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Resource use and GHG emissions of eight tropical fruit species cultivated in
Colombia.
Abstract – Introduction. The cultivation of high-value fruit species is a profitable agricultural
activity in many tropical countries; however, intensive fruit cultivation may depend on high
amounts of external inputs. The objective of our study was to quantify and compare the resource
use during the cultivation of eight tropical fruit species (Rubus glaucus, Solanum quitoense,
Passiflora edulis, Cyphomandra betacea, Physalis peruviana, Ananas comosus, Persea americana
and Mangifera indica) commonly cultivated in Colombia. It further aimed to identify greenhouse
gas (GHG) emissions in the selected production systems and to highlight the potential to
contribute to climate change mitigation efforts. Materials and methods. The analysis was based
on data from agricultural databases and applied a life-cycle assessment with energy use and GHG
emissions as impact categories. Furthermore, economic indicators were taken into account with
the aim of integrating the environmental and economic goals of production systems. Results and
discussion. Among the eight fruit species studied, mango (Mangifera indica) was found to have
the lowest and tree tomato (Cyphomandra betacea) the highest emission profile. The variability
in resource use among growers of the same species was high, indicating the need to improve
management abilities at the farm level. Mineral fertilizer production was the highest contributor
to GHG emissions. GHG- and energy-efficient management alternatives would have a high
potential to reduce the carbon footprint of fruit cultivation.

Colombia / fruit crops / tropical fruits / cultivation / greenhouse gases / life-cycle
analysis / energy consumption / resource management / sustainable agriculture

Utilisation des ressources et émissions de gaz à effet de serre (GES) de huit
espèces de fruitiers tropicaux cultivés en Colombie.
Résumé – Introduction. La culture d’espèces fruitières à haute valeur ajoutée est une activité
agricole rentable dans de nombreux pays tropicaux, toutefois la culture intensive des arbres
fruitiers peut dépendre de grandes quantités d’intrants externes. L’objectif de notre étude a été de
quantifier et de comparer l’utilisation des ressources lors de la culture de huit espèces de fruits
tropicaux (Rubus glaucus, Solanum quitoense, Passiflora edulis, Cyphomandra betacea, Physalis
peruviana, Ananas comosus, Persea americana, Mangifera indica) communément cultivées en
Colombie. Elle a également eu pour but d’identifier les gaz à effet de serre (GES) dans les systèmes
de production sélectionnés et de mettre en évidence leur contribution aux efforts d’atténuation
des changements climatiques. Matériel et méthodes. L’analyse s’est basée sur des données
agricoles et elle a porté sur une évaluation du cycle de vie avec l’utilisation d’énergie et les
émissions de GES comme catégories d’impact. En outre, des indicateurs économiques ont été pris
en compte afin d’intégrer les objectifs environnementaux et économiques des systèmes de
production. Résultats et discussion. Parmi les huit espèces fruitières étudiées, le manguier
(Mangifera indica) s’est révélé avoir le plus bas profil d’émission et le tamarillo (Cyphomandra
betacea) le profil d’émission le plus élevé. La variabilité d’utilisation des ressources entre les
producteurs d’une même espèce a été élevée, ce qui indique que les techniques de gestion à
l’échelle de l’exploitation pourraient être améliorées. La production des engrais minéraux a été le
principal contributeur aux émissions de GES. D’autres méthodes permettant une gestion efficace
du GES et de l’énergie auraient un grand intérêt pour réduire l’empreinte carbone de la culture
de ces fruitiers.

Colombie / Plante fruitière / fruits tropicaux / pratique culturale / gaz à effet de
serre / analyse du cycle de vie / consommation d'énergie / gestion des ressources /
agriculture durable
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1. Introduction

The cultivation of fruit crops is a profitable
agricultural activity in many tropical coun-
tries, as most fruit species are high-value
crops providing higher net economic ben-
efits than staple crops. In Colombia, where
a wide range of climatic conditions allows
the cultivation of a diversity of fruit species
from sea level up to 2800 m above sea level,
cultivation of fruits plays an important role
for the national and export markets [1]. From
2004 to 2008 the area under fruit cultivation
increased by 20,000 ha, now comprising an
estimated area of 219,626 ha, which is ap-
proximately 14% of agriculturally used land
in Colombia [2]. Estimates show that the
Colombian fruit sector generates 36% of in-
comes obtained through agricultural activi-
ties, providing around 121,700 direct jobs [1]
and many more indirect ones.

Around the world, market-oriented fruit
production systems depend on high
amounts of external inputs such as mineral
fertilizers and pesticides to sustain yields
and to comply with the aesthetic demands
of markets; they may therefore have nega-
tive environmental impacts despite provid-
ing economic benefits. Mineral fertilizers
and pesticides have high carbon costs due
to energy-intensive production practices [3].
Furthermore, the use of nitrogen fertilizer is
responsible for the emission of considerable
amounts of N2O, which has a global warm-
ing potential (GWP) of 298 CO2 equivalents
[4, 5]. This indicates that production systems
receiving high amounts of external inputs
may have large carbon footprints.

Without ignoring the role that fruit trees
have in carbon sequestration, in the face of
the ongoing discussions about climate
change it is important to gain knowledge
about the resource use in fruit production
systems, considering that agricultural activ-
ities account for 10–14% of the total global
anthropogenic emissions of greenhouse gas
(GHG) [5, 6]. In this context, the product car-
bon footprint can be seen as a useful tool
to describe the total amount of GHG emis-
sions generated by an activity or product
and to identify emission hotspots. The cal-
culation of product carbon footprints should
include emissions from the entire supply

chain, including processes that might occur
outside of the business boundary, but are
still associated with the product, such as
manufacturing processes. These processes
are quite diverse and will be unique for each
case. To examine the contribution of each
agricultural activity to the global warming
potential of land-use systems would allow
identifying the most effective mitigation ac-
tions such as alternative management prac-
tices that manage carbon and nitrogen flows
more efficiently [7, 8]. The aim of our present
study was to quantify the resource use of
eight tropical fruit species commonly culti-
vated in Colombia and other tropical coun-
tries, and to determine their global warming
potential (carbon footprint) and energy use
per unit of product and area under cultiva-
tion by means of a life-cycle assessment.

2. Materials and methods

For our study, eight economically important
fruit species in Colombia were selected:
Andean blackberry (Rubus glaucus), lulo
(Solanum quitoense), passion fruit (Passi-
flora edulis), tree tomato (Cyphomandra
betacea), golden berry (Physalis peruvi-
ana), pineapple (Ananas comosus), avo-
cado (Persea americana) and mango
(Mangifera indica). Seven out of the eight
fruit species are currently cultivated on more
than 5,000 ha; mango and avocado are even
cultivated on more than 15,000 ha. The only
species with a small cultivation area is
golden berry, with less than 1,000 ha under
cultivation. By far the highest yields are en-
countered in pineapple plantations (table I).

A life-cycle approach [9–11] was applied
to estimate the resource use of the fruit pro-
duction systems. Energy use and GHG emis-
sions were chosen as impact categories. A
“cradle-to-farm-gate” approach was taken as
the system boundary, which includes the
production of all input goods to the farming
system and all outflow emissions from the
system. Thus, the farm gate was defined as
the geographic border [11]. Two functional
units were selected, which were 1 ha and 1 t
of fruits (gross weight). The analysis con-
ducted was only based on existing cultivation
Fruits, vol. 68 (4)
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practices; the pre-clearing of land was not
considered, as this was difficult to measure.
Furthermore, it was assumed that fruits were
cultivated in monocultures. Input parame-
ters that were taken into account for this
study were mineral fertilizers, organic fertil-
izers, soil amendments (lime), pesticides
and labor. Data on quantity of inputs and
yields were taken from statistical databases1

[2]. Inputs were converted to energy values
and GHG emissions using default values
published in the literature (table II). GHG
emissions refer to (1) embodied emissions
(CO2) originating from the production of
agricultural inputs, and (2) direct field emis-
sions (N2O) from mineral and organic fer-
tilizer application, which were converted to
CO2 equivalents. Estimates of embodied car-
bon emissions (manufacturing of agricul-
tural products) were based on values
published by Lal [3]. Nitrous oxide (N2O)
emissions were estimated based on the
methodology proposed by Brentrup et al. [4]:
[N2O emissions (kg N2O-N·ha–1) = 0.0125 ×
N application (kg·ha–1)].

The applied N rate was corrected for NH3
emissions (which predominantly occur

earlier than the N2O emissions) as sug-
gested by Brentrup et al. [4].

Economic indicators (i.e., production
costs, net income, labor) were analyzed
with the aim of integrating the environmen-
tal and economic goals of production sys-
tems. We decided to separate two economic
indicators when looking at medium/large
and small fruit growers, respectively. As the
most convenient economic indicator, for
medium and large growers we chose “ben-
efit/cost ratio”, whereas small growers were
better characterized through the indicator
“net income per labor hour”.

3. Results

3.1. Farm inputs

Mineral fertilizers (N-P-K) were applied at
rates of 0.2–2.7 t·ha–1·year-1, but considera-
ble differences among species were
observed (table III). Mango was found to be
the least fertilizer-intensive production sys-
tem, whereas tree tomato and golden berry
received mineral fertilizer inputs that were
about 15 times higher. Tree tomato and
golden berry also received considerable
amounts of organic fertilizers and soil
amendments. Both species have high yield
levels (table I), indicating that high amounts
of nutrients are removed at harvest. In

1 MADR, Agronet (Stat. database Colomb.
Minist. Agric.), available at: http://www.
agronet.gov.co/agronetweb/AnalisisEsta-
disticas/tabid/73/Default.aspx (access. 26
Sept. 2011).

Table I.
Production characteristics of eight fruit species cultivated in Colombia.

Common name Scientific name Area under cultivation
(ha)

Yield
(kg·ha–1) [2]

Energy value
(kJ·100 g–1 edible portion)1

Ec

Andean
blackberry

Rubus glaucus 10,743 8,666 121

Lulo Solanum quitoense 5,631 8,250 155

Passion fruit Passiflora edulis 6,372 17,182 251

Tree tomato Cyphomandra
betacea

6,446 16,616 126

Golden berry Physalis peruviana 841 18,386 251

Pineapple Ananas comosus 10,163 38,153 238

Avocado Persea americana 15,496 9,429 607

Mango Mangifera indica 17,764 10,160 247
1 http://alimentoscolombianos.icbf.gov.co/alimentos_colombianos/consulta_alimento.asp (access. 26 Se
Fruits, vol. 68 (4
onomic life
(years)

Altitudinal range
(m asl)

4 1800–2400

2 1000–2500

1.5–2 900–2000

3–10 1500–3000

1–2 1800–2800

2 300–1500

25 0–2500

30 0–1200

pt. 2011).
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general, the amount of organic fertilizers
applied in Colombian fruit production sys-
tems was found to be low compared with
mineral fertilizers. The highest share of pes-
ticide inputs was found in tree tomato, pas-
sion fruit and pineapple production systems
(table III). Fungicides were the most widely
applied pesticide, followed by insecticides
and herbicides. However, these values
could vary greatly based on where the crops
are established, as adverse environmental

conditions result in more frequent applica-
tions. Only in pineapple production sys-
tems were insecticides and herbicides
applied at higher rates than fungicides.
When converting pesticide inputs on a yield
basis (per ton of product harvested), lulo
was found to be the most pesticide-inten-
sive fruit (data not shown). The most labor-
intensive fruit species was golden berry,
which required labor input of 3,915 work-
ing hours·ha–1·year–1, whereas mango was

ting energy use and CO2 equivalent emission of agricultural inputs.

puts

rtilizer K fertilizer Fungicide Insecticide Herbicide Lime Organic fertilizer Labor

kg–1) (MJ·kg–1) (MJ·kg–1) (MJ·kg–1) (MJ·day labor–1)

7.5 13.8 91.7 199.4 237.8 1.3 0.38 8

0] [30] [31] [31] [31] [32] [31] [31]

rus Potassium Lime Manure Herbicides1 Insecticides1 Fungicides1 N2O
emissions2

(kg·ha–1)

Global warming
potential

(CO2 Eq) of N2O

(kg·kg–1) (kg)

0.15 0.16 0.008 6.3 5.1 3.9 N (kg ha–1) ×
0.0125

298

[3] [3] [3] [3] [3] [3] [33] [5]

H3 emissions occurring earlier than N2O emissions.

uction systems in Colombia (numbers in parentheses are standard error)1.

ertilizers Organic fertilizers Soil amendments Fungicides Insecticides Herbicides Labor

(kg·ha–1) (L·ha–1) (hours·ha–1)

(177) 2051(906) 0 (0) 14.0 (1.6) 6.0 (1.5) 1.1 (0.5) 1095 (70)

(254) 560 (182) 127 (79) 11.1 (4.9) 8.2 (3.6) 0.4 (0.2) 1047 (294)

(1069) 1568 (1019) 989 (410) 11.4 (0.9) 5.9 (2.3) 1.0 (0.9) 3915 (276)

(778) 85 (43) 323 (142) 15.9 (3.6) 11.7 (1.6) 4.3 (1.4) 1214 (109)

(30) 337 (226) 96 (42) 3.8 (1.9) 7.5 (3.5) 0.7 (0.4) 530 (72)

(63) 70 (52) 47 (12) 20.8 (2.8) 14.3 (2.4) 5.8 (1.9) 1364 (88)

(41) 41 (40) 234 (123) 2.2 (0.2) 23.8 (2.3) 12.7 (4.3) 1198 (67)

(836) 2831 (997) 1108 (471) 28.6 (4.4) 15.1 (2.2) 3.5 (0.9) 1400 (120)

ase Colomb. Minist. Agric.), available at: http://www.agronet.gov.co/agronetweb/AnalisisEstadisticas/
. 26 Sept. 2011).
  

Table II.
Default values for calcula

a) Energy use of agricultural in

Parameter N fertilizer P fe

(MJ·

Quantity 78.23 1

Reference [30] [3

b) Carbon equivalent emission

Parameter Nitrogen Phospho

Quantity 1.3 0.2

Reference [3] [3]
1 In active ingredient.
2 Applied N rate corrected for N

Table III.
Inputs for eight fruit prod

Fruits studied Mineral f

Andean blackberry 739

Avocado 756

Golden berry 2249

Lulo 1533

Mango 158

Passion fruit 828

Pineapple 982

Tree tomato 2667
1 MADR, Agronet (Stat. datab
tabid/73/Default.aspx (access
Fruits, vol. 68 (4)
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the least labor-intensive fruit, with 530 work-
ing hours·ha–1·year–1 (table III).

3.2. Energy

Mineral fertilizers represented by far the
highest energy-intensive input into fruit pro-
duction systems (51–83% of total energy
input), followed by pesticides (5–35% of
total energy input). The contribution of
organic fertilizers, soil amendments and
human labor to total energy input was less
than 10% (table IV). The most energy-inten-
sive production system was found to be tree
tomato, followed by golden berry and lulo,
whereas the least energy-intensive produc-
tion system was mango (table IV).

The highest output energy (i.e., yield con-
verted to an energetic value) was provided
by golden berry, pineapple and avocado. In
the case of golden berry and pineapple, the
high energy yield is mainly due to the high
yield levels of the fruits [(25 and 38) t·ha–1·
year–1, respectively]. Avocado has lower
yields but a much higher energy value com-
pared with other fruits due to its oil content
(tables I, IV).

The highest energy output/input ratios
were obtained for avocado and mango,
followed by pineapple, golden berry and

passion fruit. Negative energy balances
were calculated for Andean blackberry, lulo
and tree tomato, which indicates that the
energy input into those production systems
is higher than the energy output provided
by yields. The highest energy productivity
(i.e., yield divided by energy input) was
obtained for mango and pineapple, whereas
the lowest energy productivity was calcu-
lated for Andean blackberry, lulo and tree
tomato (table IV).

3.3. GHG emissions

For GHG emissions of the eight fruit produc-
tion systems, the highest emissions on a
hectare basis were obtained for tree tomato
and golden berry, whereas the lowest emis-
sions were found for mango, avocado and
Andean blackberry (figure 1A). A different
picture emerged when CO2 equivalent emis-
sions were converted to 1 t of harvested
product (figure 1B). In this case, the lowest
emissions were calculated for mango, pine-
apple and passion fruit, whereas the highest
emissions were obtained for lulo and tree
tomato. The highest share of GHG emissions
in the analyzed production systems was
made up of embodied CO2 emissions from
fertilizer production; the second highest

Table IV.
Energy inputs and outputs, the output / input ratio and energy productivity of eight fru
Colombia (numbers in parentheses are the percentage share).

Fruits
studied

Mineral
fertilizers

Pesticides Soil
amendments

Organic
fertilizers

Labor Total energy
input

Output
energy

(GJ·ha–1)

Andean
blackberry

13.4 (74.0) 2.7 (14.9) 0 (0) 0.8 (4.4) 1.1 (6.1) 18.1 7.7

Avocado 13.8 (77.1) 2.8 (15.6) 0.2 (1.1) 0.2 (1.1) 1.1 (6.1) 17.9 46.7

Golden berry 40.9 (83.1) 2.5 (5.1) 1.3 (2.6) 0.6 (1.2) 3.9 (7.9) 49.2 59.1

Lulo 27.9 (81.1) 4.8 (14.0) 0.4 (1.2) 0.0 (0) 1.2 (3.5) 34.4 13.7

Mango 2.9 (50.9) 2.0 (35.1) 0.2 (3.5) 0.1 (1.8) 0.5 (8.8) 5.7 17.3

Passion fruit 15.1 (66.5) 6.1 (26.9) 0.1 (0.4) 0.0 (0) 1.4 (6.2) 22.7 38.6

Pineapple 17.9 (65.3) 7.9 (28.8) 0.3 (1.1) 0.0 (0) 1.2 (4.4) 27.4 55.8

Tree tomato 48.6 (82.4) 6.5 (11.0) 1.4 (2.4) 1.1 (1.9) 1.4 (2.4) 59.0 24.6
Fruits, vol. 68 (4
it production systems in

Output /
Input
ratio

Energy
productivity

(t·GJ–1)

0.5 0.4

2.6 0.8

1.2 0.9

0.5 0.4

3.5 2.0

1.7 0.8

2.1 1.7

0.4 0.4
) 307
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contributorwasN2Oemissions frommineral
fertilizer application. Together they contrib-
uted between 61–85% of total CO2 equiva-
lent GHG emissions.

Taking into account the whole area that
is cultivated with the eight fruit species se-
lected for this study in Colombia (about
73,450 ha), total emissions amounted to
141,514 t CO2 Eq·year–1. The highest con-
tributor to absolute emissions was tree to-
mato; the lowest was golden berry (table V).

3.4. Economic indicators

Pineapple cultivation yielded the highest
benefit / cost ratio among the medium and

large growers, closely followed by avocado.
The lowest benefit / cost ratios were ob-
tained for Andean blackberry, mango and
lulo. When looking at the net income per
labor hour of small fruit growers, again pine-
apple and avocado obtained the highest
scores, whereas the lowest net incomes per
labor hour were calculated for Andean
blackberry, lulo and passion fruit (table VI).
Net income per GHG emission was taken as
a means of combining an economic with an
environmental indicator. Golden berry and
avocado showed a relatively high net in-
come per emission (> 4.50 US$·CO2 Eq–1),
whereas the net income per emission for
Andean blackberry, lulo and tree tomato
was below 2.00 US$·CO2 Eq–1 (table VI).

 

 

Figure 1.
Sources of direct 
and embodied GHG emissions
per hectare (A) and yield (B) 
in eight fruit production systems
in Colombia.
Fruits, vol. 68 (4)
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4. Discussion

4.1. Resource use

Our study revealed the existence of consid-
erable energy and carbon costs in tropical
fruit production systems. This is mainly at-
tributable to the high amount of external in-
puts applied, such as mineral fertilizers and
agrochemicals, which are linked to carbon-
and energy-intensive production processes
[3]. However, we found a high variability
among species. Perennials (i.e., mango, av-
ocado) scored better than annuals and semi-
annuals (i.e., tree tomato, lulo). The only

exception was pineapple, which despite be-
ing a semi-annual, showed low emission fig-
ures, especially on a yield basis. The
smallest energy and carbon footprint both
on a hectare and yield basis was calculated
for mango, whereas the largest footprint was
obtained for tree tomato on a hectare basis,
and for lulo on a yield basis.

One main challenge of feeding the world
without increasing the carbon footprint of
farming systems is to produce more with
fewer inputs, which requires the improve-
ment of current technologies [12]. In this
context, it is important to identify farmers'
decisive factors for successful farm

Table V.
Total GHG emissions from eight major fruit production systems in Colombia.

Fruits
studied

Area under cultivation
(ha) [2]

Total GHG emissions
(t CO2 Eq·year–1)

Andean blackberry 10,743 15,829

Avocado 15,496 24,324

Golden berry 841 3,952

Lulo 5,631 17,849

Mango 17,764 7,830

Passion fruit 6,372 11,721

Pineapple 10,163 22,953

Tree tomato 6,446 37,056

Table VI.
Economic characteristics of eight fruit production systems in Colombia (numbers in pa
error).

Fruits
studied

Total costs1 Net income1 Benefit / cost
ratio2

Net income per labor hour3

(US$)(US$·ha–1)

Andean blackberry 3,868 (335) 1,434 (255) 1.37 (0.04) 2.50 (0.14)

Avocado 3,168 (409) 6,102 (864) 2.93. (0.12) 7.76 (0.74)

Golden berry 9,751 (413) 11,364 (7,165) 2.16 (0.69) 3.94 (1.54)

Lulo 4,470 (906) 257 (439) 1.05 (0.17) 2.96 (0.91)

Mango 2,186 (587) 1,245 (488) 1.56 (0.13) 4.20 (0.00)

Passion fruit 4,808 (296) 5,704 (1,165) 2.18 (0.27) 2.73 (0.00)

Pineapple 3,592 (91) 7,585 (465) 3.11 (0.06) 6.59 (0.00)

Tree tomato 6,217 (1,054) 6,598 (1,961) 2.06 (0.10) 4.51 (0.73)
1 MADR, Agronet (Stat. database Colomb. Minist. Agric.), available at: http://www.agronet.gov.co/agro
tabid/73/Default.aspx (access. 26 Sept. 2011).
2 Benefit / cost ratio only refers to medium and large growers.
3 Net income per labor hour only refers to small growers.
Fruits, vol. 68 (4
rentheses are standard

Net income per emission
(US$·CO2 Eq–1)

0.93 (0.14)

4.78 (0.81)

5.84 (4.75)

1.47 (0.75)

2.63 (0.77)

3.14 (0.64)

3.38 (0.21)

1.63 (0.79)

netweb/AnalisisEstadisticas/
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management that combine high yields with
low consumption of fertilizers and pesti-
cides. In perennial tropical tree species such
as mango and avocado, yield is also signif-
icantly related to flowering, which in turn is
controlled by environmental factors. In spe-
cies such as lulo, golden berry and Andean
blackberry, on the other hand, flowering is
less erratic. Furthermore, it must be consid-
ered that fruit species native to the Andean
region (i.e., Andean blackberry, lulo, tree
tomato, golden berry) are still less domesti-
cated than species grown worldwide such
as pineapple or mango, indicating the need
to invest more in breeding programs for the
identification of high-yielding varieties.

A high variability of farm inputs among
fruit growers was also confirmed by Coltro
et al., who analyzed the environmental pro-
file of 30 orange growers in Brazil by means
of a detailed production inventory [13].
They observed a high variation of input lev-
els ranging from 120–4,400 MJ energy, 0.3–
65 kg fertilizer (NPK), 0.1–13.5 kg pesti-
cides and 8–650 kg soil correctors for the
production of 1 t of oranges. Only 21% of
the orange growers showed a good envi-
ronmental performance, which they de-
fined as a consumption of inputs equal to
or lower than the weighted average. Coltro
et al. conducted a similar study on the en-
vironmental profile of Brazilian green cof-
fee, and found that 1 t of green coffee re-
quired approximately 0.9 t fertilizer, 0.62 t
soil amendments (limestone) and 10 kg of
pesticides [14]. When the amounts of fertilizer
and pesticides applied were presented as a
function of productivity, it did not show a di-
rect correlation. A similar tendency was also
observed by Mouron et al., who conducted a
life-cycle analysis to examine the relation-
ship between environmental and income
indicators of integrated apple producers in
Switzerland [15]. They did not identify a
trade-off between income and environmen-
tal impact, and found that the management
competence of the farm manager was the
most important success criterion for sustain-
able orchard farming. Similar studies need
to be conducted among producers of trop-
ical fruits to identify best-bet management
practices, as a surrogate for the lack of ex-
tension services that prevail in countries

involved in tropical fruit production. Many
of the species considered in this study have
been “domesticated” by farmers with little
input from research programs. More efforts
should be undertaken to improve efficiency
in the production systems by identifying
more productive varieties that make better
use of provided inputs.

4.2. Energy

Regarding energy consumption, no compa-
rable studies were available for fruit produc-
tion systems; however, similar assessments
were made of vegetables and cotton. Bojacá
and Schrevens analyzed the energy con-
sumption of peri-urban horticulture (corian-
der, lettuce, radish, spinach) in Bogotá by
means of an input-output energy assess-
ment, and found energy consumption fig-
ures between (6.6 and 18.8) GJ·ha–1 [16],
which are within the lower range of the re-
sults from our study (i.e., mango and avo-
cado). However, the energy balances were
negative for all except spinach. Much higher
energy consumption in vegetable produc-
tion was observed by Ozkan et al., who con-
ducted an energy analysis of greenhouse
vegetable production in Turkey [17]. They
found energy consumption of (135 and
127) GJ·ha–1 for cucumber and tomato, re-
spectively, but the output / input ratio for
tomato was still positive (1.26), mainly due
to the high yield level of tomato cultivated
in greenhouses. According to Yilmaz et al.,
cotton production in Turkey consumed a to-
tal of 49.73 GJ·ha–1 [18]. As this is a highly
mechanized production system, diesel en-
ergy consumption made up the highest
share, followed by fertilizer and machinery
energy. The [output energy / input energy]
ratio was 0.74, and energy productivity was
0.06 kg cotton·MJ–1.

4.3. GHG emissions

Several studies were conducted on GHG
emissions in sugarcane production systems
[10, 19, 20]. Around half of the global warm-
ing potential of sugarcane was related to
direct and indirect fossil-energy use; the
reminder was due to field emissions [20].
Fruits, vol. 68 (4)
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Plassmann et al. calculated emissions of
26–210 kg CO2·t

–1 for sugarcane production
in Zambia and Mauritius [19]. They high-
lighted that the methodology chosen may
strongly affect carbon footprints. This is also
the case for the present study, which has its
limitations since the input parameters that
were taken into account only refer to the
farm inputs and its related emissions,
whereas land-use change, C sequestration
and co-products originating from produc-
tion were excluded.

Despite emitting GHGs, especially tree-
based land-use systems can also be sinks
of C, whereas annuals and semi-perennials
only temporally store C [21, 22]. In our case
study, especially mango and avocado pro-
duction systems are interesting in terms of
biomass carbon storage, as they have an
economic life of more than 20 years. The
amount of carbon storage increases with
tree biomass until trees reach maturity, at
which point carbon storage reaches a steady
state. In fruit production, however, a con-
stant renewal of the canopy takes place after
trees are pruned, which makes the dynamics
of carbon balances more complex. Andean
blackberry could also be considered as a
perennial species, but its biomass accumu-
lation is non-significant when compared
with tree species. Furthermore, trees also
have a different impact on soil properties
than annual crops, which is due to their
longer residence time, allowing a larger bio-
mass accumulation and a continuous and
more extensive root system [23, 24]. How-
ever, it is most likely that perennial fruit
plantations will store less C than native for-
est cover [25].

Carbon stocks of vegetation being present
before establishing fruit plantations should
also be taken into account in C footprint es-
timations. This has been excluded from the
present study, since information about the
original vegetation was not available. It may
become highly relevant in the case of non-
perennial fruit crops expanding rapidly into
new areas. Land-use change usually consti-
tutes by far the greatest emission source
among input parameters, as was the case for
sugarcane, reported by Plassmann et al. [19].
When forest land is converted to cropland,
emissions from land-use change are likely to

be very high compared with direct and em-
bodied emissions from farm inputs, and may
dominate the emission profile. This would
override any efforts to change the farm man-
agement to reduce carbon footprints, as
those measures would have only a small pro-
portional effect [19].

Despite larger C footprints, annual and
semi-perennial crops have the advantage
that they offer more flexibility in economic
terms than perennials, which might be re-
garded as a trade-off to the aim of producing
fruit species with a low emission profile. Es-
pecially golden berry, Andean blackberry
and lulo keep market prices quite stable
throughout the year, yield fruits on a weekly
basis and initiate production about 6 months
to 8 months after being planted. Mango,
passion fruit and avocado, on the other
hand, tend to be very seasonal, and the mar-
ket gets flooded during the main harvest
periods.

4.4. Outlook

A drawback of comparing carbon footprints
of different products and countries is the
uncertainty originating from different data
sources, and use of differing emission fac-
tors, system boundaries, and treatment of
land-use change, which should be explicitly
noted in each case [26]. Extensive farming
systems usually have lower yields and emis-
sions per hectare, but greater emissions per
kg of product compared with more inten-
sive systems [11], which makes it important
to present results both on a hectare and a
yield basis, as we did in our study. However,
per area benchmarking of GHG emissions
is considered the most appropriate way for
comparing the resource efficiency of farm-
ing systems [27, 28].

There is a need to identify carbon-efficient
management alternatives, e.g., replacing
pesticides through integrated pest control
and mineral fertilizers through organic fer-
tilizers and complementary cover crops that
fix nitrogen [27, 29]. In this respect, life-cycle
analysis and the concept of footprinting can
be regarded as an important tool to establish
a basis for the sustainability of products
and to understand potential environmental
Fruits, vol. 68 (4
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impacts. It is the first step for quantifying the
contribution of an activity or product to cli-
mate change and to identify areas where
GHG emissions can be effectively reduced.
Energy use and GHG emissions are closely
linked and, to avoid emissions in the agri-
cultural sector, the energy efficiency in
many production systems needs to be
improved. The potential to reduce emis-
sions and to increase carbon sinks in fruit
production systems is high, and may con-
tribute significantly to climate change miti-
gation efforts. As a next step, we recom-
mend conducting more site-specific case
studies that also take into account the
dynamics of farmers’ decision-making on
how to manage their farms.
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Uso de recursos y emisiones de ocho especies de frutas cultivadas en
Colombia.

Resumen – Introducción. En muchos países tropicales el cultivo de frutas de alto valor es
una actividad agrícola rentable, sin embargo cultivar frutas de forma intensiva requiere altas
cantidades de insumos externos. El objetivo de este estudio fue cuantificar y comparar el uso
de insumos (fertilizantes y pesticidas) durante el ciclo del cultivo de ocho especies de frutas
tropicales comúnmente cultivadas en Colombia (Rubus glaucus, Solanum quitoense, Passiflora
edulis, Cyphomandra betacea, Physalis peruviana, Ananas comosus, Persea americana,
Mangifera indica). Adicionalmente se estimaron las emisiones de gases de efecto invernadero
(GEI) en los sistemas de producción seleccionados, y se resalta el potencial de contribución de
estos sistemas a la mitigación del cambio climático. Material y métodos. El análisis se basó
sobre registros de estadísticas agropecuarias nacionales y se aplicó el enfoque de análisis de
ciclo de vida considerando el uso de energía y emisiones de GEI como categorías de impacto.
Adicionalmente se tomaron en cuenta algunos indicadores económicos con el propósito de
integrar metas económicas con metas ambientales en los sistemas de producción. Resultados
y discusión. Entre las ocho especies de frutas estudiadas, el manejo agronómico del mango
(Mangifera indica) resultó en menos emisiones, mientras que el manejo del tomate de árbol
(Cyphomandra betacea) fue el de mayor emisiones. Durante el estudio, se encontró para una
misma especie una alta variabilidad en el uso de insumos entre los productores, indicando la
necesidad de mejorar el manejo del cultivo a nivel de finca. El uso de fertilizantes inorgánicos
fue la mayor fuente de emisiones de GEI. Alternativas para el manejo eficiente de energía y GEI
tienen un alto potencial de reducir la huella de carbono del cultivo de frutas.

Colombia / frutales / frutas tropicales / cultivo / gases de efecto invernadero /
análisis del ciclo de duración / consumo de energía / ordenación de recursos /
agricultura sostenible
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