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Mixed orchards, planted with different species of tree crops, are a form of a traditional
cropping system that has been practiced for millennia in the Mediterranean and
provides the important ecosystem service of carbon sequestration. We used six
allometric equations (M1-M6) based on existing literature and data from 49 orchards
for estimating tree total biomass (TB) and carbon sequestration, based on C content of
dry biomass. A species/geographically-specific equation (M1), a genus-specific (M2), a
genus/geographically-specific forest equation (M3), two generalized forest allometric
equations (M4 and M5) and a generalized agricultural landscape equation (M6) were
compared and yielded an average of 1542, 10.80, 11.39, 6.12, 6.66, and 9.88 Mg C
ha, respectively. Organic and conventional orchards at the same productive stage
did not differ significantly from each other in CO, sequestration (CO,seq) per tree
per year (10.42 and 10 kg CO2eq, respectively). Equation M1, was considered as the
most representative (species and environment) for use in perennial Mediterranean
orchards. The use of allometric equations is proposed as a simple, effective, and
efficient method to estimate CO, sequestration from mixed orchards using easily
measurable biometric characteristics of the trees. The findings are important for the
future estimation of CO, stocks of agricultural landscapes.

KEYWORDS

orchards, agricultural management practices, carbon sequestration, climate action,
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1 Introduction

The challenge of achieving sustainably produced food and other agricultural commodities
without compromising ecosystems resilience is receiving considerable global attention (FAO, 2017;
Gerten et al., 2020). There are growing concerns regarding the intensifying impacts of global climate
change on agriculture and other ecosystems (Mechmood et al., 2020; IPCC, 2021), such as the
occurrence of extreme weather events and variations in climate conditions (heat waves, hail,
drought and/or floods) (Raza et al., 2019). These events have adverse effects on various aspects of
agricultural systems, such as plant growth and productivity (Rosenzweig et al., 2013; Zhao et al,,
2017; Dhankher and Foyer, 2018). Mitigating climate change requires a comprehensive and
collaborative effort in every sector to address and control greenhouse gas (GHG) emissions, leading
to healthier and more resilient ecosystems. Agricultural sector activities in 2019 accounted for 22%
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(13 GtCO,-eq) of global total net anthropogenic GHG emissions (IPCC,
2021). The three atmospheric GHGs associated with the agri-food
systems are carbon dioxide (CO,), methane (CH,) and nitrous oxide
(N,O) (Snyder et al., 2009; Balafoutis et al., 2017). Due to the rapid global
population growth, food security and global environmental stability are
at risk and intensive agriculture leads to higher GHG emissions (Arora,
2019; Jhariya et al., 2024).

Carbon sequestration can be defined as any continuous accumulation
of carbon either in soil, in plant materials or in the sea (Hutchinson et al,,
2007), through processes that ultimately increase the carbon content of
any carbon pool other than the atmosphere. Fruit tree orchards have an
important role in the carbon sequestration process (Scandellari et al.,
20165 Henry et al., 2020; Sharma et al,, 2021), CO, from the atmosphere
is sequestered through photosynthesis and then stored as carbon in the
biomass (tree trunks, branches, foliage and roots) and soil (IPCC et al,,
2018; Sharma et al., 20215 Jhariya et al, 2024). Orchard biomass can
significantly contribute to sequestration as an additional terrestrial carbon
pool for the storage of atmospheric CO, (Montanaro et al., 2021). Fruit
trees orchards globally, account for ca. 22% of irrigated agricultural land
(Yasin et al, 2021). However, the worldwide contribution of carbon
sequestration by trees under agricultural land and their function as a
potential carbon sink is so far poorly understood and likely significantly
underestimated (Zomer et al, 2016; Plenet et al, 2022). Carbon
sequestration and storage in perennial tree biomass can be considered as
a sustainable, nature-based and cost-effective agricultural solution to
mitigate the impacts associated with GHG emissions (Asbjornsen et al.,
2013; Quinones et al., 2013; Griscom et al., 2017).

A notable contribution to the carbon sequestration potential can
be achieved where farmers adopt agricultural practices that maximize
CO, sequestration (Wu et al., 2012; Bithas and Latinopoulos, 2021).
The potential to reduce and/or control greenhouse gas emissions
through the application of agricultural management practices in
different systems such as organic, conservation, integrated,
regenerative and/or precision agriculture has been examined in
several studies (Gomiero et al., 2011; Lal, 2015; Balafoutis et al., 2017;
Du et al,, 2022). All targeted management practices applied in the
above-mentioned systems, fall under the umbrella of “carbon
farming;” aiming at mitigating and compensating the negative impacts
of climate change (Malhi et al., 2021). Certain management practices
(e.g., organic fertilization, efficient irrigation management, low tillage,
soil cover, tree planting) contribute to both emissions’ reduction and
avoidance, compared to conventional practices, but also enhance
carbon removal through its sequestration and long-term storage in
tree biomass and soils (Pardo et al., 2017).

Evaluation of the importance of fruit trees in reducing
atmospheric CO, usually involves assessing the biomass contribution
of monocultures such us apples (Panzacchi et al.,, 2012; Wu et al,,
2012) and grapevines (Miranda et al,, 2017). The cultivation of mixed
orchards (orchards that comprise more than one crop species in the
same plot of land, e.g., stone, pome, other fruits and nuts), together
with further adoption of farming practices that contribute to carbon
storage should be treated as a priority in agricultural climate
mitigation initiatives, as they can increase carbon sequestration, offset
and help reduce GHG emissions (Liu et al., 2016; Toensmeier, 2017)
while providing additional benefits in terms of ecosystem services
(Ioannidou et al., 2022). Mixed orchards genetic diversity enhances
the ability to maintain biomass levels in agricultural landscapes,
improving the resilience and resistance of agroecosystems to
environmental variability (Hajjar et al., 2008).
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As trees are a carbon sink for terrestrial ecosystems, with an
important role in the global carbon cycle (Stephenson et al., 2014;
Zomer et al., 2016), the amount of carbon they sequester depends
significantly on the biomass they produce. A possible approach that
could provide insight into the extent of benefits of atmospheric CO,
removal resulting from carbon sequestration by fruit trees is to
estimate the aboveground and belowground biomass (total biomass)
(IPCC et al., 2008). Thus, orchards can be monitored and inventoried
in annual national GHG reports and reliable estimates should
be obtained based on the accumulation of site-specific measurements
(Montanaro et al., 2017; IPCC, 2019). On-site estimations are
important, as tree biomass production and their CO, sequestration
capacity varies and depends on various parameters (tree species, soil
and environmental conditions, management practices). However, this
monitoring involves destructive sampling (Ledo et al., 2018).

Allometric equations are a fundamental tool in ecological research
for estimating tree biomass. These equations establish a relationship
between easily measurable tree parameters, such as diameter at breast
height (DBH), height, and wood density, with the tree’s biomass
(Brown, 2002; Chave et al, 2005). Allometric equations vary
depending on tree species, geographical location, and environmental
conditions, requiring specific models for accurate biomass estimation
(Kuyah et al,, 2012; Miranda et al, 2017). They are essential for
calculating carbon stocks, understanding ecosystem productivity, and
informing climate change models, as trees play a significant role in the
global carbon cycle by sequestering carbon dioxide from
the atmosphere.

The aim of this study is to quantify tree biomass and its potential
of carbon sequestration in mixed orchards in the Mediterranean,
using as a model the island of Cyprus. The specific objectives are to (1)
identify suitable allometric equations from the literature, (2) quantify
the total biomass of trees of 10 deciduous fruit tree species commonly
planted in mixed orchards, after tree growth measurements, (3)
compare the carbon sequestration and storage capacity in tree total
biomass of organic and conventional orchards, and (4) compare six
allometric equations and assess their suitability for use in the context
of Mediterranean agroecosystems.

2 Materials and methods
2.1 Study area and orchard selection

The climate of Cyprus is considered semi-arid Mediterranean
according to Koppen climate classification (Peel et al., 2007). Soils
are generally poor in organic matter and closely associated to parent
material and landscape position (Camera et al., 2017). Thin (leptic)
and stony (lithic) soils dominate the mountainous areas developing
mostly as residuum while in coastal areas, soils form on
transported materials (e.g., alluvial and colluvial deposits) (Camera
etal., 2017).

Ten deciduous fruit tree species (fig, Ficus carica; walnut, Juglans
regia; apple, Malus domestica; Pistachio, Pistacia vera; apricot, Prunus
armeniaca; Cherry, Prunus avium; Plum, Prunus domestica; Almond,
Prunus dulcis; Peach, Prunus persica; Pomegranate, Punica granatum)
cultivated in Cyprus and supporting food supply and other ecosystem
services (loannidou et al., 2022) were examined in the present study.
The 10 different species are commonly found in mixed stands in
orchards of the island and elsewhere in the Mediterranean.
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Forty-nine mixed fruit orchards (25 conventional and 24 organic)
located in mountainous and semi mountainous areas of Cyprus were
selected for the study (Supplementary Table S1; Figure 1). The average
orchard size was 0.58 ha, while the minimum and maximum size was
0.10 and 1.67 ha, respectively (Supplementary Table S1). Small and
irregularly shaped parcels of agricultural land are the norm in Cyprus,
especially on the mountains (Adamides et al., 2020). Most of the
orchards were at full production stage, with an average tree age of
13 years, while the ages recorded ranged from 4 to 40 years, covering
all stages of tree development (juvenile, productive and mature).
Further information and characteristics of the orchards are presented
in Supplementary Table S1. In all mixed orchards of the study 2-3
species coexisted in the same field, which is considered typical.
According to the presence of the dominant crop cultivated in each
orchard, (genus/species to which the dominant crop belongs), 10 types
of orchards were identified (Supplementary Table S2). The grouping
was considered necessary to estimate tree total biomass and the
carbon sequestration capacity. The total biomass estimations were
performed for the dominant species in each of the selected orchards.

2.2 Data collection

For the determination of tree biomass and carbon sequestration,
in situ measurements were carried out and the following data were
obtained: tree age (in years), trunk girth at breast height (GBH) (in
cm) and tree height (in m) (average data of five trees). Additional

10.3389/fsufs.2024.1457462

parameters required for the purposes of the study were then calculated.
Specifically, tree trunk radius (r) (in cm), tree trunk diameter at breast
height (DBH) (in cm) and tree basal area (BA) (in cm?) calculated
based on the above GBH measurements. Orchards locations
(coordinates) and orchards plot size (in hectares) were also recorded.
Wood density (p) (in g/cm?®) data for Malus domestica, Prunus persica,
Prunus domestica, Prunus avium, Prunus armeniaca, Punica granatum
and Juglans regia were obtained from the database of Zanne et al.
(2009). Since wood data density were not available for Ficus carica and
Pistacia vera mean values were extracted from the Zanne et al. (2009)
using data on other species of the genera Ficus and Pistacia,
respectively. Specifically, wood density for Ficus carica was calculated
as the average of Ficus anthelmintica, Ficus citrifolia and Ficus
eugenioides. Similarly, wood density for Pistacia vera was calculated as
the average of Pistacia chinensis and Pistacia integerrima. For Prunus
dulcis, where data also were not available in the database, wood density
was calculated as the average of the results of the relevant studies on
the same species by Fathi et al. (2022) and Nabi et al. (2017).

2.3 Aboveground biomass estimation

2.3.1 Literature review

Allometric equations were used to calculate aboveground biomass
per tree species, based on a literature review for specific and generalized
allometric equations for the 10 cultivated species in the study. We used
the following query in Scopus database to search for allometric

FIGURE 1
Study area: the locations of the selected orchards (conventional and organic).
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equations suitable for temperate and/or Mediterranean environment
and included the genera and common names for the fruit species under
study: ‘allometric equations” AND (“Europe” OR “Mediterranean”) AND
(“prunus” OR “malus” OR “pistachia” OR “juglans” OR “ficus carica” OR
“punica” OR “apples” OR “peach” OR “almonds” OR “plums” OR ‘Cherries”
OR “apricots” OR “figs” OR “walnuts” OR “pistachios” OR “pomegranates”)
AND  (LIMIT-TO  (SUBJAREA, “AGRI”) OR LIMIT-TO
(SUBJAREA,"ENVT’). The search resulted in 177 studies. These were
further limited geographically to the countries of the Mediterranean
basin (France, Spain, Italy, Portugal, Greece, Egypt, Israel, Spain) and 45
relevant studies were identified. The review revealed limited availability
of species and/or site specific allometric equations for agricultural fruit
species in the Mediterranean. In particular, the results exhibited specific
equations for the cultivated species Malus domestica (apple tree) and
Prunus persica (peach tree). Furthermore, it became apparent that
allometric equations for biomass estimation of trees are widely used
methods for forest species, in contrast to agricultural species. The above
results were considered and then the most relevant studies in the
literature were used to identify further information (Daniel, 2012; Yadav
et al,, 2019). The selection of allometric equations originating from
other countries was deemed necessary due to the absence of any specific
and/or generalized allometric equations for the 10 fruit species under
study in Cyprus.

2.3.2 Allometric equations selection

Six allometric equations (methods M1-6) were used (Table 1) to
calculate Above Ground Biomass (AGB) in the studied orchards.
Selection was based on similarity to the characteristics of the current
study in terms of the cultivated species (e.g., apple, peach, almond),
the parameters (tree biometrics) used by each equation (trunk
diameter at breast height; DBH and tree height; H), the range of
DBH and H dimensions, and their geographical distribution
(Mediterranean-Europe-Global).

2.4 Estimation of below ground biomass
and total tree biomass

The below ground biomass in each orchard (root system
biomass) was calculated using a factor adopted by IPCC (2008),
which takes a value of 0.28 (percentage of below ground biomass to
above ground tree biomass). Subsequently, as tree biomass is a
measure of the dry mass of woody and leaf mass (kg), aboveground
biomass and belowground biomass were combined to determine
total biomass (TB) per tree for each orchard (Equation 7). Leaf
biomass usually contributes less than 5% of the total aboveground
biomass (Delitti et al., 2006) and due to the deciduous nature of
species included in the present study, this parameter was not
considered. Therefore, a multiplication factor of 1.28 was applied to
quantify the total biomass per tree corresponding to each method
employed. TB was calculated in kg dry weight/tree and then
expressed in the study in Mg/ha, (a planting density of 300 trees per
hectare was typically observed).

TBmi-6 = 1.28*AGBM1,6 ?)
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Where:

o TBy.: total biomass per tree (kg dry weight/tree) per method
e 1.28:
ground biomass

IPCC proportional factor for calculating below

o AGBy, ¢ aboveground biomass (kg dry weight/tree) per method

2.5 Estimation of carbon sequestration
(CO; seq)

The carbon content of a tree’s biomass represents approximately
50% of its total dry biomass (IPCC, 2019). For the purposes of this
study, carbon fraction (Cf, % carbon) values for each cultivated species
were obtained from Bilanzdija et al. (2012) where the percentage of
carbon for each species was determined using the weight fraction on
dry basis (wt. % on dry basis). For orchards with pomegranate (Punica
granatum L.) and pistachios (Pistacia vera) as the dominant cultivated
species, since no published data were found to justify a different value,
the default value of 0.50 according to IPCC guidelines (2019) was
applied. The carbon content for each tree was calculated by multiplying
the total dry weight biomass by the carbon fraction of each tree species.

Carbon sequestration in orchards is attributed to CO, captured in
permanent structures (e.g., wood and roots). The stored carbon in
total tree biomass is then converted into a stoichiometric carbon
dioxide (CO,) ‘stock with a molecular weight ratio (CO.:C
44/12 = 3.67), as referred to in Litskas et al. (2020). Determining the
weight of carbon dioxide sequestered per tree (in kg) was calculated
per method according to Equation 8 (Fransen, 2019). The results were
then expressed as an annual value (CO,seq/tree/year) after dividing
the calculated value by tree age for each orchard.

CO; seqmi—¢ = TBmi—¢" Cf*3.67 ®)

Where
o CO, sequ.s: Carbon sequestration per tree per method, (kg/tree)
o TBy.¢ Total biomass per tree per method, (kg dry weight/tree)
« Cf: Carbon fraction of tree biomass, (% carbon)

2.6 Statistical analysis

Summary statistics were calculated for the results TBy, ¢,
CO,sequ.¢/tree/year that were obtained by applying the six
allometric equations (Table 1). One-factor analysis of variance
(ANOVA) was conducted to examine whether there were
statistically significant differences in the mean values of carbon
sequestration (CO, seq) produced by M1 between the two
cropping systems (organic and conventional) for all (n =49)
orchards. A second analysis was performed, comparing organic
and conventional orchards of the same productive stage.
Therefore, 10 organic and 11 conventional orchards (n = 21) were
selected (after excluding orchards less than 8 years old and more
than 18 years old). In this context, the Kruskal-Wallis statistical
test was used, as the assumption of normal distribution was not
met. Data analysis was performed in SPSS v.20.
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TABLE 1 Allometric equations selected for biomass calculation for the purpose of the study.

Method Equation no  Allometric equation Literature Tree parameters Justification
source range [DBH (cm) or  Equation relevance to the

age (years) or H (m)]  study
of M1-6

M1 (1) AGB = 0.683*(AGE)'"® Ledo et al. (2018) 5 < tree age < 22 years Species-specific equation;

Adopted based on its proximity both to
the cultivated species (Malus domestica)
and its geographical distribution
(Temperate). M1 constituted the proxy
method for biomass calculation for this
study, with which the other methods

were compared.

M2 2) AGB = 0.0217 * (DBH**H)"57 Johnson and Gerhold | 3.11<H<7.53 m Genus-specific equation; Vegetation-
(2001) type specific allometric equation.
Selected based on its proximity to the
cultivated Malus sp. species and thus for

purposes of comparison with the M1.

M3 (3) AGB = 0.14*DBH>¥ Annighofer et al. 7 cm < DBH <35.9 cm Genus/geographically-specific equation;
(2012) Applied in Mediterranean forest species;
Selected based on its proximity to the
cultivated genus Prunus and its

geographical development region

(Mediterranean).
M4 (4) AGB = 0.0673*(p*(DBH)**H) Chave et al. (2014) 5<DBH <156 cm Generalized equation; Applied in forest
*0.976 species;

Wood density used as a species-specific
factor; Performs adequately across
bioclimatic conditions;

Estimates tree AGB across vegetation
types when wood specific gravity, trunk
diameter, and total tree height are

available.

M5 (5) AGB = 10170535 +logl0 (B} Brown (1997) 3 <DBH <30 cm Generalized equation; Applied in
broadleaf forest species;

Suitable for zones with rainfall
<900 mm/year; Applied to
measurements of individual trees in

lines

Mé6 (6) AGB = 0.091*(DBH)*** Kuyah et al. (2012) 3<DBH <102 cm Generalized equation; Agricultural
species; landscape level; Accounts for
the heterogeneity of tree diversity across
the landscape; Relatively consistent in
biomass estimation across the DBH
classes; Uses DBH as a reliable proxy for
estimation of AGB in complex

agricultural landscapes

AGB, aboveground tree biomass (dry biomass in kg); AGE, tree age (in years); DBH, trunk diameter at breast height (in cm); H, tree height (in m); BA, tree trunk basal area (in cm?); p, plant
species wood density (in g/cm’).

3 Results Mean orchard age was 13.9 years, mean trunk diameter was 11.1 cm
] Yy
(with a range from 3.2 to 31.8 cm) and mean tree height was 4.6 m.
3.1 Total biomass of mixed orchard trees The TB (in dry weight; d.w.) as estimated by M1-M6 allometric

equations is illustrated in Figure 2. The highest mean TB was predicted
Supplementary Table S3 presents descriptive statistics of biometric ~ by equation M1 (31.89 Mgha™') and the lowest by equation M4
characteristics of sampled trees from the 49 orchards in the study. ~ (12.60 Mg ha™"). Four equations, M1-3 and M6 predicted biomass
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Total biomass (Mg ha!)

FIGURE 2

whiskers show 1.5xIQR, and the points are the outliers.

EM] BM2 M3 M4 BEMS BM6 B M6

Allometric equations

Total biomass (Mg dry weight ha™) for all the study orchards (conventional and organic) per method. M1-M6, corresponding to equations 1-6,
respectively. In the boxplot: the x point indicates the mean value, the line in the box shows the median, the box shows the interquartile range (IQR), the

o 8

above 20 Mg ha™', while equations M4 and M5 provided lower values.
The mean predicted TB for all methods was 20.74 Mg ha™". The results
showed that the total biomass carbon of all methods yielded an
average value of 10.04 Mg C ha™', while the values per Method (M1-6)
were 15.42, 10.80, 11.39, 6.12, 6.66, and 9.88 Mg C ha™!, respectively
(Supplementary Table S5).

3.2 Carbon sequestration (CO, seq) in
orchards

3.2.1 Carbon sequestration (CO; seq) in tree
biomass

We selected M1 as most representative for the case of Cypriot
orchards, as it was closer to the cultivated species and climate, and
compared C sequestration in organic and conventional orchards, per
dominant species. A one-factor analysis of variance (ANOVA) was
applied where the dependent variable defined was “carbon dioxide
sequestration (CO,seq)” and the independent variable was
“agricultural management practices; (two levels: organic-
conventional). The analysis of variance was preceded by testing the
assumptions of normality and homoscedasticity of residuals. Statistical
analysis of the 49 observations (24 organic orchards, 25 conventional
orchards) obtained from the proxy M1 method revealed a statistically
significant effect of the factor “agricultural management practices” and
therefore a statistically significant difference between its two levels
(F=12.12,df=1, p < 0.05) was recorded (Figure 3). The mean carbon
sequestration values obtained for each system were 9.09 and 13.19 kg
CO,/tree/year for organic and conventional orchards, respectively.

Since the study sample consisted of orchards in three stages
(young, productive, and mature), the carbon sequestration results
were further analyzed with the sample consisting of 10 organic and 11
conventional orchards (n = 21) in the productive phase (removing
orchards less than 8 years old and more than 18 years old). In this
context, the Kruskal-Wallis statistical test was used, as the assumption

of normal distribution was not met. The test examines the null
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hypothesis that the mean rankings of the dependent variable “CO,
seq” (kg CO,/tree/year), at each of the two levels of the factor
“agricultural management practices  organic (Org) and conventional
(Con) are equal. The results revealed that there was no statistically
significant difference between the two systems (p > 0.05), at a 95%
confidence interval (Figure 4). The mean carbon sequestration values
obtained for each agricultural management system were 10.42 and
10.00 kg CO,/tree/year for organic and conventional orchards,
respectively.

3.2.2 Carbon sequestration (CO, seq) in the
biomass of trees of mixed orchards by method
The results of the six methods (M1-M6) used to estimate tree
biomass are illustrated in Figure 5. The mean carbon sequestration
values obtained for each method in kg CO, per tree per year were
MI:11.18, M2:6.61, M3:7.28, M4:3.78, M5:3.58 and M6: 4.38. These
values correspond to 3,354, 1983, 2,184, 1,134, 1,074, 1,314 kg CO,
ha™! year™, as the planting density was 300 trees per ha. The M1
method yielded the highest values, followed by M3 and M2 which
received reduced values of 34.9, 40.8% respectively, compared to M1.
The generalized allometric methods M6, M4 and M5 yielded lower
carbon sequestration in tree biomass by 56.7, 66.2, and 68%,
respectively, compared to the values obtained by the M1 method.

4 Discussion

Limited information is currently available on the potential of
Mediterranean agroecosystems for C storage, due to lack of data
regarding the C content of biomass in perennial systems, such as
orchards. Being perennial crops, orchards present significant
sequestration potential (Funes et al., 2022) by storing atmospheric
carbon in their vegetative biomass over a long term (Montanaro et al.,
2017; Da Silva et al,, 2022). Calculating above and below ground
biomass of trees, by using models (such as allometric equations)
allows generating important data on the ability of agroecosystems to
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mitigate the effects of climate change (Paustian et al., 2016; Vicente-
Vicente et al., 2016) through carbon sequestration and storage (Sahoo
etal, 2021; Sharma et al., 2021). In this work, the six models used for
estimating the annual total biomass in orchards located in Cyprus,
yielded an average value of 20.74 Mg dry weight (d.w.) ha™" (Figure 2).
Using the carbon fraction (approx. 48%) derived from literature for
each species, the C content of trees in the evaluated orchards was
estimated using M1-6 with an average of 10.48 Mg C ha™', while M1
(proxy method) yielded 15.42 Mg C ha™" (Supplementary Table S5).

The selected models estimate total biomass based on parameters
such as tree species, age, tree growth and wood density (Table 1).
Comparable results are available in the current literature, from olive,
nuts, and fruit trees in Spain, where the C content in trees ranged
between 13.86 and 27.40 Mg C ha™’, after estimations based on
allometric equations (Almagro et al., 2010; Funes et al., 2022). Carbon
content in total biomass values in citrus crops, (assessed by allometric
equations through a non-destructive approach) ranged from 6.98 to
10.28 Mg C ha™! in Pakistan (Yasin et al., 2021), while the use of
destructive methods in citrus orchards in Spain (Iglesias et al., 2013),
resulted in a value of approximately 10 Mg C ha™" per year, indicating
comparative proximity between the two different methods. In
addition, in Germany Winzer et al. (2017), using a destructive method
recorded values of total biomass of 18.3 Mg d.w. ha™" in apple orchards
at 10-15 years old, results that are in accordance with both the average
TB recorded in the present study (20.74 Mg d.w. ha™") and the average
age of the orchards (13.9 years). Similarly using destructive methods,
slightly higher range of 22.72 to 28.70 Mg d.w. ha™' was estimated in
a study by Scandellari et al. (2016) in high density apple orchards
in Italy.

Frontiers in Sustainable Food Systems

In contrast to perennial, annual crops have a lower potential for C
sequestration in vegetation, which is typically removed from the
system after harvesting (Winzer et al., 2017). In Denmark Chen et al.
(2022) studied a system of 10 different crop types, including two
monocultures (maize and triticale), crop rotation species (e.g., sugar
beet, hemp), five intensively fertilized perennial grasses (tall fescue,
festulolium, reed canary, cocksfoot and miscanthus) and two grass/
legume mixtures, where biomass yield ranged from 9.0 Mg d.w. ha™'
to 18.5 Mg d.w. ha™'. Lower values, as expected, were recorded in
other crops such as cotton (3.11 Mg d.w. ha™') and soybean (3.1 Mg
d.w. ha™) (Nouri et al., 2019). In addition, in a study of ground cover
crops by Wendling et al. (2019), biomass production was reported to
be highly variable, ranging from 1 Mg d.w. ha™' to about 7 Mg d.w.
ha™'. More particularly mean values were between 2 and 3.2 Mg d.w.
ha™! for individual crops (Brassica juncea, Pisum sativum, Avena
strigosa, Phacelia tanacetifolia, Guizotia abyssinica, and Raphanus
sativus longipinnatus) and about 3.5 Mg d.w. ha™ for mixtures (50%
legumes and 50% other species). Compared to the above-mentioned
crop types, the results of the present study indicate a greater
contribution to the ecosystem service of carbon storage by
perennial crops.

When considering CO, sequestration in the biomass, significantly
higher values were observed for conventional orchards (Figure 3). This
is mainly due to the younger stage (average tree age 11 years) of
development in the organic orchards than what was observed in
conventional (average tree age 17 years) (Supplementary Table 54),
which results in lower biomass in permanent plant structures,
ultimately resulting in lower C content in biomass. Although this is
obvious, it is a picture for the state of C storage in the orchards, which
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involve younger trees in organic orchards. A comparison of orchards
belonging to the same production age (Figure 4), resulted in no
difference between organic and conventional orchards, regarding CO,
sequestration per tree per year. This is an important finding, in terms
of managing the orchards of the island and shifting toward organic
production, which results in numerous benefits in terms of ecosystems
services and environmental protection (loannidou et al., 2022). Tree
age as expected influences biomass production and C storage therein.
Plenet et al. (2022) observed significantly lower biomass growth and
carbon sequestration in orchards with peach trees at the juvenile stage
compared to trees in their productive phase. Considering intensive
management practices, Khalsa et al. (2020), reported that intensive
nitrogen fertilization as compared to reduced fertilization increased
biomass and total carbon storage in a seven-year-old almond orchard.
Furthermore, total carbon sequestration in the standing biomass of
peach trees was not significantly affected by the influence of organic
and conventional farming practices (Montanaro et al.,, 2017), a result
consistent with the results of the analysis on orchards of the same age
in the present study. However, in a previous study in apple orchards of
the same age, trees under organic management showed higher
biomass compared to trees grown under conventional management
(Roussos and Gasparatos, 2009) and therefore showed an increased
capacity for CO,seq. Regarding the results of our study, in comparison
to the available literature, we stress the need for validating the models
that were selected to field studies related to the C content of trees. This
unavoidably will require the implementation of experiments involving
destructive sampling, which was not possible during the time of
this research.

In the context of the study, six methods were examined as possible
ways of estimating the carbon sequestration potential of orchards of
10 different species. In particular, the M1 method of Ledo et al. (2018)
differs in the CO,seq values obtained compared to the other methods
(M2-MS6). Quantification of biomass and carbon sequestration with
this method employs an allometric equation as a function of age
(year), a parameter not used in any of the other methods that calculate
CO,seq based on biometric characteristics of the trees. The results of
the variable CO,seq by M1 are also the highest obtained among the
six methods (M.O.: CO,seq 11.18 kg/tree/year). The quantification of
carbon sequestration using the allometric equation M2 of Johnson
and Gerhold (2001) was performed to compare its results with the M1
equation, as they concern the same genus (Malus spp.), yet under
different climatic conditions. The CO,seq results, compared between
MI-M2 methods, differed by about 40% (reduction in the M2
method), even if they were developed for the same genus. This fact
strongly suggests that field validation should be tailored to the use of
allometric equations. The M3 method of Annighofer et al. was
adopted in the study for comparison with the M1 method, as both
apply to Temperate and Mediterranean conditions (Annighdfer et al.,
2012). In addition, M3 is consider a genus-specific equation relative
to the cultivated species in the study. However, M3 shows 34.9%
decrease in the mean CO,seq values obtained compared to M1. The
importance of the species over the genus when developing and
applying allometric equations to better estimate biomass and carbon
stocks was also observed in deciduous forests in dry areas (Abich
etal., 2018).

Additionally, the three methods (M4-6) by Chave et al. (2014),
Brown (1997) and Kuyah et al. (2012) showed similar carbon
sequestration values, underestimating M1 results by 66.2, 68, and
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56.7%, respectively. M4 and M5 are related to forest species and
yielded the lowest values in the study (M4: CO,seq 3.78 and M5: 3.58
Kg/tree/year, mean values). These equations are calibrated at the
regional level and therefore might not function very well at the micro-
(tree) level (Zianis and Mencuccini, 2003; Kebede and Soromessa,
2018). Supportive to this, a study by Vorster et al. (2020) showed that
local forest species equations performed better than equations applied
at the national level. Another study also suggests that allometric
equations (if available) developed at the tree species and local levels
should be developed and used instead of those developed at the
national, or larger level (Ameztegui et al., 2022). Our study supports
that when using models at the species or genus level yields higher
values for C sequestration in tree biomass. In addition, larger scale
forest species equations (M4 and M5) may not be applicable to
agricultural species as they underestimate biomass and carbon
sequestration. Relevant are the findings of Daba and Soromessa (2019)
and Pandey et al. (2021) where a comparison of allometric equations
revealed the need to develop allometric models for biomass prediction
based on plant species and site conditions.

The present study only considered the carbon balance at the tree
biomass level, whereas an ecosystem-level carbon balance should
consider, among other things, the distribution within the plant (part
stored in perennial organs), outputs to fruits and transport to the soil
(prunings, leaves, dead roots) (Panzacchi et al., 2012). One important
limitation in this study was the lack of validation of the allometric
equations used for calculating total tree biomass for several of the
cultivated species in the study. Validation would result in more robust
comparisons and conclusions between methods for estimating the
CO,seq potential of orchards. Nevertheless, the comparison of the six
CO, seq calculation methods yielded different results depending on
the allometric equation. In the absence of validated allometric
equations, the conditions prevailing in each case (area, climate, genus/
species) should be considered when choosing an allometric equation
to obtain the most accurate estimations and reduce the uncertainty of
carbon sequestration measurements.

5 Conclusion

Allometric equations were selected and used in this study to
estimate C sequestration in tree biomass. The method of Ledo et al.
(2018) was chosen as a proxy method for all deciduous species in the
study, due to its proximity to the climatic conditions and the species
considered. The adoption and application of allometric equations
provides the opportunity to create baseline scenarios of estimated
biomass, carbon sequestration and storage in agricultural landscapes,
thus providing easy and cost-effective information to climate change
mitigation strategies. The contribution of orchards to carbon
emissions as a terrestrial carbon sink should be considered by policy
makers, through support for tree growers (government subsidies,
payments, training, etc.) to strengthen and develop their operations.
There is a high potential for improving our estimations. For more
accurate estimates of the potential of mixed orchards to sequester
carbon and function mainly as carbon pools, further research is
needed considering the biometric characteristics of each individual
plant species, soil and climatic conditions and the variation in biomass
production during the different phenological phases of the trees to
maintain a balance between yield and vegetative growth. The
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acquisition of the above data for several years, combined with
laboratory analyses of carbon content in tree biomass, could validate
the allometric equations selected and produce more accurate results
for the tree species present in the orchards of Cyprus.
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