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A B S T R A C T

The formidable ability of soil to store carbon has attracted an increasing number of studies, but few of them in-
cluded soil organic carbon (SOC) sequestration as part of a carbon balance assessment in the agroecosystem. This
raises some interesting questions: 1) how orchards conversion increase soil capacity to mitigate the green–house
gases (GHG) emissions by storing C? 2) can it be considered in life cycle assessment (LCA)? 3) can SOC pools and
soil biochemical properties determination improve LCA interpretation? To answer these questions, this study se-
lected a ten– and fifteen–years–old peach orchards, a twenty–years–old pear orchard, a thirty–years–old kiwi or-
chard in south-east part of Emilia–Romagna Region (Italy), and a cereals’ field as reference. Soil samples were
collected from 0 to 15 and 15–30 cm depths, and the SOC pool amounts (i.e., labile and recalcitrant) determined.
LCA was used to estimate the GHG emissions (CO2eq) from the orchards. Results showed that the conversion
from cereals to orchard production increased OC stock (+82 % on average) suggesting that orchards cultivation
systems have the capacity to enrich soil organic matter. Fertilization had the greatest impact on CO2eq emission
accounting for at least 40 % of total CO2eq emissions. Kiwi cultivation had the highest impact on GHG emissions
mainly due to the high water and nutrient demand (0.045 and 0.149 kg CO2eq kg−1 fruit yr−1, respectively).
When taking into account the C–CO2eq loss by fruit cultivation and C storage in soils, results would indicate that
peach and pear orchard agroecosystems promote C sequestration. Conversely, kiwi cultivation showed large
CO2eq emissions only partly counterbalanced by SOC sequestration. This study highlights the importance of in-
cluding soils in LCA: if made mandatory this would allow a wider, yet more detailed, picture of the impact of
agricultural practices on C budget. This simple step could help optimise resource management and at the same
time improve agroecosystem sustainability.

1. Introduction

In 2020, carbon dioxide (CO2) concentration in the atmosphere
reached values greater than 410 ppm due to the human activities (The
World Meteorological Organization, 2020). Agriculture is recognised as
a significant contributor to anthropogenic emissions of CO2 (Smith et
al., 2014; Lynch et al., 2021). Recent studies (Gkisakis et al., 2020;
Goossens et al., 2017; Mousavi-Avval et al., 2017; Pryor et al., 2017)
pointed out that the GHG emissions from agricultural crop production
systems are mainly related to the fossil-fuel consuming and to the man-
ufacturing and distribution of chemical fertilizers. Noteworthy is also
the production of nitrous oxide (N2O) gas due to soil nitrogen input
(Lawrence et al., 2021). Consequently, a reduced utilization of both fu-

els and fertilizers could improve the sustainability of agricultural man-
agement. For example, Aguilera et al. (2015) compared the environ-
mental impact of several conventional and organic cropping systems in
Spain, highlighting greater GHG emissions in the formers compared to
the latter, mainly due to the use of chemical fertilizers in the conven-
tional system. Similarly, Pergola et al. (2017) found a greater impact on
climate change of apricot orchards under integrated system compared
to those under biodynamic one. In the context of the current climate
change, soil plays a central role in the mitigation of GHGs emission
from agriculture through soil carbon sequestration, defined by Chenu et
al. (2019) as “the process of transferring CO2 from the atmosphere into the
soil of a land unit, through plants, plant residues and other organic solids
which are stored or retained in the unit as part of the soil organic matter”. In
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this sense, worldwide there is a strong agreement to implement the car-
bon–farming initiatives with the main aim to increase the soil organic
carbon (SOC) stock which is a way to mitigate the current climate
change (Wiesmeier et al., 2020; Bradford et al., 2019; Chenu et al.,
2019). However, to reach this goal, the chemical, physical and edaphic
conditions of the soil must allow the humification process and the accu-
mulation of organic C to be carried out rather than the mineralization
process. Soil stores three times the amount of C present in the atmos-
phere (Ciais et al., 2013) and could potentially remove from the atmos-
phere between 0.79 and 1.54 Gt yr−1 of C (Fuss et al., 2018) if land uses
and management practices increased C inputs and/or reduced C losses.
In this sense, promoting soil organic C (SOC) sequestration is one of the
most important strategies to reduce atmospheric CO2 concentrations
with a significant potential to mitigate climate change (Lal, 2018). Bulk
SOC is composed of multiple functional pools differing in turnover, in
fact it ranges from the most labile form (i.e., the dissolved organic C) to
the most stable one as the physically protected and the chemically re-
calcitrance forms (De Feudis et al., 2019; Poeplau et al., 2018). The
long residence time associated with most of the SOC pools (e.g., De
Feudis et al., 2019) makes soil a major player in the global carbon bud-
get (Martin et al., 2014). Moreover, soils characterized by high SOC
concentrations are recognized to be desirable because SOC improves
soil nutrient availability, cation exchange capacity, water retention ca-
pacity, soil aeration, soil aggregation and structure, soil microbial bio-
mass and its activity, plant yield and quality (Bationo et al., 2007;
Bronick and Lal, 2005; Chavarria et al., 2018; Martínez-Mena et al.,
2021).

There is general agreement that management practices are impor-
tant factors influencing SOC contents in agricultural lands (Montanaro
et al., 2017; Novara et al., 2019; Pardon et al., 2017). For example, the
cultivation of cover crops has been identified as an effective practice to
increase of SOC content (Poeplau and Don, 2015). Similarly, practices
addressing the incorporation of the plant residues into the soil could
prevent SOC reduction (Keel et al., 2019). The no-tillage has been
claimed to be a potential option to decrease SOC loss in agricultural
soils (Nath and Lal, 2017), but at global scale its effect on SOC content
seems to be limited (Mondal and Chakraborty, 2022). Moreover, it is
well known the increase of SOC content when organic fertilizers are ap-
plied (Morugán-Coronado et al., 2020).

In this context, life cycle assessment (LCA) is a well established ap-
proach to help accounting for all the various stages of any activity, in-
cluding agricultural practices where it was introduced since 1990 (Haas
et al., 2000). LCA is one of the most used standardized methodologies
for estimating the environmental impacts linked to the entire cycle of
fruit production (Vinyes et al., 2015). Among the environmental im-
pacts, the evaluation of GHG emissions prevail compared to the other
environmental problems (Adewale et al., 2019; Bartzas et al., 2017;
Rebolledo-Leiva et al., 2017). Most of the studies concerning LCA in
agroecosystems take in account yield, plant growth and all the input
factors related to the crop cultivation such as human labour, machin-
ery, fertilizer application, fossil fuel consuming and irrigations (e.g.,
Foteinis and Chatzisymeon, 2016; Kaab et al., 2019). Conversely, de-
spite its high potential to store carbon, soil is generally not included in
LCA approach for the evaluation of C budget (Garrigues et al., 2012).
Only in few cases SOC was taken into account for the LCA
(Arzoumanidis et al., 2014; Brandão et al., 2013; Petersen et al., 2013).
Hence, although SOC is essential if LCA is to be applied in case studies
where carbon balances must be calculated, the limited number of LCA
studies that took into consideration SOC would highlight how soil is
generally the forgotten part of the agro-ecosystems. In addition, al-
though the estimation of the bulk SOC stock could be sufficient for C
balance in LCA approach, the knowledge of SOC pools and their dynam-
ics are necessary for improving the interpretation of LCA outputs.
Specifically, since the important role of LCA to improve the manage-
ment of agricultural systems for preventing environmental hazards

(e.g., the GHGs emissions) in the long–term, the agricultural manage-
ments and/or systems able to promote the storage of the most stable
SOC forms should be promoted. Therefore, for a reliable C balance
through the LCA procedure, it is important that soil C is stored in the
most stable forms. Further, because of the key role of soil microbial
community to transform and stabilize SOC (Angst et al., 2021;
Domeignoz-Horta et al., 2021), the evaluation of their properties (e.g.,
amount and activity) could be of interest in LCA to understand whether
(or not) soil stabilize C.

This study tries to address this gap in the literature and provide a
justification for a more widely accepted introduction of soil in agroe-
cosystems LCA. In particular, the study will focus on i) how orchards
conversion increase soil capacity to mitigate the green–house gases
(GHG) emissions by storing C; ii) how soil C stock can therefore be in-
cluded in LCA approach; and iii) if SOC pools and soil biochemical prop-
erties determination can improve LCA interpretation. In order to ad-
dress these aims, the following hypotheses were set: 1) orchards in-
crease soil C stock compared to grain fields; 2) and soil C storage capac-
ity can mitigate the GHG emissions related to the fruit orchard agricul-
tural practices.

2. Materials and methods

2.1. Study sites description

The present study was conducted in the south-east part of Emilia Ro-
magna Region, Italy. This area had a mean cumulative annual precipi-
tation of 763 mm and a mean annual air temperature of 14.2 °C for the
period 1986 – 2015. The study was conducted in 2017, and the specific
study site selected included a ten– and fifteen–years–old peach orchards
(Ph10 and Ph15, respectively) with a tree density of 1,300 plants ha−1;
a twenty–years–old pear orchard (Pr20) with a tree density of 820
plants ha−1, and a thirty–years–old kiwi orchard (Ki30) with a tree den-
sity of 710 plants ha−1 (see Fig. 1). Some more details of study sites are
reported in Vittori Antisari et al. (2021a, 2021b). The choice of the se-
lected tree species was based on their wide distribution in Italy. The
mean yields of the selected orchards were 48, 35, 30 and 28 × 103 kg
(fresh weight) ha−1 for Ph10, Ph15, Pr20, Ki30, respectively. According
to the farmers, such yields were reached within the fifth year after the
orchard establishment. However, because of the missing data about
yield during first years of orchard cultivation, in the present study we
arbitrarily considered the aforementioned yields also for the first years
of cultivation after orchard establishment. All the soils were classified
as Cambisols with a texture from silty clay loam to loam, a slight alka-
line reaction (pH = 7.7 on average) and bulk density ranging from
1.14 to 1.59 g cm−3, with lower values in 0–15 cm compared to
15–30 cm soil layer. On average, cation exchange capacity of the soils
studied was 24.9 cmol(+) kg−1, the exchangeable Ca2+, Mg2+ and K+

concentrations were 15.7, 1.9 and 0.60 cmol(+) kg−1, respectively, and
the base saturation was of 75.4 %. Details about clay content and equiv-
alent soil mass of the study sites are reported in Table S1 of the
Supplementary materials.

In the orchards, soil was kept covered by natural grasses which were
periodically cut (4–5 times per year). Pruned wood materials were
shredded and left on the soil surface. According to the farmers, the av-
erage amount of pruned materials for Ph10, Ph15, Pr20 and Ki30 were
3.0, 3.0, 2.5 and 3.5 Mg dry matter ha−1. Some differences occurred for
fertilization treatments (Table 1). In Ph10, no chemical fertilization was
performed, but exhausted substrate for mushroom cultivation at a rate
of 7 Mg ha−1 was spread on soil surface every year. In Ph15, Pr20 and
Ki30, fertilization was carried out both by fertigation, through drip irri-
gation lines (one line per plant row), and foliar spray. The amounts of
elements applied by fertilization is reported in Table 1.

To estimate C accumulation/loss of fruit orchard soils, a field for
grain production (wheat) was used as reference (CK). The rationale to
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Fig. 1. Study site locations. CK: field for grains production; Ph10: 10–years–old peach orchard; Ph15: 15–years–old peach orchard; Pr20: 20–years–old pear orchard;
Ki30: 30–years–old kiwi orchard.

Table 1
Amounts of C, N, P2O5 and K2O applied by soil fertilization (Soil), fertigation
(Fert) and by foliar spray (Leaf) application to a 10–years–old peach orchard
(Ph10), a 15–years–old peach orchard (Ph15), 20–years–old pear orchard
(Pr20) and a 30–years–old kiwi orchard (Ki30) through organic or syn-
thetized fertilizers.
Nutrient Ph10 Ph15 Pr20 Ki30

Organic Synthetized Synthetized Synthetized

C
(kg ha−1)

Soil = 3990
Fert = 0
Leaf = 0

Soil = 0
Fert = 0
Leaf = 0

Soil = 0
Fert = 0
Leaf = 0

Soil = 0
Fert = 0
Leaf = 0

N
(kg ha−1)

Soil = 140
Fert = 0
Leaf = 0

Soil = 0
Fert = 117.8
Leaf = 1.4

Soil = 0
Fert = 79.8
Leaf = 5.2

Soil = 54.0
Fert = 69.5
Leaf = 0

P2O5
(kg ha−1)

Soil = 80
Fert = 0
Leaf = 0

Soil = 0
Fert = 36.1
Leaf = 3.3

Soil = 0
Fert = 38.5
Leaf = 1.2

Soil = 0
Fert = 54.3
Leaf = 1.7

K2O
(kg ha−1)

Soil = 153
Fert = 0
Leaf = 0

Soil = 0
Fert = 47.0
Leaf = 2.6

Soil = 0
Fert = 148.5
Leaf = 1.2

Soil = 0
Soil = 1.2
Fert = 115.9

use a field for grains production as reference soil was based both on the
widespread cultivation of such crops in the northern Italy and because
the considered fruit orchards were formerly wheat fields for at least
5 years.

2.2. Soil sampling and analyses

Within each field, three 30 cm depth soil pits were dug, and soil
samples were collected from 0 to 15 cm (hereafter, surface soil) and
15–30 cm depths (hereafter, subsurface soil). This study used the con-
vention to investigate the 0–30 cm soil depth interval because such in-
terval is worldwide used for the SOC stock evaluation (Makipaa et al.,
2012; Guevara et al., 2020; Tangen and Bansal, 2020). The surface and
subsurface soil samples were air–dried, passed through a 2-mm sieve
and then an aliquot was finely ground for SOC and total nitrogen (TN)
concentrations determination.

SOC and TN were determined by a CHN elemental analyser (EA
1110 Thermo Fisher, USA) after addition of hydrochloric acid to re-
move carbonates. The relative abundance of C and N stable isotopes
were determined by continuous flow- isotope ratio mass spectrometry

(CF-IRMS) using an isotopic mass spectrometer Delta V advantage
(Thermo- Finnigam, DE). Measurements were expressed in standard δ
(δ13C and δ15N) notation (‰) relative to Vienna Pee Dee Belemnite and
air, respectively.

Different SOM fractions, like particulate organic matter (POM), ful-
vic–like and humic–like substances, and non–extractable organic mat-
ter (NEOM), were chemically extracted (Agnelli et al., 2014). A volume
of 100 mL of distilled water were added to 10 g of soil and shaken on a
horizontal shaker for 16 h at 25 °C, centrifuged and the supernatant
was separated from the precipitate. The supernatant was passed
through a 53 μm sieve and the particles > 53 μm represented the POM.
The precipitate remaining into the centrifugation tubes was
re–suspended in 100 mL 0.1 M NaOH + 0.1 M Na4P2O7 solution and
the samples were shaken for 24 h at 25 °C and then again centrifuged.
The NaOH extract was passed through a 0.45 μm polycarbonate filter,
while the remaining precipitate, containing NEOM was washed using
deionized water to remove the excess of Na until the pH of the rinsed
solution was ≤ 7. The 0.45 μm filtered NaOH extract was acidified to
about pH 1.5 with 6 M HCl and allowed to settle overnight to separate
fulvic–like and humic–like substances and centrifuged. To remove the
excess of Na from the obtained fractions, the supernatant (fulvic–like
substances) was dialyzed through 1000 Da cut–off membranes (Spec-
tra/Por® Dialysis membrane) against distilled water, while the residual
(humic–like substances) was washed with 0.002 M HCl. Both purified
fractions were freeze–dried. The POM and NEOM fractions were dried
at 40 °C. The organic C (OC) and N contents of POM, fulvic–like, hu-
mic–like substances and NEOM were determined by a CHN elemental
analyser (EA 1110 Thermo Fisher, USA).

Soil microbial respiration was determined according to Falsone et
al. (2015). Soil samples were adjusted to 60 % of water holding capac-
ity and incubated for 28 days at 25 °C. The CO2 emitted from incubated
soils was measured through alkali (0.5 M NaOH solution) absorption of
the produced CO2 from each sample. Then, the titration of the rest of
NaOH solution was carried out using 0.05 M HCl in presence of 0.75 M
BaCl2. The soil basal respiration (SBR) of each soil sample was com-
puted as the hourly flux of CO2 per gram of soil, while the cumulative
soil basal respiration (RCUM) was expressed as the total amount of CO2
evolved during the 28 days of incubation.

Soil microbial biomass C (Cmic) was measured on soil samples at
60 % of WHC using chloroform fumigation extraction method with
0.5 M K2SO4 solution (Vance et al., 1987). Both fumigated and
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non–fumigated extracts were analysed using a TOC–V CPN total or-
ganic carbon analyser (Shimadzu, Japan). Cmic was calculated as
EC × 2.64, where EC was the difference between organic C extracted
from fumigated soils and organic C extracted from non–fumigated soils
(Vance et al., 1987). The organic C inside the filtered solution obtained
from non-fumigated soil samples were considered as water-extractable
organic C (WEOC) (Chantigny et al., 2007).

2.3. Life cycle assessment (LCA) of peach, pear, and kiwi production

The LCA methodology used in the present study aimed to assess the
annual impact on global warming potential of fruit production ex-
pressed as kg equivalent CO2 kg fruit−1 yr−1 (ISO14040, 2006;
ISO14044, 2006). The following assumptions were made for this LCA:

- The system boundary of this study is considered from the
extraction of raw materials of inputs up to the farm gate when the
fruits are harvested.

- Data for LCA were taken for the whole life cycle starting from
the period of farm establishment till the time of performing this
study. Specifically, the LCA was carried out taking in account
orchard establishment, cultivation, harvesting and final disposal
stages. The nursery stage was excluded, mainly due to the lack of
reliable data regarding this phase. The orchard establishment
stage included soil preparation, the construction of the fixed
structures (irrigation system and supporting structures) and trees
plantation. During this stage, the fuel consumption was
430 kg ha−1 for peach and pear orchards, and 1117 kg ha−1 for
Ki30. The cultivation stage included production of fertilisers and
their application to the field, pest and weed management
substances manufacture and their application, irrigation, pruning,
energy use for irrigation and fuel consumption, and machinery
use. The mean yearly consumption of electricity, fuel and
agrochemicals for the considered orchards are reported in Table
2. The electricity was used for irrigation purposes. In particular,
the average water use was 2400, 3240, 2300 and 4130 m3/ha for
Ph10, Ph15, Pr20 and Ki30, respectively. The plants were
watered through drip irrigation system. The disposal stage
considered the disposing of wastes collected during orchard
establishment and cultivation stages to thermal–power plants or
to landfills. During the period going from orchards establishment
until 2017, the waste production was on average 5.3, 12.5, 15.8
and 25.1 kg ha−1 year−1 for Ph10, Ph15, Pr20 and Ki30,
respectively.

- The LCA took into account the production of the materials (e.g.,
concrete poles, iron wires and irrigation tubes) used for the
construction of the fixed structures in the orchards.

- For fertilizers and agrochemicals production, LCA includes the
transport of primary and secondary materials to the production
plants, the synthesis of the chemical components and the waste
treatment or disposal.

- The LCA included emissions to air of nitrous oxide (N2O) coming
from soil after fertilizations were calculated according to Stehfest
and Bouwman (2006).

Table 2
Amounts of fuel, electricity and agrochemicals consumed in a 10–years–old
peach orchard (Ph10), a 15–years–old peach orchard (Ph15), 20–years–old
pear orchard (Pr20) and a 30–years–old kiwi orchard (Ki30).
Input Unit Ph10 Ph15 Pr20 Ki30

Fuel consumption kg ha−1 414 405 528 484
Electricity kwh ha−1 600 810 575 1944
Agrochemicals kg ha−1 223 21 51 29

- For machinery, the performed LCA did include the manufacture,
transport, maintenance, repair, and waste management of the
machinery used for field operations.

- LCA did not include the transport of raw materials (pesticides,
fertilisers, plantlets, poles, etc.) from the local storehouse to farms
as well as the production of the packaging used for such raw
materials.

- LCA did not include the human labour.

The data used for the life cycle inventory (e.g, fuel consumption,
used fertilizers and irrigation) were retrieved from the farmers.

2.4. Calculations and statistical analyses

For the investigated study sites, various calculations were per-
formed, encompassing: soil C stock, expressed as Mg ha−1; the yearly
soil C stock gain or loss rate (Csoil) in 0–30 cm depth since the conver-
sion of CK up today, expressed as Mg ha−1 yr−1; C balance (Cbal), ex-
pressed as Mg ha−1 yr−1, which is the yearly loss or gain of C of the fruit
orchards (with exclusion of plant biomass); the metabolic quotient
(qCO2), expressed as mg C-CO2 h−1 mg Cmic-1, which is an indicator of
stress in soils (Anderson and Domsch, 1993) and describes the effi-
ciency of the microbial biomass in C use (Pinzari et al., 2017); the mi-
crobial quotient (qMIC), expressed as mg Cmic g SOC-1, which represents
the microbial ability to assimilate soil C (Sun et al., 2020); and the Dilly
index which relates soil quality to microbial biomass and respiration
(Dilly, 2005) as follows:

(1)

where th is the considered soil thickness and %gravel is the gravel
amount in the considered soil thickness;

(2)

where Cbal is the carbon balance, CK is the reference field and CLCA is
the C–CO2eq.

Within the C balance, the C of plant biomass was not considered be-
cause it was burned at the end of plants’ life.

(4)

(5)

(6)

Two–way analysis of variance was performed to assess the effect of
both orchard crop type and soil depth on the selected soil physical,
chemical and biochemical parameters. Because of the absence of or-
chard crop type × soil depth interaction (P > 0.05), the effects of both
main factors were evaluated through one–way analysis of variance.
Prior analysis of variance, the normality and homoscedasticity of resid-
uals were evaluated through graphical analysis and the data were trans-
formed if necessary. To identify statistically significant differences
among the means the Tukey's honest significant difference test was con-
ducted as multi–comparison test (P < 0.05). The results presented are
based on mean values and their standard error. The data were analysed
using R software 4.0.3.

Concerning to LCA, SimaPro 8.5.0 software was used to analyze the
life cycle inventory data. SimaPro 8.5.0 is an LCA tool that can be used
to monitor the performance of the sustainability of a product or service.
This software can analyse a complex life cycle systematically and can
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evaluate the environmental impact of a product or service at each stage
of the life cycle. Ecoinvent 3.4 was chosen as background data sources
(Weidema et al., 2013).

3. Results

3.1. Soil physical, chemical and biochemical properties

The SOC concentration and stocks in the 0 – 30 cm depth ranged
from 8.02 in CK to 15.36 g kg−1 in Ph15 and from 31.6 in CK to
64.4 Mg ha−1 in Ph15 (Fig. 2a, b). The TN concentrations varied from
0.96 in CK to 2.03 g kg−1 in Pr20 (Fig. 2c).

Comparing the surface layer of the selected orchard crop types, CK
had the lowest value of SOC and TN concentration and C stock, while
Pr20 had the highest ones. In subsurface soil layer, instead, only the
peach orchards showed higher SOC and TN concentrations than CK
(Fig. 2a, c), and no differences in C stock occurred among orchard crop
types (Fig. 2b).

Between soil layers (0–15 and 15–30 cm), CK soils did not show dif-
ferences in SOC and TN concentrations, and C stock. Some differences
instead occurred in orchards: Ph10, Pr20 and Ki30 showed higher SOC
and TN concentrations in surface than in subsurface layer (Fig. 2a, c);
Ph15, Pr20 and Ki30 showed higher C stock in surface soil layer than in
subsurface one (Fig. 2b).

The water-extractable organic C varied from 112 to 294 mg kg−1,
and no differences were found, neither between soil depth nor among
orchard crop types (Fig. 2d).

The δ13C and δ15N values ranged from −25.20 to −27.29 and from
2.06 to 9.59 ‰ (Fig. 3a and b), respectively. Soils under Pr20 showed
less negative value of both δ13C and δ15N of organic matter compared to
CK (Fig. 3) and this was more pronounced for N where δ15N in surface
soil layer was the highest value (Fig. 3b).

The SOC pools obtained through chemical fractionation showed the
major differences only for the more chemically stable ones (i.e., hu-
mic–like C and non–extractable organic C; Fig. 4). Specifically, no hu-
mic–like C was found in subsurface soil layers of CK and Pr20, more-
over only in Ki30 the surface layer showed higher content of humic–like

C compared to subsurface one (Fig. 4c). In the surface layer, the C con-
tent associated to NEOM (NEOC) assumed the lowest value in CK
(7.35 g kg−1) and it was lower in Ph10 compared to Ph15 and Pr20
(Fig. 4d). Furthermore, NEOC concentration decreased with soil depth
in Pr20 and Ki30.

Both soil microbial respiration and Cmic content did not differ among
the selected fields in surface soil, while some differences occurred for
the subsurface soil (Fig. 5a, c). SBR showed higher values in Ph10 than
in Pr20 (Fig. 5a) and Cmic content showed the lowest value in Pr20 and
a higher value in Ph10 than in CK (Fig. 5c). Taking in consideration the
soil depth, soil microbial respiration and Cmic generally were higher in
surface compared to subsurface soil of Ph15, Pr20 and Ki30.

Like microbial respiration and Cmic content, no differences of qCO2
and qMIC occurred among the selected fields in surface soil (Table 3).
For the subsurface soil, instead, the Pr20 showed the highest qCO2 and
the lowest qMIC. Moreover, some differences occurred between the two
soil depths in Pr20 and Ki30. Specifically, while qCO2 increased with
depth in Pr20 and decreased in Ki30, the opposite occurred for qMIC.
The Dilly index showed similar values among the fields in the surface
soil ranging from 170 to 570 (Table 3). In the subsurface soil, the Dilly
index showed the highest value under Pr20 (2083) and the lowest ones
under Ph10 and Ph15 (236 and 331, respectively). Generally, the Dilly
index did not change with soil depth with the exception of Pr20 where
the subsurface soil had a higher value compared to surface soil.

3.2. CO2 loss estimation from orchards through life cycle assessment and
carbon balance

When looking to the overall impact of the considered orchards on
CO2eq emission, kiwi production presented the greatest impact (Table
4). In all orchards, the main source of CO2eq is attributed to fertilizers.
Specifically, in the investigated orchards the contribution of fertilizers’
manufacturing ranged from 21.97 to 33.91 % of the total CO2eq emis-
sions while the GHGs emission developed after the fertilizers’ distribu-
tion ranged between 16.47 and 18.12 % of the total CO2eq emissions.
Comparing the considered orchards, Ki30 showed the highest CO2eq
emission from fertilizers use. The lowest CO2eq emissions related to fer-

Fig. 2. Soil organic C content (a), organic C stock (b), total N content (c) and water–extractable organic C content (d) in 0–15 (grey bars) and 15–30 cm (white
bars) soil depts of a field for grains production (CK), a 10–years–old peach orchard (Ph10), a 15–years–old peach orchard (Ph15), a 20–years–old pear orchard
(Pr20) and a 30–years–old kiwi orchard (Ki30). Error bars represent standard errors. Within the same soil depth, different lowercase letters indicate significant dif-
ferences among the fields (P < 0.05). Within the same field, different uppercase letters indicate significant differences between 0 and 15 and 15–30 cm soil depths
(P < 0.05).
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Fig. 3. δ13C (a) and δ15N (b) values in 0–15 (grey bars) and 15–30 cm (white
bars) soil layers of a field for grains production (CK), a 10–years–old peach or-
chard (Ph10), a 15–years–old peach orchard (Ph15), a 20–years–old pear or-
chard (Pr20) and a 30–years–old kiwi orchard (Ki30). Error bars represent
standard errors. Within the same soil layer, different lowercase letters indicate
significant differences among the fields (P < 0.05).

tilizers production were observed in Pr20 (0.042 kg CO2eq kg−1 fruit),
while the lowest CO2eq emissions related to fertilizers emissions were
observed in Ph10 (0.029 kg CO2eq kg−1 fruit). The agricultural prac-
tices during the cultivation period showed to be the second greatest

source of GHG, with the exception of Ph10 where the use of agrochemi-
cals accounted for the 22.4 % of total CO2eq emissions followed by agri-
cultural practices with 21.4 % (Table 4). Unlike fertilizers use, the agri-
cultural practices showed the highest CO2eq emission value in Pr20. It
is interesting to observe the high relevance of orchard establishment on
CO2eq emission ranging from 5.8 % of Ph10 to 21.7 % for Ph15. Be-
cause of the scarcity of precipitations during the summer period, irriga-
tion too showed a significant impact on CO2eq emission, with the high-
est value in Ki30 (0.045 kg CO2eq kg−1 fruit) and the lowest one in
Ph10 (0.0081 kg CO2eq kg−1 fruit).

In the selected orchards, soils showed a yearly increase of organic C
stock (Csoil) in the 0 – 30 cm depth (Table 5). The highest soil organic C
accumulation rate was observed in Ph10 (2294 kg C ha−1 year−1), while
the lowest one was found in Ki30 (646 kg C ha−1 year−1).

The conversion of a field for grains production to peach and pear or-
chards had a positive effect on C immobilization (Table 5). Conversely,
kiwi cultivation seemed to be an agroecosystem that promotes C release
to the atmosphere. Specifically, the highest C storage rates (Cbal) were
observed in peach orchards (1515 and 1580 kg C ha−1 year−1 in Ph10
and Ph15, respectively), while Ki30 showed a C loss of 117 Mg ha−1

year−1.

4. Discussion

4.1. Soil chemical properties

SOC content and C stock of the CK plot (8 g kg−1 and 31 Mg ha−1,
respectively) were similar to that found in Cambisols of croplands in the
Emilia-Romagna region and in the plain of northern Italy (Vittori
Antisari et al., 2021a; Brombin et al., 2020; Dal Ferro et al., 2020;
Lugato et al., 2007) suggesting its representativeness as reference soil.

The increased SOC concentration and C stock in soils due to the land
use change from wheat production to orchard would suggest the capac-
ity of orchards cultivation systems to enrich soil of organic matter. Sev-
eral studies (e.g., Massaccesi et al., 2018; Neilsen et al., 2014) found an
increase in organic carbon amount after orchards establishment. Specif-
ically, a mean C stock of 57 Mg ha−1 in 0–30 cm depth was observed

Fig. 4. Concentrations of particulate organic C (a), fulvic–like C (b), humic–like C (c) and non–extractable organic C (d) in 0–15 (grey bars) and 15–30 cm (white
bars) soil depths of a field for grains production (CK), a 10–years–old peach orchard (Ph10), a 15–years–old peach orchard (Ph15), a 20–years–old pear orchard
(Pr20) and a 30–years–old kiwi orchard (Ki30). Error bars represent standard errors. Within the same soil layer, different lowercase letters indicate significant differ-
ences among the fields (P < 0.05). Within the same field, different uppercase letters indicate significant differences between 0 and 15 and 15–30 cm soil depths
(P < 0.05).
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Fig. 5. Soil basal respiration (a), 28–days cumulative respiration (b) and micro-
bial biomass C content (c) in 0–15 (grey bars) and 15–30 cm (white bars) soil
depths of a field for grains production (CK), a 10–years–old peach orchard
(Ph10), a 15–years–old peach orchard (Ph15), a 20–years–old pear orchard
(Pr20) and a 30–years–old kiwi orchard (Ki30). Error bars represent standard
errors. Within the same soil layer, different lowercase letters indicate signifi-
cant differences among the fields (P < 0.05). Within the same field, different
uppercase letters indicate significant differences between 0 and 15 and
15–30 cm soil depths (P < 0.05).

which was similar to the values reported by previous studies conducted
in Europe (e.g., Álvaro-Fuentes et al., 2012; Bateni et al., 2021; Funes et
al., 2019). The increased C stock could be mainly attributed to the pres-
ence of a permanent herbaceous plants established on whole surface of
the fields which is worldwide recognized to increase soil C stock (de
Torres et al., 2021; Xiang et al., 2022; Novara et al., 2019). In fact, the
conversion of cropland to grassland promotes SOC storage (Auerswald
and Fiener, 2019) due to the higher root turnover in grasslands com-
pared to cropland and due to the harvest of the whole aboveground bio-
mass in cropland (Poeplau and Don, 2013). Since root derived C
through rhizodeposition processes and root turnover (De Feudis et al.,
2016; Douglas et al., 2020) has been identified as the major source of
SOC (Rasse et al., 2005), the presence of trees and perennial grasses
may explain higher SOC accumulation in orchards compared to CK.
Such differences were marked in surface soil mainly due the generally
larger distribution of roots in the surface soil (Forey et al., 2017; Ruiz-
Sánchez et al., 2005; Sokalska et al., 2009) and to the degradation of
the chopped pruning residues left on soil surface (Massaccesi et al.,
2018; Zhao et al., 2017). The greater influence of fruit orchards on sur-

face soil compared to subsurface soil can be confirmed by the higher
SOC content and C stock in the former in Ph15, Pr20 and Ki30. Because
of the role of SOC on soil microbial activity (e.g., Martínez-García et al.,
2018), the higher amount of organic matter in the surface soil might ex-
plain the generally higher soil microbial respiration and biomass in the
superficial soil layer.

The generally homogeneous δ13C values would indicate that or-
chard cultivation did not affect the organic matter decomposition
(Blagodatskaya et al., 2011; Solomon et al., 2002). The unchanged SOC
decomposition rate could be confirmed by the negligible differences be-
tween CK and the considered orchards of those biochemical indicators
(i.e., SBR, RCUM, Cmic, qCO2 and qMIC) related to C cycle. The similar
SOC degradation combined with the high organic material input due to
the shredded pruning residues might have promoted an accumulation
of NEOC in the surface soil of the orchards. The plant residues could re-
lease water–insoluble compounds (e.g., lignin and waxes) and labile
substances readily available to microorganisms whose cell residues
could bind to soil minerals increasing the NEOM fraction (Hayes et al.,
2017; Wang et al., 2021).

Like SOC content and C stock, the cultivation of fruit orchards in-
creased the TN content in surface soil. This can be attributed to the ad-
dition of N by amendment (i.e., in Ph10) and chemical fertilizers. The
higher δ15N values in orchards compared to the wheat field might be at-
tributed both to the contribution of N–enriched fertilizers to δ15N val-
ues and to the preferential microbial utilization of 14N compounds
(Boström et al., 2007; Lobe et al., 2005). The latter maybe limited un-
der Ki30.

It was interesting to note that for the subsurface soil, among the se-
lected orchards, Pr20 showed the lowest humic–like C content which
would cause a limited SOC stabilization (Martins Gomes et al., 2018).
The limited SOC stabilization might be due to the less suitable condi-
tions for the soil microbial community which did not allow the transfor-
mation of the soil organic matter (Liebich et al., 2007). In fact, the sub-
surface soil of Pr20 also showed the lowest Cmic, qMic and the highest
qCO2 indicating a lower C use efficiency by the microbial community
(Anderson, 2003; Anderson and Domsch, 1989; Okolo et al., 2020)
compared to other fields and, therefore, the occurrence of poor condi-
tions (Vittori Antisari et al., 2021a, 2021b). Such unfavourable condi-
tions in subsurface soil for Pr20 was confirmed by the very high Dilly
index value, which would suggest the worsening of the energy use effi-
ciency by the microbial community, in turn not promoting organic C ac-
cumulation (Dilly, 2005).

Table 3
Metabolic quotient (qCO2), microbial quotient (qMIC) and Dilly index in 0–15
and 15–30 cm depth intervals in a reference field (CK), a 10–years–old peach
orchard (Ph10), a 15–years–old peach orchard (Ph15), 20–years–old pear or-
chard (Pr20) and a 30–years–old kiwi orchard (Ki30). Standard error is re-
ported in brackets. Different uppercase letters indicate significant differences
between 0 and 15 and 15–30 cm soil depth intervals, different lowercase let-
ters indicate significant differences within the same soil depth interval
(P < 0.05).
Soil indicator Soil

depth
CK Ph10 Ph15 Pr20 Ki30

qCO2
mg C-CO2 h−1

mg Cmic-1

0–15 5.20
(1.28)

3.42
(1.25)

4.59
(1.98)

3.77B
(0.74)

6.24 A
(1.39)

15–30 5.07 ab
(1.00)

2.89b
(0.34)

4.14b
(1.69)

16.73 a A
(4.58)

3.59b B
(0.02)

qMIC
mg Cmic g
SOC-1

0–15 10.7
(2.2)

20.0
(4.5)

11.1
(3.9)

10.3 A
(2.4)

7.9B
(0.1)

15–30 9.2 a
(1.2)

18.0 a
(3.4)

12.2 a
(5.1)

2.1b B
(0.44)

11.6 a A
(0.6)

Dilly index
qCO2/SOC

0–15 570
(141)

203
(71)

256
(125)

170B
(29)

397
(88)

15–30 791 ab
(242)

236c
(10)

331c
(99)

2083 aA
(527)

466 bc
(25)

SOC = soil organic carbon content.
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Table 4
Amounts and percentage distribution of carbon dioxide equivalent emitted from the establishment, cultivation and disposal stages of a 10–years–old peach or-
chard (Ph10), a 15–years–old peach orchard (Ph15), 20–years–old pear orchard (Pr20) and a 30–years–old kiwi orchard (Ki30).
Site Unit Establishment stage Cultivation stage Disposal stage Total

Agricultural
practices

Irrigation Fertilizer
production

Fertilizer
emissions

Agrochemicals Wastes

Ph10 kg CO2eq kg−1 fruit yr−1 0.010 0.037 0.0081 0.049 0.029 0.039 0.00081 0.17

% 5.84 21.42 4.67 28.40 16.78 22.43 0.47
Ph15 kg CO2eq kg−1 fruit yr−1 0.041 0.043 0.015 0.053 0.034 0.0015 0.0012 0.19

% 21.72 23.02 7.80 27.95 18.12 0.78 0.62
Pr20 kg CO2eq kg−1 fruit yr−1 0.026 0.066 0.012 0.042 0.034 0.0094 0.0021 0.19

% 13.26 34.52 6.39 21.97 17.88 4.90 1.07
Ki30 kg CO2eq kg−1 fruit yr−1 0.033 0.067 0.045 0.100 0.049 0.0024 0.0026 0.30

% 10.85 22.23 14.87 33.91 16.47 0.80 0.88

The establishment stage included soil preparation, the construction of the fixed structures (irrigation system and supporting structures) and trees plantation. Agricul-
tural practices included fuel consumption, machinery use, pruning, pest and weed control, fertilizers distribution. Fertilizer production equates to the kg CO2eq emis-
sion related to the industrial production phase of fertilizers. Fertilizer emissions equates to the kg CO2eq of green–house gas emissions form soil (e.g., N2O) once the
fertilizers were distributed. Agrochemicals equates to the kg CO2eq emission related to the industrial production phase of them. Wastes equates to the disposing of
wastes collected during orchard establishment and cultivation stages to thermal–power plants or to landfills.

Table 5
Yearly C loss from fruit production practices (C–LCA), yearly C stock change
(C soil) and C soil - C–LCA (Cbal) of a 10–years–old peach orchard (Ph10), a
15–years–old peach orchard (Ph15), 20–years–old pear orchard (Pr20) and a
30–years–old kiwi orchard (Ki30).

Unit Ph10 Ph15 Pr20 Ki30

C–LCA kg C–CO2eq ha−1 year−1 734 611 518 763

C soil kg C ha−1 year−1 2249 2191 1440 646
Cbal kg C ha−1 year−1 1515 1580 922 −117

4.2. Life cycle assessment

In agreement with previous studies (e.g., Romero-Gámez et al.,
2017; Vinyes et al., 2017), this study found that fertilization was the
procedure that had the greatest impact on CO2eq emission from the or-
chards, accounting for at least 40 % of total CO2eq emission. In this
context, it was interesting to observe that, although in Ph10 no chemi-
cal fertilizers were applied, the use of organic amendment had a great
impact on CO2eq emissions. In fact, organic amendment production is
both an energy-intensive process and a source of methane and nitrous
oxide while its application causes N2O emission (Bacenetti et al., 2016;
Galgani et al., 2014). However, because of the greatest use of N and P
fertilizers, the highest CO2eq emission related to fertilizers was ob-
served in Ki30. Indeed, N and P fertilizers are considered highly impact-
ing on climate change, fossil fuel depletion, acidification, eutrophica-
tion, and resources depletion (Hasler et al., 2015). This result, together
with the highest CO2eq emission related to the irrigation, would indi-
cate the higher demands of nutrients and water of kiwi plants compared
to peach and pear trees (Allen et al., 1998; Carranca et al., 2018;
Peticila et al., 2015).

The consume of fuel related to agricultural practices as tillage, weed
control and pruning showed to be the second most important CO2eq
source. In this sense, Milà I Canals et al. (2006) suggested the use of bio-
fuel in order to limit the impact of the agricultural practices on CO2
emission.

Several studies (e.g., Martin-Gorriz et al., 2020; Vinyes et al., 2017)
reported the high impact of agrochemicals on CO2eq released into the
atmosphere. However, in this study the contribution of agrochemicals
on CO2eq emission in Ph15, Pr20 and Ki30 resulted low due to the sus-
tainable approach used on the studied farms. In this context, it was im-
portant to highlight the greater contribution of agrochemicals on CO2eq
emissions for Ph10. In this case, the amounts of agrochemicals used was
10 times higher than those used in the other orchards, and they were

mainly sulphur based. This higher amounts of agrochemicals can be at-
tributed to the types of agrochemicals generally used in organic farm-
ing. These findings are in agreement with the work of Longo et al.
(2017) which observed a larger use of pesticides to produce organic ap-
ples compared to those produced with conventional approaches.

Overall, this study clearly showed how kiwifruit cultivation had the
highest impact on GHG emissions mainly due to the high water and nu-
trient demand, suggesting that such tree species is less suitable than
peach and pear for the considered study area.

4.3. Carbon balance

When taking in account the C–CO2eq loss by fruit cultivation and C
gained and stored into the soil, results from this study would indicate
that peach and pear orchard ecosystems promote C sequestration. The
capability of the studied orchards to sequester C was mainly attributed
to the soil on which they grow. In fact, the investigated soil was able to
store each year a large amount of organic C. Notably, such C was stored
in the most stable form preventing C to go back to the atmosphere as
CO2 in the short– or mid–term. It is important to note that in the present
study we did not consider C fixed in plant biomass because it is not a
long-living component. In fact, orchards for fruit production generally
have a lifetime of few decades. Also, at the end of the cultivation period
the plant biomass is removed and burnt on the field or in thermal power
plants or processed for pellet production which are common practices
for fruit orchards (Brand and Jacinto, 2020; Giuntoli et al., 2016). Con-
versely, the organic carbon stored as fulvic-like C, humic-like C and
NEOC could have a mean residence time which spans from centuries to
thousands of years (Certini et al., 2004; Piccolo, 2002).

The generally similar soil microbial efficiency to use C and, there-
fore, to transform C in stable forms, together with similar δ13C values
and soil characteristics (e.g., clay content) between the orchards and
the reference field would indicate that C sequestration was mainly re-
lated to the management practices carried–out in each orchard.

Taking in consideration each orchard type, it is important to men-
tion the negative C balance (-117 kg C ha−1 year−1) of Ki30. The nega-
tive value can be mainly attributed to the high inputs (fertilizers and ir-
rigation) requested by the kiwi plants which caused large CO2eq emis-
sion just partly counterbalanced by soil carbon storage processes. In-
deed, when taking in consideration the soil environment, generally no
differences in SOC content and its chemical forms were found among
the selected orchards. Unlike Ki30, Pr20 showed similar values of
CO2eq emissions of peach orchards (Table 5 ) but a lower mean annual
C storage increase (Table 5). The weak mean annual C storage increase
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in Pr20 could be attributed to the more stressful conditions for the mi-
crobial biomass in subsurface soils. Overall, the C balance performed in
this study by taking in consideration the topsoil highlighted the impor-
tance of SOC sequestration into the LCA of agricultural systems. How-
ever, because of its pivotal role on C storage (Guillaume et al., 2022;
Antony et al., 2022) and its greater influence on the agricultural man-
agements compared to topsoil (Samson et al., 2021; Osanai et al.,
2020), future LCA studies should take into consideration the subsoil
and its key role in the overall C cycle.

5. Conclusions

The results from the present study suggest that the conversion of a
field from grains production to the fruit orchards cultivation promoted
soil carbon gain. The majority of the gained C was found in the most
chemically recalcitrant form suggesting that in the selected fruit or-
chards the C stabilization processes were promoted. The organic C in-
crease in orchards could be mainly attributed to the permanent grasses
covering such fields. However, such increase could be also promoted
both by the direct release from plant residues of chemically recalcitrant
compounds and by the release of readily available C for microorgan-
isms whose necromass could bind to soil mineral particles. However,
the C gain rate is not unlimited as it depends on soil properties (e.g.,
clay content) as well as on orchard management. For example, in Ki30,
soil stored C, but it was not able to counterbalance the GHG emissions
coming from the cultivation of kiwi though it had similar clay content
and similar biochemical properties of the reference field. A key tool in
this sense may therefore be LCA as it allows us to take into considera-
tion soil resources and their contribution. The systematic inclusion of
soil in LCA would allow to enhance agroecosystems sustainability and
give soil resources their rightful place in the quest to tackle sustainable
development goals and combat climate change. Therefore, we propose
to insert the soil C storage rate as CO2 soil uptake from atmosphere low-
ing the environmental impacts of orchards management. Finally, al-
though the present study only considered topsoil (0–30 cm depth), in
future LCA procedures that also considered deep soil would provide an
important additions to give a more realistic view of the role of soil on
the mitigation of the GHG emissions coming from the cultivation prac-
tices.
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