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Abstract

The carbon footprint (CF) evaluates the overall amount of greenhouse gas emissions and removals
associated with a product or activity across its life cycle. Today, the CF assessment has the potential to be
a key measurement for increasing sustainable agricultural production. In addition, the export-oriented fruit
sector has been challenged to quantify and reduce their CF. Worldwide there are scant peer-review studies
that examine the CF of stone fruits (Prunus genus). The scarcity is most evident in sweet cherries, which is
the third most exported stone fruit in the world in terms of value (after almonds and peaches). Chile is the
largest southern hemisphere producer and exporter of sweet cherry fruit. Within this context, the present
study is one of the first assessments of the CF of conventional sweet cherry production. This work considers
Chilean agricultural practices and identifies key influencing factors (hotspots). It takes into account the
following agricultural inputs: mineral fertilizers, pesticides, diesel consumption for agricultural operations,
machinery, and electricity for irrigation. The results indicate that the average CF of the Chilean sweet
cherry production is 0.41 kg CO,-eq/kg of harvested fruit, with a 95% confidence interval between 0.36 and
0.47 kg CO,-eq/kg. This value is higher than those for other stone fruits reported by the literature. Diesel and
fertilizers are the most important contributors to the CF of sweet cherry cultivation. Improvement scenarios
are evaluated for the hotspots in order to reduce greenhouse gas emissions from the production of this fruit.
This study provides quantitative environmental criteria associated with global warming concerns to the

stakeholders in the fruit sector and to the agricultural policymakers.

Keywords: carbon footprint, life cycle assessment (LCA), GHG emissions, agricultural sustainability
assessment, perennial crops
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Introduction

The increasing rate of population growth has put
pressure on food chain production. To improve land
productivity in agriculture, the use of resources such as
water, agrochemicals, and energy causes a wide range
of implications to environmental sustainability. The life
cycle assessment (LCA) is a methodology to identify
quantitatively the environmental impacts of energy and
materials, as well as waste and emissions in products,
processes, or activities during its lifetime [1]. LCA applied
in agricultural systems are continually increasing due to
environmental impacts related to agricultural activities
such as water consumption [2]; land conversion with its
associated loss of biodiversity [3]; the use of pesticides,
herbicides, and fungicides [4-6]; and energy use [7]. In a
methodological framework, the carbon footprint (CF) is a
subset of the indicators covered by the LCA methodology
[8]. According to the PAS 2050-1 standard [9], the CF
evaluates the overall amount of greenhouse gas (GHG)
emissions and removals associated with a product or
activity across its life cycle. The CF has been rising in
importance in the international trade world. In agricultural
production, such as other sectors, the CF assessment can
identify emission reduction options in order to improve
environmental sustainability associated with global
warming concerns.

The contribution made by fruits to GHG emissions
from household food consumption of some developed
countries can be similar to that of seafood, grain products,
or other foods [10, 11]. Some studies have assessed the
CF or a range of environmental impacts produced by
fresh fruit produced in temperate regions by applying
the LCA approach. For example, Mila and Canals et al.
[12] analyzed apple production in New Zealand via LCA,
and Liu et al. [13] examined pear production in China.
Page et al. [14] performed an analysis of organic kiwi and
apple production in New Zealand based on a CF study.
Sanjuan et al. [15] conducted an LCA study of integrated
production of oranges in Valencia, Spain, and Cordes et
al. [16] analyzed the CF of blueberry fruit in Chile under
organic production. Worldwide, there are scant peer-
review studies that examine the CF of stone fruits (Prunus
genus). When focusing on environmental burdens of
sweet cherry (Prunus avium L.) production, the scarcity is
most evident. It is worth highlighting the work of Litskas
et al. [17], who analyzed energy use and GHG emissions
of cherry orchards in Greece.

After almonds and peaches, the sweet cherry is the
third most exported stone fruit in the world in terms of
value [18]. Chile is the largest southern hemisphere
producer and exporter of sweet cherry fruit and it is the
sixth largest cherry producer in the world. Chilean sweet
cherry production reached a volume of 110,900 tons in
2015 [19]. The main destination markets for the Chilean
cherry are Asia (including Hong Kong and China), with
69% of exported volume and the United States with 16%
participation [19]. Today, the export-oriented agricultural
sector is dependent on the environmental framework in

destination countries [20]. The fruit production sector
in Chile, such as the worldwide fruit sector, faces CF
reduction challenges due to changing international
consumer demands and entry market policies in the world
trading system [21].

The lack of information about GHG emissions of
sweet cherry cultivation on a worldwide scale and the
need to reduce its emissions justifies the evaluation of the
CF of this fruit. In this context, this study takes the first
steps to assess the CF of sweet cherry production in Chile,
in order to identify its key influence factors and to provide
environmental criteria to the agricultural stakeholder for
improving carbon efficiency of this fruit. This study may
also help make decisions in other countries where there is
similar agricultural production for stone fruits.

Methodology

The methodology used in this study follows the ISO/TS
14067 [22] framework and specific recommendations for
the CF of horticultural products of PAS 2050-1 standard
[9] in agreement with ISO/TS 14067. To calculate CF we
used the CCaL V3.0 software developed by the University
of Manchester [23]. We also used the ecoinvent 2.2
database [24].

Taking into account the above standards, this section is
divided into the following subsections: 1) study objectives
and functional unit, 2) system boundary, 3) study area,
data source, and exclusions, and (4) considerations and
assumptions.

Study Objectives and Functional Unit

The main objectives of this study were to evaluate
the CF of conventional sweet cherry production under
Chilean representative practices (reference situation), to
identify the key influence factors (hotspots) of the CF at
the farm stage and to evaluate GHG emissions reduction
scenarios, in order to provide the stakeholders in the fruit
sector with environmental criteria associated with global
warming concerns.

The functional unit (FU) is a quantified performance of
a product system for use as a reference unit [25]. In order
to represent the main function of the study objectives, the
FU used in this work is 1 kg of harvested sweet cherry
under conventional production.

System Boundary

The system boundary is the basis used to determine
which unit processes are included within the CF study
[22]. At the same time, to be consistent with the objectives
of the study, the system boundary is set from cradle-to-
farm gate. The boundary is set until the harvest process.
The system under assessment (see Fig. 1) involves the
following agricultural inputs: 1) fertilizers (including
growth regulators), 2) pesticides, 3) diesel for agricultural
operations, 4) machinery (tractors, tools), and 5) electricity
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Fig. 1. System boundaries of the sweet cherry production system.

for irrigation. The life cycle of each agricultural input is
included within the system boundary, and it considers the
raw materials extraction (e.g., minerals, fuel), production
(e.g., of fertilizers, machinery), intermediate transport,
and use.

Study Area, Data Source, and Exclusions

The study area corresponds to the Maule region of
Chile; located in the central area of the country (from the
35" to 36" parallel south), where the highest percentage
of national sweet cherry cultivation is concentrated. This
region represents an average of 47% of the Chilean land
planted with this fruit [26].

The data from the agricultural inputs and fruit yield of
sweet cherry production used in the inventory (see Table 1)
correspond to agricultural practices that are representative
of'the Maule region conditions, and are based on technical-
economic studies published by the National Society of
Agriculture [27] and the Chilean governmental Office for
Agriculture Studies and Policies [28]. These studies are
based on information from agricultural companies, visits
to growers, and public organizations. The previous data
are complemented by field information obtained in 2015
by our research group in face-to-face interviews either
with the owners or the administrators of five sweet cherry
orchards.

Pruning residue treatments and residuals like
packaging of agrochemicals were excluded from analyses
due to lack of data. The sources of data used in this study
only indicate the agricultural inputs associated to the full
production stage of the sweet cherry trees. Consequently,
the low and non-productive stages (e.g., nursery, planting,
and growing) are not included because of lack of data,
despite the recommendation of its inclusion mentioned by
Bessou et al. [29].

Background processes, such as imported agrochemical
production, national diesel production, transport by truck,

Table 1. Inventory of main agricultural inputs and seed yield
of Chilean sweet cherry production under study (reference
situation).

Input ® | Value | Unit

Fertilizers and growth regulators

Urea 220 kg/ha
Triple superphosphate 90 kg/ha
Potassium sulfate 110 kg/ha
Others fertilizers 16 kg/ha
Growth regulators 26 kg/ha
Pesticides
Copper hydroxychloride 6.1 kg/ha
Chlorothalonil 1.4 kg/ha
Iprodione 2.0 kg/ha
Streptomycine 0.8 kg/ha
Haloxifop-P-metil 0.1 kg/ha
Paraquat déictk)lrl(())rrrll(iiseand diquat 0.6 ke/ha
Quizalofop-P-tefuryl 0.4 kg/ha
Chlorpyrifos 1.0 kg/ha
Lambda- cyhalothrin 0.1 kg/ha
Paraffinic mineral oil 35.1 kg/ha
Others pesticides 0.1 kg/ha

Irrigation requirement

Electricity use | 2500 | kWh/ha
Diesel consumption
Crushing 28 kg/ha
Spraying, fertilizers 279 kg/ha
Spraying, pesticides 56 kg/ha
Harvest 84 kg/ha
Tools and tractor
Crusher 2 kg/ha
Sprayer 23 kg/ha
Harvest cart 6 kg/ha
Tractor 117 kg/ha
Seed yield 11000 kg/ha

* Average values

etc., are obtained from the ecoinvent 2.2 database [24].
This database has an adequate application for industrial
activities in those South American countries with higher
levels of technology, such as Chile [30]. Additionally,
the Chilean electricity mix is incorporated to reflect
local conditions. The majority of the agrochemicals used
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in sweet cherry production are imported. To the GHG
emissions of the production of these products, those of
the transport are added. Transport includes transportation
from the country of origin in a container vessel to the port
of San Antonio (Chile), from there in a large truck to the
regional supplier, and from there in a pick-up vehicle or a
small truck to the farm.

Considerations and Assumptions

Representativeness and Geographical
Coverage

Considering that data are based on sector statistics
from a large area, it may be assumed to be representative
of the average cultivation system in the region under
study. Furthermore, geographic differences are smoothed
out through the average data used.

Uncertainty Assessment

The sources of data used in the present study give
a set of values without the range of variation. In this
case, we do not know the uncertainty of a specific input.
Therefore, we use data quality indicator scores to estimate
the level of uncertainty [31]. According to the GHG
protocol standard for product life cycle [32], our approach
includes a pedigree matrix (based on data quality scores)
for quantifying single parameter uncertainty, and the
Taylor series expansion to propagate individual parameter
uncertainties and to determine overall system uncertainty.
The approach assumes that the uncertainty distribution for
each parameter is log-normally distributed [31].

Nitrous Oxide Emissions

Nitrous oxide emissions (N,O) from the application
of nitrogen fertilizers have been estimated according to
the Tier 1 approach stated by the IPCC [33] and using a
100-year GWP for NO of 298 kg CO,-eq/kg N,O [9].

Allocation

Allocation involves the partitioning of the inputs
and outputs between co-products in a CF study of a
multifunctional system. In view of the fact that the
inventory in this study is based on quantities of fertilizers
and other agrochemicals used exclusively for the
production of sweet cherry, all agricultural inputs and
outputs are completely assigned to this crop. Furthermore,
since no co-products are produced from the orchards, the
co-products allocation procedure is not necessary.

Land Use Change

Land use change (LUC) is the change in the purpose
for which land is used by humans (e.g., the conversion
from forestland to cropland). In accordance with the
PAS 2050-1 guide [9], GHG emissions from LUC

are not considered in this study because most Chilean
sweet cherry plantations are cultivated on agricultural
land that has been used for perennial crops for longer than
20 years.

Results and Discussion

The first subsection presents the CF results and the
influence of agricultural factors on GHG emissions for
sweet cherry production. The second subsection then
analyzes the life cycle stages of key influence factors of
the sweet cherry CF. The third subsection evaluates
the GHG emission reduction scenarios related to the
factors with the greatest contribution. Finally, the fourth
subsection compares the GHG emission results from
this study with CF studies of stone fruits available in the
literature.

Carbon Footprint of Sweet Cherry Production and
Contribution of Agricultural Factors
to GHG Emissions

Table 2 shows the CF of sweet cherry cultivation under
Chilean representative practices and the contribution of
inputs to the GHG emissions. The CF of sweet cherry
production is 0.41 kg CO,-eq/kg of harvested fruit on
average, with a 95% confidence interval between 0.36 and
0.47 kg CO,-eq/kg. Under average European conditions, a
report conducted by Audsley et al. [34] indicated a CF for
sweet cherry of 0.43 kg CO,-eq/kg from the agricultural
production up to a UK regional distribution center. Our
results do not exceed the range of 0.2 to 0.8 kg CO,-eq/kg
according to previous case studies of horticultural products
(category 6) as indicated in Table D.1 of the PAS 2050-1
[9]. However, our results are significantly lower than those
reported by Litskas et al. [17]. Analyzing their results on
conventional sweet cherry orchards located in northern
Greece, we conclude that GHG emissions of Greek sweet
cherry production were on average 1.3 kg CO,-eq/kg fruit.
The difference between Chilean and Greek results could
be explained by both the different rates of agrochemical
application and the diesel used on the farms.

Table 2 also shows that the agricultural inputs of
greatest contribution to the GHG emissions (hotspots) of
sweet cherry production are diesel use followed by mineral
fertilizers by an average of 41% and 32%, respectively.
These hotspots are analyzed in further detail in the next
subsection. The relatively high GHG emissions associated
with diesel result mainly from fuel consumption in foliar
applications of agrochemicals. In relation to fertilizers,
urea makes a considerable influence to the CF of these
agrochemicals. Our results are in agreement with those
of Bessou et al. [29] and Iriarte et al. [35]; from these
studies, it is possible to indicate that the fertilizers
contribute significantly to GHG emissions of fruit crops.
On the other hand, machinery and pesticides present the
lowest impact. These inputs contribute 7% on average to
the total CF.
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Table 2. Contribution of agricultural inputs to the CF of Chilean sweet cherry production.
. . Average Lower value® Upper value®
Agricultural input (kg CO -eq/FU *) (kg CO,-eq/FU) (kg CO-eq/FU)
Fertilizers (including growth regulators) 0.13 0.116 0.162
Pesticides 0.01 0.009 0.012
Diesel 0.17 0.132 0.218
Machinery (tractors, tools) 0.02 0.016 0.025
Electricity for irrigation 0.08 0.067 0.095
Total carbon footprint 0.41 0.360 0.470

“Functional unit = 1 kg of harvest sweet cherry.

*Lower and upper limits of the 95% confidence interval on the uncertainty distribution.

Analysis of the GHG Emissions
of the Hotspots

As mentioned in the previous subsection, diesel and
mineral fertilizers are key agricultural inputs, due to their
major influence on the GHG emissions of sweet cherry
production in Chile. Fig. 2 shows the contribution of the
main life cycle stages (production, transport, and use)
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Fig. 2. GHG emissions of the life cycle stages of a) diesel and b)
fertilizers used in sweet cherry cultivation.

to the CF of diesel and fertilizers employed on sweet
cherries. When examining the diesel life cycle stages,
diesel use associated with fuel combustion on farms is
the major contributor to GHG emissions in this life cycle
(86%). Within the fertilizer’s life cycle, the main stages
are fertilizer use (associated with field emissions, mainly
N,O emissions) and fertilizer production (including
extraction of raw materials). As a whole, these stages
contribute 98% of the GHG emissions in this life cycle.
This is in agreement with previous studies, which have
shown the significant contribution of field emissions to
GHG emissions in cropping systems [36-37]. In contrast,
the transport stage of diesel or fertilizers from production
centers to farms has a minor contribution in both life
cycles, with values between 1% and 2%.

GHG Emission Reduction Scenarios

Three reduction scenarios based on the agricultural
inputs of greatest contribution to the GHG emissions
of sweet cherry production (fertilizers and diesel)
are proposed according to the Pareto Principle [38].
Furthermore, the orchard practices informed by farmers
in the Maule region are considered when defining these
scenarios.

Scenario 1 considers a change of fertilizer. The type
of mineral fertilizer applied differs among orchards.
This scenario proposes the replacement of urea (a major
contributor to the GHG emissions of fertilizers) for
calcium nitrate.

Scenario 2 considers a reduction of the amount of
fertilizers applied. According to data gathered in the field,
the amount of total fertilizers applied differs among farms.
A reasonable scenario considers a 25% reduction in the
amount of total fertilizers with regard to the reference
situation.

Scenario 3 considers a reduction of diesel use for
agricultural operations. Some sweet cherry farmers
apply pesticides by manual backpack sprayers instead
of applications by tractors, reducing its diesel use in
comparison to the others. This scenario proposes a 30%
reduction in the amount of diesel used for agricultural
labor.
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Fig. 3. CF for the GHG reduction scenarios of sweet cherry
production in comparison to the reference situation. The bars
show the mean values and the lines indicate the lower and upper
limits of the 95% confidence interval.

As shown in Fig. 3, we observed that when evaluating
the measures suggested in the scenarios, the diesel
diminution for agricultural operations (scenario 3)
achieves the greatest reduction of the GHG emissions of
sweet cherry production (15%). The reduction of fertilizer
application (scenario 2) could decrease GHG emissions
by 8% compared to the reference situation. On the other
hand, the results indicate that the replacement of urea
for calcium nitrate (scenario 1) only reduces the CF by
2%. The diesel diminution associated with a major use of
manual backpack sprayers would have the highest positive
impact on reducing CF of sweet cherry cultivation, but
orchard size and high labor costs have to be considered for
each particular situation. In the same way, diesel use can
be reduced by replacing existing tractors by more efficient
units.

Comparison with other CF Studies
of Stone Fruits

There are scant peer-review studies that have examined
the CF of stone fruits (Prunus genus). According to a
literature review of these studies, the calculated CF of
0.41 kg CO,-eq/kg for sweet cherry production could be
mitigated by a more organic orchard system, such as less
consumption of synthetic fertilizer or substitution with
manure, and less energy consumption due to accurate
diesel use. The GHG emissions of almond production in
California, USA were 0.9 kg CO,-eq/kg almond applying
allocation methods by co-product of orchard biomass
and shells used in electricity generation, where the main
contributor of GHG emissions were nitrogen fertilizer
and energy for irrigation [39]. Some research conducted
with peaches in different countries showed an estimated
CF between 0.1 to 0.16 kg CO,-eq/kg peaches using
organic, integrated, and conventional farming systems in
Greece [40]; a CF of 0.23 kg CO,-eq/kg in Italy [41]; and
a CF of 0.37 kg CO,-eq/kg in China [42], where the main
contributor was mineral nitrogen fertilizer at more than
50%.

Conclusions

The CF assessment allows planning and promoting of
widespread low-carbon procedures across fruit companies,
as well as policymakers and other stakeholders on the
subject. There are scant studies that have examined the
CF of stone fruits. In this context, this study is one of the
first assessments of the CF of sweet cherry production
worldwide.

The CF of conventional sweet cherry production
under representative practices in the main cultivation
region of Chile is 0.41 kg CO,-eq/kg of harvested fruit,
with a 95% confidence interval between 0.36 and 0.47 kg
CO,-eq/kg. The main contributors to the GHG emissions
of sweet cherry production are diesel for field operations
and mineral fertilizers. On the other hand, machinery and
pesticides present the lowest impact.

In order to minimize the GHG emissions associated
with diesel consumption, a major use of manual backpack
sprayers, instead of applications by tractors, should
be evaluated. However, this might be only partially
applicable due to high labor costs and orchard size. The
results of the GHG emissions reduction scenarios show
that a 30% reduction in diesel owing to a major use of
manual sprayers could decrease the CF of sweet cherry
production by 15% compared to the reference situation. In
addition, diesel use can be reduced by replacing existing
tractors with new machines that are more efficient, as the
results at some orchards have shown.

Reducing the fertilizer application would have a
positive impact on reducing CF of sweet cherry production,
but crop requirements have to be considered to avoid yield
reduction. Furthermore, other sources of fertilizers could
be desirable if the GHG emissions are to be improved. The
use of livestock manure as an organic fertilizer for Chilean
sweet cherry orchards is a possible option. According to
our results, the N,O emissions from applying fertilizers
are a high contributor to GHG emissions of sweet cherry
cultivation. These emissions are influenced by a large
number of local parameters — one of the main ones being
the amount of nitrogen available in the soil. Thus, more
efficient fertilization strategies will lead to a decrease of
N,O emissions.

New field data or evaluation of CF on other life cycle
stages, such as packing and transportation from orchards
to customers, could further improve knowledge of the CF
of sweet cherries in order to reduce the GHG emissions
of this fruit. Furthermore, future environmental studies
of Chilean sweet cherry production could incorporate the
use of more technology for cultivation. Even so, some
technology could increase the CF if the goal is minimizing
harvesting time by using mechanical devices. Additionally,
determining impact categories, such as eutrophication,
acidification, and impacts related to water use, could be
added to develop a more complete LCA. We encourage
further research in that direction.
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