
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tcmt20

Carbon Management

ISSN: 1758-3004 (Print) 1758-3012 (Online) Journal homepage: https://www.tandfonline.com/loi/tcmt20

Assessment of carbon sequestration and the
carbon footprint in olive groves in Southern Spain

Pedro J. Lopez-Bellido, Luis Lopez-Bellido, Purificacion Fernandez-Garcia,
Veronica Muñoz-Romero & Francisco J. Lopez-Bellido

To cite this article: Pedro J. Lopez-Bellido, Luis Lopez-Bellido, Purificacion Fernandez-
Garcia, Veronica Muñoz-Romero & Francisco J. Lopez-Bellido (2016) Assessment of
carbon sequestration and the carbon footprint in olive groves in Southern Spain, Carbon
Management, 7:3-4, 161-170, DOI: 10.1080/17583004.2016.1213126

To link to this article:  https://doi.org/10.1080/17583004.2016.1213126

Published online: 05 Aug 2016.

Submit your article to this journal 

Article views: 2155

View related articles 

View Crossmark data

Citing articles: 10 View citing articles 

https://www.tandfonline.com/action/journalInformation?journalCode=tcmt20
https://www.tandfonline.com/loi/tcmt20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/17583004.2016.1213126
https://doi.org/10.1080/17583004.2016.1213126
https://www.tandfonline.com/action/authorSubmission?journalCode=tcmt20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tcmt20&show=instructions
https://www.tandfonline.com/doi/mlt/10.1080/17583004.2016.1213126
https://www.tandfonline.com/doi/mlt/10.1080/17583004.2016.1213126
http://crossmark.crossref.org/dialog/?doi=10.1080/17583004.2016.1213126&domain=pdf&date_stamp=05 Aug 2016
http://crossmark.crossref.org/dialog/?doi=10.1080/17583004.2016.1213126&domain=pdf&date_stamp=05 Aug 2016
https://www.tandfonline.com/doi/citedby/10.1080/17583004.2016.1213126#tabModule
https://www.tandfonline.com/doi/citedby/10.1080/17583004.2016.1213126#tabModule


Assessment of carbon sequestration and the carbon footprint in olive
groves in Southern Spain

Pedro J. Lopez-Bellidoa, Luis Lopez-Bellidoa, Purificacion Fernandez-Garciaa, Veronica Mu~noz-Romeroa and
Francisco J. Lopez-Bellidob

aDepartamento de Ciencias y Recursos Agr�ıcolas y Forestales, University of C�ordoba, Campus de Rabanales, Edificio C-4 “Celestino Mutis,”
Ctra. Madrid km 396, 14071 C�ordoba, Spain; bDepartamento de Producci�on Vegetal y Tecnolog�ıa Agraria, University of Castilla-La Mancha,
Ciudad Real, Spain

ARTICLE HISTORY
Received 24 February 2016
Accepted 8 June 2016

ABSTRACT
Tree plantations are characterized by their ability to remove CO2 from the atmosphere and
store it in a stable manner in tree structures (trunks, roots and branches) as well as in the soil.
The study was conducted in Southern Spain in olive groves and covering an area of 1121 ha,
where 22 homogenous plantation units were selected. The Picual and Arbequina varieties were
assessed in intensive, super-intensive and conventional plantations as well as in rainfed and
irrigated plantations. The net carbon (C) balance in the olive tree plantations was clearly
positive, especially in intensive and super-intensive plantations (2.05 and 4.10 Mg C ha�1 yr�1

on average for all plantations studied). These results are significant for life-cycle evaluations of
olive oil and for obtaining the C footprint of olive oil as a final product. Improved practices for
soil management, such as the use of conservation tillage and cover crops and reincorporating
pruning residues into the soil, can notably increase the net C balance in tree plantations and
may even double it in amount. Thus, including the C sequestration rate of olive tree plantations
can increase the accuracy of C footprint estimations for olive oil and represents a key factor in
marketing the final product according to its environmental benefits.

KEYWORDS
Olea europaea; carbon
sequester rate; greenhouse
gas emissions; soil organic
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Introduction

Compared with the conventional industrial and trans-
portation sectors, when the agricultural sector is prop-
erly managed, it can balance CO2 emissions to the
atmosphere and store it as carbon (C) in plant biomass
and in the soil. C sequestration occurs when a combi-
nation of farming practices increases the C stored in
soils [1,2]. The effect of practices such as tillage system,
crop rotation, tree plantation and fertilization manage-
ment differs depending on the soil type, farming sys-
tem, residue management and climate [3�7].

Tree plantations are characterized by their ability to
remove CO2 from the atmosphere and store it tempo-
rarily within the tree parts (trunks, roots, branches,
leaves and fruits) and soil over long time periods.
Therefore, tree plantations are known to have a higher
potential for C sequestration than annual crops have.
The C stored in trunks, branches and roots is quite sta-
ble. However, previous research must be applied to
determine the CO2 removal capacity by a tree system
and C sequestration in the soil. A number of studies
have assessed the production and net C budget in for-
est ecosystems, although few studies have focused on
crops, which is partly because of the difficulties and
uncertainties related to estimating the amount of C in
farmlands [8�12].

The term “carbon footprint” is relatively new,
although the methods supporting it are well established
because they were previously developed for a wide vari-
ety of environmental issues. There is no widely accepted
or concrete definition for C footprint in use, although
there is a general notion of its meaning and status. An
inclusive definition that attempts to incorporate all pos-
sible applications has been proposed by Peters [13]:
“the C footprint of a functional unit is the climatic impact
expressed as a specific measurement when all relevant
emission sources, sinks and storage within a system lim-
ited spatially and temporarily are considered” (p. 245).

The C footprint is one of the most widely used indi-
cators for identifying, synthesizing and communicating
the potential environmental impacts caused by a pro-
cess or activity. Therefore, a product’s C footprint is
intended to quantify the greenhouse gases (GHG)
emitted to the atmosphere during the manufacture
and sale of a product, from the raw material acquisition
to residue management, allowing consumers to decide
which food to buy based on the emissions produced.
The concept of a C footprint is important for compa-
nies, consumers and politicians. Investors analyze the C
footprint as an indicator of investment risks, purchas-
ing managers are interested in the C footprint associ-
ated with supply chains and consumers are
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increasingly interested in products with labels showing
the C footprint [13,14].

The C footprint is related to climate change and repre-
sents a key component of the corporate social responsi-
bility of companies. Numerous countries, including
France, the USA, Canada, the United Kingdom, Switzer-
land, Japan, Australia and Germany, have passed laws
and implemented rules regarding the C footprint of
products and services. In addition, an increasing number
of food companies are disclosing information on the C
footprint of their products. According to a recent survey,
72% of Europeans are in favor of requiring companies to
show the C footprint of their products.

The agriculture and forestry sectors are the only sec-
tors that can remove CO2 from the atmosphere; thus,
the term “C balance” may be more appropriate than
“C footprint” with regards to agriculture because many
crops can produce a positive balance by acting as net
CO2 sinks (depending on production technique). Thus,
Clay et al. [15] have used the term “partial C footprint”
and even “negative C footprint.”

A number of methods [14] have been standardized
internationally for the calculation of C footprints, and
they are applied to products as well as services and
only consider GHG emissions associated with pro-
cesses. When these methods are applied to the
agri-food industry, the C footprint is obtained by con-
sidering the GHG emissions associated with the raw
materials (wheat, olives, oranges, etc.) as well as those
produced during the manufacturing process (bread,
baked goods, oil, juice, etc.). The amount of potentially
sequestered C generated when producing raw materi-
als is omitted. Thus, the standardized methodologies
for obtaining the C footprint have not been developed
specifically for agriculture or the agri-food industry.

Previous studies of olive tree plantations have pro-
vided information on the net C sequestration [7,16],
C exchange and water use efficiency in irrigated olive
groves [17], and models have been developed to
determine the growth potential of an olive tree’s
aboveground structures as a tool to estimate C seques-
tration [18]. In Southern Italy, Sofo et al. [16] obtained
the average values for the amount of CO2 captured as
a function of age, olive tree density, and aboveground
and belowground structure differences, and mean val-
ues of 2.74 and 9.54 Mg ha¡1 yr¡1 have been observed
in young and mature plantations, respectively. Testi
et al. [17] used eddy covariance to measure the CO2

flux in an irrigated olive grove in C�ordoba during differ-
ent leaf area index (LAI) periods. The results of the
study suggest that olive groves watered by drip irriga-
tion must be investigated regarding their C exchange
and appropriate calculations, and such results cannot
be easily applied to other biomes. Finally, Villalobos
et al. [18] have calibrated and validated a simple model
based on radiation-use efficiency (RUE) to study the
growth and yield of different olive tree varieties in

Southern Spain, and they estimated the C sequestra-
tion potential in an intensive olive tree plantation
under irrigation at 7 Mg CO2 ha

¡1 yr¡1. However, there
are no studies on the sequestering and footprint of C
that integrate different plots located in a large area of
cultivation with different soil types, cultivars, planting
densities and irrigation systems.

The objective of this study was to assess C seques-
tration and determine the C footprint for a set of olive
tree plantations in Southern Spain with different plan-
tation densities and cultivation systems for Picual and
Arbequina varieties. The aim was to develop a predic-
tive model capable of estimating the amount of
C stored in the biomass of olive tree plantations.

Materials and methods

Study sites

The study was conducted over an area of 1121 ha
located in the provinces of Seville, Cordoba, Cadiz and
Jaen (Southern Spain) (Figure 1) and investigated 22
homogeneous unit olive groves (HUOGs), each owned
by the same farmer. Each HUOG presents similar char-
acteristics, including soil, variety, age, plantation den-
sity, cultivation system (rainfed or irrigated) and
farming practice (Table 1). Tillage operations differ
according to homogeneous units although minimum
tillage (roller, disk harrowing and weeding machine)
with the use of cover crops predominated in most
cases (Table 1). The Picual and Arbequina varieties are
cultivated in the studied HUOGs, which include inten-
sive, super-intensive and traditional plantations, and
rainfed and irrigated cultivation (Table 1).

The broad differences between the studied HUOGs in
terms of location (weather), variety, age and plantation
density are essential for obtaining a wide range of data,
and have been useful for confirming variability in the val-
ues of C sequestration and balances in olive tree
plantations.

Figure 1. Map with the study areas, indicating the homoge-
neous unit olive groves.
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The olive tree plantation units were grouped by
plantation density (number of trees ha¡1) as follows:
conventional, including traditional mature plantations
that are no longer developed, with 80 to 100 trees
ha¡1; intensive, with densities between 200 and 300
trees ha¡1 and different plantation frames; and super-
intensive or hedgerow, with densities ranging from
500 to 2000 trees ha¡1. The different plantation
frames, density of trees per hectare and soil character-
istics are shown in Table 1.

Field study

Olive tree uprooting

Previously, a control test was performed with three
specimens each of the Picual and Arbequina varieties
from 15-year-old intensive plantations. These speci-
mens were uprooted, and their biomass volume was
obtained by dasometric analysis before uprooting and
compared with the real weight and volume measured
directly from the uprooted olive trees to confirm the
reliability of the dendrometric method. After uprooting
the selected trees, the individual aboveground compo-
nents (trunk, branches, twigs) were weighed in the
field and samples of all parts were put in a oven at
105 �C until they reached a constant weight [19]. The
dry weight of the tree was calculated by multiplying
the percentage of dry weight of each individual com-
ponent by their fresh weight. Multiplying the average
amount of measured trees’ dry weight by the number
of trees per hectare, the dry weight per hectare was
obtained.

The tree uprooting was performed with a New Hol-
land telehandler on a sandy loam soil in wet condi-
tions. Subsequently, an excavation was made
recovering the roots remaining in the soil. These were
generally of less than 0.5 cm in diameter, representing
around 20% of the total weight of the roots of each
tree. The roots were separated from the trunk and
weighed. For the aboveground portions of the trees,
trunks and branches of different sizes up to 2 cm in
diameter were weighed, and their volume was mea-
sured separately. The shoot/root ratio was obtained. A
Pressler borer [20] was used to collect samples from
the roots and branches to determine the wood density
of each part. Different portions of vegetable matter
were dried in an oven at 70 �C to obtain the amount of
dry matter. Finally, the material was shredded sepa-
rately to analyze the C content.

Biomass volume measurements in olive tree
plantations

Three representative trees were selected in each
HUOG, and the height and the largest and smallest
diameter of the trunk and main and secondary Ta
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branches (at least 2 cm diameter) were measured. The
measurements were performed with a forestry calliper
and rigid metallic metric tape. The biomass volume
was calculated using the equation:

BVD 1=3£A£h£ðR2 C r2 C R£rÞ (1)

where BV: biomass volume; h: height (m); R: largest
diameter (m); r: smallest diameter (m).

Additionally, cores were collected from the trunk
and branches of each variety using the Pressler borer
to determine the wood density.

Collection of soil samples

Five soil samples were collected manually in random
locations of each HUOG using a 4-cm-diameter Eijkel-
kamp core sampler to depths between 0 and 30 cm.
The sample soil was mixed and homogenized, and five
additional samples of unaltered soil were also collected
to determine the bulk density using a special Eijkel-
kamp probe with a closed ring holder. The soil samples
were transported to the laboratory and stored in a
refrigerator at ¡ 30 �C until analysis.

Laboratory study and analysis

Laboratory analysis
Soil samples were air dried, shredded, homogenized
and sieved. The C content in the wood samples and
organic C content in the soil samples were determined
by dry combustion using an elemental analyzer
(EA 3000 Eurovector SpA Mil�an, Italy). The values
thus obtained were multiplied by a factor of 2 to calcu-
late the organic matter content [21]. Texture
was determined using a Bouyoucos densimeter.
Carbonates were quantified using a Bernard calcime-
ter. The pH of the soil was measured at a 1:2.5 soil:
water ratio.

Calculation of biomass and C stock in olive trees
The wood volume of each selected tree was calculated
according to the previously obtained biometric meas-
urements (length and diameter of the trunk and differ-
ent branching categories). The measurements from the
three trees selected in each plantation were averaged.
Thus, the olive tree C stock was obtained using the
equation:

CSDC concentration£WD£WV (2)

where CS: olive tree carbon stock; C: olive tree carbon
(g kg¡1); WD: wood density (Mg m¡3); V: wood volume
(m3).

Determination of soil organic C stock
The soil organic C (SOC) stock at the sampled depth
(0�30 cm) was calculated using the equation:

SOCSD SOC concentration£BD£SD (3)

where SOCS: soil organic carbon stock; SOC: soil organic
carbon (g kg¡1); BD: bulk density (Mg m¡3); SD: soil
depth (m). Bulk density was determined by the core
method using a soil core for each plot and depth [22].

Determination of GHG emissions during farming
operations in olive tree plantations
In the method used here, the applied GHG emission
factors were expressed in terms of kg carbon equiva-
lent (CE). The amount of GHG produced by each HUOG
was determined from crop records for each plantation
using the emission factors (EF) proposed in the scien-
tific literature, particularly those by Lal [23] and
extended by Agence de l’Environnement et de la
Mâıtrise de l’�Energie (ADEME) [24]. The specific EFs for
the olive tree plantations were calculated according to
energy data and by studying the hourly output of the
different farming operations [23].

Determination of C balance and C sequestration rate
in olive tree plantations
The annual rate of C stored in the biomass and soil at a
depth of 0�30 cm must be determined to estimate
the net C balance or C footprint in each plantation after
subtracting the GHG emissions produced during farm-
ing operations.

The net flux of C (NFC), which is expressed as the
annual C sequestration rate per hectare for each HUOG
and is also known as the C footprint, was determined
from C sequestration data determined through the
olive plantation biomass, soil C storage and GHG emis-
sions during farming operations (expressed in CE)
using the following formula:

NFCD C sequestration by the aboveground

parts and rootsC C sequestration by soil

¡ C emissionsðCEÞduring farming operations

(4)

Statistical analysis
Annual data for each variable were subjected to analy-
sis of variance (ANOVA), using a randomized complete
block design combined with the error term according
to McIntosh [25]. Means were compared using Fisher’s
protected least significant difference (LSD) test at
P< 0.05. LSDs for the different main effects were calcu-
lated using the appropriate standard error terms. The
Statistix v. 9.0 [26] package was used for this purpose.
Using different dasometric measurements obtained
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from the 22 olive HUOGs as well as information corre-
sponding to the variety, date and plantation frame, dif-
ferent predictive models were tested to estimate the
annual C sequestration rate by the olive tree plantation
biomass.

Results

C content in olive tree plantations

C content in the biomass of olive tree plantations
The shoot/root biomass ratios obtained for the
uprooted olive trees, once the leaves and branches
below 2 cm in diameter were removed, were similar
for Picual and Arbequina: 4.2 and 4.3, respectively
(data not shown).

The percentages of C content in the trunk wood, dif-
ferent types of branches and roots in both varieties did
not differ, recording an average percentage of 45.7 §
0.6% (data not shown).

The average amount of C stored in the total biomass
of the 22 HUOGs was 5.9 § 4.3 Mg ha¡1 (Table 2). In
intensive plantations of similar age, C accumulation by
the Picual variety was much higher than C sequestra-
tion by the Arbequina variety, at 5.4 and 3.1 Mg ha¡1,
respectively. In hedgerow super-intensive plantations,
only the Arbequina variety was present. The amount of
C stored per hectare in these plantations was greater
than the amount stored per hectare in intensive plan-
tations of the same variety, at 6.7 and 3.1 Mg ha¡1,
respectively. The C sequestration by the Arbequina
variety hedgerow plantations was 20% higher than the
C sequestration by Picual variety plantations.

In summary, conventional plantations older than
60 years with densities between 80 and 100 trees ha¡1

are capable of sequestering over 15 Mg ha¡1 C in their

biomass (Tables 1 and 2). This quantity can be attained
by 18-year-old intensive plantations, especially planta-
tions of the Picual variety, with densities of approxi-
mately 200 trees ha¡1. Moreover, super-intensive
hedgerow plantations of the Arbequina variety with an
average age of 6 years presented C sequestration val-
ues between 7 and 8 Mg ha¡1 (Tables 1 and 2).

Organic C content in the soils of olive tree
plantations
Mean organic C value in soils was 26.1 § 11 Mg ha¡1

for the 0�30-cm depth horizon (Table 2). The mean
percentage of organic C of the soil was 0.7%. In most
cases, the soils of the olive plantation units presented
low organic matter content at 1.4% in the upper layer
(0�30 cm).

Total organic C content of olive tree plantations
The mean amount of C sequestered in olive tree plan-
tations was 31.5 § 11.4 Mg ha—1; 17% of this amount
corresponds to C stored in the biomass and 83% corre-
sponds to organic C in the 0�30 cm soil depth
(Table 2). However, although the amount of C in the
soil was higher, the importance of C stored in the tree
biomass should not be undervalued, because the C
sequestration rate by trees is more stable and increases
over time in relation to the growth of the plantation.

Annual C sequestration rate in olive tree
plantations

The aforementioned annual C rates were calculated as
follows: by dividing the amount of C accumulated in
the biomass and soil by the age of the plantation
(in years). The annual C sequestration rate is a key indi-
cator used to obtain the C footprint, and it is required
to assess the different farming practices conducted in
the olive tree plantation and determine their effect
on C sequestration and GHG emissions as well as to
implement guidelines to improve C sequestration and
mitigate GHG pollution by the agroecosystem.

The annual C sequestration rate in the olive tree
plantations (biomass and soil) was recorded at 2.24 §
2.2 Mg ha¡1 yr¡1 on average, and showed a high
degree of variability. Regarding plantation system
intensity (Table 3), the mean value obtained for the
super-intensive plantations was significantly higher

Table 2. Organic carbon stock in shoot, root, soil (0�30 cm)
and total according to variety and number of olive trees
ha¡1.

HUOGs Variety
Number of

olive trees ha¡1
Carbon stock (Mg ha¡1)

Shoot Root Soil Total

1 Picual 204 7.1 1.7 34.25 43.1
2 Picual 83 8.3 2.8 21.80 32.8
3 Arbequina 1333 2.5 0.6 39.96 43.1
4 Arbequina 1975 4.8 1.1 32.05 38.0
5 Arbequina 1975 7.4 1.7 12.26 21.4
6 Arbequina 1975 7.1 1.7 33.22 42.0
7 Arbequina 286 1.0 0.2 17.35 18.6
8 Picual 208 0.7 0.2 30.21 31.1
9 Arbequina 286 1.2 0.3 28.98 30.5
10 Arbequina 1852 6.2 1.5 32.09 39.8
11 Picual 208 1.2 0.3 35.95 37.5
12 Picual 190 3.2 0.8 23.10 27.1
13 Picual 247 4.0 1.0 14.74 19.8
14 Picual 208 11.7 2.8 33.64 48.2
15 Picual 208 2.1 0.5 23.44 26.0
16 Arbequina 500 3.2 0.8 15.37 19.4
17 Picual 100 12.2 4.1 4.23 20.5
18 Arbequina 238 6.0 1.4 39.75 47.2
19 Arbequina 238 1.6 0.4 40.13 42.1
20 Arbequina 238 1.3 0.3 33.26 34.8
21 Picual 179 6.8 1.6 36.66 45.1
22 Arbequina 238 3.7 0.9 3.78 8.4

Note: HUOGs: Homogeneous unit olive groves.

Table 3. Annual C sequestration rate in shoot, root and soil
according to olive tree plantations.

Carbon sequestration rate (kg ha¡1yr¡1)

Biomass SoilOlive tree
plantations Shoot Root Total (0�30 cm) Total

Conventional 178 c 60 b 238 c 224 c 462 c
Intensive 438 b 104 b 542 b 1596 b 2138 b
Super-intensive 958 a 224 a 1182 a 3076 a 4258 a

Note: Within-treatment means followed by the same letter are not signif-
icantly different at P � 0.05 according to least significant difference.
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(by nearly 2 times) compared with the intensive planta-
tions, and the conventional plantations presented the
lowest mean annual rates.

Estimation of a predictive model for determining C
sequestration in olive tree biomass

Only the number of trees per ha, or plantation frame,
fit a highly significant linear model defined by the
equation (Figure 2):

yD 0:49xC 216ðR2 D 0:87���Þ (5)

This model can calculate the annual C sequestration
rates from the variable y (expressed in terms of kg
ha¡1) as a function of the number of olive trees per
hectare in the plantation (independent variable x).

In addition, the data analysis showed differences in
terms of C sequestration between the Picual and Arbe-
quina varieties. In particular, the average annual C
sequestration rate was 0.401 Mg ha¡1 in intensive plan-
tations of Picual and 0.374 Mg ha¡1 in intensive planta-
tions of Arbequina. As a result, a correction factor or
coefficient of 1.1 was used in the model when analyz-
ing the Picual variety, and the results obtained for the
annual C sequestration rate in the equation must be
multiplied by this factor (1.1) if the variety corresponds
to Picual.

Similarly, data regarding the cultivation system and
whether the plantations were irrigated or rainfed were
analyzed. The average annual C sequestration rate was
0.303 Mg ha¡1 in rainfed plantations and 0.374 Mg
ha¡1 in irrigated plantations. Thus, a correction factor
or coefficient of 0.8 must be applied to the model
when considering rainfed olive tree plantations, and
the value obtained for the annual C sequestration rate
in the equation must be multiplied by 0.8 when the
model is applied to rainfed olive tree plantations.

Determination of GHG emissions from olive tree
plantations

The mean total GHG value emitted during farming
operations conducted in the studied plantations was
113 § 54 kg CE ha¡1, with notable differences among
plantations (Table 4).

Balance and carbon footprint in olive tree
plantations

The average C balance and footprint for the studied
plantations was 2.13 § 2.18 Mg C ha¡1 yr¡1, and high
variability occurred between plantations, with values
over 4 Mg C ha¡1 yr¡1 and, in one case, over 8 Mg C
ha¡1 yr¡1 (data not shown). Regarding plantation
intensity (Table 5), super-intensive plantations pre-
sented significant higher values compared with that of
intensive and conventional plantations. In particular,
the C balance was positive and C footprint negative in
the three plantation systems, but the values obtained
for super-intensive and intensive plantations were 9
and 5 times higher, respectively, compared with the
values observed in conventional plantations.

Discussion

The average amount of C stored in the total biomass (1.35
Mg ha¡1) of the Arbequina variety in intensive plantations
(286 number olive tree ha¡1) was lower than those
obtained by Proietti et al [7]. These authors obtained an
average of 1.473 Mg ha¡1 yr¡1 of C stored in the total bio-
mass because the pruning and fruit yield were included.

The carbon storage may be increasing with the
management practices as tillage system, use of organic
residues, etc. [1,4]. The mean soil organic C stock
(26.1 Mg ha¡1) was very similar to those obtained by
Parras-Alcantara et al. [27] under long-term organic
farming.

Few studies have assessed C sequestration rates and
the C footprint of olive tree plantations, and most of
these studies refer to plantations in Southern Spain
and, to a lesser extent, Italy. Moreover, these works dif-
fer notably in their methods and results. Villalobos
et al. [18] applied a model based on radiation use effi-
ciency (RUE) to intensive olive tree plantations under
irrigation in Southern Spain and obtained a potential C
sequestration rate of 1.91 Mg C ha¡1 yr¡1. This value is
slightly lower than the average result obtained for the
plantations included in this study (2.24 § 2.22 Mg C
ha¡1 yr¡1) but similar to the annual C sequestration
rate for intensive olive tree plantations (2.07 Mg C ha¡1

yr¡1) (Table 3). The heterogeneity of the studied plan-
tations (variety, planting age, etc.) makes it difficult to
compare some factors between them. For this reason,
these records are preliminary until the model is fed
with the progressive incorporation of data. Carbon

Figure 2. Predictive model for determining the annual C
sequestration rate as a function of the number of olive trees
in the grove olives (traditional, intensive and super-
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sequestration is based on an average annual rate of
carbon storage of all the plantations. This model, cer-
tainly very general, has been included by the Interna-
tional Olive Council as a software tool for the design of
a model to calculate the carbon footprint in the olive
groves of the Mediterranean area [101].

Morales and Villalobos [28] applied the OLIVE-CW
functional model to an intensive olive tree plantation
of Arbequina by using growth and production rates
along with CO2 and H2O flux measurements obtained
by eddy covariance. The maximum C sequestration
rate obtained in that study was 5.4 Mg C ha¡1 yr¡1,
which is twice the average value of the current results
(2.24 § 2.2 Mg C ha¡1 yr¡1); however, the maximum
values were closer, and their values did not surpass the
current results. Regardless of the methodology used,
the model used by these authors obtained maximum
values by incorporating the shredded residues from
light pruning into the soil. Olive grove cover-crop sys-
tems must be considered an efficient agronomic prac-
tice for soil carbon fixation [29,30]. In this paper, the
soils belonging to many olive tree plantations pre-
sented negative annual accumulation rates of organic
C in the soil, which indicates a loss of organic C in the
soil over time as a result of poor soil management.

The authors’ model is designed for two varieties
(Picual and Arbequina), and an age range of planting

between 7 and 58 years. The model includes tradi-
tional, intensive and super-intensive plantations and
it has been established for the soil and climatic con-
ditions of southern Spain. In this regard, it is clear
that the model is limited although the progressive
incorporation of data will allow the model to
acquire a more and more general character, consid-
ering the importance of the two varieties and the
studied area.

The high standard deviation confirms the marked
variability in the C sequestration results and is a
function of plantation age, plantation frame, variety,
soil type and crop management. The oldest planta-
tions, which were generally included in the tradi-
tional category, have accumulated higher quantities
of C per hectare. In addition, in more recent planta-
tions corresponding to intensive and super-intensive
categories, plantation age also represents a key
factor.

However, Nieto et al. [31] obtained values of poten-
tial C sequestration ranging from 0.5 to 0.6 Mg C ha¡1

yr—1, depending on soil properties by applying the
RothC model, which considers C sinks and sources.
These estimations are notably lower than the average
results obtained in the current study for intensive and
super-intensive plantations, but are similar to the val-
ues obtained in conventional plantations.

Table 4. Determination of GHG emissions expressed in equivalent carbon emission (kg CE) during farming operation according
to homogeneous unit olive groves (HUOGs).

(kg CE ha¡1)

HUOGs Tillage Irrigation Fertilizers Herbicides Fungicides Insecticides Harvest Total

1 32.9 84.9 3.5 0.0 19.2 0.4 9.4 150.4
2 13.8 0 3.4 0.0 1.7 0.0 9.4 28.3
3 9.5 84.9 36.6 8.2 12.7 3.3 14.1 169.4
4 9.5 84.9 1.0 22.9 13.7 4.5 14.1 150.6
5 13.5 84.9 36.6 14.5 13.5 6.4 14.1 183.5
6 9.5 84.9 15.5 11.5 12.7 4.5 14.1 152.7
7 9.5 84.9 15.5 11.5 12.7 4.5 9.4 148.0
8 9.5 0 1.0 15.2 1.1 3.3 9.4 39.5
9 9.5 0 1.0 15.2 1.1 3.3 9.4 39.5
10 9.5 84.9 15.5 11.5 12.7 3.3 14.1 151.5
11 9.5 84.9 15.5 11.5 6.4 3.3 9.4 140.5
12 9.5 84.9 15.5 11.5 12.7 3.3 9.4 146.8
13 9.5 84.9 7.9 0.0 7.6 5.6 9.4 124.8
14 9.5 84.9 7.9 0.0 1.9 1.7 9.4 115.3
15 9.5 84.9 7.9 0.0 1.9 1.7 9.4 115.3
16 2.2 84.9 8.2 21.4 2.3 0.0 9.4 128.4
17 2.2 84.9 8.2 21.4 2.3 0.0 9.4 128.4
18 5.8 0 0.0 8.7 0.0 2.3 9.4 26.2
19 5.8 84.9 0.0 8.7 0.0 2.3 9.4 111.1
20 5.8 0 0.0 0.0 0.0 3.8 9.4 19.0
21 5.8 0 0.0 0.0 0.0 3.8 9.4 19.0
22 0 84.9 62.0 17.4 1.6 3.8 9.4 179.0

Table 5. Balance and C footprint according to olive tree plantations.
Net C flux

Olive tree plantations C sequestration GHG emissions Balance
(kg ha¡1yr¡1) (kg CE) (kg ha¡1yr¡1) C footprint (Mg ha¡1 yr¡1)

Conventional 462 c 78 b 384 c 0.38 c
Intensive 2138 b 90 b 2048 b 2.05 b
Super-intensive 4258 a 152 a 4107 a 4.10 a

Note: Within-treatment means followed by the same letter are not significantly different at P � 0.05 according to least significant difference.

CARBON MANAGEMENT 167



Compared with the organic C content in soil from
historical data provided by farmers, the values
obtained in this study were negative in many of the
plantations and consistent with a steady decrease over
time of organic C in the soil. A positive difference was
observed in other locations where the amount of
organic C has increased significantly over time. This
section of the study provides the least reliable values
for the C balance and C footprint in olive tree planta-
tions because the analysis provided by the farmers is
relatively recent. The small time difference between
the farmers’ analysis and analysis conducted in this
study makes it difficult to observe an increase in
organic matter in soil resulting from improvements to
soil management (cover crops, non-tillage, burial of
pruning residues, etc.). Moreover, the soil management
practices that are usually conducted in olive tree plan-
tations have not been very favorable to increasing the
amount of organic C stored in the soil.

The organic C in the soil is less stable, lower
accumulation rates are observed and proper farm-
ing operations, including conservation tillage or
retaining crop residue, increase C sequestration.
However, intensive tillage and crop residue removal
lead to negative rates and decreased amounts of
organic C sequestered in the soil. Therefore, tree
plantations present higher and more stable poten-
tial for C sequestration over time compared with
plantations of herbaceous crops. A significant num-
ber of the studied plantations are capable of
sequestering high amounts of C (over 80 Mg ha¡1)
because they include good-quality and well-man-
aged soil, they are well-developed and mature con-
ventional plantations, or they are newer intensive
plantations under irrigation with rapid biomass
growth.

Regardless of the role of olive tree biomass for the
annual C sequestration rate, which is directly related to
the plantation density according to the authors’ results
and consistent with the results of Sofo et al. [16] in
Southern Italy, the rate of C sequestration by the soil
may play a significant role under proper management.
According to Ramachandra Nair et al. [12], compared
with systems without trees, agricultural systems based
on trees sequester more C in the lower layers of the
soil located near the trees, and higher organic C is
observed in soils with greater tree density and
increased lime and clay particles, which stabilize C.
However, Lal [10] reported that the total amount of C
sequestered in both the aboveground and under-
ground parts of trees is affected by several factors,
such as the region, plantation type and age, soil char-
acteristics, etc. Overall, the difference between rainfed
and irrigated agriculture in terms of C sequestration
cannot be observed because its effect is masked by
the age of the rainfed plantations, which are older. On
average, the soil and aboveground portions are

estimated to contain 60% and 30% of the total amount
of C stored in tree plantations, respectively. These plan-
tations have a significant potential for C sequestration
over time and are more environmentally efficient C
sinks for use in mitigating GHG emissions. The emis-
sions values of the current study are relatively low
compared with those of other tree plantations, and
even with those of certain herbaceous plantations. The
main factors contributing to the GHG emissions are irri-
gation and, in some cases, the use of fertilizers. These
low levels of C emissions from farming operations are
a result of the low inputs required for olive plantation
growth, even in intensely irrigated plantations, and
represent a positive aspect for the C balance and foot-
print because this results in higher net C flux and
sequestration.

Numerous studies have addressed olive plantation
soil management, including non-tillage, cover crop use
(cover crops or native vegetation) and pruning residue
incorporation, and they have demonstrated that these
are efficient practices that might improve soil proper-
ties, reduce CO2 emissions and increase the soil’s abil-
ity to sequester C [29,31�33]. This effect has been
confirmed in this study, in which olive plantations
under proper soil management, including non-tillage,
cover crop use and/or pruning residue incorporation,
demonstrated positive C sequestration rates in the soil
and produced the highest global C sequestration rates
of the studied plantations.

Thus, it is clear that olive tree plantations represent
an important potential for C sequestration. However,
several questions must be clarified to provide a more
realistic assessment of the impact of tree plantations
and management practices on C sequestration. The
authors tried to analyze in a timely manner the annual
rate of carbon sequestration of different types of plant-
ing. It is clear that the future impact on carbon seques-
tration of different types of plantations will be
different. However, the authors believe that this is a
complex issue that is not clearly resolved; first, because
intensive plantations with proper management and
certain varieties of smaller size are lasting more years
than expected. Also, often many superintensive plants
undergo a transformation to intensive, uprooting a
large number of trees whose branches are incorpo-
rated into the soil while the trunks of larger diameter
are removed. Moreover, the data reported are referred
to a specific time when all plantation trees were in pro-
duction. It must be considered that this study has
made a preliminary point, despite the remarkable
efforts made in the field work. Without doubt, the
authors’ future work is designed to track the evolution
of carbon sequestration in different types of planta-
tions. Therefore, further research must be performed
to assess all of the components of the C flux and the
effects of environmental factors and crop management
practices.
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Conclusions

In this study, the potential of olive tree plantations for
storing C in a stable manner has been confirmed and
was especially evident in intensive plantations, thus
highlighting the importance of these plantations for
mitigating GHGs, as well as their role as CO2 sinks. The
net C balance in olive tree plantations presents a
clearly positive impact on the life-cycle assessment of
the product and improves estimates of the C footprint
of olive oil as a final product.

A steady decrease in the amount of organic matter
in the soil was observed in a large number of the stud-
ied olive plantations because of poor soil manage-
ment, which has caused a negative accumulation of
organic C over time. Improvements to soil manage-
ment, such as conservation tillage, residue manage-
ment and incorporation, cover crop use, etc., are
recommended to progressively increase the accumula-
tion of C in the soil and improve the C balance of olive
plantation agrosystems over medium- and long-term
periods.

By including the amount of C sequestered by olive
tree plantations, the C footprint value calculated for
the production and sale of olive oil could be reduced
or even negative because the C sequestration rate of
an olive plantation (biomass C soil) could surpass the
emissions caused from farming operations and oil
manufacturing. Ignoring the potential contribution of
sequestered C in olive plantation biomass and soil
when calculating the C footprint of olive oil is a serious
methodological error that threatens the foundations of
the life cycle of the product and C balance studies
related to agricultural primary materials.

Extrapolating from the results of this study, the sig-
nificance of the total area of olive tree plantations in
the Mediterranean area, especially in Spain, which has
over 2.5 million ha, demonstrates the worldwide
importance that such plantations could have as signifi-
cant CO2 sinks and mitigating factors for GHG emis-
sions caused by farming activities.
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