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12 Abstract
13 Agriculture is strongly linked to climate change and has a two-sided relationship with climate
14  change. Although climate change contributes to reducing agricultural productivity, the primary
15  sector is responsible for the production of greenhouse gas (GHG) emissions; on the other hand, the
16  primary sector could mitigate emissions to foster soil carbon sequestration. Specifically, perennial
17  energy crop systems could produce relevant environmental and socio-economic benefits. This study
18  aimed to highlight the potential efficacy of various fertilizer management strategies in reducing
19 GHG emissions and increasing the social value obtained from carbon storage. Using two
20 methodological approaches, namely, the carbon footprint (CF) and social carbon cost (SCC)
21 methods, five nitrogen fertilization patterns (low input, LI; high input, HI; LI + biochar, LI + Bi; LI
22 +cover crop, LI + CC; and LI + Bi + CC) were compared in an experiment on cardoon cultivation
23 for three consecutive growing seasons. GHG release exceeded GHG removal and ranged from 0.20
24 (HI) to 0.14 (LI + CC) t CO2e per production unit. LI + CC reduced GHG emissions and optimized
25 vyield. The rates of carbon sequestration ranged from 72.7 (HI) to 26.2 (LI) t COze t " of biomass.
26 Furthermore, the combined use of biochar and a cover crop had no positive effects on C
27  sequestration or GHG emission reduction, unlike these treatments individually. In fact, LI + Bi
28  provided the highest value for C storage (61.1 t CO2e t -1 of biomass), and LI + CC had the best
29  GHG balance (0.14 t CO2e per production unit). The monetary evaluation of C storage showed that
30 HI would produce the greatest benefits until 2050 (i.e., 9K US dollars per t CO2e). Although a
31 single best option was not identified among the fertilizer management practices, identifying the
32 optimal trade-offs among productivity, GHG emissions reduction and SCC value is important in
33 ensuring that an energy crop will provide food security as well as environmental and socio-
34  economic sustainability. Furthermore, a potential optimal solution could allow improvements in
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long-term crop system planning and land use and the development of effective strategies to combat

climate change.

Keywords: cardoon, climate change, sustainability, life cycle assessment, carbon storage, nitrogen

supply

1. Introduction

Agriculture and climate change are characterized by critical and controversial cause-effect
linkages. These linkages may in turn affect the environmental, economic and social spheres and
make it difficult to exclude farming from strategies to combat climate change. On the one hand, in
2016, agriculture produced 431 Mt CO> equivalents (COze) of greenhouse gas (GHG) emissions in
the European Union - 28 (EU-28) + Iceland (ISL). Specifically, methane (CHa4), nitrogen dioxide
(N20) and carbon dioxide (COz) emitted by agriculture corresponded to 47.5%, 72.2%, and 0.3% of
the total EU-28 + ISL emissions, respectively (EEA, 2018).

From a diagnostic perspective, life cycle assessment (LCA) may be an appropriate instrument
to identify and quantify the GHG emissions and, more generally, the environmental impacts caused
by a crop production system (Rebolledo-Leiva et al., 2017; Goglio et al., 2018). Specifically, within
the LCA context, the carbon footprint (CF) represents the overall quantity of CO2 and other GHG
emissions related to a certain product produced throughout its life cycle (Baldo et al., 2014; Al-
Mansour and Jejcic, 2017). On the other hand, agricultural management practices aimed at
enhancing soil carbon stocks might play a key role in mitigating climate change (Séderstrom et al.,
2014). Moreover, soil organic carbon (SOC) sequestration may be considered one of the most cost-
effective options for counteracting the effects of climate change (Nayak et al, 2019). In this sense,
the social carbon cost (SCC) might be a useful indicator of the potential efficacy of climate change
mitigation measures. In principle, it estimates the monetized damage caused by an incremental
increase in C emissions in a given year (Greenstone et al., 2013).

Agriculture could adopt a set of GHG mitigation strategies that, although they encompass
different contexts (e.g., from the management of croplands and pastures to the restoration of
degraded land and organic cultivated soils), are closely related to soil quality (i.e., SOC stocks)
(Smith et al., 2008). The uncertainty about the efficacy of different management practices for
improving soil carbon may depend on the soil type and climatic conditions (Ingram et al., 2014).

The Mediterranean Basin can be considered one of the most sensitive regions to climate change
because of its specific location, namely, a transition zone between the arid climate of North Africa

and the temperate and rainy climate of Central Europe (Planton et al., 2016). As highlighted by
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Sanz-Coberia et al. (2017), these varying conditions lead to the existence of two counteracting
cropping systems (i.e., irrigated and rainfed) that require the selection and combination of different
management practices (e.g., fertilization, soil tillage, use of cover crops, crop residues, and biochar)
that might mitigate GHG emissions and, at the same time, enhance SOC content. Furthermore,
Mediterranean agricultural areas are characterized by a low SOC level that makes these
agroecosystems vulnerable to land degradation and desertification (Aguilera et al., 2013). These
risks might be exacerbated by inappropriate land use change or land management (e.g.,
transformation from a forest or natural grassland to a pasture or cropland), and removing biomass or
disturbing soil may lead to soils becoming deficient in carbon and other nutrients (Smith et al.,
2016).

Bioenergy crops can contribute to the development of effective measures for climate change
mitigation even though environmental and socio-economic sustainability, especially in terms of
both land suitability and availability, is a key aspect of producing these crops correctly (Cronin et
al., 2020). In 2050, the total land occupied by dedicated energy crops in the EU-28 may reach
approximately 13,500 kha, namely, 3.6% of the total available land (1.3% in 2020), at the expense
of areas for food and feed crops (90%) as well as forest and natural land (9% and 1%, respectively)
(Perpifa Castillo et al., 2016). The use of marginal or abandoned land for bioenergy production is
frequently suggested to reduce the controversy about land use change and land competition between
food/feed and energy crops, even though this option might have implications for soil carbon and
GHG production (Don et al., 2012; Albanito et al., 2016; Mehmood et al., 2017).

Perennial energy crops may be less harmful than annual crops in terms of GHG emissions,
especially because of their lower nitrogen (N) requirements; thus, their long-term N management
requirements might be less intense than those of annual crops (Drewer et al, 2012). The conversion
of an annual cropping system to perennial bioenergy may enhance SOC storage due to the greater
capacity of perennial crops to sequester carbon, which is likely due to the deposition and
decomposition processes of perennial plant material on the soil surface; in addition, their massive
root growth and belowground senescence processes may contribute to the SOC content (Panda,
2016). The increase in soil C under a perennial crop system is characterized by significant
variability that is likely due, on the one hand, to complex interactions among climate, soil texture
and soil biota and, on the other hand, to the choice of soil management practices, which should
reduce the disturbance and destruction of aggregates (Tiemann and Grandy, 2014).

This study aimed to evaluate the potential performance of different N management practices in
perennial energy crop cultivation (cardoon) in a Mediterranean area in terms of their ability to

reduce GHG emissions and foster SOC storage in the long term. The analysis was implemented by
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combining two methodological approaches, CF and SCC, to highlight the potential relevance of
fertilization patterns to addressing the effects of climate change from both environmental and socio-

economic perspectives.

2. Materials and methods
2.1. Study site

The study was carried out in Sardinia (Italy), an island located in the Mediterranean Basin that
has a subtropical dry-summer climate, also known as a Mediterranean climate (Belda et al., 2014).
This climate was already described by Kottek et al. (2006) as being characterized by a hot-dry
summer with an average temperature in the warmest month above 22°C and mild, wet winters. In
Sardinia, most of the annual rainfall is concentrated in fall and winter at levels ranging between 500
mm along the southern coast and 1300 mm in the mountainous areas. The mean annual temperature
is also affected by the distance from the coastline; the value ranges from 17°C on the southern coast
to 12°C inland, and the maximum temperature exceeds 30°C in the summer (Salis et al., 2013).

This region may be considered a suitable territory for residual crop biomass energy exploitation
(De Menna et al., 2018) or for energy crop system introduction (Ledda et al., 2013). In fact, the
economic crisis for local agricultural and livestock activities on the island is exacerbating the
abandonment of productive areas and is leading to the conversion of arable land into grasslands in
areas served by irrigation infrastructure (Solinas et al., 2015). In this context, local biomass
production or the development of energy crop systems might minimize the risk of land

abandonment and provide farmers with new opportunities for additional income.

2.2. Cardoon

Cynara cardunculus L. is one of the most promising crops for use as feedstock for the energy
sector (e.g., solid fuel and biodiesel) in addition to being useful for various industrial applications
(e.g., cellulose, pulp and paper, phytochemical and pharmacological products) (Gominho et al.,
2018). It is a perennial herbaceous species that includes three botanical taxa (i.e., globe artichoke
(var. scolymus L. Fiori), cultivated cardoon (var. altilis DC.) and wild cardoon (var. sylvestris Lam.
Fiori)) and is native to the Mediterranean Basin (Gatto et al., 2013). Although the three cardoon
varieties’ performances in terms of biomass and/or energy yield are different, cardoon is adaptable
to poor pedo-climatic and input conditions (lerna et al., 2012; Francaviglia et al., 2016; Neri et al.,
2017). The capacity to grow under stressed conditions such as Mediterranean rainfed conditions

depends on the drought-escape strategy: the aboveground plant parts dry up over the summer,
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whereas the underground plant parts survive by becoming quiescent; this strategy has been
observed in other vivacious plants (Fernandez et al., 2006).

Cardoon cultivation represents an opportunity for the Sardinian region, where the poor
competitiveness of some food/feed crops (e.g., cereals) could lead to structural farming shifts
towards bioenergy production that might be a valid way to avoid land abandonment. Furthermore,
the positive results in terms of biomass, seed, and energy yield provided by field experiments
implemented with this species in Sardinia using different crop management practices highlighted
that cardoon might be an effective option at the farm level (Deligios et al., 2017).

In Sardinia, the environmental performance of cardoon is better than that of other energy crops,
such as giant reed (Arundo donax L.), sorghum (Sorghum vulgare Pers.) and milk thistle (Silybum
marianum L. Gaertn.) because of the lack or minimal use of some agricultural practices (e.g.,
irrigation, tillage); however, N fertilizers are relatively more important for cardoon cultivation than
for the other crops (Solinas et al., 2019).

To our knowledge, no monetary estimation related to carbon storage from cardoon cultivation

has been performed at the local scale.

2.3. Experimental site

A field trial was conducted on cardoon (Cynara cardunculus L. var. altilis DC.) cultivation for
three consecutive crop years (from 2014-15 to 2016-17) at the “Mauro Deidda” experimental farm
of the University of Sassari located in northwest Sardinia (Lat. 41°N, Long. 9°E, 81 m as.l.).
Cardoon is considered one of the most promising perennial energy crops in the Mediterranean
region since its adaptability to water and soil stress conditions prevents these stresses from
undermining biomass production (Deligios et al., 2017). Throughout the trial, the average annual
precipitation was 363 mm, and the mean maximum and minimum temperatures were 22°C and
12°C, respectively. At the experimental site, the soil is classified as a sandy clay loam, with 66%
sand, 19% clay and 15% silt. At the beginning of the experiment, soil samples from a depth of 0-40
cm were collected and analyzed before applying the fertilization treatments. The soil samples had
total C, total N and soil organic matter contents equal to 49 g kg %, 1.8 g kg * and 31 g kg *,

respectively.

2.4. Experimental design
Before starting the trial (2014-2015), cardoon was cultivated for seven consecutive years in the
same location. To optimize SOC storage, longer field trials may be considered additionally valuable

for detecting long-term SOC trends and the effects of crop continuity.
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Cardoon removal was necessary since, after several years, the crop showed a physiological
decline in production. Therefore, in 2014, the residual biomass from the previous multiyear
cultivation period was incorporated into the soil before the new cardoon planting began. This
activity, which most likely fostered an increase in SOC potentially available for the next crop, was
the starting point for establishing the experimental design and the different N fertilization
management treatments.

The trial was arranged in 7.5 m x 6 m plots in a randomized complete block design with four
replicates. The different N fertilization options were selected in order to determine the possible N
and C supply provided by each management treatment. Specifically, two conventional patterns,
namely, local practices based on the use of synthetic fertilizers with high and low N inputs (HI and
LI, respectively), were included to guarantee continuity with the previous cardoon cultivation,
which used these N management strategies. Three alternative N fertilization practices, biochar (Bi)
use, cover crop (CC) cultivation and their combination (CC + Bi), were established to evaluate their
potential to reduce synthetic fertilizer use, increase SOC storage, optimize yields, and improve the
overall environmental sustainability of perennial energy crop systems. Furthermore, since crop
residues (cardoon and cover crops) and weeds were not incorporated throughout the experimental
trial, all three alternative treatments were supplemented with the same synthetic N supply used in
the LI treatment (i.e., LI + Bi, LI + CC and LI + Bi + CC) (Table 1). The use of biochar and cover
crop together with the LI treatment was selected on the basis of the cardoon production level in
order to improve its yield. In a previous experiment carried out in the same site of this study, the
cardoon fertilized with a lower synthetic N rate, namely 50% less than the conventional one showed
a worse crop growth, and thus a lower yield compared to the one achieved using a higher rate of N

fertilizer (i.e., the conventional treatment) (Deligios et al., 2017).

Table 1

The use of biochar obtained from the thermochemical conversion of biomass (i.e., pyrolysis)
may affect the physical and chemical properties of soil by enhancing its fertility and therefore
fostering crop growth (Tan et al., 2017). Since cardoon biomass is grown for energy production,
biochar application to soil might offset the amount of carbon removed by biomass harvesting.
Specifically, biochar obtained from a slow pyrolysis process using rapeseed straw as the feedstock
was applied (10 t ha 1) only once at the beginning of the trial (November 2014) and was
incorporated into the soil to a depth of 10 cm. In this study, biochar was considered as the amount
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of C obtained from feedstock pyrolysis (i.e., 71.34 wt %) on the basis of the report of
Karaosmanoglu et al. (2000).

In the same period, a self-reseeding legume cover crop (Trifolium subterraneum L. var. Antas)
was sown (30 kg ha ) in interrow spaces to a depth of 5 cm. A legume was chosen as the cover
crop due to its capacity to provide an additional source of N and C through N fixation and residue
production, respectively. In fact, cover crop residues were not removed or incorporated into the soil
during the study period to facilitate litter development and potentially reduce synthetic fertilizer
application. The biochar-cover crop combination was implemented to observe its effect on the SOC
content compared to that of the management practices individually and to determine whether this
combination showed synergic effects. The potential synergy was assessed considering the SOCS
value of each alternative treatment deprived of the SOCS value due to the LI treatment. Practically,
the effect separately caused by Bl (and CC) was calculated eliding by the LI + Bl (LI + CC) value
the LI value. Successively, we calculated the effects of the combination of Bl and CC eliding the LI
value by the LI + Bl + CC value. The comparison between the latter value to the sum of the formers
allowed to assess the potential synergy (i.e., synergy exists when the combined Bl + CC effect is

less than the sum of individual Bl and CC effects).

2.5. Functional unit, system boundaries and data collection

The multifunctionality of agricultural systems allows the identification of their functional units,
namely, the land management, financial and productive functions (Nemecek et al., 2011). In
general, the choice of which functional unit to study depends on the objective of the study, the types
of environmental impacts evaluated, and the kinds of processes under consideration (Notarnicola et
al., 2015). As reported by International Organization for Standardization (ISO) 14040 (2006), the
main purpose of a functional unit is to provide a reference to which inputs and outputs are
connected. Given these conditions, and considering that the goal of this analysis was to estimate the
environmental effects and social cost of different fertilizer management practices in terms of both
SOC variation and crop yield optimization, the productive function was considered the most
appropriate functional unit for this study. Specifically, the productive function was expressed in
tons of biomass ha " produced by cardoon cultivation throughout the experimental trial.

In this study, a “from cradle to field gate” approach was adopted to emphasize the
environmental implications of agricultural practices applied to energy crop systems. Specifically,
the system boundary considered in this investigation included, for each fertilizer management
treatment, the whole life cycle of cardoon cultivation from the acquisition of raw material inputs to

the farm gate (i.e., crop harvesting) (Figure 1). Hence, the LCA neglected product transport
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operations and stopped at product harvesting; the evaluation did not focus on activities beyond the
edge of the field. All farming practices carried out throughout cardoon cultivation were included in
an inventory to support subsequent steps (i.e., impact assessment and interpretation). The
quantification of inventory, namely, the material and resource flows to and from the environment
within the system boundaries, should be methodologically sound, complete and unbiased (Sauer,
2012). Therefore, the inventory of agricultural practices throughout the three years of the trial was
based on primary data collected at the experimental site specifically regarding the agricultural
machinery, fuel consumption, and types and application rates of synthetic fertilizers, pesticides and

organic amendments.

Figure 1

During the cardoon life cycle, direct field measurements (i.e., yield and SOC content),
physicochemical analysis of some soil samples, and climatic data detection (e.g., temperature and
precipitation) were carried out. These measurements allowed various models (see paragraph 2.5) for
assessing the GHG emissions resulting from the different agricultural management practices to be
applied.

Since the data were not exhaustive, they were integrated with secondary data (i.e., the upstream
and downstream processes of crop cultivation) derived from international databases, primarily the
Ecoinvent 3 database. In this study, this database was used in order to include processes regarding
technical input production (e.g., fertilizers, pesticides, seeds) and the implementation of mechanical
operations such as tillage, sowing, crop maintenance (e.g., fertilization, weeding), and harvesting in
the evaluation phase. Specifically, the data for these processes included data regarding the
consumption of natural resources, raw material, fuels, and electricity as well as heat production and
chemical emissions to the environment.

The crop under consideration, cardoon, was used only for biomass production for energy
purposes; therefore, no allocation of impacts was necessary in this evaluation.

2.6. Calculation methodology

Different tools were applied to improve the accuracy of the results of this study since the
performance of the tools was mainly based on primary data related to soil physicochemical
properties, climatic parameters, crop management, and yield. The use of several models enabled us

to better understand the effects of the different fertilization patterns in terms of CO.e produced or
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avoided. In this way, we obtained more detailed information on the GHG fluxes in terms of their

potential environmental and monetary damages.

2.6.1. Fertilizer and amendment emissions

The main nitrogen emissions caused by each management treatment (i.e., ammonia (NH3) and
nitrous oxide (N20) in the air and nitrate in water (NO3 ~ ) were included in the analysis using the
Estimation of Fertilizer Emissions Software (EFE-So) (2015). This software uses the model
developed by Brentrup et al. (2000) and allows us to obtain more accurate emission values than
other methods since it requires various site-specific data to contextualize the fertilizer application
and the possible losses without distinguishing between direct and indirect emissions. This model
considers the difference between the supplied N and the absorbed N and requires information about
the fertilizer type, soil characteristics, climate context (e.g., air temperature during distribution,
summer and winter precipitation) as well as the N content in the harvested crop and its coproducts
(Schmidt Rivera et al., 2017).

According to Brentrup et al. (2000), N emissions are affected by different parameters. For
instance, the average air temperature, infiltration rate, time between distribution and incorporation,
precipitation, radiation, and wind speed are necessary to evaluate NHs volatilization from organic
fertilizers. In the case of synthetic fertilizers, NH3 loss mainly depends on the ammonium or urea
content of the synthetic fertilizer, the climatic conditions, and the soil properties. The complexity of
interactions between soil and climate factors and the variability of crop system management make it
difficult to assess NoO emissions. Nevertheless, the model uses the default value proposed by
Houghton et al. (1997) as the emission factor for N2O. Finally, NO3; ~ loss was reported by
Brentrup et al. (2000) as nitrate leaching. The rate of NO3 ~ loss is strictly dependent on different
parameters related to agricultural activity (nitrogen balance) and to soil and climate conditions
(field capacity in the effective rooting zone and water drainage rate, respectively). The value for
atmospheric N deposition included in the EFE-So model was estimated based on the report of
Markaki et al. (2010) regarding annual nitrogen deposition fluxes at different sites in the
Mediterranean region, including Sardinia.

To obtain more detailed results, the amount of CO:; fixed in the industrial urea production
process and potentially emitted through fertilizer distribution was considered in this analysis using
Eqg. (1) (De Klein et al., 2006):

CO2-C Emissions = MXEF @
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where CO,-C emissions is the annual carbon loss from urea application (tons C yr *); M is the
annual amount of urea distributed (tons urea yr 1); and EF is the emission factor (tons of C (ton of
urea) ).

For the LI + Bi treatment, the reduction in N2O emissions caused by biochar application to soil
was computed with Eq. (2) (Wolf et al., 2010):

EN =RN (2.5 kg N2O ha tyr 1) Ab (2)

where EN is the annual amount of soil N.O emissions avoided; RN is a reduction factor equal
to 25%; and Ab is the area of land amended by biochar. This computation was performed for only
the first crop year since soil N2O fluxes generally show a decrease over time; however, these results
are highly variable depending on the complexity of the interactions between the organic
amendments and the soil as well as the different experimental setups, soil properties, and conditions
(Agegnehu et al., 2016; Borchard et al., 2019).

The addition of carbon to the soil in the form of biochar may be responsible for the so-called
priming effect (Zimmerman et al., 2011; Singh and Cowie, 2014), i.e., a short-term change
(increasing/positive or decreasing/negative) in the mineralization rate of soil organic matter
following the addition of exogenous organic substrates (Kuzyakova et al., 2000). Therefore, biochar
application might affect CO, dynamics at different time scales. In the short term, its labile carbon
fraction may trigger microbial activity that, in turn, increases mineralization (positive priming
effect); in the long term, biochar may stimulate physical protection mechanisms (sorption and
aggregation) for organic carbon on the amendment surface (negative priming effect) (Maestrini et
al., 2015; Sagrillo et al., 2015). Given these considerations, this study included possible changes in
soil CO2 emissions due to biochar addition based on Maestrini et al. (2015), who quantified short-
term soil carbon losses (3% of the C from the organic amendment) caused by the biochar priming
effect. No specific value was provided for the long term because of the variability of the factors that
may influence the priming effect (e.g., repeated biochar addition, seasonal variations in soil
temperature and moisture).

Phosphorous losses were not reported for any fertilizer management treatment since they were

considered negligible at the study site.

2.6.2. Details about the LI + CC treatment
This study considered the N and C provided by the legume biomass in the LI + CC treatment.

Specifically, the N content of the above- and belowground biomass produced by cover crops was
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calculated based on two specific values (2% and 1.65%, respectively) determined during a field trial
carried out in the same geographical area as this study.
The organic matter content provided by the total legume biomass was estimated according to

Eq. (3):

SOM =DM - A )

where SOM is the soil organic matter (Mg ha ); DM is the dry matter (Mg ha 1); and A is the total
ash (as a percentage of DM), which was approximately equal to 12% DM according to Chiofalo et
al. (2010); Pace et al. (2011); and Bozhanska et al. (2016).

The SOC value (Mg ha 1) was obtained with Eq. (4) (Prybil, 2010):

SOC = SOM/2 (4)

where 2 is the most widely used conversion factor based on the assumption that soil organic
matter contains 50% carbon.
For the LI + Bi + CC treatment, the N and C values were estimated with the same references

used for the individual treatments, i.e., L1 + Bi and LI + CC.

2.6.3. Pesticide emissions

The on-field emissions from pesticide application were calculated using the PestLCI 2.0 model
to assess the pesticide fraction that crosses the technosphere-environment boundary and thus
disperses in the environment (air, surface water and ground water). The technosphere can be
considered a “field box™ that is bounded by the arable field borders, the soil up to 1 m depth and the
air column up to 100 m above the soil (Dijkman et al., 2012). The model, according to Birkved and
Haushild (2006), considers two emission steps within the technosphere box that are responsible for
the fate of pesticides: a primary and a secondary distribution.

The primary distribution refers to the pesticides that are deposited on the crops (e.g., crop
leaves) and on the soil surface or are blown away by the wind immediately after pesticide
application. The secondary distribution refers mainly to the fate of pesticides on the field; active
pesticide ingredients may be deposited on crops, topsoil, or subsoil, where they may undergo
different processes. The pesticide fraction that settles on plants might be subject to volatilization,

uptake or degradation. On the topsoil, the main processes affecting pesticides are volatilization,
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biodegradation and surface water runoff due to rainfall; pesticides might also reach the subsoil and
thus the ground water through leaching.

This model enables the calculation of emissions due to the primary and secondary distributions
by constructing a scenario that includes site-specific information such as the type of pesticide,
application method and month, crop, climatic conditions, and soil type. Currently, PestLCI 2.0 is
applicable to European conditions; therefore, it includes various site-specific climate and soil data
that are representative of European regions and approximately one hundred active ingredients
(Moraleda Melero, 2018).

2.6.4. Carbon footprint

The carbon footprint is a methodological tool used to quantify the total amount of GHGs that a
product or a service disperses into the environment during its lifetime (i.e., from raw material
production to the final use of the product) expressed as CO.e (Ramachandra and Mahapatra, 2015).
In this study, the CF assessment carried out with an LCA approach enabled the quantification of
GHG emissions due to the agricultural management practices used in cardoon cultivation
throughout the cardoon life cycle.

SimaPro 8.0.4.30 software (Goedkoop et al., 2013a, b) was used to perform the CF analysis
based on the impact categories associated with the GHG Protocol. This protocol was developed by
the World Resources Institute (WRI) and the World Business Council for Sustainable Development
(WBCSD) in 1998 in order to develop accounting and reporting standards for GHG emissions that
are specifically designed for different private and public sector activities such as agricultural
activities and to reduce the potential negative effects of climate change on natural resources (WRI
and WBCSD, 2011a).

The GHG Protocol provides guidance to facilitate the management of agricultural GHG fluxes
by considering mechanical (i.e., equipment or machinery operated on farms) and nonmechanical
(e.g., soil amendment and management, crop residue burning, and land use change) emission
sources as well as upstream sources (e.g., raw material extraction; fertilizer, pesticide and feed
production) in order to foster eco-friendly production practices (Russell, 2011). The GHG Protocol
uses the Intergovernmental Panel on Climate Change (IPCC) calculation approach to quantify the
GHG fluxes of a given activity (WRI and WBCSD, 2011b). The GHG emissions related to the life
cycle of a product may be expressed as COze using a characterization factor, the global warming
potential (GWP), developed by the IPCC within the climate change impact category (JRC, 2007).
The GWP enables us to compare the potential climate impacts of various gases using the GWP

value of CO: as a reference unit; the GWP of CO- is equal to 1 and can be considered at three
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different time horizons, namely, 20, 50 and 500 years (WRI and WBCSD, 2011a). In this study, the
COze, that is, the CF of a certain process, was calculated with Eq. (5) (Morawicki and Hager, 2014):

GHG emissions in CO2e () = emission factor x activity rate x GWP (5)

where COqe is the CF from a certain gas (kg COze); the emission factor (i) is the amount of
GHG produced per unit of activity rate; the activity rate is the level of a specific practice (e.g., liter
of diesel consumed during fertilizer distribution); and GWP; is the characterization factor
expressed in kg COze/kg GHG.

The GHG Protocol method uses 100 years as the time horizon to calculate GHG emission
impacts related to a product system. This method uses the impact categories carbon emissions from
fossil sources (CEFS), biogenic carbon emissions (BCE), carbon emissions from land
transformation (CELT), and carbon uptake (CU) (PRé, 2018).

The CEFS category refers to emissions arising from fossil sources (e.g., carbon from fossil
fuels), and BCE is related to biogenic sources (i.e., carbon from living organisms or materials
derived from biological matter). CELT refers to emissions from the conversion of one land use
category to another. The last category, CU, refers to the CO> stored in plants and trees as they grow
(WRI and WBCSD, 2011b). Since the analysis in this study concerns a perennial crop, all estimated
impact categories were expressed in annual CO2eg, that is, the CF values of each impact category for
cardoon were calculated considering their lifetime average impacts. Finally, the values of the
impact categories provided by SimaPro are expressed on a land basis in kg COze ha 1, but this
study adopted a production functional unit (i.e., tons of biomass produced by cardoon). Therefore,
the outputs were converted with Eq. (6) (Cheng et al., 2015):

CFY = CFA/Y (6)

where CFY is the carbon footprint of a generic impact category per production unit (t COe/t of
biomass produced); CFA is the value of one impact category on a land basis (t CO2e/ha); and Y is
the yield of a given crop (t/ha).

The results of this conversion enabled the calculation of the CF balance between GHG
emissions and sequestration (i.e., the CEFS, BCE, CELT, and CU impact categories, respectively)
to identify the fertilizer treatments with the best and the worst environmental performance in

cardoon cultivation throughout the experimental trial.
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2.6.5. Carbon footprint uncertainty analysis

A Monte Carlo analysis was performed to assess the uncertainty of the CF findings. The
analysis was also performed to test for possible significant differences in the environmental impacts
of each fertilizer treatment in terms of their CF per product unit. SimaPro 8.0.4.30 software was
used to run the Monte Carlo simulation (Goedkoop et al., 2013a, b) at a 95% confidence interval

with 1000 reiterations.

2.6.6. Soil carbon storage

Due to the complexity of the C dynamics and GHG fluxes due to the different N fertilizers, an
additional impact category, soil organic carbon storage (SOCS), was considered to provide a more
detailed framework for GHG exchanges related to the perennial energy crop system. The results
might be useful for facilitating the identification of environmental impacts in the long term and
supporting crop system and land use planning.

Accounting for soil C changes due to agricultural systems and land use is difficult in the
context of LCA and, consequently, in the context of product CFs. The difficulty arises mainly
because of the lack of a specific procedure for soil C; however, attempts to consider SOC dynamics
may be implemented depending on the availability of quality data and the performance of C cycle
models (Goglio et al., 2015).

In this study, carbon storage was estimated using the Rothamsted carbon model (RothC) ver.
26.3. This model was specifically developed to estimate the turnover of SOC in nonwaterlogged
topsoil and includes the effects of soil type, climate conditions and plant cover on the turnover
process (Coleman and Jenkinson, 2014). Its performance is strongly dependent on site-specific data
since it requires three different types of information: 1) climatic data, i.e., monthly air temperature
(°C), rainfall (mm), and evapotranspiration (mm) values; ii) soil data, including clay content (%),
inert organic carbon (IOM), initial SOC stock (t C ha 1), and depth of the considered soil layer
(cm); and iii) land management data, such as soil cover and monthly quantity of plant residues (t C
ha 1) (Baran¢ikova et al., 2010). RothC was used to estimate the SOC for each agricultural
treatment adopted for cardoon cultivation based on site-specific soil and climatic conditions and
with a time reference of 100 years, i.e., the same time horizon used by SimaPro to assess the CEFS,
BCE, CELT, and CU impact categories.

All inputs were included in RothC as the average values for the experimental trial period. In the
model, SOC is divided into four active pools and a small amount of IOM that is resistant to the
decomposition process. Crop C inputs to soil are allocated into the categories decomposable and

resistant plant material (i.e., DPM and RPM, respectively), microbial biomass (B1O), and humified
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organic matter (HUM) (Li et al., 2016). RothC allows the C input to be partitioned between DPM
and RPM on the basis of its provenance, namely, crops, grassland or forests. These two pools
undergo decomposition, resulting in CO., BIO or HUM depending on the soil clay content. The
decomposition process for one active compartment occurs through first-order decay at a specific
rate (year ) for DPM, RPM, BIO, and HUM (10, 0.3, 0.66, and 0.02, respectively) (Zimmermann
et al., 2007).

The process is depicted in Eq. (7) (Génzalez-Molina et al., 2017):

Y = Yo (1 - e ~20cky (7

where Y is the material quantity of a pool that decomposes in a certain month (t C ha %); Yo is
the initial C input (t C ha 1); k is the decomposition rate specific to each compartment; a, b and ¢
are factors that modify k related to temperature, moisture, and soil cover, respectively; and t is 1/12,
to express k as the monthly decomposition rate. The IOM was calculated with Eqg. (8) (Falloon et
al., 1998):

IOM =0.049 x SOC x 1.139 (8)

where IOM and SOC are both expressed in t C ha L. Furthermore, RothC was performed at
equilibrium, namely, the C input was adjusted such that the modeled SOC value matched the
measured starting value in the experimental trial (Kaonga and Coleman, 2008). The SOC stock used

in the RothC model was calculated according to Eq. (9) (Lozano-Garcia et al., 2017):

SOC-S = SOC concentration x BD xd x (1 -8, mm) x 10 1 (9)

where -SOC-S is the soil organic carbon stock (mg ha 1); SOC is the soil organic carbon (g kg -
1, BD is the bulk density (mg m ~3); d is the soil thickness (cm); and & mm is the fractional
percentage (%) of gravel greater than 2 mm in size.

Finally, the SOC values provided by the RothC simulation for the time horizon of 100 years for
each fertilization treatment used in cardoon cultivation throughout the experimental trial were

converted to CO». This conversion was performed with Eq. (10) (Alani et al., 2017):

1 ton of soil C = 3.67 x tons of CO> (10)
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where the tons of CO. are the quantity of CO emitted or stored depending on the ratio of the
molecular weights of C (12) and CO2 (44), namely, 44/12 = 3.67.

The values of CO, obtained were expressed in COe based on the GWP of CO> for 100 years,
i.e., 1 (Forster et al., 2007). These outputs are the CF of the SOCS impact category for each cardoon
management treatment. As for the previous impact categories, these outputs were also converted to
production functional units to facilitate comparisons of the different fertilization treatments in terms
of their potential C storage.

2.6.7. Social Carbon Cost

The social carbon cost represents the cost of an additional ton of CO2 emissions or its
equivalent; in more detail, it describes the change in the discounted value of economic welfare
resulting from an additional unit of COze (Nordhaus, 2017). The monetized estimation of the
potential damage caused by an increase in GHG emissions in a given year is performed in order to
better understand the changes in agricultural production, human health, and the value of ecosystem
services that arise due to climate change (IWG, 2016). In contrast, it may also be considered a
measure of avoided damage in the case of emission reductions, which provide a socio-economic
benefit.

In this study, the SCC was calculated based on an assessment of benefits and cost, that is, of the
increases and decreases in human well-being due to GHG emissions, by linking the global carbon
cycle and temperature variations to a global economic context (van den Bijgaart et al., 2016). SCC
evaluations for different time horizons are performed with three integrated assessment models.
These models run with several input assumptions and simulate the possible connections between
GHG emissions and climate change compared to a baseline scenario as well as different options for
assessing the future damages that may arise from an additional released or avoided ton of CO;
emissions (Rose et al., 2014).

Each model runs 10K times, which provides thousands of results that are discounted and
averaged to obtain an equivalent single number, called the present value. Specifically, the present
value is computed for a number of years (x) in the future, and the previous values are reduced by a
certain percentage (i.e., the discount rate) for each of the x years at three reference rates, namely,
2.5%, 3.0% and 5.0% (Niemi, 2018).

With the above methods, in this study, monetized estimations of the SOCS ecosystem service
were performed as an attempt to underscore the long-term strengths and weaknesses of the different
fertilization practices used in cardoon cultivation as strategies for addressing the challenges of

climate change. The SCC was calculated by multiplying the SOCS values of each fertilizer
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treatment in 2050 obtained from the RothC model by the SCC in 2050, namely, 79 US dollars
(2016 dollars per metric ton CO2e), with the 3% discount rate (Niemi, 2018). To perform this
calculation, the SOCS values were converted to tons CO2e for a 100-year time horizon as described

at the end of subparagraph 2.6.6.

3. Results
3.1. Carbon footprint of GHG fluxes from fertilizer management

The descriptions of the CF outputs are focused on the effects (t COze t ! of cardoon biomass)
resulting from the specific characteristics of each fertilizer management treatment, i.e., the different
N doses in HI and LI, biochar application, legume cover crop cultivation and their combination.
These effects were the focus because the mechanical operations and production inputs did not
change among treatments except in a few cases reported occasionally. The environmental impacts
of these factors were not considered because the CF values did not differ among treatments when
expressed on a land basis and because we wanted to remain consistent with the objective of this
study, that is, to evaluate the potential reductions in GHG emissions and SOC storage resulting
from different N fertilizer management strategies applied to cardoon.

The environmental performance of the five treatments showed significant variability in both
inter- and intra-impact categories (Figure 2). In fact, in the former, CF ranged from 0.00041 to 0.2 t
COg2e per production unit in CELT (LI) and CEFS (HI), respectively. The difference detected
between HI and LI - CEFS exceeded CELT slightly more than 480 times - is particularly interesting
considering the CEFS value of all fertilization patterns taken together. In fact, the CF of the CEFS
category was 432, 40, and 14 times greater than those of CELT, CU, and BCE, respectively.
Regarding CU, all further values reported should be considered reliable in absolute terms since this

impact category is related to GHG savings, whereas the other categories are related to GHG losses.

Figure 2

Considering the effect of each treatment in the single-impact category, HI demonstrated the
highest environmental performance in CEFS exceeding the second worst management (LI) by 21%.
The observed gap between HI and LI was mainly due to the different impacts of agricultural inputs,
especially fertilizer inputs. In fact, the mechanical operations were the same except in the LI + Bi,
LI + CC, and LI + Bi + CC treatments, in which two additional agricultural inputs were introduced,
namely, biochar and legumes that were sown or distributed and subsequently buried. Furthermore,

the higher amount of N fertilizer (i.e., urea as a topdressing) used in HI was mainly responsible for
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the poor environmental performance of this treatment in the CEFS category; HI had twice the
impact of the second most impactful treatment (LI). HI was 20% and 10% more impactful than LI +
Bi and LI + CC, respectively; however, the last two categories included two additional mechanical
operations and two additional production inputs, namely, biochar and its distribution and burial (LI
+ Bi) and legume seeds and their sowing and burial (L1 + CC).

These additional processes made contributions that were not significant in the CEFS category,
since they were equal to less than 1% and slightly more than 3% for LI + Bi and LI + CC,
respectively. LI + Bi showed better environmental performance than the LI treatment most likely
due to the short-term effect of biochar on reducing N emissions from fertilizers, i.e., urea and
diammonium phosphate, throughout the first growing season. In fact, the environmental impact of
these fertilizers when used with biochar was 22% lower than the impact from the same fertilizers in
the LI treatment.

LI + CC showed better environmental performance than LI due to the high average production
of cardoon biomass (8.14 and 6.91 t DM ha * for LI + CC and LI, respectively) that de facto
reduced the CEFS value on a production basis rather than to the N and C provided by legume
cultivation (slightly more than 3% of the CEFS category). The CF difference between Li + CC and
Li + Bi (i.e., 0.01 t COze t "t more cardoon biomass under Li + Bi) was most likely due to the effect
of biochar on GHG emissions from fertilizers since the mechanical operations (i.e., biochar
distribution and burial and legume sowing and burial) had the same environmental impact (0.0007 t
CO2e t ! of cardoon biomass).

Finally, the LI + Bi + CC treatment demonstrated an antagonistic effect between biochar and
the cover crop that generated an environmental impact 13% lower than the sum of their individual
effects. Nevertheless, the CF contribution per production unit of LI + Bi + CC was greater than
those of LI + CC and LI + Bi (by 6% and 15%, respectively) because of the higher biomass yield
from LI + CC and LI + Bi than from LI + Bi + CC.

The CELT category showed the lowest CF contribution of the four impact categories, most
likely due to the lack of actual land use change, which de facto avoided the production of GHG
emissions in this category. Nevertheless, impacts detected within the CELT category can be
associated with CO2 and N.O emissions generated during agricultural land use and following a
change in farm management practices according to the GHG Protocol, which emphasizes the roles
of agricultural activity as sources of and a sink for CO, (WRI and WBCSD, 2011b).

The analysis showed similar CF values on a land basis among treatments that had the same
upstream processes as key impact factors, such as seed production that includes a land

transformation. The differences in CF per production unit were minimal (i.e., from 0.00035 to
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0.00041 t COze t ! of biomass for LI + CC and LI, respectively) and resulted from the different
cardoon yields. LI had the lowest cardoon yield and thus was the least environmentally friendly
treatment. In contrast, LI + CC produced 18% more cardoon biomass than LI and reduced GHG
emissions by 85% compared to those under conventional management. Furthermore, the
combination of biochar and the legume cover crop showed, as detected in the CEFS category, an
antagonistic effect even though the environmental performance of LI + Bi + CC was worse than
those of LI + Bi and LI + CC (by 8% and 10%, respectively). The LI + Bi and HI treatments had a
very similar CF per production unit (approximately 0.0003 t COze t ! biomass), and their CF values
were higher than that of LI + CC (by 2% and 3%, respectively). This result highlights that the
potential effect of the cover crop on increasing cardoon yield was most likely responsible for the
low CF in the CELT category.

The last two impact categories, BCE and CU, which are more specifically related to C
dynamics, showed intermediate values between those of CEFS and CELT. LI + Bi + CC was the
worst and the best treatment for BCE and CU, respectively (0.03 and 0.01 t COze t * of biomass).
This result suggests that organic material used in addition to synthetic fertilizers might act as both a
source and sink of C. The environmental performance of these alternative fertilization treatments
might depend on how the additional inputs were included in the overall crop management.
Specifically, the sum of the CFs resulting from LI + Bi + CC and LI + Bi represented 92% of the
BCE category on the whole, underlining the relevance of biochar as a C source. In fact, the C
contribution provided by biochar application exceeded 90% in both treatments. Although the cover
crops were not harvested, the C supply from the legumes was not relevant (7%) to the BCE. The
difference in CF between LI + Bi + CC and LI + Bi (i.e., 0.002 t CO2e t  more biomass in LI + Bi
+ CC) was due to the simultaneous use of biochar and the legume cover crop. Their combination
had a synergistic effect that increased the CF compared to those resulting from the biochar and
legume crop individually. This is because the CF of LI + Bi + CC exceeded by 9% the sum of the
CFs of the individual practices. In other words, in the LI + Bi + CC treatment, biochar and the
legume crop might have acted to strengthen the effect of one or both of these practices. The
environmental performance of LI + CC was 17 times lower than that of the worst treatment, further
highlighting the relevance of biochar in the BCE category. The two conventional management
treatments, namely, LI and HI, made the best contribution in terms of avoided CO2 emissions (6%)
compared to those from the treatment with the greatest impact because of the absence of the
additional organic C source.

Among the four impact categories, CU is the most related to GHG emission removal since it

concerns the C stored in a crop throughout its life cycle. As mentioned above, the most
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environmentally friendly treatment within the CU category was the worst treatment for BCE. LI +
Bi + CC showed conflicting performance results due to the combination of biochar and legume
cover crops. This treatment had the highest CF value, which might be due to the synergistic effect
that was also observed in the CU category and was caused by the interaction between biochar and
the legume cover crop. Their simultaneous action, which resulted in a CF value 16% higher than the
sum of the CFs of the individual treatments, might have resulted in greater C storage in the biomass
than that in the LI + Bi and LI + CC treatments.

Furthermore, LI + Bi + CC had a higher CF value than LI + CC and LI + Bi (by 13% and
170%, respectively), suggesting that the positive environmental performance in LI + Bi +CC might
be due to the synergistic effect of biochar and the legume enhancing C uptake from cardoon and the
legume cover crop. In contrast, the lowest CF occurring in LI + Bi underlines that the potential
effect of biochar on the ability of cardoon to store carbon might not have been adequate to
guarantee good performance.

In addition to crop yield, some agricultural inputs had various impacts on the CU category
based on the management treatment. For instance, the cardoon seeds for sowing contributed
approximately 10% on average to the LI + Bi, L1 + CC, and LI + Bi + CC treatments. The synthetic
fertilizers used in LI + Bi had an effect equal to 13% on CU, whereas the C from the legume cover
crop contributed 30% to LI + CC. The same inputs made contributions of 5% and 29%,
respectively, in LI + Bi + CC. The environmental performance of LI in terms of CO, uptake was
8% higher than that of LI + Bi, most likely since the yield of LI was greater than that of LI + Bi.
The quantity of cardoon biomass might also have played a role in the CF values of the HI and LI
treatments. In fact, LI, which had lower average biomass production than HI, had the best
environmental performance in the CU category, with a contribution that was slightly more than 7%
higher than that of HI. Due to the use of double the N dose (HI vs LI), the N fertilizer effect on the
CU was almost 2 times greater in the HI treatment.

A more in-depth analysis of the individual CF balances for each agricultural treatment (i.e., the
comparison of GHG release and GHG removal) allowed us to better understand the effects of
fertilizer patterns on GHG fluxes (Figure 3). All CF balances showed GHG emission losses,
ranging from 0.20 (HI) to 0.14 (LI + CC) t CO.e per production unit. The balances for LI + Bi, LI
and LI + Bi + CC were 81%, 82%, and 90%, respectively, of the highest balance. The inclusion of a
cover crop (i.e., a legume) in a perennial energy system (cardoon) might be optimal for GHG

emission reduction and yield optimization.

Figure 3
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The second positive trade-off between the GHG balance and crop production was shown in LI
+ Bi. Although this treatment showed the same GHG balance as that of LI (0.16 COze t * of
biomass), the cardoon yield achieved with biochar application was greater than the L1 yield (7.96 vs
6.91 t ha " on average). In contrast, the balance of LI + Bi + CC was the second highest, suggesting
that the combination of biochar and the cover crop did not result in a reduction in GHG emissions,
although the cardoon yield achieved with LI + Bi + CC was intermediate to the biomass production
levels of LI + Biand LI + CC.

3.2. Uncertainty analysis results

A Monte Carlo analysis was performed to evaluate the uncertainty of the LCA results by
pairwise comparisons among the fertilizer management strategies in terms of their CF per
production unit. The analysis showed (Table 2) that in CEFS, three differences were not statistically

significant at o = 0.05.

Table 2

Specifically, the analysis highlighted that the CEFS CF of HI, namely, the treatment with the
highest impact, was significantly higher than those of the other treatments. Regarding the most eco-
friendly treatment (i.e., LI + Bi), only its difference from LI was statistically significant. LI showed
the worst result (i.e., the highest value) in CELT even though its performance was highly
significantly different only from those of HI and LI + Bi + CC. In the BCE category, all the
comparisons demonstrated significant differences except for HI vs LI + CC. Finally, in CU, the
most impactful treatment, LI + Bi + CC, was significantly different from the second most impactful
treatment (i.e., LI + CC) only at o = 0.10, whereas it was highly significantly different from the

other three treatments.

3.3. Soil organic carbon stocks under fertilizer management

The analysis was completed by considering the SOCS category in order to detect changes in
SOC storage resulting from the implementation of the five fertilization patterns. Although the
SOCS category was expressed in t COze t "t cardoon biomass, as were the previous four categories,
its environmental impact was calculated from direct measurements taken in the field throughout the

experimental trial (Figure 4).
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SOCS ranged from 72.7 (HI) to 26.2 (LI) t CO2e per production unit, highlighting that the two
conventional management strategies showed the best and the worst performance; the difference was
equal to slightly less than 3 times in favor of HI management. The performance of HI might be due
to the higher N dose applied throughout the cardoon life cycle which, in turn, most likely fostered a
higher yield than that under LI. The three alternative treatments showed values (53.1, 53.9 and 61.1
t COze t ! of biomass for LI + Bi + CC, LI + CC and LI + Bi, respectively) that were closer to that
of the best (i.e., the highest value) treatment than to that of the worst (i.e., the lowest value)
treatment, highlighting that the treatments that included biochar, the cover crop or their combination
fostered SOCS. The simultaneous use of biochar and the legume demonstrated an antagonistic
effect on SOCS; the sum of the effects of biochar and the cover crop individually was 2 times
higher than the value obtained from their combination. The environmental performance of LI + Bi
was better than those of LI + CC and LI + Bi + CC (by 13% and 15%, respectively), highlighting
that the application of biochar might have had a stronger effect than the other two fertilizer

management strategies in terms of soil carbon storage.

Figure 4

3.4. Social carbon costs from fertilizer management

A monetary valuation was performed to estimate which fertilizer treatment might generate the
greatest flow of benefits related to the SOCS ecosystem service. The results highlighted that HI
might produce the greatest benefits until 2050 (Table 3). Specifically, these benefits could amount
to approximately 9K US dollars per t COze. In contrast, the lower benefits arising from the other
treatments suggests the presence of a social cost (an opportunity cost in terms of lost benefits
compared with those in the most favorable treatment). The LI treatment had the highest SCC, equal
to approximately 5K US dollars per 1t CO.e, whereas the other three treatments showed SCC
values ranging from 1K (LI + Bi) to 2K (LI + Bi + CC) US dollars per 1t COze.

Table 3

4. Discussion
4.1. Carbon footprint implications of agricultural management

The results highlight that the characterization of a perennial energy crop system in terms of
agricultural management and land allocation should be used to better support farmers’ decisions as

well as to reduce GHG emissions and to increase soil C storage in the long term. Specifically, the
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choice of farming practices and land use might arise from a convenient trade-off between the yield
and environmental performance of energy crops, for example, to satisfy present and future needs in
terms of food and energy security as well as environmental sustainability. This study might provide
useful support for selecting the best option since the results enabled us to highlight the strengths and
weaknesses of each fertilization pattern and its effects on GHG dynamics (Figures 2-4).

The use of the three alternative treatments (i.e., LI + Bi, LI + CC and LI + Bi + CC), but their
effects must be interpreted with caution since their potential benefits for GHG dynamics and SOCS
might be affected by site-specific characteristics such as climate, soil type, and farming practices
(Figures 3 and 4). Scientific studies regarding the effects of legume cover crops on GHG flux show
highly variable results that are strongly connected to the experimental context. Therefore, it is
difficult to associate our findings with a specific point of view. The LI + CC treatment confirmed
the potential of legume cover crops to offset the cardoon N requirement, reducing GHG release and
guaranteeing the highest cardoon yield (Figure 3). This result was consistent with evidence from
Daryanto et al. (2018), who highlighted that the synchronization of nutrient availability from cover
crops and nutrient requirements from the main crop is strategically necessary to ensure high
productivity due to optimized microbial activity. On the other hand, legume cultivation was able to
foster high SOC storage even though its contribution was not as high as that of HI, likely because of
the mineralization of the additional biomass produced by the cover crop (Figure 4).

Regarding the LI + Bi treatment, its positive effects in terms of C storage might be due to the
recalcitrant C in biochar. This C interferes with the C and N dynamics in the microbial community
and may facilitate the maintenance of a stable C pool in the soil (Figure 4). These conditions might
also have contributed to the high yield level - just below those of HI and LI + CC - and the
reduction in GHG loss (Figures 2 and 3). On the other hand, the reliability of the results of previous
studies is low due to the reference context, and this is particularly true for the Li + Bi treatment.

The potential effect of biochar on soil CO2 emissions is still complicated and poorly understood
because of the considerable uncertainties in both time (in the short or long term) and space (at the
laboratory or field scale) (Fidel et al., 2018). In fact, CO2 emissions showed different behaviors
(increasing, decreasing or unchanged dynamics) as a result of organic amendment addition, mainly
due to the complicated interactions between the biochar feedstock and its physicochemical
properties; application rate and mode (i.e., alone or combined with synthetic or organic fertilizers);
soil type, nutrient availability, and microbial activity; and crop management practices (e.g.,
incorporation of residual biomass, rate and time of synthetic fertilizer application) (Kuppusamy et
al., 2016; Shen et al., 2017). These complex interactions also have variable effects on the emissions

of other GHGs from soil, such as N2O. In this context, the performance of LI + Bi + CC is even
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more difficult to interpret since it is most likely affected by the interaction between biochar and the
legume cover crop, which is difficult to specify. Therefore, an attempt was made to analyze the
results into each impact category to identify synergistic effects.

Conventional management, namely, HI and LI, provided two completely different opportunities
for trade-offs, most likely due to the different N doses (in HI, it was twice LI). However, the
performances of the treatments in this study might be associated with the ability of cardoon to adapt
to the Mediterranean climate and to take up nutrients from deep soil layers with its well-developed
root system, which increases soil organic matter and nutrient availability in the long term
(Mauromicale et al., 2014). The use of a high synthetic N rate for a perennial energy crop might
produce the highest yields (HI production was approximately one ton more than LI production) if
the energy crop system is intended to use arable land that might be abandoned due to the lack of a
useful production purpose. On the other hand, the results of LI might represent a good trade-off for
the use of lands that are unsuitable for food production where perennial biomass production that is
occasionally harvested for energy production purposes might foster the restoration of vegetation and
thus C storage in the long term. The introduction of a perennial energy crop in farming planning
might prove to be more advantageous than the introduction of an annual energy crop regardless of
which management practices were applied. In fact, perennial crops are generally characterized by
lower input costs (e.g., tillage is carried out only once), and their long-lived roots can develop
positive relationships with root symbionts that foster nutrient availability and consequently reduce
fertilizer use (L6pez-Bellido et al., 2014).

The potential trade-offs in conventional practices (i.e., HI and LI) might be achieved through
the adoption of innovative technologies. For instance, the application of precision agricultural
practices can foster reductions in GHG emissions and increases in SOC storage since these practices
may lower the intensity of tillage practices, the required N supply and other production inputs, and
the consumption of fuel for mechanical operations. Specifically, these innovative practices can
optimize a small amount of production inputs such as N fertilizers that, if used excessively or in a
large agricultural area, can have relevant negative impacts in terms of environmental and economic
sustainability (e.g., low profit margins on a land basis).

In our opinion, precision techniques may be considered a useful support for more efficient
resource use (e.g., nutrient use) from a circular economy approach. In this paradigm, bioenergy
production could offer a viable contribution for addressing challenges related to environmental
concerns and resource scarcity (Pan et al., 2015). Although biomass plays an important role in the
circular economy context as a feedstock alternative to nonrenewable energy sources, achieving high

biomass crop yields involves energy and material costs due to, for instance, fertilizer use and
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production (Sherwood, 2020). The use of byproducts (e.g., biochar) would close the loop in
agriculture, minimizing fertilizer nutrient dissipation in the environment and regenerating natural
resources (Chojnacka et al., 2020). In this sense, biochar may be considered a promising option that
is well suited to circular economy principles, even though its capacity to foster carbon
sequestration, improve soil quality and support plant growth is strongly affected by its
physicochemical characteristics and the production technology used (Bis et al., 2018; Olfield et al.,
2018).

In summary, using synergies to close the natural resource cycle by developing integrated
farming systems (e.g., the use of byproducts from one production process in another process) might
increase the adoption of organic fertilizers and diversify production in addition to decreasing
production costs and environmental impacts.

However, the exploitation of natural resources (e.g., water) and the application of N fertilizers
that are prone to leaching may foster or exacerbate possible pollution phenomena, particularly in
vulnerable agricultural areas devoted to profitable crop cultivation. As reported by Balafoutis et al.
(2017), the application of precision agriculture practices (e.g., technologies that allow variable rate
application of nutrients, irrigation, pesticides and planting/seeding; controlled traffic farming and
machine guidance) with technological equipment may spatially and temporally optimize the use of
inputs based on site-specific characteristics. These practices could cause a reduction in GHG
emissions and an improvement in farm economic and production performance compared to those
under conventional management.

In summarizing and considering all fertilization patterns, a clear best option did not emerge. LI
+ CC maximized cardoon productivity and minimized GHG emissions, but HI maximized C storage
in the long term (Figures 3 and 4).

The availability of site-specific data and specific information on crop system planning and land
use are key factors in using mixed methodological approaches to identify which fertilizer
management strategies optimize the performance of cardoon in terms of productivity, GHG
reduction and C sequestration.

Although more research needs to be done to improve the reliability of the results, the
framework adopted in this study may be replicated to assess the potential of other perennial energy
crop systems and innovative agricultural management practices to achieve the most favorable trade-

off between production level and environmental sustainability.

4.2. LCA benefits in agricultural management
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The application of different assessment tools (e.g., simulation models for fertilizer and
pesticide emissions and for carbon stocks) based on site-specific data (e.g., pedo-climatic conditions
and GHG production) collected throughout the experimental trial can be considered an attempt to
mitigate the main weakness of LCA. As noted by Curran et al. (2013), this methodological
approach is not free of limitations that might affect the accuracy of the results despite the general
framework developed by ISO for implementing LCA. These limitations are mainly due to the lack
of a well-defined procedure for encompassing and estimating important site-specific factors (e.g.,
soil quality, soil carbon sequestration, and gaseous N losses) that are closely linked to both farm
management and the environmental performance of a crop system within the LCA context
(Garrigues et al., 2012; Petersen et al., 2013). Although models, unlike direct observations, do not
guarantee a high level of certainty, they are generally able to capture variability as well as soil and
climatic interactions (Goglio et al., 2015). In this study, both models and field data were used to
improve the reliability of the LCA.

On the other hand, the effect of crop residues was not included in this analysis because of the
lack of information, although it is known the influence of crop residues on soil N dynamics and
N20 emissions. Specifically, the agricultural use of crop residues can contribute to the maintenance
of soil functions acting as source of organic matter and nutrients and thus able to improve crop
production level (Lehtinen et al., 2014). Furthermore, the plant residue C/N ratio may influence the
decomposition of residue and thus the soil N2O fluxes (Pimentel et al., 2015). Although the use of
crop residues with a high C/N ratio may encourage the N utilization by microbes leading to a
reduction in N2O emissions, the effects of crop residues with different C/N ratios on N2O emissions
might also depend on soil - climatic conditions, biochemical composition of plant residues, and
agricultural management as a whole (Shan and Yan, 2013; Wu et al., 2016; Zhou et al., 2020).

Agricultural systems are closely related to various parameters (e.g., cropping intensity, input
prices, climate and soil condition) whose high variability and addition to regional specificities make
the data quality a key factor in application of LCA to agricultural products (Weidema and Meeusen,
2000). The fate of the emitted pollutants released by a product throughout its life cycle may be may
affected by different locations where pollution occur. This spatial variability is traditionally
disregarded in life cycle impact assessment (LCIA) although the impact highlights by LCIA may be
considerably different from the actual one (Hauschild et al., 2006). On the other hand, the
development of region-specific inventories and characterization factors might be relevant to
improve the accuracy of LCA analysis (Yang et al., 2018; Patouillard et al., 2019). Regionalized
LCIA still remains a challenge since on the one hand, regionalized LCIA characterization factors in

combination with site-specific inventories might reduce the uncertainty of results. On the other
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hand, a proper development of the regionalized LCA might be limited by the lack of standardization
in regionalized LCIA data formats, poor site-dependent inventory data availability, and a lack of
widespread software support (Mutel et al., 2019).

In view of above, an additional limitation of the methodological approach adopted in this study
concerns the sensitivity of the LCA tool in dealing with regional - based data.

Our study emphasized that the dual role played by farming, i.e., its vulnerability to climate
change and its simultaneous contribution to the impacts of climate change, makes it difficult to
identify the optimal management practices that would guarantee maximized food production,
energy production, and environmental security. Since it is virtually unthinkable to develop a set of
measures that are valid worldwide, an assessment of farming practices is necessary for each
cropping system on the basis of site-specific characteristics (e.g., climatic and edaphic conditions,
social context and historical land use and management) (Smith, 2012).

Our approach confirms this need, and the results suggest that the optimization of agricultural
practices, such as fertilization, may have a positive effect on GHG fluxes in the long term.
Furthermore, the management of a perennial energy crop is generally not devoid of environmental
impacts, and the extent of these impacts often depends on fertilizer use (Wagner and Lewandowski,
2017; Fernando et al., 2018). This was consistent with our findings, which identified the field
emissions resulting from fertilizer application as one of the main factors responsible for the
environmental performance of cardoon cultivation. A similar result was detected by Razza et al.
(2017) for cardoon cultivation in Sardinia, although they considered a single value for GWP

without distinguishing among impact categories.

4.3. Socio-economic effectiveness of agricultural management

The SCC is an economic measure related to negative externalities from a climate change
perspective (Anthoff and Tol, 2013). In this study, the ecosystem service corresponding to SOC
storage provided by agricultural activity may be considered a positive externality. The cost of this
service represents the monetary benefit reduction from changing from HI management, i.e., the
practice that contributes the most to C accumulation in the soil, to the other management strategies
for cardoon cultivation. This cost is not sustained by farmers because, in the absence of
compensatory regulatory mechanisms, the cost is paid collectively in the long term (Havranek et al.,
2015).

This is a critical point because farmers are deprived of responsibility and do not pay any direct
costs from SOCS reduction in order to pursue their own economic objectives (typically profit

maximization). Furthermore, the costs would not be equally distributed since we would expect that
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the less-developed countries would bear more of the costs. In fact, richer and more developed
countries are more able to pay the costs related to negative externalities with the greater benefits
generated by higher agricultural productivity and profitability. This disparity implies that the
estimated SCC in our analysis would tend to increase in developing countries and, in parallel, to
decrease in developed countries.

A general solution for avoiding social costs and limiting disparities would be the introduction
of a normative mechanism regarding C production that is based on property rights and is able to
internalize these costs into the agricultural practices selected by farmers. In other words, the
introduction of tax schemes or other mechanisms might transfer the costs from society to the
farmers who produce these externalities and create an incentive (disincentive) for increasing
(decreasing) C storage. In this way, the costs related to SOCS reduction become an “internal” cost
for farmers in addition to their other production costs, and C storage becomes an economic variable
that is considered with the other typical economic variables in defining farmer choices (aimed at
increasing productivity and thus maximizing profits).

In conclusion, more empirical evidence needs to be obtained to extend this analysis to the
management of other perennial energy crop systems and to geographical contexts other than the
Mediterranean region, to estimate the costs related to GHG emissions in the long term and to

develop effective tools for “internalizing” the SCC into farmer decisions.

5. Conclusions

This study estimates the potential performance of a cardoon crop system in terms of long-term
GHG reduction and SOC storage. Two methodological approaches were combined (i.e., CF and
SCC) to assess different fertilizer treatments. The results stress the difficulty of identifying the
optimal fertilization pattern in terms of GHG production and SOC storage. The HI treatment
resulted in the worst GHG balance and the highest SOCS, whereas LI + CC demonstrated good
performance in terms of GHG emission reduction and yield, followed by that of LI + Bi. In the LI +
Bi + CC treatment, the combined use of biochar and a cover crop fostered neither C sequestration
nor a decrease in GHG emissions.

The monetary estimation of the ecosystem service provided by soil C storage highlighted the
benefit reduction involved in switching from HI management to the other practices and the need to
“internalize” the SCC into farmer choices in order to address this environmental externality. This
means that C storage should be considered on the same level as other agricultural input costs in
order to optimize practices while also considering cardoon production and environmental

performance.
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More generally, a best option that could guarantee an optimal level of food security and
environmental and socio-economic sustainability could not be identified. This study emphasizes the
importance of finding trade-offs among productivity, GHG dynamics, and the monetary value of
ecosystem services (e.g., C sequestration) provided by the agricultural management of perennial
energy crops. This potential solution would allow the optimization of long-term crop system
planning and land use to develop effective measures to address climate change.

The lack of a best option could lead to different choices by farmers and public decision makers.
The former should move towards solutions that compromise between the need to maintain technical
and economic productivity and the need to minimize GHG emissions. Social costs play a less
important role in their choices, especially in the absence of compensation mechanisms that burden
entrepreneurs. Conversely, this latter aspect is particularly important in the choices of public
decision-makers who, in the absence of an optimal solution, should develop solutions aimed at
containing social costs as much as possible from a long-term perspective.

At the same time, these results offer interesting insights for researchers for at least two reasons.
First, research is needed to identify technical solutions capable of providing an appropriate level of
productivity and minimizing the environmental impacts associated with cardoon fertilization. In this
context, the dual methodological approach adopted in this research may be considered an attempt to
obtain more detailed information for specifying a fertilization pattern that is able to ensure higher
productivity, higher carbon storage in the long term, and lower greenhouse gas emissions for a
perennial energy crop system.

Second, other empirical evidence relating to cardoon and other energy crops is needed to create
a base of scientific information that will allow the main decision-makers - agricultural entrepreneurs

and policy makers - to make the most rational choices.
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TABLES
Table 1
Nutrient supply for each treatment
Fertilizer/Soil N input P input C input Fertilization type  Crop year
amendment and cover (kg hatyr?)  (kghalyrl) (kghalyr?)
crop
FERTILIZER INPUTS
Hi 2
Urea (46) ° 79 Basal dressing 2014-2015
Diammonium phosphate 39 100 Basal dressing 2014-2015
(18-46) ®
Urea (46) ° 100 Top dressing 2014-2015;
2015 2016;
2016-2017
Diammonium phosphate 25 65 Top dressing 2015 2016;
(18-46) ® (sprounting stage)  2016-2017
Lia
Urea (46) ° 79 Basal dressing 2014-2015
Diammonium phosphate 39 100 Basal dressing 2014-2015
(18-46)
Urea (46) ° 50 Top dressing 2014-2015;
2015 2016;
2016-2017
Diammonium phosphate 25 65 Top dressing 2015 2016;
(18-46) ® (sprounting stage)  2016-2017
LI+Bi&¢
Biochar 2,384 Basal dressing 2014-2015
LI+CCac
Legume 12¢ 274 F Top dressing 2015 2016;

2016-2017
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1355
1356
1357
1358
1359
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1362

1363
1364

Biochar

Legume

LI+Bi+CC&a¢

2.1¢

2,384

477"

Basal dressing

Top dressing

2014-2015

2015-2016;
2016-2017

aFertilization patterns: HI, High Input; LI, Low Input; LI + Bi, Low Input + Biochar; LI+CC, Low Input+ Cover Crop;

LI + Bi + CC, Low Input + Biochar + Cover Crop;

b Fertilizer title;

¢LI + Bi, LI + CC and LI + Bi + CC scenarios were characterized by the same synthetic fertilizer inputs of L1I;

4 Value was obtained on the basis of what reported by Karaosmanoglu et al. (2000);

¢ Value was estimated on the basis of an experimental trial on the same legume used in this study;

f Value was estimated on the basis of the information reported by Chiofalo et al. (2010); Prybil (2010); Pace et al.
(2011); Bozhanska et al. (2016).

Table 2

Results from Monte Carlo analysis (confidence interval = 95%)

Pairwise comparison of MC scores

CEFS?®
Hi b LI® LI+Bi® LI+CCP® LI+Bi+CCP®
HI® - 100.0% 100.0% 100.0% 100.0%
LIb - 89.6% 100.0% 84.2%
LI +Bi® - 99.9% 100.0%
LI+CC*® - 89.4%
LI +Bi+CCP" -
CELT?®
HI® LI® LI +Bi® LI+CCP LI+Bi+CC?®
Hi® - 99.8% 100.0% 94.7% 58.2%
LI® - 51.5% 100.0% 57.4%
LI +BiP - 55.0% 99.9%
LI+CCP® - 52.3%
LI +Bi+CCP" -
BCE?
HI® LI® LI +Bi® LI+CCP LI+Bi+CC?®
HI® - 99.8% 100.0% 70.4% 100.0%
LI® - 100.0% 100.0% 100.0%
LI +Bi® - 100.0% 100.0%
LI+cCCP - 100.0%
LI +Bi+CC" -
cusa
HI® LI® LI +Bi® LI+CCP LI+Bi+CC?®
HI® - 99.5% 56.5% 100.0% 99.9%
LI® - 93.0% 100.0% 100.0%
LI +Bi® - 100.0% 100.0%
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1371
1372
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1374
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1376
1377
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1381
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LI +CCP - 93.7%
LI +Bi+CC® -

2 Impact categories: CEFS, Carbon Emission from Fossil Sources; BCE, Biogenic Carbon Emissions; CELT, Carbon
Emission from Land Transformation; and CU, Carbon Uptake;

b Fertilization patterns: HI, High Input; LI, Low Input; LI + Bi, Low Input + Biochar; LI+CC, Low Input+ Cover Crop;
LI + Bi + CC, Low Input + Biochar + Cover Crop.

Table 3

Social carbon cost estimation for the five treatments

Discounted value ($ tCO2e '1); 2017-2050

HI 2 L2 LI +Bi? LI +CC? LI +Bi+CC?
Social Carbon Cost 8,815.20 3,876.49 7,781.98 7,201.69 6,797.86
Benefit flow - 4,938.72 1,033.23 1,613.51 2,017.34

a Fertilization patterns: HI, High Input; LI, Low Input; LI + Bi, Low Input + Biochar; LI+CC, Low Input+ Cover Crop;
LI + Bi + CC, Low Input + Biochar + Cover Crop.

FIGURES
Raw materials Field gate
Tillage (machinery, fuel)
Technical mpl.“ \l( t GHG release
production (fertilizers,
organic qmendment._ Sowing (seeds, machinery, fuel)
pesticides, fuel,

machinery, seeds) l GHG |
l remova

Crop maintenance (machinery, fuel,
Crop management mineral fertilizers, biochar and

cover crop use, pesticides)

Cardoon biomass l
Harvesting (machinery, fuel)

Fig. 1. The system boundary of the analysis
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1387 Fig. 2. Carbon Footprint (t COze t ** cardoon biomass) of impact categories responsible for GHG fluxes (CEFS, Carbon
1388 Emission from Fossil Sources; BCE, Biogenic Carbon Emissions; CELT, Carbon Emission from Land Transformation;
1389 and CU, Carbon Uptake) due to five fertilization patterns (HI, High Input; LI, Low Input; LI + Bi, Low Input +
1390 Biochar; LI+CC, Low Input+ Cover Crop; LI + Bi + CC, Low Input + Biochar + Cover Crop).
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1395 Fig. 3. Greenhouse gas (GHG) difference among impact categories for each treatment ((HI, High Input; LI, Low Input;

1396 LI + Bi, Low Input + Biochar; LI+CC, Low Input+ Cover Crop; LI + Bi + CC, Low Input + Biochar + Cover Crop)
1397 considering Carbon Emission from Fossil Sources (CEFS), Carbon Emission from Land Transformation (CELT), and

1398 Biogenic Carbon Emissions (BCE) categories as GHG release and Carbon Uptake (CU) category as GHG removal.
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1402 Fig. 4. Carbon Footprint (t CO2e t " cardoon biomass) of soil organic carbon storage (SOCS) category due to five
1403 fertilization patterns (HI, High Input; LI, Low Input; LI + Bi, Low Input + Biochar; LI+CC, Low Input+ Cover Crop;
1404 LI + Bi + CC, Low Input + Biochar + Cover Crop).
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