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Abstract
Carbon sequestration and storage in biomass is one of the most important measures to mitigate climate change. Mediterranean
woody crops can sequestrate carbon in the biomass of their permanent structures for decades; however, very few studies have
focused on an assessment of biomass and carbon sequestration in these types of crops. This study is the first to estimate above-
and belowground biomass carbon stock in Mediterranean woody crops through a bottom-up approach in the NE Iberian
Peninsula in 2013. Moreover, this is the first time that an assessment of the annual changes in carbon stock in the study area
over a six-year period is presented. For this purpose, eight crop- and site-specific equations relating biomass or biometric
variables to crop age were calculated. Most of the data were our own measurements, but unpublished data supplied from other
authors as well as data from literature were also considered. Census of Agriculture data was used to scale results from individual
data up to the municipality level at the regional scale. Results show that in woody cropland in NE Spain the total biomass carbon
stock in 2013 was 5.48 Tg C, with an average value of 16.44 ± 0.18 Mg C ha−1. Between 2013 and 2019, although there was a
2.8% mean annual decrease in the area covered by woody crops, the carbon stock in the biomass of these crops increased
annually by 3.8% due to the growth of the remaining woody cropland. This new estimation of carbon stocks may contribute to
better understand carbon balances and serve as a baseline to global inventories. It may also serve to assess and manage carbon
storage as an ecosystem service provided by Mediterranean woody cropland for mitigating climate change and, in combination
with adaptive strategies, for supporting a productive and resilient agro-food system.
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1 Introduction

Climate change is clearly induced by the global increase in
greenhouse gas (GHG) emissions, mainly carbon (C) com-
pounds such as carbon dioxide or methane (IPCC 2014).
Vegetation can capture carbon dioxide (CO2) through photosyn-
thesis and store it by transforming it into biomass (IPCC 2014).

In this respect, promoting carbon sequestration and storage
in biomass and soils has become one of the most important

mitigation measures in the fight against climate change.
Therefore, reliable evaluation of C fixation in terrestrial sinks
would be useful, in order to quantify their spatial and temporal
variability, gain a better understanding of the carbon cycle and
assist mitigation policies worldwide (Quiñones et al. 2013;
Huffman et al. 2015). Moreover, although plants are able to
capture atmospheric CO2, their effectiveness as a C sink de-
pends on residence times (Quiñones et al. 2013).

Forests have been widely recognized as the main C sink of
terrestrial vegetation through sequestration of huge quantities
of CO2. However, in ecosystems that are water-limited and
degraded due to climate change, such as those in the
Mediterranean, water availability and disturbances could curb
the increasing trend of forest as a carbon sink (Vayreda et al.
2012b). On the other hand, woody crops, particularly rainfed
crops, could be considered a sustainable ecosystem based on
their moderate C sink potential (when compared with forest)
in the context of the Mediterranean area and future climate
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change scenarios, besides their great importance as a food
source (MedECC 2020). Compared to herbaceous crops,
woody crops have a significantly larger sequestration po-
tential and can sequester C in their biomass for longer pe-
riods (Fig. 1). Many annual crops can fix large quantities of
C, but their biomass usually decomposes rapidly and the
rate and return of uptake are very fast (Liguori et al.
2009). Since biomass accumulated by these cover types in
a single year is assumed to be equal to biomass losses from
harvest and mortality for the same year, there is no net accu-
mulation of carbon stock (Huffman et al. 2015). This knowl-
edge is important, as managing woody crop systems could be
a more feasible mitigation solution than pure afforestation or
reforestation in many parts of the Mediterranean basin, given
that woody crops also provide food, work, economic profit,
and population maintenance, and they are closely linked with
the landscape, history, and culture of the Mediterranean.

Biomass equations are crucial for understanding carbon
stocks in forests and other terrestrial vegetation (Alvarez
et al. 2012). These equations are the most widely used meth-
odology in biomass estimation based on data from destructive
(harvest) and non-destructive (biometric measures) methods
(Vashum and Jayakumar 2012). Several biomass equations
for forest above- and belowground biomass have been pub-
lished since the beginning of the twenty-first century
(Valentini et al. 2000; Chave et al. 2005; Montero and Ruiz-
Peinado 2005; Djomo et al. 2011; Ruiz-Peinado et al. 2011;
Alvarez et al. 2012; Herrero and Bravo 2012; Ruiz-Peinado
Gertrudix et al. 2012; Vayreda et al. 2012a; Thurner et al.
2014; Gonzalez et al. 2015; Ruiz-Peinado et al. 2017).

To date, there have been fewer studies on the ability of
woody crop biomass to act as a C sink compared with corre-
sponding research on forests, and the contribution of
croplands to global and national C balances is not fully
understood. At present, there are only a few studies that
assess biomass and carbon sequestration in woody crops

focused on Mediterranean regions, and most of these have
been made during the last decade. Almagro et al. (2010) esti-
mated both above- and belowground biomass in an olive
grove of SE Spain. Two key studies on citrus have been con-
ducted in Mediterranean regions such as Eastern Spain
(Iglesias et al. 2013; Quiñones et al. 2013). With respect to
vines, some studies have been published about carbon stocks
in California (Keightley 2011; Williams et al. 2011; Iglesias
et al. 2013) and allometries in Spain (Miranda et al. 2017).
Moreover, Montanaro et al. (2017) estimated the carbon bud-
get in a Mediterranean peach orchard under different manage-
ment practices in Italy and estimated lifetime C sequestration
in the standing biomass of 14-year-old peach trees. A number
of studies have estimated woody biomass on agricultural land
in non-Mediterranean regions (Kumar et al. 2010; Kuyah et al.
2012a, 2012b; Kongsager et al. 2013; Kuyah et al. 2016;
Ortiz-Ceballos et al. 2020; Asigbaase et al. 2021) and globally
(Zomer et al. 2016; Spawn et al. 2020). There are fewer stud-
ies on changes in land use (LUC) and associated carbon se-
questration potential (Padilla et al. 2010; Huffman et al. 2015).
In general, despite growing interest in developing agro-
environmental policies associated with climate change mitiga-
tion, studies of crop species of agricultural importance are
scarce (Iglesias et al. 2013).

The importance of the mitigation-adaptation link has been
highlighted by several authors (Kongsager et al. 2013;
MedECC 2020). Understanding how woody crops act as a C
sink would enhance this link in theMediterranean basin due to
their potential high-resilience if agricultural practices such as
regenerative agriculture are performed (Luján Soto et al.
2021). In this context, there is a need to complete a first level
assessment of woody crop biomass as a C sink for the
Mediterranean area. Moreover, specific models should be de-
veloped for sites, crops, and typical culture practices carried
out in order to move up through the tier methods established
by the IPCC (IPCC 2006), gain in accuracy, and reduce

Fig. 1 Left: A Mediterranean
woody crop orchard (almond) in
Gandesa (Catalonia). This image
illustrates how woody crops can
mitigate climate change by
sequestering carbon in the
biomass of their permanent
structures for decades. Right:
Destructive (top) and non-
destructive (bottom) methods to
estimate biomass in woody crops.
Photographs by Eulalia Serra
(left) and Inmaculada Funes
(right), IRTA.
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uncertainties in future assessments (Huffman et al. 2015).
Research into allometric equations applicable to woody crops
is important for accurate accounting of C stocks worldwide
that could assist mitigation policies (Kuyah et al. 2012a), such
as REDD+ (reducing emissions from deforestation, forest
degradation and enhancement of forest C stocks), together
with country policies and some compensatory policies and
strategies developed from COP 21 and 22 (United Nations
Cl ima te Change Confe rence ) . Mos t t r ad i t iona l
Mediterranean woody crops are rainfed crops or their produc-
tivity can be maximized under deficit irrigation, since they are
usually resistant to high temperatures and droughts.
Therefore, they may be an important element in increasing
adaptive capacity to climate change and other pressures cur-
rently faced by the Mediterranean area, while potentially act-
ing as C sinks.

This is the first study assessing above- and belowground
biomass carbon stock of Mediterranean woody crops in the
Iberian Peninsula and mean annual changes of stock over a
six-year period. The primary aim of this study is to assess the
potential of Mediterranean woody crops as a C sink with ref-
erence to literature data and destructive (Fig. 1 top right) and
non-destructive methods (Fig. 1, bottom right) conducted for
each woody crop as a function of crop age. The second aim is
to estimate the total woody crop carbon stock in NE Spain by
scaling up at the municipality level. The third and final aim is
to assess carbon stock changes due to land use change in the
study area over the period 2013–2019.

2 Material and methods

2.1 Study area and target woody crops

The study area consists of woody cropland in Catalonia (NE
Iberian Peninsula). Catalonia presents Mediterranean climatic
conditions characterized bymild winters and hot and dry sum-
mers, with mean temperature ranging from 0 to 17.3°C and
annual precipitation from 1464 mm in the Pyrenees to
335 mm in the Ebro valley (Fig. 2).

According to SIGPAC (2013), 26% of the land in
Catalonia (847,977 ha) is used for agricultural purposes and,
more specifically, woody cropland accounts for 10.4% of the
total land area (335,029 ha). Woody crops represent 40% of
total agricultural land use, with most of these to be found in
the south-western half of the region (Fig. 1). The principal
woody crops are vines, olives, non-citrus fruit trees, and citrus.
Vines represent 17% of the total area devoted to woody crops,
olives 37%, fruit trees 26%, nuts 17%, and citrus fruits 3%.
The most important rainfed woody crops are vines, olives, and
nut trees, and their geographical distribution corresponds to
areas with low annual precipitation and extreme temperatures.
However, fruit tree orchards, considered as high-water

consuming crops, are mainly located in the central valley,
where annual precipitation is lowest (Funes et al. 2021).
Woody crops in general and particularly rainfed woody crops
such as vines, olives, and nut trees have strong territorial,
historical, and cultural links with Mediterranean areas. In this
respect, NE Spain is highly representative of the
Mediterranean crop pattern. This study conducted a cropland
classification of major Mediterranean woody crops in NE
Spain, focusing on 5 classes: vines, olives, citrus, fruit or-
chards, and nuts.

2.2 Biomass and carbon stocks estimation in woody
crops

2.2.1 Estimation of above- and belowground biomass

Biomass growth functions (or other biometric variables,
depending on the case) were fitted as a function of crop
age for citrus, seed and stone fruits, nut trees, olive, and
vine cropland classes from two data sources: literature and
own or unpublished data from other authors, based on de-
structive or non-destructive methods.

In order to perform biomass estimations, we built growth
curves for each type of woody crop. For this purpose, we
determined aboveground biomass (measured or estimated
dry matter biomass) or other biomass-related biometric vari-
ables as a function of crop age by using data collected and
paired with age. Data were collected from different conditions
(type of soil, agronomic practices, training system, cultivars,
planting density, irrigated/rainfed, etc.) and different sources
(literature, own field measurements, and unpublished field
data from other authors). Biomass estimations for olives and
nut trees had to be determined indirectly. First, data from the
biometric parameters trunk diameter and trunk basal area were
measured at 30 cm from the ground and collected from liter-
ature or personal communication. Next, growth curves were
fitted to these datasets. Finally, conversion equations from
literature were used to derive estimations of biomass.

Belowground biomass was mainly calculated for each type
of woody crop by using root:shoot ratios from literature, or in
other cases, it was estimated as a function of age by fitting
specific growth curves for belowground biomass. Data obtain-
ed from literature were only selected from studies performed
under field conditions, excluding laboratory and experimental
greenhouse studies. Agronomic practices considered very dif-
ferent from typical practices in Spain and which have a direct
impact on tree or vine architecture or on total biomass per
hectare were also excluded. Higher or lower plant densities
could have an impact on total biomass per hectare and the
training system could be determinant in tree or vine architec-
ture. For example, training system in vineyards could impact
directly on trunk height, number of cordons, etc. which con-
sequently impact on the biomass of permanent structures. The
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bibliographic search was restricted to areas with
Mediterranean conditions (Fig. A.1 and A.2. in Appendix 1).

Grapevine The grapevine dataset comprises biomass data
from literature (Saayman and Huysteen 1980; Williams and
Biscay 1991; Clingeleffer and Krake 1992; Mullins et al.
1992; Araujo et al. 1995; Williams 1996; Santesteban and
Royo 2006; Keightley 2011; Santesteban et al. 2011a,
2011b; Williams et al. 2011; Escalona et al. 2012; Goward
2012; Santesteban et al. 2013), and biomass data from destruc-
tive and non-destructive methods. Some of these (from
Barcelona, Spain) included destructive methods to measure
belowground biomass. Detailed information relating to the
vine dataset including sources, references, location, dataset
size, and some agronomic culture traits can be found in sup-
plementary information (Table B.1. in Appendix 2). Details

about the non-destructive and destructive measurement proce-
dure can be found in Appendix 3.

OliveOlive biomass data from destructivemeasures is difficult
to find in literature because these measures are labor-intensive,
expensive, and time-consuming. Due to the difficulties en-
countered when researching olive biomass data in a reason-
able (appropriate) age range, the calculations were made by
establishing a relationship between trunk basal area and crop
age. Trunk basal area is a standard biometric variable and
could be directly related with tree biomass, as is widely known
in forest allometric relationships. Trunk basal area data (cm2;
at 30 cm from the ground) or other directly related biometric
variables such as trunk basal diameter (cm; at 30 cm from the
ground) were collected from literature (Aragues et al. 2005;

Fig. 2 Study area (Catalonia, NE
Spain): location, climatological
information (MAP, mean annual
precipitation, and MAT, mean
annual temperature),
topographical information (DEM,
digital elevation model), and
woody crop distribution.
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Almagro et al. 2010; Aragues et al. 2010; Bustan et al. 2011;
Fernández et al. 2011a; Fernández et al. 2011b; Segal et al.
2011; Arnan et al. 2012; Gucci et al. 2012; Larbi et al. 2012;
Mezghani et al. 2012; Nardino et al. 2013), measured or per-
sonally communicated by other authors. More details about
data, measurements and data homogenization can be found in
Appendix 3 and in Table B.2 of Appendix 2. To estimate
aboveground biomass from trunk basal area, the equation
drawn from the experiment performed in 18 young olive
orchards published in Villalobos et al. (2006) was used.
According to the literature reviewed (Appendix 3) and follow-
ing Nardino et al. (2013), it was assumed that olive root bio-
mass of both young and old trees was 30% of the total accu-
mulated by their aerial part.

Fruit trees: seed and stone fruit The fruit trees dataset com-
prises data from literature (Grossman and DeJong 1994;
Caruso et al. 1999a; Caruso et al. 1999b; Caruso et al. 2001;
Inglese et al. 2002; Sofo et al. 2005; Solari et al. 2006; Bravo
et al. 2012; El-Jendoubi et al. 2013) and from destructive
and non-destructive methods. The data only consider per-
manent structures excluding pruning material, leaves, and
fruits. Two different equations were built from the dataset:
seed fruit trees and stone fruit trees. The seed fruit trees
equation was fitted with data from apple and pear trees,
whereas the stone fruit trees equation was built with data
from peach and nectarine trees. Detailed information relat-
ing to dataset sources, references, location, dataset size, and
some agronomic culture traits for seed and stone fruit trees
can be found in Table B.3 in Appendix 2. Information about
non-destructive and destructive methods appears in
Appendix 3. The root:shoot ratio for fruit trees was consid-
ered to be 0.30. This value is based on dry weight data
published for apple trees (Panzacchi et al. 2012) and peach
trees (Xiloyannis et al. 2007).

Nut trees As with olive biomass, in the case of nuts, the cal-
culations were performed on the basis of a relationship be-
tween trunk diameter at 30–40 cm from the ground and crop
age. Trunk diameter came frommeasurements of almond trees
that were taken in different trials at IRTA facilities located in
Lleida and Tarragona. Due to the difficulty in obtaining a
specific allometry of trunk diameter-aboveground biomass
for nuts, a general equation for forest tree species was used,
namely the group “other Broadleaves” from Montero and
Ruiz-Peinado (2005), based on the similar tree morphology
between nut trees and forest species such as the chestnut,
carob or European nettle tree. Detailed information relating
to dataset sources, references, location, dataset size, and
some agronomic culture traits for nut trees can be found in
Table B.4 in Appendix 2.

Citrus The citrus biomass dataset only comprises data from
literature, from two references in particular. Quiñones et al.
(2013) showed aboveground and belowground biomass data
from 2- to 14-year-old Navelina orange trees (Citrus sinensis
L.) in Valencia (Eastern Spain), while Iglesias et al. (2013)
showed aboveground and belowground biomass data from 2-
to 14-year-old Clemenules trees (Citrus clementina Hort. ex
Tan.) in Valencia (Eastern Spain). In contrast to the other
woody crops studied, citrus fruit trees are evergreen, so leaves
are taken into consideration in the aboveground biomass, ex-
cluding annual pruning.

2.2.2 From biomass to carbon stock

The C content of biomass dry matter used in the estimations
was different for each woody crop class. Based on the litera-
ture reviewed (Appendix 3) and averaging values of C content
in biomass for each woody crop class, we assumed an average
C content in total biomass (boveground + belowground) of
48.4% for olives, 44% for vines, 46.9% for fruit trees and nut
trees, and 44.8% for citrus. Propagation of uncertainty in C
content values was also determined with bootstrap techniques
(see section 2.2.4 below).

Based on growth curves, C stock values per crop type at
individual level were computed, either directly (i.e., age→
biomass→C stock) or indirectly (i.e., age→trunk basal ar-
ea→biomass→C stock for olives, or age→trunk diameter→
biomass→C stock for nut trees).

2.2.3 Upscaling carbon stocks: from the tree to the regional
level

The total carbon stock from woody crops was integrated, scal-
ing up from the tree to the regional scale (Catalonia, NE
Spain) by using the official information available about the
spatial distribution of crop culture traits (age, plant density,
etc.). The upscaling was based on official or statistical infor-
mation about plant density at the municipality level or age
distribution around the territory in each type of woody crop
(Table B.5 of Appendix 2). The availability of this official
information at this level was a limiting factor for some of the
woody crop classes studied (see Appendix 3 for more details
about the data from official registries used in the upscaling
procedure). The most updated official information available
corresponded to the year 2013, which explains why the
upscaling of carbon stocks was specifically built for the year
2013.

In the case of crop areas older than the oldest established in
allometries, the same carbon stock was assigned. In other
words, if it was necessary to estimate carbon stocks in a 20-
year-old citrus orchard in Catalonia, carbon stocks corre-
sponding to a 16-year-old orchard were assumed, the oldest
age in the biomass-age function for citrus used in this study.
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C stock per individual (kg C per individual) depending on
age was multiplied by the plant density to estimate the carbon
density (Mg C ha−1). The total C stored was calculated at the
municipality level multiplying by the area (ha) of each woody
crop at a particular age and the plant density obtained from
official registries. The distribution area for the different woody
crop classes is based on SIGPAC (2013). The description and
information about SIGPAC can be found in Appendix 3 in the
details about scaling up performance.

To estimate average annual carbon sequestration values
(Mg C ha−1 year−1) for each woody crop during its mean life,
an estimation was made of the mean value of carbon stock
differences between consecutive ages per individual. Finally,
the mean value was multiplied by the representative plant
density for each crop in the study area.

2.2.4 Uncertainties in carbon stock estimations

Propagation of uncertainties in C stock estimation was com-
puted with bootstrap methods (see e.g., Davison and Hinkley
1997). Samples were drawn randomly with replacement to
calculate a bootstrap estimation of (a) the expected biomass,
for citrus trees, seed fruit trees, stone fruit trees and vine; (b)
trunk diameter, for nut trees; or (c) trunk basal area for olive
trees. Then, for (a), the biomass-C stock conversion was car-
ried out by multiplying those biomass values with samples of
C content drawn randomly with replacement. For (b) and (c), a
further step was required. Trunk diameter-biomass conversion
in (b) was achieved by directly applying the Montero and
Ruiz-Peinado (2005) equations. Trunk basal area-biomass
conversion in (c), on the other hand, was accomplished by
bootstrapping the datasets in Villalobos et al. (2006),
regressing (to obtain a bootstrapped estimation of the trunk
basal area-biomass relationship) and applying the results of
the regression to the bootstrapped trunk basal area estimation.
Finally, confidence intervals (CI) at the 95% level were deter-
mined as

CI ¼ CT þ zα
2
� σT;CT þ z1−α=2 � σT

� �
ð1Þ

where CT is expected total C stock for a given crop and area,
σT stands for the bootstrapped standard deviation, and zα/2 and
z1 − α/2 are the corresponding quantiles of the normal distri-
bution (for α = 0.05, zα/2 and z1 − α/2 are approximately
−1.96 and +1.96, respectively).

2.3 Carbon stock changes in woody crops (2013–2019)

2.3.1 Land use changes

First, land use changes in Catalonia from 2013 to 2019 were
assessed using SIGPAC. All the SIGPAC features for 2013
and 2019 were converted to raster (100 m pixel size), land

uses were reclassified to 10 classes, and a land use transition
matrix was calculated.

2.3.2 Carbon stock changes

Carbon stocks for woody crops in 2019 were calculated using
the same procedure for woody crops in 2013 described above
in section 2.2.3. For the year 2019, the woody crops area from
SIGPAC (2019) was used, making two assumptions: (i) crops
grew for 6 years in the remaining areas and (ii) the new crop
areas were 3 years old (half the time between the two maps).
The upscaling was performed considering the same spatial
distribution for ages (but adding 6 years) and plant density
from 2013, as no updated information was available.

3 Results and discussion

3.1 Building biomass or biometric growth curves for
biomass and carbon density estimation

Depending on data availability, eight growth curves for direct
prediction of biomass (above- and belowground biomass) or
indirect prediction through biometric parameters (trunk basal
area or trunk diameter) are provided. Figure 3 presents all the
fitted curves as a function of crop age for woody crops per-
formed in the study. Details of the resulting growth curves,
including formulas, coefficients and performance indices are
shown in Table B.6 (Appendix 2).

The estimated biomass carbon stock at the individual level
(kg C per tree or per vine) varies depending on age and crop
type (Fig. A.3 in Appendix 1). The lowest biomass carbon
stocks were found in vineyards where, for example, mature
vines between 10 and 20 years of age showed aboveground
biomass carbon stocks ranging from 1.09 to 1.95 kg C vine−1

and belowground carbon stocks from 0.58 to 1.01 kg C
vine−1. Highest individual carbon stocks were estimated for
olive aboveground ranging from 27.2 to 97.3 kg C tree−1, for
example, in the case of crop ages from 10 to 50 years.

The eight crop-specific equations performed directly
or indirectly here estimate biomass of woody crops.
The Intergovernmental Panel on Climate Change
(IPCC) has classified the methodological approaches in
three tiers, according to the quantity of information re-
quired and the degree of analytical complexity (IPCC
2006). The approach of our assessment could be defined
as tier 2 since region-specific estimates of biomass stocks
by major cropland types, and management systems were
considered. Moreover, good performance indices were
obtained for most of the fits generated here (Table B.6
in Appendix 2)
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3.2 Biomass carbon stock upscaling to the regional
level

Average carbon density (above- and belowground) in perma-
nent structures of woody crops in Catalonia for the year 2013
was 16.44 ± 0.18MgC ha−1 (mean ± 95% confidence interval
computed from the bootstrapped standard deviation). Average
carbon densities for each woody crop type in Catalonia ranged
from 6.40 ± 0.02 Mg C ha−1 in vineyards to 27.40 ± 0.34 Mg

C ha−1 for nuts (Table 1). The total carbon stock in biomass of
woody crops in Catalonia for 2013 was 5.48 Tg C (Table 1),
mainly from olives (39.1%), nuts (27.9%), and fruit orchards
(22.0%).

Spatial distribution of carbon density at the municipality
level in 2013 is shown in Fig. 4a and ranges from 0.10 to
67.13 Mg C ha−1. Values of less than 1 Mg C ha−1 are distrib-
uted across several municipalities in the Pyrenees and pre-
Pyrenees, corresponding to fruit orchards. Values ranging
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from 1 to 10 Mg C ha−1 are mainly concentrated in the central
pre-coastal area, corresponding to vineyards. The highest car-
bon densities (> 30 Mg C ha−1) are concentrated in NE
Pyrenees and NE and central pre-Pyrenees, represented by
fruit trees, nuts, and olive orchards, and in SE Catalonia by
nuts and olive groves. The spatial distribution of uncertainties
is shown in Fig. 4b. Uncertainty is represented by standard
deviation (Mg C ha−1) and shows values throughout Catalonia
ranging from 0.005 to 0.24 Mg C ha−1. Areas with the lowest
uncertainty values mainly correspond to fruit orchards in the
pre-Pyrenees and the central valley, and to vineyards and nut
orchards in southern Catalonia. The highest uncertainty values
correspond to olive groves throughout the study area and adult
fruit orchards in NE Pyrenees and pre-Pyrenees. Spatial dis-
tribution of carbon density (MgC ha−1) and uncertainty values
for each woody crop can be found in Fig. A.4. of Appendix 1.

The IPCC tier 1 global estimate from Ruesch and Gibbs
(2008) for above- and belowground biomass of agricultural
land was 5 Mg C ha−1 (Zomer et al. 2016). Our results show
that existing woody cropland in Catalonia makes a greater
contribution to the carbon pool than the IPCC tier 1 estima-
tion. The total carbon estimate for woody cropland is more
than twice as high for fruit orchards, more than three times
higher for olive, and more than five times higher for citrus and

nuts in comparison with the IPCC default value. Only the
carbon density estimated here for vines (6.40 Mg C ha−1) is
close to the IPCC value.

Carbon density estimates in this study are totally in line
with the few studies published to date that assess the seques-
tration potential of woody crops. Badalamenti et al. (2019)
reported carbon stocks (aboveground biomass) of 6 Mg C
ha−1 in vineyards on a Mediterranean island (Italy).
However, Williams et al. (2011) estimated 3 ± 0.48 Mg C
ha−1 for aboveground biomass of vineyards and Keightley
(2011) 4.15 Mg C ha−1 (134 Mg C in 32.3 ha) for total peren-
nial vine biomass in California. These are higher values in
comparison to our estimates, considering that these values
correspond to vineyards up to 14 years of age and with lower
plant densities (1500–2500 vines ha−1; data not shown).
California vineyards are mostly irrigated, and both the differ-
ent training system and vineyard management are different.
Higher values (from 5.72 to 7.23 Mg C ha−1) were also re-
ported by Brunori et al. (2016) in a 10-year-old vineyard plan-
tation with 5600 vines ha−1 in central Italy, due to higher plant
density and the different training system. Very similar values
were reported for citrus, with Iglesias et al. (2013) publishing
values ranging from 55 to 66 kg C tree−1 and 27.5–33.0 Mg C
ha−1 in a 12-year-old plantation with 500 trees ha−1 in Eastern

Table 1 Woody crop area (ha),
average carbon density (Mg C
ha−1), uncertainty of estimations
(upper and lower limits of 95%
confidence interval) and total
carbon stock (Tg C) of biomass in
woody cropland in Catalonia. The
proportion of each crop type to
the total woody crop area (ha) and
to total carbon stock (Tg C) is
shown in brackets (%).

Crops Area (ha) Average carbon density (Mg C ha−1) Total carbon stock
(Tg C)

Mean value Lower limit Upper limit

Citrus 9346 (2.8%) 25.95 25.77 26.13 0.24 (4.4%)

Nuts 55,893 (16.8%) 27.40 27.06 27.75 1.53 (27.9%)

Fruits 87,134 (26.1%) 13.86 13.70 14.01 1.21 (22.0%)

Olive 125,441 (37.6%) 17.09 16.87 17.31 2.14 (39.1%)

Grapevine 55,612 (16.7%) 6.40 6.38 6.42 0.36 (6.5%)

Total woody crops 333,426 16.44 16.26 16.62 5.48

Carbon stocks
(Mg C ha−1) Standard deviation

(Mg C ha−1)

Fig. 4 Spatial distribution of a
average carbon density (Mg C
ha−1) in the biomass of total
woody crops in Catalonia for the
year 2013 and b uncertainty
(standard deviation) of the
estimations.
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Spain, under similar agroclimatic conditions and agronomical
management.

Higher aboveground biomass C stock potential was found
for plantations in the tropics, such as palm oil, cocoa, orange,
and rubber, with values of 45, 65, 76, and 214 Mg C ha−1,
respectively (Kongsager et al. 2013), due to the larger tree
architecture and the climate associated with higher NPP.
Furthermore, a mean value of 55.12 Mg C ha−1 was reported
for coffee agroecosystems in Mexico (Ortiz-Ceballos et al.
2020). At the global level, Zomer et al. (2016) reported
28 Mg C ha−1 in 2000 and 29 Mg C ha−1 in 2010, and in
particular, 9.3 and 9.4 Mg C ha−1 in Europe for agroforestry
and tree cover on agricultural land, values in line with those
published in this study.

It is also interesting to compare our findings to the carbon
stocks reported for forests, because they are the quintessential
carbon pool of terrestrial living biomass. Higher values for
forest systems have often been reported in literature, but on
occasions, they have been close or relatively close to those
estimated here for Mediterranean woody crops. Aboveground
biomass carbon stocks of high maquis, maquis forest, forest
maquis, and Mediterranean old-growth forest on a
Mediterranean island (Italy) were published by Badalamenti
et al. (2019), showing values of 15, 35, 55, and 105 Mg C
ha−1, respectively. Aboveground biomass of Mediterranean
shrubs in Spain were quantified by Pasalodos-Tato et al.
(2015), showing values of 12.40 and 10.42 Mg C ha−1 for
formations of heathers and large Cistaceae, respectively, con-
sidering 49.60% as the mean value of carbon content for the
shrub formations studied. Forest carbon stocks were reported
for the western Mediterranean by Vayreda et al. (2012a),
showing an average stand C stock (trees + understory) of
45.1 Mg C ha−1, ranging from 41.8 to 48.5 Mg C ha−1 for
conifers and broadleaves, respectively, including above- and
belowground biomass. Other carbon stock values (above-
ground + belowground biomass) were reported in terms of
equivalent CO2 (1g C= 3.67g CO2) for Mediterranean moun-
tain range forest (Herrero and Bravo 2012). Values of 43.1
and 43.4 Mg C ha−1 were published for P. sylvestris and 40.5
and 33.6 Mg C ha−1 for P. pinaster in two forest regions. The
average aboveground biomass carbon density for California
wildland ecosystems in 2010 was 26 ± 7Mg C ha−1 according
to Gonzalez et al. (2015).

Annual carbon sequestration in woody crops can be found
in Appendix 2 (Table B.7) for different crop age ranges. The
average sequestration rate for vineyards was around 0.35 Mg
C ha−1 year−1 for 0 to 35 years considering a representative
plant density of 3500 vines ha−1. Olive groves displayed sim-
ilar values with 0.38 Mg C ha−1 year−1 (average value for 0 to
50 years with 150 trees ha−1). Fruit trees yielded an average
annual sequestration rate of 1.68 and 1.84 Mg C ha−1 year−1

for seed fruit and stone fruit, respectively, in a plantation with
stand ages ranging from 0 to 26 and 0 to 25 years and plant

density of 3300 and 1500 trees ha−1, respectively. Finally, nuts
and citrus presented an average annual carbon sequestration
rate of 2.25 and 3.32 Mg C ha−1 year−1, from 0 to 13 and 0 to
14 years, and with 200 and 800 trees ha−1, respectively. In
terms of annual carbon sequestration rates, some studies have
reported similar values to those estimated here. Annual rates
for citrus ranged from 2.8 to 3.3 Mg C ha−1 year−1 (Iglesias
et al. 2013; Quiñones et al. 2013). For vineyards in Spain,
Miranda et al. (2017) found a rate of 0.3 Mg C ha−1 year−1

(0.95 Mg CO2eq ha−1 year−1) for permanent living vine
structures.

Otherwise, the annual carbon sequestration rates reported
here are values very close to those reported in terms of CO2eq
(1g C= 3.67 g CO2eq) by Aguilera et al. (2015) as annual
GHG emissions from agricultural activities in conventional
fruit orchards (ranging from 964 to 6,324 kg CO2eq ha−1

year−1, i.e., from 0.26 to 1.72 Mg C ha−1 year−1). Therefore,
carbon sequestration from biomass of permanent structures, as
well as from soils, should be considered in the carbon cycle
balance and life-cycle assessments for woody crops.

According to the carbon stock and sequestration values
reviewed above, Mediterranean woody crops presented simi-
lar values or at least values of the same magnitude as other
woody systems or even forests. Consequently, woody crops
should be considered in mitigation and land management
strategies and policies due to the potential of their living bio-
mass and, of course, their soils as a carbon sink (Lardo et al.
2018; Almagro et al. 2010; Montanaro et al. 2017). C stocks
reported for agricultural soils in Catalonia for the first 30 cm
were greater than those reported here for standing biomass of
woody crops (Funes et al. 2019). Moreover, the mitigation
potential of certain agricultural practices such as cover crops,
reduced tillage, crop diversification, or agroforestry to en-
hance carbon sequestration in agricultural soils is widely
known. The C sink capacity of soils was defined in COP 21,
promoting the 4×1000 strategy (Minasny et al. 2017), and
then in COP 22, also showing the importance of
Mediterranean woody crops such as olive groves. In this re-
spect, a suite of land management strategies for the
Mediterranean may be necessary in order to meet goals for
the near future in the study area. Conservation of high-
biomass cropland and the incorporation of woody crops in
new areas could help to enhance land management. Large
forest wildfires in the Mediterranean are becoming more fre-
quent. The continuity of the forest mass together with poor
forest management increases the risk of extreme wildfire
events. In fact, wildfires are expected to increase across the
Mediterranean Basin because of climate change (Ruffault
et al. 2020). Forest and landscape management is one of the
strategies in the fight against wildfires. Breaking forest conti-
nuity using woody crops in a mosaic landscape could be very
effective in stopping the spread of these fires. Landscape mo-
saics mixing different land uses are less vulnerable to burning
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than forests (Bertomeu et al. 2022). Therefore, the rupture of
forest continuity using woody crops could be useful in wild-
fire management. Given that carbon losses from wildfires
could potentially exceed carbon sequestration at a local scale
in non-managed Mediterranean forest ecosystems (Gonzalez
et al. 2015; MedECC 2020), the carbon stock losses due to
land use change (from forest to woody crops) could be com-
pensated, at the long term, by avoiding the huge carbon emis-
sions released by wildfires.

Moreover, Mediterranean woody crops could offer an op-
portunity for enhancing agricultural sustainability due to their
resilience and their standing biomass and soils, which could
be considered C sinks. For example, woody crops can coexist
with other crops or green covers in the inter-rows, and several
soil management practices can be applied to enhance environ-
mental sustainability (Tezza et al. 2019). Additionally, rainfed
woody crops usually present lower emission factors compared
to irrigated crops that usually receive large amounts of water
and fertilizers, creating favorable conditions for increased
emissions (MedECC 2020). Woody systems also make use
of agroindustry byproducts as organic matter inputs
(MedECC 2020).

The capacity of these crops to store C has received increas-
ing attention of late, with different approaches. Several studies
have assessed their role in the global carbon cycle focusing on
the soil or the ecosystem level through net ecosystem exchange
(NEE) approaches (Tezza et al. 2019; Chamizo et al. 2017;
Nardino et al. 2013). All these studies reinforce the idea that
standing biomass of woody crops may represent a significant C
stock itself, and they highlight the role of these crops in the
global GHG budget as a net sink of CO2 (Tezza et al. 2019).

3.3 Carbon stock changes in 2013–2019

The net carbon stock change in Catalonia amounted to +0.173
Tg C year−1 and +1.040 Tg C in 6 years, representing an
annual increase of +3.8% year−1 and 19% in 6 years.

The entire range of values of this change in Catalonia for
each crop type was positive as well, excepting citrus, despite
being negative in terms of area for some crop types (Table 2).
This upward trend for carbon stock applies to most of the
study area, with just a few areas, mainly those with olives
and fruit trees, recording a decrease in carbon stocks during
this period (Fig. 5).

Carbon stock increases were mainly due to tree growth and
the corresponding increases in carbon density (Mg C ha−1).
This general increase occurred despite decreases in the total
woody crop area (−1,681.4 ha year−1) throughout the study
area (Fig. A.5. of Appendix 1), mainly due to decreases in fruit
and olive grove areas through the period 2013–2019
(Table 2). The land use change matrix can be found in
Appendix 2 (Table B.8).

The increase in biomass carbon stock of woody crops
analyzed for these 6 years could be reversed in the follow-
ing years as a consequence of the decreasing area of woody
cropland in favor of other urban and agricultural uses, prin-
cipally grassland and arable land. Conversion of woody
cropland to grassland and arable land is mainly aimed at
agricultural intensification and feeding the meat industry
in the study area, leading to high consumption of land and
water resources and high GHG emissions (Vanham et al.
2016). In this context, the use of woody crops and
agronomical practices associated to these become impor-
tant, in order to avoid the above-mentioned problems and
maintain agricultural productivity, economic stability, mit-
igation strategies and, consequently, the population and the
landscape. Woody crops agronomical practices that favor
soil conservation and carbon sequestration can be, as a few
examples, the use of cover crops mowed or grazed, the
application of organic amendments coming from circular
economy practices, or the recovery of terracing that reduce
soil erosion and water runoff.

In the Mediterranean Basin, there is a tendency towards a
decrease in woody crops, substituted for natural ecological
succession, with the normal variability in the transition
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Table 2 Carbon stocks and changes in woody crops in Catalonia in 2013–2019. Carbon stock changes are expressed as an annual rate and the number
in brackets is the percentage of change per year.

Crops 2013 2019 Change 2013–2019

Tg C Mg C ha−1 ha Tg C Mg C ha−1 ha Tg C year−1 (%) Mg C ha−1 year−1 (%) ha year−1 (%)

Citrus 0.24 25.95 9346 0.23 27.25 8,517 −0.002 (−0.72) +0.22 (+0.8) −138 (−1.5)
Nuts 1.53 27.40 55,893 1.63 29.09 56,140 +0.017 (+1.10) +0.28 (+1.0) +41 (+0.1)

Fruits 1.21 13.86 87,134 1.42 17.80 79,726 +0.035 (+2.92) +0.66 (+4.7) −1235 (−1.4)
Olive 2.14 17.09 125,441 2.79 23.01 121,408 +0.108 (+5.06) +0.99 (+5.8) −672 (−0.5)
Grapevine 0.36 6.40 55,612 0.44 7.70 57,546 +0.014 (+4.06) +0.22 (+3.4) 322 (+0.6)

Total Woody Crops 5. 48 16.44 333,426 6.52 20.17 323,337 +0.173 (+3.16) +0.62 (+3.8) −1681 (−2.8)



process due to edaphic, environmental and previous agricul-
tural use (MedECC 2020). Moreover, the conversion of
woody crops to other land uses such as herbaceous crops or
large-scale photovoltaic infrastructures, mainly occurs due to
market fluctuations. In particular, rainfed woody crops are the
most susceptible to suffering the consequences of speculation
and market trends. In fact, the LUC observed in the study area
would appear to be a direct response to changing market
needs, rather than a country strategy focused on food security
and climate changemitigation and adaptation. Some examples
are (i) the increase in the area occupied by vineyards due to the
expansion of the wine sector in recent decades in view of the
higher added value of wine and cava, (ii) the smaller area
devoted to citrus due to soil salinization, irregular spring cold
stress and the low prices offered by the global market (South
and North Africa), which economically endanger production
in the EU, and (iii) the increase in the area devoted to high-
yielding almond trees in the irrigated area of the central valley
(Urgell and Segarra-Garrigues channels), which would appear
to be directly relatedwith rising almond prices and speculation
in water markets.

In Mediterranean conditions, the main problems generated
by crop abandonment are fire due to forest recovering, and
aridity, due to increases in superficial water runoff in arid or
semiarid conditions. Therefore, if no mitigation and adapta-
tion strategies are considered in territorial management, there
will be a decrease in woody cropland (mainly rainfed crops)

for the following years in the study area and consequently an
inevitable decrease in the C pool, together with the loss of a
significant element of Catalonia’s landscape, society, culture,
and agrobiodiversity.

3.4 Limitations

Some limitations in this study must be recognized. Firstly,
although in general the equations performed were based on
fairly good representative and even site-specific data for
Mediterranean climates, the lack of specific allometries for
olives and nuts in order to estimate biomass based on trunk
diameter or basal area is a significant limitation. Thus, some
general or less specific allometries and carbon factors had to
be used due to the lack of information in this procedure.
Allometries based on forest species (Montero and Ruiz-
Peinado 2005) were used for nuts, whereas allometries for
young olive trees were employed for olives (Villalobos et al.
2006). Therefore, further efforts are required to improve the
estimates by collecting site- and crop-specific data and refin-
ing the modeling.

With respect to upscaling, several limitations must be rec-
ognized. Firstly, it is possible that carbon stocks are being
underestimated, given that crop areas with ages outside the
range in the crop-specific fits were assigned carbon stocks
corresponding to the oldest age presented in the equation.
Important underestimations here could affect citrus and nut

Fig. 5 Spatial distribution of total carbon stock change for woody crops in Catalonia from 2013 to 2019 (Mg C year−1): a grapevine, b olive, c fruits, d
nuts, e citrus, and f total woody crops.
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carbon stock estimation due to the low representativeness of
the range of ages in the equation performed for the entire
spatial distribution of crop age in the study area (Table B.9
of Appendix 2). Secondly, many assumptions about crop traits
such as age and plant density distribution had to be made for
the study area due to the lack of a specific agricultural census
for olives and nuts.

Finally, a few sources of error could not be taken into
account in the uncertainty analysis. Although the error in
allometric estimates of biomass for olives and nuts was
considered in error propagation of the prediction, it was
not possible to obtain the error associated with using these
non-specific allometries. Moreover, no error was available
for agricultural census and SIGPAC to consider in error
propagation.

3.5 Implications for policy and future research

The estimation of carbon stocks produced in this new assess-
ment may assist in assessing carbon storage as an ecosystem
service in Mediterranean woody cropland for mitigating cli-
mate change. In this respect, the results could serve as a base-
line for shaping policy and considering land management is-
sues through assessment of cropland mitigation potential by
spatial analysis based on empirical data. As Williams et al.
(2011) noted in the case of California at the beginning of the
last decade, most regulations and policies were focused on
emissions.Moreover, carbon sequestration was only proposed
under the categories of reforestation, improved forest manage-
ment or avoided conversion. However, these results offer new
land management possibilities, considering C stocks together
with other ecosystem services. Future research should focus
on (i) improving carbon stock estimations in woody crops,
and (ii) spatial analysis by testing mitigation strategies and
land use scenarios using these estimations as a baseline, to-
gether with soil carbon stocks (Funes et al. 2019).

4 Conclusion

This is the first study to assess Mediterranean woody crops as
a carbon sink at the regional scale and to analyze their uncer-
tainties by using data from different sources and methodolo-
gies. We went to great lengths to assess carbon stocks of
above- and belowground biomass, based mainly on local un-
edited data relating to these types of crops. The total biomass
carbon stocks for woody cropland in NE Spain were 5.48 Tg
C, with an average value of 16.44 ± 0.18 Mg C ha−1.
Moreover, for the first time an appraisal has been offered of
recent carbon stock changes over the period 2013–2019 for
Mediterranean woody crops in NE Spain, by scaling up at the
municipality level. A mean annual increase of 3.8% was esti-
mated over the studied period, notwithstanding the decrease of

the area covered by woody crops. These novel findings can be
useful for quantifying the carbon consequences of land use
management, updating global inventories and assessing the
ecosystem services of carbon storage in woody cropland in
mitigating climate change.
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