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a b s t r a c t

This study presents an evaluation of the food-energy-water nexus (FEWn), complemented by a thorough
life cycle assessment (LCA), of four young cacao production systems: two full-sun monocultures and two
agroforestry systems under conventional and organic management. Land footprint (LF) for food pro-
duction, non-renewable cumulative energy demand (NR CED) for energy, total water footprint (TWF) for
water, and three efficiency indicators for the FEWn were all analysed. In addition, ten LCA impact cat-
egories were evaluated in relation to two functional units (kilograms of cacao output and kilograms of
total crop output, i.e., cacao þ other crops). The integrated analysis of the FEWn and the LCA framework
reveals how agroforestry systems and organic management report better environmental performances
for almost all indicators and impact categories considered, except for the TWF. However, given that the
systems analysed have no irrigation, between 96.3% and 99.8% of the TWF corresponds to green water,
i.e., soil moisture from precipitation. Green water has lower environmental impacts and opportunity
costs than the water used to manufacture inputs (WFinput). Accordingly, when the efficiency of the nexus
is measured in relation to the WFinput, organically managed systems produce more food/energy per unit
of water used. Our results show how production diversification and organic and cultural management
practices can improve energy efficiency and reduce the use of water associated with the inputs and,
consequently, improve the nexus, as well as the rest of the environmental impacts analysed. The design
of agricultural policies focused on sustainability should strongly favour the establishment of agroforestry
systems, particularly those that are organically managed.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the context of food production, agriculture accounts for 70%
of the global freshwater withdrawals, making it the largest user of
water. In addition, the food production and supply chain absorbs
about 30% of the globally consumed energy (FAO, 2011). As a result,
agriculture is reported to have a huge impact on the environment
(Foley et al., 2005, 2011), greatly contributing to biodiversity loss,
climate change, and changes in the global nitrogen cycle. Hence the
need for more sustainable farming systems (Rockstr€om et al., 2009;
Campbell et al., 2017). In this sense, humanity is currently facing the
got).
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major challenge of guaranteeing an abundant supply of food, en-
ergy resources and water, while minimising environmental
degradation as part of the sustainable development objectives (Liu
et al., 2018). The food-energy-water nexus (FEWn) is useful to study
the connection between these three elements, together with the
synergies, trade-offs and conflicts that arise from their manage-
ment, as well as to quantify the links between the nexus nodes and
promote different social, economic and environmental goals (Liu
et al., 2017; Zhang et al., 2019; Ji et al., 2020). In recent years,
research on the FEWn has substantially increased, as proved by the
number of research and review papers on this topic (see Arthur
et al., 2019; Ghodsvali et al., 2019; Wiegleb and Brunssuggest,
2018).

Among the tools used to analyse the nexus, life cycle assessment
(LCA) is one of the most important ones (Al-Ansari et al., 2015,
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Acronyms

AC Acidification
AD Abiotic depletion
CA Conventional agroforestry
CM Conventional monoculture
CWR Crop water requirements
EROWI Energy return on water investment
EO Energy Output
EU Eutrophication
FEWn Food-energy-water nexus
FWE Freshwater ecotoxicity
GWP Global warming potential
HT Human toxicity
LCA Live cycle assessment

LF Land footprint
MAE Marine water ecotoxicity
NR CED Non-renewable cumulative energy demand
NR EROI Non-renewable energy return on investment
OA Organic agroforestry
OD Ozone layer depletion
OM Organic monoculture
PO Photochemical oxidation
TE Terrestrial ecotoxicity
TWF Total water footprint
W/E intensity Water/energy intensity
WF Water footprint
WFcrop Water footprint of the crop
WFinput Water footprint of the inputs
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2017; Salmoral and Yan, 2018). LCA enables understanding the
interconnection and feedback relationships between the nexus and
other environmental impact categories from a ‘cradle-to-grave’
perspective. It is an internationally acknowledged methodology
that evaluates the main hotspots, compares production alternatives
(or management alternatives, in the case of agriculture) and iden-
tifies opportunities for improvement (Notarnicola et al., 2017;
Coltro and Karaski, 2019). In addition, LCA is a powerful tool for
guiding production and political decision-making processes, as
well as for planning possible lines of action (Seidel, 2016; Salas
et al., 2017). Policy design and decision making are among the
most recurrent concerns in debates around the FEWn (Bieber et al.,
2018; Dargin et al., 2019; Rising et al., 2020; or Yu et al., 2020).
Some studies have focused on estimating the geographical
dimension of the FEWn and LCA at different scales (De Laurentiis
et al., 2016; Pei-Chiun and Hwong-wen, 2020), the role of diet
(Batlle-Bayer et al., 2020) or that of water pumping systems
(Pradeleix et al., 2015), among other examples. However, despite
the acknowledgement and potentiality of linking FEW nexus
analysis and LCA, the number of empirical studies on specific
products carried out from this approach is limited. Irabien and
Darton (2015) analysed the production of greenhouse tomato,
Martínez-Hern�andez et al. (2019) and Litskas et al. (2019) that of
orange peels andmedicinal and aromatic plants, respectively, while
Leivas et al. (2020) focused on spirit drinks and assessed the critical
points and the strategies for improvement.

Cacao is a major export commodity for many tropical countries.
About 5.3 million tonnes of dry cacao beans were produced
worldwide in 2018 on 12 million hectares (FAOstat, 2020) mainly
managed by smallholders (Hütz-Adams et al., 2016). While the
global demand for cacao is growing, productivity is declining in
many producing areas due to aged plantations, degraded soils,
pests and diseases (Flores and Sarand�on, 2004). In addition, climate
change is threatening the production of cacao (Schroth et al., 2016).
As a result, the agricultural frontier is expanding at the expense of
massive deforestation (Raschio et al., 2017). On the other hand,
cacao is traditionally cultivated under forest-canopy or agroforestry
systems, but full-sun monocultures are being promoted to increase
production in the short-term (Armengot et al., 2016). In mono-
cultures, labour and locally-produced inputs are being replaced
with a large number of external inputs (synthetic fertilisers, her-
bicides and pesticides, fuels, electricity, oils, etc.) and machinery,
thus contributing to increase the environmental pressure of those
systems (Emmerson et al., 2017).

Organic farming is often proposed as an alternative to reduce
the impacts of agriculture (Badgley et al., 2007). However, the
2

usually lower yields of organic farming compared with conven-
tional agriculture (Seufert et al., 2012; Meier et al., 2015) can
outweigh the environmental benefits per product unit (Tuomisto
et al., 2012; Seufert and Ramankutty, 2017). On the other hand,
agroforestry systems have been reported to contribute to climate
change mitigation through increased carbon sequestration, to
climate change adaptation by buffering climate extremes (Jacobi
et al., 2015; Blaser et al., 2018), and to food security, among other
environmental, social and economic benefits (Cerda et al., 2014;
Niether et al., 2020).

Despite the importance of cacao, no previous works have ana-
lysed its FEWn, and studies that compare types of production
management from an LCA perspective are also rare. For instance,
Vesce et al. (2016), Recanati et al. (2018) or Miah et al. (2018) have
assessed the life cycle of cacao/chocolate by impact category (global
warming potential, cumulative energy demand, eutrophication,
etc.) and chocolate variety. These authors showed how the on-farm
production of raw materials and/or the manufacture of chocolate
are the phases of the cycle with the highest environmental impact
(for almost all categories), but they did not provide disaggregated
information by type of management. Other LCA studies, like those
by Steiger (2010) or P�erez-Neira et al. (2020b), focused on the
carbon footprint and emphasised how organic chocolate, in
contrast with conventional chocolate, reduces most impacts. At the
on-farm level, Utomo et al. (2016) analysed the global warming
potential, acidification and eutrophication of cacao production in
Indonesia by types of management (agroforestry vs. monoculture),
while P�erez-Neira (2016b) and P�erez-Neira et al. (2020a) studied
energy efficiency in Ecuador and Bolivia. Mekonnen and Hoekstra
(2010) estimated the global average water footprint of cacao,
while Ortiz-Rodríguez et al. (2015) and Naranjo-Merino et al.
(2018) did it for the case of Colombia. More recently, Bianchi
et al. (2020) have included cumulative energy demand and water
consumption among the eight impact categories considered in
their ‘cradle-to-grave’ analysis, although they have not explored
their nexus in depth.

On the basis of these precedents, the present study compares
the FEWn of four cacao production systems, i.e., two full-sun
monocultures and two agroforestry systems under conventional
and organic management during the first five years after their
establishment. The analysis of the FEWn is complemented by the
evaluation of ten LCA impact categories. The joint assessment of the
FEWn and the life cycle of food, energy and water in these pro-
duction systems enables us to understand the complex links that
bind them and to determine their main ‘hotspots’ for the purpose of
contributing to technical and political decision-making processes.
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2. Material and methods

2.1. Boundaries, functional units and inventory

This study was carried out in Bolivia and presents the life cycle
assessment (ISO, 2006) from a ‘cradle-to-farm gate’ approach of
four types of cacao productionmanagement: (1) agroforestry under
conventional management (CA); (2) agroforestry under organic
management (OA); (3) full-sun monoculture under conventional
management (CM) and (4) full-sun monoculture under organic
management (OM). We used two functional units: one associated
with the cacao output (1 kg of cacao) and one with the total crop
output (1 kg of cacao, banana and other crops). Empirical data were
collected during the first five years (2010e2014) at a new and
experimental cacao plantation. Each production system was repli-
cated four times in a completely randomised block design, with a
plot size of 48 m � 48 m. In the agroforestry system plots, cacao
trees grew together with bananas, plantains, timber trees, palm
trees, and other fruit trees, including avocado, rambut�an, copoazú,
asaí and achachairú trees (see Niether et al., 2018 for a complete list
of the tree species and the planting density data). In the mono-
culture plots, plantains were planted to protect the cacao trees from
direct sunlight during the first years, but they were removed in
2012, following local practice.

In the conventionally managed plots, agrochemicals were used.
Weeds were controlled by means of brush-cutters and herbicides
(mixed with adherents), with 4e5 applications per year. Pesticides
were only occasionally applied to control leaf-cutting ant plagues. A
synthetic fertiliser called Blaukorn BASF (12-8-16-3
NeP2O5eK2OeMgO) was applied twice per year around the cacao
trees, spread on the soil at a distance of 1e1.5 m from the stem.
Foliar applications (Super Foliar 20-20-20) were made once a year.
In the organic plots, a leguminous perennial cover crop (Neotonia
wigthii) was planted for weed control, but machetes and brush-
cutters were also used when needed. Compost was prepared us-
ing biomass from the surroundings of the trial site as well as pur-
chased woodchips and/or rice shells. Only cacao trees received
fertiliser applications, with the agroforestry systems, both the
conventionally and the organically managed plots, receiving half
the dose used in monocultures.

From 2010 to 2014, yield and input data were collected and
estimated per hectare. Yields included cacao and other harvested
crops, mainly bananas and plantains. The amount of active sub-
stance of the herbicides, adherents and insecticides applied in each
plot was also recorded. The amounts of fuel and oil were estimated
according to the total time of use of brush-cutters and their theo-
retical consumption (l h�1). An inventory of all the materials and
tools implemented during the trial (e.g., brush-cutters, pruning
material, spraying material, cacao harvesting trays) was made. The
useful life of each tool was estimated and amortised over their time
of use in each production system and plot, e.g., that of the spraying
material in relation to the litres applied, that of the harvesting trays
based on the total number of kilograms produced, that of the
pruning shears according to the total pruning time, etc. This way,
using data drawn from the inventory, we measured the impacts
associated with the inputs and capital goods used in the different
production systems.

2.2. Food-energy-water nexus

2.2.1. Land footprint and energy analysis
In order to calculate the land footprint, the direct demand for

land per unit of product was considered, as shown on Equation (1).
As regards the energy analysis of the various cacao production
systems, it was performed in two steps. First, the energy output
3

(EO) was quantified from Equation (2). The EO refers to the energy
contained in the food produced on farms. Although this indicator is
subject to discussion (Fluck, 1979; Guzm�an and Gonz�alez de
Molina, 2015), it is nevertheless widely used to assess the energy
efficiency of crops (Hercher-Pasteur et al., 2020). Subsequently, the
non-renewable cumulative energy demand (NR CED) was esti-
mated from Equation (3), taking into account the use of direct en-
ergy (used on the farm), indirect energy (the energy cost of
producing the inputs used on the farm) and capital (amortisation of
the energy cost of producing tools and machinery). The coefficients
required to calculate the energy output were taken from Moreiras
et al. (2005) and P�erez-Neira et al. (2020a), while the NR CED was
estimated by implementing the CML-IA baseline methodology
version 3.05, and using the Ecoinvent 3.5 and Agribalyse 3.0 data-
bases with SimaPro software.

LF ¼ Y�1 (1)

EO ¼ ∑ D(c) � a(c) þ
P

BC(i) � a(i) (2)

NR CED ¼ ∑ I(j) � b(j) (3)

In the above equations: LF ¼ Land footprint; Y¼ Yield (t ha�1);
EO ¼ Energy output (MJ ha�1); D(c) ¼ Dry cacao (kg ha�1):
a(c) ¼ Energy coefficient of dry cacao (MJ kg�1); BC(i) ¼ By-crop i
(banana and/or plantain) (kg ha�1); a(i) ¼ Energy coefficient of by-
crop i (MJ ha�1); NR CED ¼ Non-renewable cumulative energy
demand (MJ kg�1); I(j) ¼ Input j (fertilisers, energy, crop protection,
tools, etc.) (unit kg�1); b(j) ¼ Energy coefficient of input j (MJ
unit�1). The energy cost of producing and maintaining tools and
machinery was amortised over 1e5 years according to theoretical
amortisations based on the experience of the workers involved in
the trial. For example, a useful life of 5 years was attributed to
chainsaws, 3 years to pruning shears and plastic trays, and 1 to
machetes and small shovels.

2.2.2. Total water footprint
The total water footprint (TWF) is defined in this paper as the

sum of the water footprint of the inputs used in the management of
the plots (WFinput) and that of the crop (WFcrop) (adapted from
Leivas et al., 2020) (Equations (4) and (5)). The WFinput was esti-
mated by using the aforementioned LCA software and databases
and implementing the AWARE methodology version 1.02, whereas
the WFcrop was calculated by applying the methodology described
in The water footprint assessment manual (Hoekstra et al., 2011).
Considering that these are farming systems with no irrigation, the
WFcrop matches the green crop water requirement (CWRgreen),
which represents the total rainwater evaporated from the plots,
divided by the yield of the crop during the growth period (Equation
(4)) (Hoekstra et al., 2011).

TWF ¼ P
WFinput þ WFcrop (4)

WFcrop ¼ CWRgreen x Y� 1 (5)

In the above equations: TWF ¼ Total water footprint (m3 kg�1);
WFinput ¼Water footprint of the inputs used in the management of
the plots (m3 kg�1);WFcrop¼Water footprint of the crop (m3 kg�1);
CWRgreen ¼ Green crop water requirement (m3 ha�1); Y¼ Yield
(kg ha�1).

The crop water requirement (CWR) was estimated following the
criteria established on The water footprint assessment manual and
using the CROPWAT 8.0 model developed by FAO. The concept of
CWR is based on the assumption that water does not limit crop
growth (the ideal moisture conditions are satisfied by either rain or
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irrigation). Under rainfed cultivation, the CROPWAT model uses the
‘non-irrigation’ condition. The evapotranspiration of the crop (ETc)
was calculated from Equation (6). Green evapotranspiration
(ETgreen) is the volume of rainwater consumed during the pro-
duction process, while blue evapotranspiration (ETblue) is the
volume of surface and groundwater consumed to produce a specific
good or service (Hoekstra et al., 2011). In the absence of irrigation,
ETblue equals 0 and ETgreen is equivalent to the total evapotrans-
piration simulated by the model. ETgreen was calculated using
Equation (7) and defined as the sum of the ETgreen values esti-
mated for all periods.

ETc ¼ Kc � ET0 (6)

ETgreen ¼ min {Pef, ETc} (7)

In the above equations: ETc ¼ Total crop evapotranspiration (mm
dec�1); Kc ¼ Crop-specific coefficient; ET0 ¼ Evapotranspiration of
the reference crop (mm dec�1), estimated with the Penman-
Montieth method, following the CROPWAT model developed by
FAO; ETgreen ¼ Green evapotranspiration (mm dec�1);
Pef ¼ Effective precipitation (mm dec�1).

Climatic data such as temperature, humidity, precipitation,
wind and hours of sunlight were gathered from the station nearest
to the areawhere the plots are located, as provided by CLIMWAT 2.0
by FAO. The crop coefficient (Kc) used to estimate the ETc of cacao
was set at 1.0 for the initial crop stage, and 1.05 for the subsequent
stages. The duration of the crop was assumed to be 360 days;
although the cacao tree is a perennial tree, once it starts producing
it yields beans all year round. Rooting depth and crop height data
were empirically obtained. Yield response was considered to be 1.0,
and critical depletion data were obtained from FAO (2006). Soil
texture data were drawn from Niether et al. (2017), and the initial
soil water deficit was assumed to be 30%.

2.2.3. Efficiency indicators of the food-energy-water nexus
Non-renewable energy return on investment (NR EROI) is one of

the most important indicators when it comes to measuring the
energy efficiency of agricultural systems, especially in relation to
the use of non-renewable energy (Equation (8)). We propose to
measure the efficiency of the food-energy-water nexus through an
NR EROI indicator that relates energy output and water use, as
indicated by Equation (9). This indicator, which we have named
EROWI (energy return onwater investment) can, in turn, be divided
into two sub-indicators according to the WF used to measure the
water impact, whether it be the total water footprint (TWF) or the
water footprint of the inputs (WFinput). The two sub-indicators are
distinguished by the subscripts (t) or (i).

NR EROI ¼ EO x NR CED�1 (8)

EROWI (t or i) ¼ (EO x Y�1) x TWF�1 or WFinput�1 (9)

In the above equations: NR EROI ¼ Non-renewable energy return
on investment; EO ¼ Energy output (MJ ha�1); NR CED ¼ Non-
renewable cumulative energy demand (MJ ha�1); EROWI (t or
i) ¼ Energy return on water investment for t (TWF) or i (WFinput)
(MJ/m3); Y¼ Yield (kg ha�1); TWF ¼ Total water footprint (m2

kg�1); and WFinput ¼ Water footprint of the inputs used in the
management of the plots (m3 kg�1).

2.3. LCA environmental impacts

In addition to the above-mentioned impacts and following the
recommendations of Guin�ee, (2002) for all LCAs, this work assesses
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all the additional environmental impact categories considered in
the CML-IA baseline LCIA method. Using this methodology and the
above-mentioned databases and software, ten additional categories
of environmental impact i were estimated: abiotic depletion (AD);
acidification (AC); eutrophication (EU); global warming potential
(GWP 100a); human toxicity (HT); ozone layer depletion (OD);
photochemical oxidation (PO); terrestrial ecotoxicity (TE); fresh-
water ecotoxicity (FWE) and marine water ecotoxicity (MAE)
Equation (10).

EI(i) ¼
P

I(j) x C(i,j) (10)

In the above equation: EI(i) ¼ Environmental impact i (where i:
abiotic depletion; acidification; eutrophication; etc.) (unit kg-1);
I(j) ¼ Input j (where j: fertilisers, energy, crop protection, tools,
etc.) (unit kg-1); C(i,j) ¼ Characterisation factor of impact i in
relation to input j, which allows aggregating and homogenising the
releases (impact unit-1). As regards tools and machinery, the
environmental impact of their production and maintenance was
amortised over 1e5 years.

2.4. Statistical analysis

All data were analysed by implementing linear mixed models.
The data of all five years were accumulated. The production system
was included as a fixed factor, and the block as a random factor. The
data were log-transformed when necessary to meet the normality
and homoscedasticity requirements. Orthogonal contrasts were
fixed a priori in order to compare the levels of the production
systems, as well as monocultures versus agroforestry systems, and
conventional versus organic systems. All analyses were performed
using R 3.2.3 (R Core Team, 2015), with the ‘lme4’ package for
mixed models (Bates et al., 2015), and ‘lmerTest’ to evaluate the
significance of the effects (Kuznetsova et al., 2015).

3. Results

3.1. The FEWn in cacao production systems

The energy output of the cacao production, i.e., the energy
content of the cacao beans harvested, was estimated at an average
of 2.2e5.6 MJ ha�1 for the period 2010e2014, whereas the total
energy output of all crops ranged between 8.4 and 53.7 MJ ha�1.
This means that the energy output of the cacao production
accounted for 4.9% and 33.3% of the total energy output of all crops
in agroforestry systems and monocultures, respectively. The land
footprint per tonne of cacao was smaller in monocultures than in
agroforestry systems (Table 1). Conventionally managed mono-
cultures also had a smaller land footprint than organically managed
ones, yet this difference was not observed between agroforestry
systems. When considering the total crop output (cacao and other
crops), the land footprint proved to be significantly larger in
monocultures. The analysis of the energy indicators per kilogram of
cacao showed that the NR CED was higher in conventional systems
than in organic ones, while there were no significant differences
between monocultures and agroforestry systems. Tools and ma-
chinery use was the item with the largest impact in most systems
(Fig. 1), which shows that the cacao systems studied are not very
intensive in the use of external inputs.

The TWF of the different types of management was estimated at
between 13,701 and 18,990 m3 ha�1, and was 34.1% larger in
agroforestry systems. In these production systems without irriga-
tion, between 96.3% and 99.8% of the TWF corresponded to the
WFcrop, i.e., to the total rainwater evaporated divided by the yield.
Therefore, the WFinput had only a minor role (Table 1). In contrast



Table 1
Food production, energy and water indicators, and FEWn efficiency per kilogram by production system.

Particulars Unit CA OA CM OM CA-OA CM-OM M-A CeO CA-OM

Per kg of cacao

1. Food production
Land footprint ha/t 7.27Eþ00 8.82Eþ00 3.47Eþ00 6.88Eþ00 n.s. - - - n.s.
2. Energy
NR CED NR MJ 4.81Eþ01 1.59Eþ01 3.99Eþ01 8.77Eþ00 þ þ n.s. þ þ
3. Water
TWF m3 7.69Eþ01 9.31Eþ01 3.67Eþ01 7.27Eþ01 - - - - n.s.
WFinput m3 2.18Eþ00 3.21E-01 1.81Eþ00 1.57E-01 þ þ n.s. þ þ
4. FEWn efficiency
NR EROI e 4.04E-01 1.22Eþ00 4.87E-01 2.21Eþ00 - - þ - -
EROWI (t) MJ/m3 2.53E-01 2.09E-01 5.31E-01 2.67E-01 n.s. þ þ þ n.s.
EROWI (i) MJ/m3 8.93Eþ00 6.06Eþ01 1.07Eþ01 1.24Eþ02 e e þ e e

Per kg of total crop output (cacao þ other crops)

1. Food production
Land footprint ha/t 6.94E-02 9.02E-02 3.03E-01 7.99E-01 - - þ - -
2. Energy
NR CED NR MJ 5.24E-01 1.89E-01 3.88Eþ00 1.15Eþ00 n.s. þ þ þ -
3. Water
TWF m3 1.31Eþ00 1.69Eþ00 4.30Eþ00 1.09Eþ01 n.s. - þ - -
WFinput m3 2.37E-02 3.81E-03 1.73E-01 2.06E-02 þ þ þ þ n.s.
4. FEWn efficiency
NR EROI e 8.13Eþ00 2.18Eþ01 1.82Eþ00 6.65Eþ00 - - - - n.s.
EROWI (t) MJ/m3 2.84Eþ00 2.11Eþ00 1.48Eþ00 6.18E-01 þ þ e þ þ
EROWI (i) MJ/m3 1.80Eþ02 1.08Eþ03 4.03Eþ01 3.71Eþ02 e e e e e

The data show the average for the period 2010e2014. Comparative analysis of the statistical significance (m ¼ 0.05) of the environmental impacts by production system: A > B
is represented by ‘þ’ and A < B by ‘e’. EROWI (t) and (i) ¼ Energy return on water investment (t ¼ TWF, i ¼ WFinput).
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with the energy analysis, when the TWF was measured per kilo-
gram of cacao, we now found that agroforestry and organic systems
had the largest TWF due to their lower yields per hectare (Table 1).
More specifically, the TWF of conventional monocultures was
52.3%e60.6% smaller than that of, respectively, conventional and
organic agroforestry systems. When the total system output was
considered, the TWF decreased, although the same tendency be-
tween systems remained, with the exception of the two types of
agroforests, between which no differences were observed. Due to
the use of chemical fertilisers, the WFinput was always larger in
conventional systems in relation to the two functional units studied
(Fig.1), as it was inmonocultures when the total system output was
considered.

As regards the efficiency of the FEWn, NR EROI was lower in
agroforestry systems and conventional systems than in mono-
cultures and organic systems when the cacao output was consid-
ered.When comparing the total energy output, the NR EROI was 3.5
and 2.9 times higher in agroforestry and organic systems compared
with monocultures and conventional systems, respectively. The
EROWI(t) was higher in monocultures than in agroforestry systems,
as well as in conventional monocultures compared with organic
monocultures per kilogram of cacao produced. When these in-
dicatorswere recalculated in relation to the total crop output (cacao
and other crops), agroforestry systems multiplied their FEWn effi-
ciency by 2.4 compared with monocultures, but conventional sys-
tems were still more efficient than organic ones. When we focused
on the impact associated with the use of inputs, we see that organic
management improves FEWn efficiency, i.e., the EROWI(i) was
higher than it was for conventional management in relation to the
two functional units studied. This was also the case of agroforestry
systems when the total energy output was considered.

3.2. Additional environmental impact categories

The results (Table 2, Fig. 2) showhow, regardless of the functional
5

unit, conventional agroforestry comparedwith organic agroforestry,
and conventional monoculture compared with organic mono-
culture, as well as conventional compared with organic, have all
larger impacts on all categories (with the exception of HT per kilo-
gramof cacao and total crop output, and FWE andMAEper kilogram
of total crop output for the conventionaleorganic agroforestry
comparison). For instance, the global warming potential (GWP) of
organic agroforestry andmonoculture was approximately 2.5 times
lower than in their conventional counterparts, while FWE and MAE
were, respectively, 1.7 and 2.2 times lower. Fertilisers and crop
protection are themajor hotspots of conventional systems for many
impact categories, including AD, TE, AC and EU. On the other hand,
monocultures have similar or smaller impacts than agroforestry
systems when the functional unit is 1 kg of cacao. However, when
the total crop output is considered, the impacts of monocultures are
between 5.1 and 8.1 times larger than those of agroforestry systems
for all indicators without exception. When conventional agrofor-
estry systems and organic monocultures are compared, we observe
that the impacts are larger for the former when only cacao is
considered, but smaller for all categorieswhen the total crop output
is taken into account.

4. Discussion

4.1. Production efficiency of the FEWn in cacao farming

Even if in recent years the number of studies on the FEWn has
increased severalfold (Bieber et al., 2018; Dargin et al., 2019; Rising,
2020; or Yu et al., 2020), the discussion is still alive around the lack
of scientific understanding of the nexus (Liu et al., 2018), especially
in relation to the performance of specific crops and types of man-
agement. In this sense, our results prove that agroforestry systems
and, particularly, those that are organically managed, are more
energy-efficient, although their demand for water per kilogram of
cacao produced is also higher. These results are consistent with



Fig. 1. Structure of the LCA impact categories by production system.
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those of previous studies showing how, in general terms, organic
production (Smith et al., 2015) and, more specifically, organic
agroforestry systems enable important reductions in the use of
non-renewable energy, and are consequentlymore energy-efficient
(P�erez-Neira, 2016b; Muner et al., 2015).

In relation to the WF, no studies on cacao production had until
now compared different types of management. Ortiz-Rodríguez
et al. (2015) and Naranjo-Merino et al. (2018) estimated the
WFdequivalent to our WFcropdof Colombian cacao at between
13.19 and 23.23 m3 kg�1, while Mekonnen and Hoekstra (2010)
reported 19.28 m3 kg�1 for the global average WF of cacao. These
values are much lower than the ones obtained in the present work
(ranging between 36.69 and 93.14m3 kg�1). The differences are due
to the methodology applied to calculate the WF, which puts water
requirements in relation to yields, and our results show low cacao
yields. The production systems studied were young plantations
that had only began producing on the second year of the considered
period. It is also important to note that the cropwater requirements
(CWR) of the systems analysed were similar; however, conven-
tional monocultures were the ones obtaining better results in terms
of WFcrop due to larger yields. In this sense, if we focus on the yield
6

of the last year of study (2014), we observe that the WFcrop in
conventional monocultures decreased to 21.27m3 kg�1, a value that
is closer to those of previous studies. Studying another subtropical
crop, the plantain, Roibas et al. (2015) found differences, in terms of
WF, in favour of conventional systems compared with organic
systems due to the larger yields of the former. In relation to irri-
gation, Bianchi et al. (2020) estimated a larger use of water in
monocultures compared with agroforestry systems: 0.007 vs.
0.0046 m3 kg�1 of dry cacao.

In our study, the interrelations between water and energy
measured through the EROWI(t) seem to indicate that conventional
systems are more efficient than organic ones. In other words, they
use less water (TWF) for every unit of energy produced in the form
of cacao. However, this result deserves some discussion. More than
95% of the TWF in our plots corresponded to the WFcrop, which is
mostly green water, i.e., water coming from soil moisture after
precipitation and used in evapotranspiration. Contrary to the water
used to manufacture the inputs (WFinput), the WFcrop is a water
resource without a clear biophysical opportunity cost and with a
smaller environmental impact. The biophysical opportunity cost is
a concept very often used in energy analysesdfor instance, when



Table 2
LCA impact categories per kilogram by production system.

Particulars Unit CA OA CM OM CA-OA CM-OM M-A CeO CA-OM

Per kg of cacao

GWP kg CO2 eq 3.74Eþ00 1.56Eþ00 2.98Eþ00 1.11Eþ00 þ þ n.s. þ þ
OD kg CFC-11 eq 2.54E-07 7.44E-08 2.41E-07 4.94E-08 þ þ n.s. þ þ
AD kg Sb eq 1.02E-04 6.09E-06 9.04E-05 2.66E-06 þ þ n.s. þ þ
HT kg 1.4-DB eq 3.93Eþ00 3.42Eþ00 2.77Eþ00 1.26Eþ00 n.s. þ e þ þ
TE kg 1.4-DB eq 3.14E-02 7.54E-03 2.78E-02 3.86E-03 þ þ n.s. þ þ
PO kg C2H4 eq 9.39E-04 3.38E-04 7.03E-04 1.36E-04 þ þ n.s. þ þ
AC kg SO2 eq 1.87E-02 6.21E-03 1.53E-02 2.90E-03 þ þ n.s. þ þ
EU kg PO4 eq 1.22E-02 1.79E-03 1.08E-02 8.98E-04 þ þ - þ þ
FWE kg 1.4-DB eq 1.24Eþ00 8.90E-01 8.13E-01 3.27E-01 þ þ e þ þ
MAE kg 1.4-DB eq 3.36Eþ03 1.90Eþ03 1.96Eþ03 5.11Eþ02 þ þ - þ þ
Per kg of total crop output (cacao þ other crops)

GWP kg CO2 eq 4.08E-02 1.85E-02 2.85E-01 1.45E-01 þ þ þ þ e

OD kg CFC-11 eq 2.77E-09 8.85E-10 2.30E-08 6.48E-09 þ þ þ þ e

AD kg Sb eq 1.11E-06 7.24E-08 8.65E-06 3.49E-07 þ. þ þ þ n.s.
HT kg 1.4-DB eq 4.29E-02 4.07E-02 2.65E-01 1.65E-01 n.s. þ þ þ e

TE kg 1.4-DB eq 3.42E-04 8.96E-05 2.66E-03 5.07E-04 þ þ þ þ e

PO kg C2H4 eq 1.02E-05 4.02E-06 6.73E-05 1.79E-05 þ þ þ þ e

AC kg SO2 eq 2.04E-04 7.38E-05 1.46E-03 3.81E-04 þ þ þ þ e

EU kg PO4 eq 1.33E-04 2.12E-05 1.04E-03 1.18E-04 þ þ þ þ e

FWE kg 1.4-DB eq 1.35E-02 1.06E-02 7.78E-02 4.30E-02 n.s. þ þ þ e

MAE kg 1.4-DB eq 3.67Eþ01 2.26Eþ01 1.87Eþ02 6.71Eþ01 n.s. þ þ þ -

The data show the average for the period 2010e2014. Comparative analysis of the statistical significance (m ¼ 0.05) of the environmental impacts by production system: A > B
is represented by ‘þ’ and A < B by ‘e’.

Fig. 2. Comparative analysis of the environmental impact by production system. The percentages represent the relative contribution of each system to the total impact of all four
production systems.
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solar energy flows are not considered in NR EROI evaluations
because they are deemed to be cost-freed, which should be taken
into account when studying the FEWn of crop farming. There is no
question that both the TWF and the EROWI(t) contribute to the
understanding of the nexus; however, from a technical-production
perspective, indicators like the WFinput and the EROWI(i) are better
at reflecting efficiency in relation to the opportunity cost of water
use in different types of management. Wichelns (2015) also
underlined that considering the WFcrop as the only parameter to
estimate efficiency in the use of water might be misleading. As
regards the WFinput and the EROWI(i), agroforestry and organic
systems have proved that their FEWn are more efficient in relation
to the cacao output and, particularly, to the total energy output. In
7

addition, by applying this indicator to the data published by Bianchi
et al. (2020), it is possible to observe how agroforestry systems are
1.52 times more efficient than monocultures in the use of water
when it comes to producing 1 MJ of cacao output in the form of
cacao.

4.2. Organic agroforestry systems as a production alternative

Efficiency in the use of water and energywhenproducing food is
critical in the search for and promotion of new agricultural prac-
tices and sustainable agrifood systems (De Laurentiis et al., 2016;
Salmoral and Yan, 2018; Pradeleix et al., 2015). However, this is not
the only environmental problem that agriculture will have to face
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in the future. For instance, the expansion of cacao monoculture
farming has slowly transformed the metabolism of agricultural
systems, which, in addition to putting much strain on energy and
water resources, is causing loss of biodiversity, climate change,
water pollution, etc. (Foley et al., 2005, 2011). In this sense, organic
agriculture and agroforestry systems are usually seen as production
alternatives to monoculture (Seufert et al., 2012; Meier et al., 2015).
Previous studies have shown how agroforestry systems are capable
of sequestering higher levels of carbon thanmonocultures, which is
an important contribution to climate change mitigation (Jacobi
et al., 2015; Blaser et al., 2018). Agroforestry systems are home to
a larger number of species and greater biodiversity, and they pre-
serve ecosystem services and provide food with higher nutritional
levels (Jose, 2009; Armengot et al., 2016; Niether et al., 2020).

Along similar lines, the results of this work show how conven-
tional systems and, in particular, monocultures have larger impacts
on the LCA categories analysed, especially per kilogram of total crop
output (Fig. 2). GWP is probably the environmental impact that has
received more attention in academic debates, but also among
consumers, enterprises and policy makers (Brodt et al., 2013; Clune
et al., 2017). Some works have shown how the farming stage of
cacao production may account for 40%e65% of the total GHG
emissions of the agrifood system (Recanati et al., 2018; P�erez-Neira,
2016a), with values ranging between 1.71Eþ00 and 6.76Eþ00 kg
CO2-eq for its full life cycle (Büsser and Jungbluth, 2009; Miah et al.,
2018). The values obtained in this work are comparatively high-
erd1.11Eþ00 and 3.74Eþ00 kg CO2-eq kg�1 of dry cacaoddue to
the low yields of the systems analysed. However, when the envi-
ronmental burden is divided by the total crop output, the emissions
per kilogram are substantially reduced (Fig. 2).

These results highlight the importance of diversifying the pro-
duction of agroforestry systems. Using an LCA approach, Utomo
et al. (2016) also insisted on it by studying the introduction of co-
conut trees in cacao agroforestry systems and the subsequent
reduction of the GWP, AC or EU values in relation to those of
monocultures. However, if we compare conventional agroforestry
systems and organic monocultures, the data show how the former
have larger impacts per kilogram of cacao produced and smaller
impacts per kilogram of total crop output. On the other hand,
organic monocultures considerably reduce their environmental
impact by not using synthetic fertilisers or phytosanitary material,
which are the most important hotspots in conventional agrofor-
estry systems. Nevertheless, conventional agroforestry systems are
usually low-intensity systems in the use of inputs (Utomo et al.,
2016; P�erez-Neira et al., 2020a). Therefore, their transition to
organic management is relatively easy, especially if cultural prun-
ing practices (shape and maintenance pruning), manual weeding
and organic fertilisation are intensified. It is also important to
remember that, as mentioned before and in contrast with mono-
cultures, agroforestry systems generate environmental, economic
and cultural benefits that have not been evaluated in the present
work (Cerda et al., 2014; Niether et al., 2020).

Finally, given their lower cacao yields, the expansion and con-
servation of agroforestry systems may have important trade-offs
when it comes to making the objectives of environmental sus-
tainability and production maximisation compatible (Seufert and
Ramankutty, 2017). Undoubtedly, economic profitability is an
important driver of change for the agricultural production and
consumptionmodel. Even though studies on this topic are still rare,
works like those of Armengot et al. (2016) and P�erez-Neira (2016b)
have shown how, despite their lower cacao yields, organic agro-
forestry systems in Bolivia and Ecuador may have similar economic
performances to those of conventional monocultures because of
their low production costs and/or the premium selling prices of
certified organic cacao and other crops. Agricultural cooperatives
8

play an important role in helping resource-poor farmers reach
high-value markets, as well as in increasing the farmers’ resilience
against climate change (Donovan et al., 2017; Jacobi et al., 2015).
Combining FEWn analysis and LCA can help producers improve the
management of their farms and generate reliable indicators that
may be used to promote their products among local and foreign
consumers who support sustainable practices, and thus increase
their income (Coltro and Karaski, 2019).

4.3. Limits and perspectives

Among the limits of the present work, we can mention that the
analysis of the full cycle is not complete. In a context of food
globalisation, some phases in the process, namely chocolate
manufacture, commercial distribution and transportation, may
contribute to reducing the environmental benefits achieved during
the cacao management phase (Bianchi et al., 2020; P�erez-Neira
et al., 2020b). From a methodological perspective, the use of the
Ecoinvent database influences the results of the impact categories,
for instancewhen it assumes that all pesticides applied are released
in agricultural soil (Yang and Suh, 2015). In fact, Berthoud et al.
(2011) analysed how, when applied, pesticides are distributed in
multiple compartments (air, soil and water). These limits open the
door to future researches, particularly in the direction of expanding
FEWn analysis and LCA to the whole chocolate supply chain and
using other methodologies that allow for greater accuracy in the
analysis of impact categories, for instance, water ecotoxicity
(Monteiro-Marzullo et al., 2018).

5. Conclusions

The integrated analysis of the FEWn within an LCA framework
enables a better understanding of how the organic and agroforestry
management of young plantations reports better environmental
performances than conventional and monoculture management in
almost all impact categories except the TWF. In production systems
such as the ones here analysed, where no irrigation is applied and
the WFcrop accounts between 96-99% of the TWF, this indicator
must be complemented with other impact categories, such as, for
instance, the EROWI(i), which can highlight the biophysical op-
portunity cost of water use. The EROWI(i) shows that agroforestry
and organic systems are more efficient in producing energy in the
form of cacao and other crops in relation to theWFinput. Our study is
the first one to report data on organic monocultures for cacao
production systems. Although, as expected, they had better envi-
ronmental performances than their conventional counterparts, we
found that conventional agroforestry systems obtained better
environmental results (for all the impact categories analysed except
acidification) than organic monocultures due to the diversification
of the production. In addition, since conventional agroforestry
systems are usually low-intensity systems (e.g., we did not find any
differences for human, marine water and freshwater ecotoxicity
between both agroforestry systems), the transition to organic
farming may be done without major challenges in most cases. This
analytical approach should be extended to mature plantations and
longer time frameworks in order to assess the long-term impacts of
different production systems.

With regard to the design of agricultural policies aimed at sus-
tainability, the results of this work indicate that policy makers
should strongly promote the establishment and expansion of
agroforestry systems, particularly of those that are organically
managed. Production diversification, organic fertilisation and cul-
tural management practices (pruning, land clearing, etc.) improve
energy efficiency and reduce the use of water associated with the
system’s inputs, as well as the rest of the environmental impacts
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analysed. Finally, the results and discussion presented in this article
invite us to reflect on the technical, production-related and political
considerations of choosing agroforestry systems overmonocultures
and supporting public policies that promote the transition towards
biodiverse and organic systems.
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