., 2020. A framework to
incorporate biological soil quality indicators into assessing the sustainability of territories
in the ecuadorian Amazon. Sustainability 12, 3007. https://doi.org/10.3390/
su12073007.
INIAP, 2020. Informe anual 2020. Estación Experimental Central de la Amazonía. Joya de los
Sachas, Orellana Online: https://www.inap.gob.es/. (Accessed 4 April 2022).
INIAP, 2021. Informe anual 2021. Estación Experimental Central de la Amazonía. Joya de los
Sachas, Orellana. Online: https://www.inap.es/ (04/04/2022).
Iriarte, A., Almeida, M.G., Villalobos, P., 2014. Carbon footprint of premium quality export
bananas: case study in Ecuador, the world's largest exporter. Sci. Total Environ. 472,
1082–1088. https://doi.org/10.1016/j.scitotenv.2013.11.072.
ISO, 2006. Environmental Management Life Cycle Assessment Principles and Framework. The
International Organization for Standardization, Geneva ISO 14040.
Jacobi, J., Schneider, M., Pillco Mariscal, M., Huber, S., Weidmann, S., Bottazzi, P., Rist, S.,
2015. Farm resilience in organic and nonorganic cocoa farming systems in Alto Beni,
Bolivia. Agroecol. Sustain. Food Syst. 39, 798–823. https://doi.org/10.1080/
21683565.2015.1039158.
Jadan, O., Torres, B., Günter, S., 2012. Inﬂuencia del uso de la tierra sobre almacenamiento de
carbono en sistemas productivos y bosque primario en Napo, Reserva de Biosfera
Sumaco, Ecuador. Rev. Amazón. Cienc. Tecnol. 1 (3), 173–186.
Jungbluth, N., Konig, A., 2014. Environmental impacts of chocolate in a life cycle perspective.
Online:ESU-services Ltd, Zürich, Switzerland (03/28/20) http://esu-services.ch/
ﬁleadmin/download/jungbluth-2014_LCA_chocolate.pdf.

References
Akroﬁ-Atitianti, F., Chinwe-Ifejika, S., Bockel, L., Asare, R., 2018. Assessing climate smart agriculture and its determinants of practice in Ghana: a case of the cocoa production system.
Land 7 (1), 30. https://doi.org/10.3390/land7010030.
Anecacao, 2022. Estadísticas de exportación de cacao. Online: http://www.anecacao.com/
index.php/es/estadisticas/estadisticas-actuales.html (01/05/2022).
Armengot, L., Barbieri, P., Andres, C., Milz, J., Schneider, M., 2016. Cacao agroforestry systems have higher return on labor compared to full-sun monocultures. Agron. Sustain.
Dev. 36, 70. https://doi.org/10.1007/s13593-016-0406-6.
Armengot, L., Beltran, M., Schneider, M., Simon, X., Pérez-Neira, D., 2021. Food-energy-water
nexus of different cacao production systems from a LCA approach. J. Clean. Prod. 304,
126941. https://doi.org/10.1016/j.jclepro.2021.126941.
Basavalingaiah, K., Paramesh, V., Parajuli, R., Girisha, H.C., Shivaprasad, M., Vidyashree,
V.G., Thoma, G., Hanumanthappa, M., Yogesh, G.S., Dhar Misra, S., Bhat, S., Irfan,
M.M., Rajanna, G.A., 2022. Energy ﬂow and life cycle impact assessment of coffeepepper production systems: an evaluation of conventional, integrated and organic
farms in India. Environ. Impact Assess. Rev. 92, 106687. https://doi.org/10.1016/j.
eiar.2021.106687.
Bianchi, F., Moreschi, L., Gallo, M., Vesce, E., Del Borghi, A., 2021. Environmental analysis
along the supply chain of dark, milk and white chocolate: a life cycle comparison. Int.
J. Life Cycle Assess. 26, 807–821. https://doi.org/10.1007/s11367-020-01817-6.
Boakye-Yiadom, K.A., Duca, D., Foppa Pedretti, E., Ilari, A., 2021. Environmental performance of chocolate produced in Ghana using life cycle assessment. Sustainability 13,
6155. https://doi.org/10.3390/su13116155.
Climate-Data.org, 2022. Climate data. Online: https://es.climate-data.org/america-del-sur/
ecuador-63/ (05/04/2022).
Clune, S., Crossin, E., Verghese, K., 2017. Systematic review of greenhouse gas emissions for
different fresh food categories. J. Clean. Prod. 140, 766–783. https://doi.org/10.1016/j.
jclepro.2016.04.082.
Coltro, L., Karaski, T., 2019. Environmental indicators of banana production in Brazil: cavendish and Prata varieties. J. Clean. Prod. 207, 363–378. https://doi.org/10.1016/j.jclepro.
2018.09.258.
Donovan, J., Blare, T., Poole, N., 2017. Stuck in a rut: emerging cocoa cooperatives in Peru
and the factors that inﬂuence their performance. Renewable Agric. Food Syst. 15 (2),
169e184. https://doi.org/10.1080/14735903.2017.1286831.
ESPAC, 2022. Encuesta de superﬁcie y producción agropecuaria continua (ESPAC). Online
https://www.ecuadorencifras.gob.ec/encuesta-de-superﬁcie-y-produccion-agropecuariacontinua-bbd/ (07/25/2022).

10

C. Caicedo-Vargas et al.

Science of the Total Environment 849 (2022) 157795
globalized agrifood system of ecuadorian chocolate. J. Environ. Manag. 276 (15),
111306. https://doi.org/10.1016/j.jenvman.2020.111306.
Pérez-Neira, D., Schneider, M., Armengot, L., 2020b. Crop-diversiﬁcation and organic management increase the energy efﬁciency of cacao plantations. Agric. Syst. 177, 102711.
https://doi.org/10.1016/j.agsy.2019.102711.
Pérez-Neira, D., Simón, X., Copena, D., 2021. Agroecological public policies to mitigate climate change: public food procurement for school canteens in the municipality of Ames
(Galicia, Spain). Journal of Agroecology and Sustainable Food Systems 45 (10),
1528–1553. https://doi.org/10.1080/21683565.2021.1932685.
R Core Team, 2021. R: a language and environment for statistical computing. Online:R Foundation for Statistical Computing, Vienna, Austria (05/06/2022) https://www.R-project.org/.
Recanati, R., Marveggio, D., Dotelli, G., 2018. From beans to bar: a life cycle assessment towards sustainable chocolate supply chain. Sci. Total Environ. 613–614, 1013–1023.
https://doi.org/10.1016/j.scitotenv.2017.09.187.
Reglamento LOASFAS, 2020. Reglamento de la Ley Orgánica de Agrobiodiversidad, Semillas
y Fomento de la Agricultura Sustentable. Tercer suplemento del Registro Oﬁcial N.° 194,
30 de abril 2020. Normativa vigente, última reforma: Decreto 1011.
Roibás, L., Elbehri, A., Hospido, A., 2014. Carbon footprint along the Ecuadorian banana supply chain: methodological improvements and calculation tool. Online:Proceedings of the
9th International Conference on Life Cycle Assessment in the Agri-food Sector (12/12/
21) http://lcafood2014.org/papers/31.pdf.
Seufert, V., Ramankutty, N., Foley, J.A., 2012. Comparing the yields of organic and conventional agriculture. Nature 485, 229–232. https://doi.org/10.1038/nature11069.
Shapiro, S.S., Wilk, M.B., 1965. An analysis of variance test for normality (complete samples).
Biometrika 52 (3/4), 591–611.
SIPA, 2022. Panorama agro estadístico. Gobierno de Ecuador. Online: http://sipa.agricultura.
gob.ec/descargas/panorama_estadistico/panorama_estadistico.pdf (05/04/20223).
Smith, G.L., Williams, A., Pearce, B., 2015. The energy efﬁciency of organic agriculture:
a review. Renew. Agric. Food Syst. 30, 280e301. https://doi.org/10.1017/
S1742170513000471.
Sonnemann, G., Gemechu, E.D., Sala, S., Schau, E.M., Allacker, K., Pant, R., Adibi, N.,
Valdivia, S., 2018. Life cycle thinking and the use of LCA in policies around the world.
In: Hauschild, M., Rosenbaum, R., Olsen, S. (Eds.), Life Cycle Assessment. Springer,
Cham, pp. 429–463 https://doi.org/10.1007/978-3-319-56475-3_18.
Steiger, N., 2010. Effect of higher product quality on environmental impact: the example of
chocolate production. IED – Institute for Environmental Decisions, and NSSI – Natural
and Social Science Interface. http://www.uns.ethz.ch/pub/publications/pdf/1742.pdf.
Subía, C., Paredes, N., Caicedo, W., Fernández, F., Díaz, A., Bastidas, F., Chávez, J., 2014.
Análisis socioproductivo de los sistemas de producción agropecuaria en la zona norte y
centro de la Amazonía ecuatoriana. ISBN: 978-9977-57-623-7Agroforestería Sostenible
en la Amazonía ecuatoriana. Serie técnica, Informe técnico N.° 398. CATIE-INIAP ,
pp. 49–57 (05/06/2022) http://repositorio.iniap.gob.ec/handle/41000/5436.
Suh, N., Melua, E., 2022. Cocoa production under climate variability and farm management
challenges: some farmers’ perspective. J. Sci. Food Agric. 8, 100282. https://doi.org/
10.1016/j.jafr.2022.100282.
Tinoco, L., Díaz, A., Congo, C., Vargas, Y., Caicedo, C., 2020. Eﬁciencia energética del cultivo
Theobroma cacao en sistemas agroforestales amazónicos del Ecuador. ISBN Digital: 9789942-38-269-6Memorias del I Simposio Internacional de Innovaciones Tecnológicas para
fortalecer la Cadena de Cacao en la Amazonía ecuatoriana. INIAP-UEA-ITSO , pp. 19–22
(05/06/2022) http://repositorio.iniap.gob.ec/handle/41000/5566.
Utomo, B., Prawoto, A., Bonnet, S., Bangviwat, A., Gheewala, S., 2016. Environmental performance of cocoa production from monoculture and agroforestry systems in Indonesia.
J. Clean. Prod. 134, 583–591. https://doi.org/10.1016/j.jclepro.2015.08.102.
Van der Ploeg, J.D., Barjolle, D., Bruil, J., Brunori, G., Costa Madureira, L.M., Dessein, J., Drąg,
J., Fink-Kessler, A., Gasselin, P., Gonzalez de Molina, M., Gorlach, K., Jürgens, K.,
Kinsella, J., Kirwan, J., Knickel, K., Lucas, V., Marsden, T., Maye, D., Migliorini, P.,
Milone, P., Noe, E., Nowak, P., Parrott, N., Peeters, A., Rossi, A., Schermer, M.,
Ventura, F., Visser, M., Wezel, A., 2019. The economic potential of agroecology: empirical evidence from Europe. J. Rural. Stud. 71, 46–61. https://doi.org/10.1016/j.jrurstud.
2019.09.003.
Vasco, C., Torres, B., Jácome, E., Torres, A., Eche, D., Velasco, C., 2021. Use of chemical fertilizers and pesticides in frontier areas: a case study in the northern ecuadorian Amazon.
Land Use Policy 107, 105490. https://doi.org/10.1016/j.landusepol.2021.105490.
Vera, R., Grijalva, J., Cota-Sánchez, H., 2019. Cocoa agroforestry and tree diversity in relation
to past land use in the northern ecuadorian. New For. 50, 891–910. https://doi.org/10.
1007/s11056-019-09707-y.
Vesce, E., Olivieri, G., Pairotti, M.B., Romani, A., Beltramo, R., 2016. Life cycle assessment as a
tool to integrate environmental indicators in food products: a chocolate LCA case study.
Int. J. Environ. Health 8 (1), 21–37. https://doi.org/10.1504/IJENVH.2016.077660.
Virginio, E., Caicedo, C., Astorga, C., 2014. Agroforestería sostenible en la Amazonía
ecuatoriana. Serie técnica, Informe técnico N.° 398. CATIE-INIAP ISBN: 978-9977-57623-7. 105 p.
Wickham, H., Averick, M., Bryan, J., Chang, W., McGowan, L., François, R., Grolemund, G.,
Hayes, A., Henry, L., Hester, J., Kuhn, M., Pedersen, T., Miller, E., Bache, S., Müller, K.,
Ooms, J., Robinson, D., Seidel, D., Spinu, V., Yutani, H., 2019. Welcome to the tidyverse.
J. Open Source Softw. 4 (43), 1686. https://doi.org/10.21105/joss.01686.

Khanali, M., Ghasemi, H., Varmazyar, H., Mohammadkashi, N., Chau, K., Nabavi, A., 2022.
Applying novel eco-exergoenvironmental toxicity index to select the best irrigation system of sunﬂower production. Energy 250, 123822. https://doi.org/10.1016/j.energy.
2022.123822.
Konstantas, A., Jeswani, H., Stamford, L., Azapagic, A., 2018. Environmental impacts of chocolate production and consumption in the UK. Food Res. Int. 106, 1012–1025. https://doi.
org/10.1016/j.foodres.2018.02.042.
Leyte, J., Pacardo, E., Rebancos, C., Protacio, C., Alcántara, A., 2017. Environmental performance of cacao (Theobroma cacao L.) production and primary processing. Philipp.
J. Crop. Sci. 42 (1), 51–55.
Liu, X., Charles, M., Backhi, C., 2019. Including ecosystem Services in Life Cycle Assessment:
methodology and application to urban farms. Procedia CIRP 80, 287–291. https://doi.
org/10.1016/j.procir.2018.12.004.
LOASFAS, 2017. Ley Orgánica de Agrobiodiversidad, Semillas y Fomento de la Agricultura
Sustentable. Decreto N.° 1011. Registro Oﬁcial Suplemento 10 de 8 junio 2017.
Lori, M., Armengot, L., Schneides, M., Schneidewind, U., Bodenhausen, N., Mader, P., Krause,
H.M., 2022. Organic management enhances soil quality and drives microbial community
diversity in cocoa production systems. Sci. Total Environ. 834, 155223. https://doi.org/
10.1016/j.scitotenv.2022.155223.
Mann, H.B., Whitney, D.R., 1947. On a test of whether one of two random variables is stochastically larger than the other. Ann. Math. Statist. 18 (1), 50–60.
Meier, M., Stoessel, F., Jungbluth, N., Juraske, R., Schader, C., Stolze, M., 2015. Environmental impacts of organic and conventional agricultural products. Are the differences captured by life cycle assessment? J. Environ. Manag. 149, 193–208. https://doi.org/10.
1016/j.jenvman.2014.10.006.
Miah, J., Grifﬁths, A., McNeill, R., Halvorson, S., Schenker, U., Espinoza-Orias, N., Morse, S.,
Yang, A., Sadhukhan, J., 2018. Environmental management of confectionery products:
life cycle impacts and improvement strategies. J. Clean. Prod. 177, 732–751. https://
doi.org/10.1016/j.jclepro.2017.12.073.
Mostashari-Rada, F., Ghasemi, H., Taki, M., Ghahderijani, M., Saber, Z., Chau, K., Nabavi, A.,
2020. Data supporting midpoint-weighting life cycle assessment and energy forms of cumulative exergy demand for horticultural crops. Data Brief 33, 106490. https://doi.org/
10.1016/j.dib.2020.106490.
Muner, L.H.D., Masera, O., Fornazier, M.J., Souza, C.V.D., De Loreto, M.D.D., 2015. Energetic
sustainability of three arabica coffee growing systems used by family farming units in
Espírito Santo state. Eng. Agric. 35 (3), 397–405. https://doi.org/10.1590/1809-44302015.
Nabavi-Pelesaraei, A., Bayat, R., Hosseinzadeh, H., Afrasyabi, H., Chau, K., 2017. Modeling of
energy consumption and environmental life cycle assessment for incineration and landﬁll
systems of municipal solid waste management - a case study in Tehran Metropolis of Iran.
J. Clean. Prod. 148, 427–440. https://doi.org/10.1016/j.jclepro.2017.01.172.
Nabavi-Pelesaraei, A., Mohammadkashi, N., Naderloo, L., Abbasi, M., Chau, K., 2022a. Principal of environmental life cycle assessment for medical waste during COVID-19 outbreak
to support sustainable development goals. Sci. Total Environ. 827, 154416. https://doi.
org/10.1016/j.scitotenv.2022.154416.
Nabavi-Pelesaraei, A., Raﬁee, Sh., Mohammadkashi, N., Chau, K., Mostashari, F., 2022b. Principle of life cycle assessment and cumulative exergy demand for biodiesel production:
farm-to-combustion approach. Book cover Synergy Development in Renewables Assisted
Multi-carrier Systems. Chapter 6, pp. 127–169 https://doi.org/10.1007/978-3-03090720-4_6.
Niether, W., Jacobi, J., Blaser, W., Andres, C., Armengot, L., 2020. Cocoa agroforestry systems
versus monocultures: a multi-dimensional meta-analysis. Environ. Res. Lett. 15 (10),
104085. https://doi.org/10.1088/1748-9326/abb053.
Nieto, C., Caicedo, C., 2012. Análisis reﬂexivo para el desarrollo sostenible de la Amazonía
ecuatoriana. 24 p. (Publicación Miscelánea N.° 405)INIAP. Estación Experimental Central
de la Amazonía (06/06/2022) http://repositorio.iniap.gob.ec/handle/41000/3791.
Notarnicola, B., Sala, S., Anton, A., McLaren, S.J., Saouter, E., Sonesson, U., 2017. The role of
life cycle assessment in supporting sustainable Agri-food systems: a review of the challenges. J. Clean. Prod. 140, 399–409. https://doi.org/10.1016/j.jclepro.2016.06.071.
Ntiamoah, A., Afrane, G., 2008. Environmental impacts of cocoa production and processing in
Ghana: life cycle assessment approach. J. Clean. Prod. 16, 1735–1740. https://doi.org/
10.1016/j.jclepro.2007.11.004.
Ortiz, O., Villamizar, R., Naranjo, C., García, R., Castañeda, M., 2016. Carbon footprint of the
colombian cocoa production. Eng. Agric. 6 (2), 260–270. https://doi.org/10.1590/18094430-Eng.Agric.v36n2p260-270/2016.
Paredes, N., Monteros-Altamirano, A., Pico, J., Caicedo, C., Lima, L., Chimbo, P., 2019.
Biodiversidad de especies asociadas a los sistemas de producción de cacao (Theobroma
cacao). I Simposio Internacional “Innovaciones tecnológicas para fortalecer la cadena
de cacao en la Amazonía ecuatoriana”. INIAP – EECA, Orellana, Ecuador. http://
repositorio.iniap.gob.ec/handle/41000/5561.
Parra-Paitan, C., Verburg, P., 2022. Accounting for land use changes beyond the farm-level in
sustainability assessments: the impact of cocoa production. Sci. Total Environ. 825,
154032. https://doi.org/10.1016/j.scitotenv.2022.154032.
Pérez-Neira, D., 2016a. Energy sustainability of ecuadorian cacao export and its contribution
to climate change. A case study through product life cycle assessment. J. Clean. Prod.
112, 2560–2568. https://doi.org/10.1016/j.jclepro.2015.11.003.
Pérez-Neira, D., 2016b. Energy efﬁciency of cacao agroforestry under traditional and organic
management. Agron. Sustain. Dev. 36, 49. https://doi.org/10.1007/s13593-016-0386-6.
Pérez-Neira, D., Copena, D., Armengot, L., Simón, X., 2020a. Transportation can cancel out
the ecological advantages of producing organic cacao: the carbon footprint of the

11

