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Abstract: In the Mediterranean area, using organic fertilizers is crucial to maintaining and increas-
ing soil fertility and crop productivity since soil organic matter is being progressively depleted due
to climate change effects. Therefore, the aim of this study was to compare two different organic
fertilizers (MC1 without and MC2 with an inoculum of selected microorganisms), applied at 100%
and 50% doses, with mineral fertilization and an unfertilized control: (i) by assessing the agronomic
performance of fennel crop; and (ii) by investigating environmental and economic sustainability,
through GHG emissions determination, carbon efficiency, and cost analysis. The results of the MC2
were comparable to the mineral fertilization for crop growing parameters (plants and roots dry
weights) and marketable yield, irrespective of the amount applied (50-100%), likely due to the in-
oculum of selected microorganisms. These may have favored the soil microbial activity, the nutrient
availability, and better synchronization of N mineralization with fennel N demand with respect to
MC1 (with a higher C/N ratio). The MC2 also achieved lower costs than the other treatments. The
highest GHG emission value was found in the mineral fertilization treatment, while the lowest was
recorded in the unfertilized control treatment. The two organic treatments at 100% were the most
carbon-efficient systems because of the highest carbon stocks/output, considering the difference be-
tween C stocked/output and the Closs/input emitted.

Keywords: climate change; organic amendments; greenhouse gas emissions; carbon efficiency;
cost analysis

1. Introduction

Climate change is becoming one of the major threats to agricultural systems and food
security, particularly in the Mediterranean regions where extreme weather events (e.g.,
heavy precipitation and droughts) negatively affect the quality of cultivated soils [1].

In fact, the increasing frequency of exceptionally heavy and intensive rainfall has in-
creased the risk of soil erosion, flooding, hypoxic conditions, and the loss of soil and nu-
trients by surface run-off. Moreover, the rising temperature has enhanced the mineraliza-
tion rate of soil organic matter, the leaching of nutrients, and thus soil fertility decline [2].

To supply the growing demand for food, specialized conventional agriculture has
contributed, in turn, to soil degradation and greenhouse gases emission (GHG) enhance-
ment, because of intensive energy use during tillage and overuse of synthetic agrochemi-
cals and fertilizer (i.e., carbon-intensive and high energy-demanding input) overuse [3,4].
Therefore, mitigation and adaptation measures are needed to counteract the environmen-
tal degradation effects (e.g., biodiversity loss, soil organic matter depletion, soil erosion,
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etc.) caused by climate change. Among them, appropriate crop diversification strategies,
climate-smart soil management, and organic fertilization techniques might improve soil
health, crop production, food security, and environmental sustainability [5,6].

In arid and semiarid Mediterranean regions, where organic matter is being progres-
sively depleted [7,8], proper fertilization practices are crucial in maintaining soil fertility
and crop productivity. As a consequence, these practices can ensure the environmental
and economic sustainability of agricultural systems [9]. In particular, from an environ-
mental point of view, the avoided mineral fertilizer production and application in agri-
culture is estimated to reduce agricultural GHG emissions by up to 20% by reducing N20O
emissions and about 10% by lowering energy demand [10]. In low input and organic ag-
riculture, the use of biofertilizers —by recycling different agricultural wastes, co-products
and by-products—can represent a successful circular economy strategy to recover valua-
ble nutrients of waste streams, at the same time reducing environmental pollution from
their disposal [11,12].

Many studies have demonstrated that organic amendments can provide several ben-
efits to soil quality [13-15]. The authors indicated that these enhanced soil structure, im-
proved biological properties, and overall soil fertility. However, many effects evolve
slowly, e.g., by organic matter restoration and carbon sequestration in the soil, showing
positive effects over the long period [16]. In the current context of climate change and
energy crisis, where prices for mineral fertilizers are progressively increasing and nutrient
resources (particularly phosphorus) are depleting, organic fertilizers are becoming an in-
teresting alternative from both an environmental and economic point of view [17].

The most appropriate fertilization should be chosen, considering both environmental
and economic sustainability. Therefore, the evaluation of soil fertility management op-
tions, integrating agronomic performance analysis with GHG determination and carbon
sustainability indexes [18,19], can be considered a win-win approach. In addition to ag-
ronomic evaluation, the carbon footprint is an essential component of the environmental
impact assessment of agricultural production [20,21]. In the current context of growing
environmental concerns, the application of sustainable agricultural practices, such as re-
duced tillage and the use of sustainable fertilizers, is essential. This approach can reduce
the negative effects of agriculture on the environment by reducing inputs, which in turn
reduces CO2 emissions, soil degradation phenomena, and the cost of cultivation [19]. In
the context of climate change and anthropogenic emissions into the atmosphere, a sus-
tainability system can be assessed by evaluating temporal changes in the output/input
ratios of C using a holistic approach [22]. The term C output comprises all outputs, includ-
ing productions, biomasses, and root biomass. Similarly, the term C input can be compre-
hensive and include direct input and indirect losses in the terrestrial/soil C pool, losses of
C due to erosion C, and tertiary sources of C emission (e.g., the manufacture of farm ma-
chinery).

Despite the many studies and scientific works that have compared the agronomic
and environmental performance of organic and mineral fertilizers on soil and plant, there
are almost no studies that also include cost analysis.

Fertilization costs depend both on fertilizer type and spreading mode. In fact, de-
pending on the fertilizer bulk density and N content, the amount of fertilizer needed per
hectare can vary greatly, and thus the total costs.

The fertilizer amount (weight and volume) and the number of applications (basal
dressing and/or topdressing) needed per hectare have an impact on the spreading work-
ing times (depending on the spreader loading capacity), fuel consumption, human labor,
and thus on the operating costs of spreading. Moreover, depending on the fertilizer form
(granular or non-granular), the use of more suitable handling and spreading machinery
has an impact on both purchasing and operating costs (spreading efficiency).

Even if these topics are already studied, there is a lack of knowledge regarding inte-
grating agronomic performance, costs, and sustainability assessment in Mediterranean
vegetables. Therefore, the objectives of this study were to compare, under Mediterranean
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conditions, two different organic fertilizers (MC1 without and MC2 with an inoculum of
selected microorganisms), applied at 100% and 50% doses, with mineral fertilization and
an unfertilized control: (i) by assessing the agronomic performance of fennel crop; and (ii)
by investigating environmental and economic sustainability, through GHG emissions de-
termination, carbon efficiency, and cost analysis.

2. Materials and Methods
2.1. Experimental Design, Treatment, and Measurements

The field experiment was carried out during the 2020 and 2021 seasons at the exper-
imental farm “Campo 7” of the Italian Council for Agricultural Research and Economics —
Research Centre for Agriculture and Environment (CREA-AA), located in Metaponto
(MT), in Southern Italy (lat. 40°24" N; long. 16°48' E, 8 m above sea level). The climate of
the area is classified as accentuated thermo-Mediterranean, according to the UNESCO-
FAO [23]. The soil is classified as “Epiaquert” [24], with a texture (at 0-0.5 m) of 60 and
36% of clay and silt, respectively, and a bulk density of 1350 kg m= on average.

The field trial was conceived to evaluate the effects of different fertilization strategies
on horticultural and cereal crops in rotation. In this study, the effect of two years of fennel
cultivation is presented, while wheat had been grown as a previous crop.

The experimental design was a randomized complete block design with two factors
(year and fertilization treatment) and three replications. Based on fennel nitrogen (N) up-
take, the total amount of fertilizer applied in each fertilized treatment was 130 kg of N
ha™!, two commercial organic fertilizers being compared, both applied alone as basal
dressing and in combination with UREA in the topdressing. In particular, the first ferti-
lizer, MC1, was a compost (TOC =300 g kg of dry weight, N =20 g kg of dry weight,
C/N =15; Tersan Puglia S.p.A., Bari, Italy) obtained from municipal solid waste from sep-
arate collections and biodegradable wastes from parks and gardens management,
whereas MC2 was a new typology of compost (TOC =300 g kg of dry weight, N=45g
kg™ of dry weight, C/N = 6.6; Tersan Puglia S.p.A., Bari), again from municipal solid waste,
characterized by an inoculum of selected microorganisms (Hypocreaceae, Pseudomona-
daceae, and Bacillaceae). The following treatments were, thus, compared: T1 = 100% MC1
for a total amount of 7.6 Mg ha™'; T2 = 50% MC1 for a total amount of 3.8 Mg ha plus 50%
UREA (topdressing) (46% N) for a total amount of 130 kg N ha'; T3 = 100% MC2 for a
total amount of 4.3 Mg ha™; T4 = 50% MC2 plus 50% UREA (topdressing) (46% N) for a
total amount of 130 kg N ha!; T5 = 50% of mineral fertilizer 18-46 (basal dressing), for a
total amount of 330 kg ha!, plus 50% UREA (topdressing) (46% N) for a total amount of
130 kg N ha'. All the treatments were compared to a not fertilized control (T6).

In each cropping season, the organic fertilizers were applied about one month before
the cash crop transplanting, while the topdressing fertilizers were applied one month after
transplanting. The irrigation management was the same in all analyzed theses, and a drip
irrigation system was utilized. The amount of irrigation water supplied was about 2080
m? ha™' as an average of the two-year fennel cultivation. In both cropping seasons, fennel
was cultivated during the autumn and harvested during the winter, when the commercial
maturity stage occurred. In particular, fennel was transplanted on 11 August 2020 and
harvested during the first week of November 2020 in the first season, while was trans-
planted on 3 August 2021 and harvested during the last week of October 2021 in the sec-
ond one.

2.2. Weather Information and Agronomic Determinations

The mean monthly temperatures and the rainfall for each cropping season were con-
tinuously monitored by collecting data from a nearby weather station and were compared
with the long-term averages (40 years, from 1981 to 2021; Figure 1).
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Figure 1. Mean monthly rainfall and temperature during the experiment (August 2020-December
2021), in comparison with the long-term averages (1981-2021).

During the fennel growing periods (at about 30, 60, and 75 days after transplanting)
the aboveground biomass and roots dry weights (g) were determined from five randomly
selected plants in each plot. Aboveground biomass (Mg ha™), root biomass (Mg ha), mar-
ketable yield (Mg ha™), root aboveground biomass, root dry matter (%), and fennel head
weight (g) were also determined at commercial maturity. Crop products and residues
were dried at 70 °C until a constant weight was achieved, to obtain the dry matter [25].
The residues and the fennels head were analyzed to determine their Total N and Total
Organic Carbon (TOC) contents. The N (%) was determined by the Kjeldahl method [26],
and TOC (%) content by using the Springer—Klee method [27].

2.3. Sustainability Assessment

To assess the environmental sustainability of the different fertilization treatments —
from transplanting to harvest—the annual mean values of greenhouse gas emissions
(GHG) due to input use and soil management were estimated and expressed in CO2 equiv-
alents. The GHG emissions during the cultivation process were estimated by multiplying
the input data (e.g., fertilizers, fuels, etc.) by the corresponding emission coefficient (EC)
for agricultural inputs, as reported in Table 1. The emissions were divided by operations,
and in particular: soil tillage, fertilizer applications, irrigation systems, irrigation, weeds
control, and harvest.

The direct and indirect N2O and NOx emissions from N inputs (fertilizer application
and biomass decomposition) were estimated and converted into CO:z equivalents with the
IPCC methodology [28] by considering the coefficients listed in Table 1 and the following
formulas [19,29]:

N20-based CO:2 eq. emissions = N20 direct + N20 indirect; 1)
N20 direct = (N fertilizers + N biomasses) x EF x 44/28 (stoichiom. coefficient) x 298;  (2)

N:20 indirect = {(N fertilizers + N biomasses) x FRACreach x EFreach + (N fertilizers x 3
FRACgas x EFvolat)} x (44/28) x 298;
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where

EFvolat = volatilization emission factor (kg N2O-N kg N).

EF = emission factor (kg N2O-N kg™ N),
FRACLeach = leaching factor of N (%),
EFLeach = leaching emission factor (kg N20O-N kg N),

FRACgas = volatilization of NHs and NOx (%),

The N of the biomass residues, which were reintroduced in the soil, was calculated
by multiplying the residues’ dry matter by their N content. The CH4emissions were not
calculated in this study because they may be considered irrelevant in our field trial condi-
tions, as also indicated in comparable experiments [18,30].

Table 1. Greenhouse gases emission coefficients (EC) of farm facilities and direct emissions estima-

tion formulas for fennel production.

Inputs
Fuels

Diesel emission fuel
production
Diesel emission fuel
combustion
Fertilizers
UREA (N)
Phosphate (P205)
Industrial organic waste
compost
Plastic pipes
Emission factor (EF)
Leaching factor of N
(FRACLeach)
Volatilization of NHs and
NOx (FRACgas)
Leaching emission factor

(EFLeach)

Volatilization emission
factor (EFvolat)

Unit

kg CO2eq.

kg CO2eq.

kg COzeq.
kg COzeq.

kg COzeq.
kg N20O-N kg' N
%
%
kg N20O-N kg' N

kg N2O-N kg' N

EC

0.55

3.16

1.9
1.4

0.046-0.94 (0.078)

2.2
0.005

0.24
0.21
0.011

0.005

References

[31]

[31]

[32]
[32]

[32-34]

(35]
(28]

(28]
(28]
(28]

(28]

All the GHG emissions estimated in the systems and expressed as CO: eq. ha™ year-!
were converted into C equivalents (kg C eq. ha™ year), as reported in many studies

[19,22,36], as follows:

C loss/input = (GHG emissions in CO: eq. during the process + N20 based CO: eq. emissions) x 12/44
(stoichiometric coefficients from CO:z to C).

4)

Thus, the CO:2 emissions in the atmosphere were converted into carbon loss by the
systems, which negatively affected the systems, and therefore they are reported with a

negative sign (—C)

Moreover, the carbon stocks/output generated in the systems were determined as:

C stocks/output = C yield + C residues + C fertilizers

©)
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Where:

C yield: obtained by multiplying the yield dry matter by the head C content;

C residues: obtained by multiplying the residues” dry matter by the residues’ C con-
tent;

C fertilizers: obtained by multiplying the fertilizers” dry matter by the C content.

Thus, the C stocks/output are represented, even if, in some cases, the temporary
stocks of atmospheric COzare in organic C, and therefore are reported with a positive sign
(+), as reported by Pratibha et al. and Lal [19,22], which are the first and most important
basic papers on this matter.

Finally, considering both the C loss/input and C stocks/output, the system carbon
difference (kg C eq. ha™ year) and C efficiency indexes were calculated as:

system carbon difference (SCD) = C stocks /output (kg C eq. hayear) - C loss (kg C eq. ha™ year), (6)

C efficiency (CE) = C stocks /output (kg C eq. ha™' year™)/C loss (kg C eq. ha™ year™). (7)

2.4. Statistical Analysis

To analyze the effects of the different fertilization strategies, a parametric analysis of
Variance (ANOVA) was performed. The statistical analysis was carried out by using SPSS
for Windows, Version 16.0, and the analysis of variance was carried out considering the
years and the fertilization treatment as variability factors. The interactions between these
two factors were significant (p > 0.05) for many of the parameters investigated, and the
data are then shown following the difference between all the combinations among the
variability factors. The Duncan Multiple Range Test (DMRT) was used for mean compar-
isons (p < 0.05).

2.5. Fertilization Cost Analysis

To perform the cost analysis of the compared fertilization strategies, the machines’
ownership and operating costs were evaluated according to Assirelli and Pignedoli [37]
and ASAE [38]. The analysis was based on the market values of the machines, standard
values reported in the proposed methodology [37], such as machine service life and resale
value, and data received from the manager of the experimental farm, such as annual use
of machines, workers salary, fuel and lubricant costs (Table 2).

Table 2. Economic parameters used for the cost analysis.

Tractor .
Unit  NewHolland TNF T ertilizer Spreader
80 DT Faza sp 400
Investment [€] 42,000 1500
Service life [yl 10 10
Service life [h] 10,000 2000
Resale [%] 38 18
Financial cost Resale [€] 15,931 265.26
Depreciation [€] 26,069 1235
Annual usage [hy"] 150 10
Interest rate [%] 3 3
Workers [n] 1
Ownership costs [€y1] 2606.94 123.47
Interests [€y1] 868.96 26.48
Fixed costs Machine shelter [m2] 9.12 3.00
Value of shelter [€ m72] 100.00 100.00
Value of shelter [€y] 27.36 9.00
Insurance (0.25%) [€y] 105.00 0.00

Variable costs ~ Repairs and maintenance [€hT] 0.63 0.03



Agriculture 2023, 13, 1048 7 of 18

Fuel cost [€17] 1.20
Lubricant cost [€17] 3.03
Worker salary [€ h1] 13.00

Average data collected during fertilizers (basal and topdressing) spreading, like fuel
consumption and working capacity, were used to allow the calculation of operating
hourly costs (Table 3). The cost per hectare was thus calculated considering the hourly
costs, the working capacity, and the fertilization costs as follows:

hourly costs (€ h™/working capacity (ha h) + fertilization cost (€ ha™) (8)
Moreover, the market value of the fertilizers was considered as MC1: 80 € t1; MC2:

assumed 10% higher than MC1; 18-46: 1200 € t'; Urea: 800 € t.

Table 3. Fuel consumption and working capacity during basal and topdressing fertilization. (T1 =
100% MC1; T2 = 50% MC1 + 50% UREA; T3 = 100% MC2; T4 = 50% MC2 + 50% UREA; T5 = 50% of
mineral fertilizer 18-46 + 50% UREA; T6 = not fertilized control).

Fuel Consumption Working Capacity
Treatment Basal Topdressing Basal Topdressing
[1h1] [1h1] [ha h] [ha h1]

T1 6.0 0.3

T2 45 6.2 0.8 1.0
T3 45 0.8

T4 4.1 6.2 1.0 4.0
T5 6.2 4.0 4.0

3. Results
3.1. Weather Conditions and Agronomic Performances

The total amounts of rainfall from August to December were 382 and 265 mm in 2020
and 2021, respectively, compared to 264 mm in the long term. The differences observed
during the first season were generated by an extreme rainfall event that occurred in No-
vember with 207 mm, compared to 77 mm of the long-term average. However, this event
did not impact the crop production, being occurred just after the fennel harvest. The mean
temperature of the season was 18 °C in both years, and this value was comparable with
the long-term average (17 °C).

Figure 2 reports plant dry weight (Figure 2a,b) and root dry weight (Figure 2c,d) by
different fertilization treatments at stages I, II, and III after transplanting (i.e., at about 30,
60, and 75 DAT) for both seasons. During the first season, T3 and T4 treatments reached
the highest plant dry weight (Figure 2a), and T2 showed the lowest values during all the
growing stages of fennel. During the second season, this parameter was notably higher
than the first one at all the growing stages (Figure 2b), showing values higher by +39, +94,
and +33% in the first, second, and third stages, respectively, on average of all the treat-
ments. Among the treatments, T3, T4, and T5 reached the highest plant dry weight values,
while T6, T1, and T2 showed the lowest one, during all the fennel growth periods. In par-
ticular, T6 showed a reduction of -55 and —66% compared to T3, in the second and third
growth stages, respectively.
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Figure 2. Effects of the tested treatments (T1, T2, T3, T4, T5, and T6) on fennel plant dry weight (g)
and root dry weight during the first cultivation season (a,c) and the second cultivation season (b,d).
Data were collected at 30, 60, and 75 days after transplanting (DAT) in each season. (T1=100% MC1;
T2 = 50% MC1 + 50% UREA; T3 = 100% MC2; T4 = 50% MC2 + 50% UREA; T5 = 50% of mineral
fertilizer 18-46 + 50% UREA; T6 = not fertilized control).

During the first season, the root dry weight of T3 showed the highest value, followed
by T4 and T5 in the first and second stages, while in the third stage, the values were com-
parable in all the treatments, even if T6 had the highest absolute value (Figure 2c). In the
second season, the root dry weight reached high values in T5, T3, and T4 in all the stages,
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with values comparable among these three treatments (Figure 2d), whereas T2, T6, and
T1 had statistically lower values than the other treatments.

In Table 4, the treatment effect on fennel aboveground and belowground biomass,
marketable yield, and head weight at commercial maturity are reported. In 2020, the high-
est absolute values of aboveground biomass were found in T3 and T4, but these differ-
ences do not statistically differ compared to the other thesis, except for T2. No differences
were found in the root biomass except for T1, which showed a significantly lower value.
The marketable yield of the T4 reached the highest absolute value, while T2 registered the
lowest one. Finally, T3, T4, and T5 treatments showed the highest fennel head weights,
which were significantly higher than in T1, T2, and Té.

Table 4. Aboveground biomass (Mg ha™), roots biomass (Mg ha™'), marketable yield (Mg ha™),
aboveground biomass dry matter (%), roots dry matter (%), and fennel head weight (g) at commer-
cial maturity in the two-year fennel cultivation. Analysis of variance (ANOVA) of the different ana-
lyzed parameters (T1 = 100% MC1; T2 = 50% MC1 + 50% UREA; T3 = 100% MC2; T4 = 50% MC2 +
50% UREA; T5 = 50% of mineral fertilizer 18-46 + 50% UREA; T6 = not fertilized control).

Year Treatment Ab];);:ri::nd Roots Biomass Marketable Fenrtel Head
(Mg ha-1) (Mg ha™) Yield (Mg ha™) Weight (g)
2020 T1 39.31 ab 211 b 18.33 ab 229.64 bc
2020 T2 35.97 b 2.72 a 16.11 b 197.40
2020 T3 53.47 a 3.16 a 21.81 ab 327.93 a
2020 T4 51.39 a 3.13 a 23.89 a 356.67 a
2020 T5 42.08 ab 3.04 a 20.00 ab 300.00 ab
2020 T6 43.33 ab 3.17 a 19.62 ab 220.77 C
2021 T1 32.36 bc 2.02 d 18.75 b 138.59 cd
2021 T2 45.14 a 3.07 bc 21.88 ab 190.51 bc
2021 T3 47.92 a 3.40 b 27.36 a 256.77 a
2021 T4 39.86 abc 3.35 b 26.67 a 189.07 bc
2021 T5 42.36 ab 4.24 a 21.81 ab 225.57 ab
2021 T6 28.33 C 2.52 cd 20.97 ab 117.23 d
Year * n.s * ok
Treatment 3% L 3% XK
Interaction (Year x s, . s, .

Treatment)

Notes: Mean values, in columns, followed by the same letter are not significantly different according
to a Duncan test (p = 0.05). n.s., not significant. *, **, ***, Significant at p <0.05, 0.01 and 0.001, respec-
tively. The probability levels are presented by year, treatment, and their interactions.

During 2021, the biomasses were, on average, comparable to those of the first season.
Among the different treatments, T2, T3, and T5 had the highest values. The highest root
biomass was found in the mineral fertilizer treatment (T5) and in T3 and T4 among organic
fertilizers. On the whole average, the marketable yields were comparable to the first sea-
son, whereas T3 and T4 showed the best results. Finally, T1 and T6 had the lowest values
(similarly as for fennel head weights), which were lower by -31.47 and —23.25% in com-
parison with T3. This last treatment showed, along with T5, the highest fennel head
weights.

Table 5 reports the main C and N contents in the residues and heads of the fennel
crop. During 2020, the N content in the residues was statistically higher for T3, T4, and T5
than in the other treatments, whereas no significant differences were detected in 2021. The
TOC content, similarly to the N one, showed higher values in T3, T4, and T5 than T1, T2,
and T6 during 2020, whereas in 2021, the values were, on the whole, higher than in the
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previous season and the differences among the treatments were smaller. However, T5 reg-
istered the highest TOC content, while the lowest value was found in Té.

Table 5. Total N (%) and Total C (%) in the residues and in the head of fennels at commercial ma-
turity in the two-year crop cultivation. Analysis of variance (ANOVA) of the different analyzed pa-
rameters (T1=100% MC1; T2 =50% MC1 +50% UREA; T3 = 100% MC2; T4 =50% MC2 + 50% UREA;
T5 =50% of mineral fertilizer 18-46 + 50% UREA; T6 = not fertilized control).

Year Treatment Residues Heads
N (%) C (%) N (%) C (%)
YxT 2020 T1 2.12 b 2849 b 1.66 b 47.59 ab
YxT 2020 T2 1.99 b 3036 b 225 ab 49.35 a
YxT 2020 T3 3.67 a 45.18 a 227 ab 44.48
YxT 2020 T4 3.61 a 47.89 a 263 ab 46.08 bc
YxT 2020 T5 3.06 a 46.02 a 3.16 a 46.79 b
YxT 2020 T6 2.03 b 2355 b 2.01 ab 46.90 b
YxT 2021 T1 1.99 a 4822 bc 0.24 b 50.53 ab
YxT 2021 T2 2.19 a 4813 bc 040 a 50.04 bc
YxT 2021 T3 2.50 a 48.75 bc  0.25 b 48.97
YxT 2021 T4 249 a 50.78 b 029 ab 49.68
YxT 2021 T5 2.33 a 54.61 a 0.27 b 51.09 a
YxT 2021 T6 211 a 47.07 C 0.26 b 49.92 bc
Y *% %% K AAX
T %% %% n.s. AAX
Interaction (Y x T) o o n.s. *

Notes: Mean values, in columns, followed by the same letter are not significantly different according
to a Duncan test (p = 0.05). n.s., not significant. *, **, ***, Significant at p < 0.05, 0.01, and 0.001, re-
spectively. The probability levels are presented by year (Y), treatments (T), and their interactions (Y
xT).

In the fennel heads, the N content was notably higher in 2020 than in 2021. Among
the treatments, during the first season, T5 registered the highest value as compared to T1.
The T2 had the highest N content in 2021, with the average of the other treatments show-
ing a reduction of -34.33% compared to T2. Furthermore, during the first season, T2
showed the highest TOC value, being comparable to T1, while T3 registered the lowest
one. In the second season, the values were on average higher than the previous season; T5
showing the highest value while T4 the lowest one.

3.2. Sustainability Assessment

The emissions analysis for the fennel cultivation process revealed that T6 emitted less
than the other treatments by 26.80, 28.41, 15.54, 23.51, and 32.41% of COz2 eq. inputs per
hectare compared to T1, T2, T3, T4, and T5, respectively (Figure 3). Considering the aver-
age of all treatments, the highest emissions were attributed to irrigation (49%), followed
by fertilizer application (22%), irrigation systems (16%), and soil tillage (10%) operations.
However, the process was the same in all the systems except for fertilizer application, that
is, the “variability operation” among different treatments. The highest GHG emission
value was found in T5 followed by T2 and T1, which had values of -17.23 and —23.64%,
respectively, as compared to T5.
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Figure 3. GHG emission values (kg CO: eq. ha) for the cultivation process divided by field opera-
tion (T1 =100% MC1; T2 =50% MC1 + 50% UREA; T3 = 100% MC2; T4 = 50% MC2 + 50% UREA; T5
=50% of mineral fertilizer 18-46 + 50% UREA; T6 = not fertilized control).

The GWP emissions, related to N20O due to the fertilizer applications and residues
decomposition (Table 6), showed the highest value in T3 followed by T4 and T5 (-6.07 and
6.34%, respectively, compared to T3). Moreover, the lowest emissions were found in T6,
being -79.82% lower than T3.

Table 6. Direct and indirect N2O-based CO:zeq. emissions derived from fertilizers applications and
residues decomposition in the different treatments (T1 = 100% MC1; T2 = 50% MC1 + 50% UREA;
T3 =100% MC2; T4 =50% MC2 + 50% UREA; T5 = 50% of mineral fertilizer 18-46 + 50% UREA; T6 =
not fertilized control).

T1 T2 T3 T4 T5 T6
kg CO2
N20-based CO2 ol kg COz2eq. kgCO2eq. kg CO2eq. kg CO2eq. kg COzeq.
eq. emissions year ha'year?! ha'year! ha'year! ha'year? hayear?
Direct emissions 410 435 512 478 477 112
Indi
ndirect 280 294 334 316 316 59
emissions
Leaching
. 216 230 270 253 252 59
emission
Volat%hz.atlon 64 64 64 64 64 0
emission
Total GWP 690 729 846 795 792 171

The carbon losses are derived by the sum of the CO: emitted in the cultivation pro-
cesses and the COz eq. related to the N20 emissions were on average higher in T5, followed
by T2 and T4 (Figure 4). Conversely, the carbon stocks/output (sum of the carbon in the
products, residues, and fertilizers) showed an increase of +4, +25, and +38% in T1 as com-
pared to T3, T2, and T4, respectively, while the lowest stock/output was found in T6. The
T1 and T3 treatments reached the best SCD values and were also the most efficient systems
(Figure 5), whereas the lowest values of both SCD and efficiency were found in T5 and Té.
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=50% MC2 + 50% UREA; T5 = 50% of mineral fertilizer 18-46 + 50% UREA; T6 = not fertilized con-
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Figure 5. System carbon difference (Kg C eq. ha!year!) and carbon efficiency in the different ana-
lyzed systems (T1=100% MC1; T2 = 50% MC1 + 50% UREA; T3 = 100% MC2; T4 = 50% MC2 + 50%
UREA; T5 =50% of mineral fertilizer 18-46 + 50% UREA; T6= not fertilized control).

3.3. Cost Analysis

The total cost of fertilization (fertilizer + distribution) ranged from about 420 € ha!
(in T4) to 830 € ha! (in T1) (Figure 6). The highest fertilization cost is achieved in T1, being
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60% higher than the average of the other treatments. However, by reducing MC1 to 50%
(T2), the fertilization cost was very similar to that of mineral fertilization (T5). By contrast,
lower costs were achieved for MC2 both in T3 and T4 treatments.

On average, the cost of the fertilizer accounted for 75% of the total fertilization cost,
whereas in the case of mineral fertilization (T5), it reached about 90% of the total cost. The
T1 showed the highest cost of the fertilizer (about 600 euro ha) as well as the highest cost
for distribution, followed by the cost of the mineral fertilizer (T5), which, however, had
the lowest distribution cost. The T4 treatment had the lowest total cost, having a distribu-
tion cost higher than T5.

900
800
700 F
600 F
500 F
400

300

Fertilization cost (€ ha'l)

200 F
o l . . -
0
Tl T2 T3 T4 T5

| Spreading cost Fertilizer cost

Figure 6. Fertilization costs: fertilizer and spreading costs. (T1 = 100% MC1; T2 = 50% MC1 + 50%
UREA; T3 = 100% MC2; T4 = 50% MC2 + 50% UREA; T5 = 50% of mineral fertilizer 18-46 + 50%
UREA; T6 = not fertilized control).

4. Discussion

The crop growing parameters (plants and roots dry weights) of fennels crop were,
overall, similar in T3, T4, and T5 and higher than T1, T2, and T6, indicating that the kind
of fertilizer could be crucial for fennel plant growth. In fact, MC2 showed results compa-
rable to mineral fertilization (T5) irrespective of the amount applied (50-100%). The ob-
served differences among the fertilized treatments may possibly be due to both the differ-
ent and higher values of the C/N ratio in MC1 treatments (T1 and T2). This behavior may
lead to a slower mineralization rate and N availability for fennels, as reported in other
studies, particularly in our pedoclimatic conditions and in the short term [16,39]. Diacono
and Montemurro [16] highlighted that in soils amended with compost, autochthonous
microbiological activity can be stimulated and, therefore, a direct positive effect from mi-
croorganisms introduced with the compost is presumable. In our case, the MC2 compost,
which is enriched with selected microorganisms, could have further promoted soils mi-
crobial activities generating differences in soil nutrient availability.

At commercial maturity, the marketable yield parameter and the aboveground and
root biomasses confirmed the trend observed during the plants’ growing stages. Both in
the first and the second year, the yield of the not fertilized control (T6) statistically equaled
the yields of the MCl1 treatments (T1 and T2). However, as reported in other studies
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[36,40], the yield response to compost applications usually increases in the medium or
long-term application periods. There is a need to synchronize crop N demand and N sup-
ply and/or compost N mineralization (and nutrient availability) to increase N efficiency
[41], and this issue occurred mainly in the T3 treatment. This was likely due to the low
C/N in MC2, which prevented competition phenomena between plant roots and soil mi-
croorganisms for N, thus leading to a value statistically comparable to that of mineral
fertilization (T5). This result would confirm the hypothesis that the use of compost, if well
managed, can successfully replace mineral fertilization, generally maintaining high and
comparable productions [42,43].

The total N content in the fennel residues confirmed the biomass and yield trends. In
particular, during the first season, T1 and T2 and the control registered similar values,
which were statistically lower than T3, T4, and T5 treatments due to their best nutrient
availability. Conversely, the differences were not statistically relevant during the second
season. Similar trends were also observed in the C content of residues, even if these dif-
ferences probably may be generated by the slight change in the plant maturity status at
the harvest stage. Armstrong et al. [44] and Patton and Gieseker [45] found that there is an
increase of lignin and cellulose complexes in the advanced stages of the cropping cycle,
inducing a different net N mineral release [46]. Since in T3, T4, and T5 treatments, the
plant cycles were slightly anticipated, our results confirm these findings, and conse-
quently, the composition of C compounds probably differed, with an increase of lignin
and cellulose complexes. In the second season, the compost treatments differed from the
mineral ones, which showed the highest C content both in residues and heads, despite a
lower C stock being found in T5. Again, the composition and slow release of nutrients in
T2 induced the highest head N content values in 2021, which was higher also than T5.

The emissions analysis related to the cultivation process revealed that the emissions
were higher in T5, followed by T2 and T1 treatments. The observed differences during the
fennel cultivation were generated by the different fertilization strategy being one of the
most environmentally impactful operations, as reported by other authors [22,36]. In our
study, the differences were determined by the higher emissions associated with the con-
ventional mineral fertilizers than the organic ones, even though the distribution impact of
the organic fertilizers should be considered higher, because of high doses per unit area. In
fact, at the same N distribution rate, the lower the N content (%) and the higher the amount
of fertilizer to distribute. However, it is important to consider that in T1 and T3, all the
amounts of fertilizers were distributed at one time, about one month before transplanting,
while in T2, T4, and T5, the fertilizers were split into two operations. The possibility of
making the field operation just once and avoiding top dressing can be crucial for farmers,
especially in winter vegetable crops, when field practicability is often limited by water-
logging [18]. In fact, as reported in Figure 1, an extreme rainfall event occurred in Novem-
ber 2020, but without impact, since fennel was harvested just before this extreme event.

The emission coefficients (EC) associated with fertilizers show a huge variability in
those used for industrial composting impact estimation, as reported by Walling et al. [32].
This is due to the variable composition of the wastes used and to different composting
process technologies. Additional assessment studies are thus required, involving different
organic wastes and composting procedures to step up the knowledge of environmental
impacts and the long-term advantages of this practice [47]. In any case, it is important to
point out that waste valorization through composting, even if generating emissions,
avoids the worst impact due to other waste management solutions, such as incineration
for energy production [47] or landfilling [32].

The in-field emissions of GHGs are mainly related to microbial processes of (de)ni-
trification that emits N2O, and these processes are influenced by many factors, including
temperature, soil typology, and the availability of N [48,49]. Although these processes nat-
urally occur, the addition of N to soil leads to considerable changes in emissions (amount
of GHG/unit) that should be estimated through the EC [28]. The emissions generated after
applying fertilizers and derived by the N content in the residues plowed into the soil were
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directly proportional to the residue amount and N content (except for the not fertilized
control). According to Cayuela [50], the same EC was used in the fertilized treatments,
and the amount of N was equal in all the treatments. Unfortunately, the EC can be a lim-
iting factor to the accuracy of sustainability assessments, being one of the major sources
of variability [51].

The C stocks/output were proportional to the biomass productions (yield and resi-
dues) and to the fertilizer typology. The T1 showed the highest total stocks due to the
large amount of organic fertilizer, while the T6, which was not fertilized and produced
low biomasses, showed the lowest C stocks/output.

The T1 and T3 treatments had the highest SCD and were also the most carbon-effi-
cient systems, because of the highest carbon stocks/output. These outcomes are in agree-
ment with other studies conducted in similar pedoclimatic conditions [18,52], confirming
the key role of organic fertilization strategies to enhance the environmental sustainability
of the agroecosystems owed to the organic matter management and preservation and to
sustain crop production [53]. However, as mentioned above, additional assessment stud-
ies are required since there is a large variability in the coefficient used for industrial com-
posting impact estimation.

The total cost of fertilization (fertilizer + distribution) ranged from about 420 to 830
EUR ha! (in T4 and T1, respectively), which are values in line with the economic analysis
performed by Morra et al. [54] in a compost-based fertilization scenario. The T1 treatment
showed fertilization costs about 60% higher than the average of the other treatments. This
result was mainly due to a higher amount of fertilizer distributed (from 1.7 to 23 times
higher with respect to T3 and T5, respectively), which caused raising both the total cost of
fertilizer applied and the cost of distribution. In general, the higher amount of fertilizer
needed in the organic treatments, with respect to the mineral ones, increased both the total
cost of the fertilizer distributed (up to exceeding the cost of the mineral fertilization in T1)
and the cost of distribution. These findings confirmed the results highlighted by Loncaric
et al. [55] and Zhali et al. [56].

It should be emphasized that in the organic treatments, the cost of distribution was,
on average, 2.7 times higher than in the mineral ones. This behavior was due to the limited
loading capacity of the fertilizer spreader, which was not specific for organic amendment,
negatively affecting the working times and related costs.

The lowest costs have been achieved with MC2, which is also associated with the best
agronomic performances. However, it is not yet a commercial product, and therefore, we
estimated that its production cost would be about 10% higher than MCI.

Therefore, our results would confirm the hypothesis that the use of improved com-
post, if well managed, can replace mineral fertilization, maintaining high and comparable
production with affordable costs.

5. Conclusions

The results of this study highlighted that the use of organic amendments is sustaina-
ble, from an environmental point of view, due to the high carbon sequestration potential
and the possibility of recycling the organic matter while avoiding impacts related to min-
eral fertilizers. However, further studies are needed to better understand the impact of the
industrial composting processes due to the high variability of the coefficient.

Different results have been achieved in terms of yields and costs between the two
organic amendments due to their different characteristics (C/N ratio, microorganisms en-
richment). In fact, nowadays, organic fertilizers and amendments may drastically differ
among them, and a specific knowledge of their utilization (quantity, timing) is needed in
order to maximize the results. Especially in short-term application periods (less than 5
years), it is important to understand how to use the organic inputs appropriately to sub-
stitute the mineral fertilization and avoid yield loss.

From an economic point of view, although organic matter cost is nowadays compa-
rable or lower than that of mineral fertilizers, the spreading operation is still a negative
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factor for farmers due to the high quantity of materials to distribute requiring more labor
time and specific mechanical tools.

In conclusion, the use of organic amendments, even if environmentally sustainable,
is more complex than the use of mineral fertilizers, and further research is required to
improve the knowledge about the intrinsic organic fertilizer properties, and the nutrition
dynamics (synchronization of nutrient mineralization and release and plant uptake) in
different agricultural systems (different soil and climate conditions). Furthermore, from
the perspective of precision farming, we need to enhance knowledge about the utilization
mode, including the use of densified amendments (pellets) that are more suitable for mod-
ern agricultural machinery.
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