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Abstract: The demand for wheat production is increasing and is associated with environmental effects.
To sustain the increased demand, there is a need to find sustainable methods of wheat production. The
choice of cropping system can significantly affect the environmental burden of agricultural production
systems. This study presents the results of monitoring emission loads resulting from winter wheat
cultivation under different cropping systems: organic unfertilized (ORG), organic fertilized (ORG-
F), conventional unfertilized (CON), and conventional fertilized (CON-F). The system boundaries
include all the processes from “cradle to farm gate” and the functional unit was 1 kg of wheat grain.
The primary data were obtained from experimental field trials and secondary data from Ecoinvent
v3.5, WFLDB, and Agri-footprint v5.0 databases. The results of this study are related to eight impact
categories. The SimaPro 9.2.0.1 software and ReCiPe Midpoint (H) V1.13/Europe Recipe H were
used for calculation. The results show that fertilized variants recorded higher environmental impacts
compared to the unfertilized variants. The results indicate that ORG-F was more environmentally
friendly compared to the CON-F variant at the expense of lower yields. Overall, ORG imposes the
lowest environmental impact and is deemed to be more environmentally friendly.

Keywords: agriculture; cropping systems; LCA; sustainability; wheat production

1. Introduction

Wheat is the most widely grown crop in the world and is one of the most important
sources of cereal grain, which fulfills the food needs of around 40% of the world popula-
tion [1]. Global wheat production was around 1459 million tons in 2022 [2]. Wheat is the
most widely grown cereal in Slovakia (more than 50%), with up to 96% of this being winter
wheat [3], accounting for 350–660 thousand ha and representing 26% of arable land [4].
In agroecosystems, greenhouse gas (GHG) emissions can be influenced by anthropogenic
activities such as preferred cropping systems and intensive land-use management [5]. Agri-
culture in general is a major source of GHG emissions, with animal-based foods producing
twice as many emissions as plant-based foods [6]. The emissions of GHGs such as carbon
dioxide (CO2), methane (CH4), and nitrous oxide (N2O) have a considerable influence on
global warming, eutrophication, and human toxicity [7]. This can further impact climate,
humans, soil, water bodies, air, forests, etc. [8,9]. In wheat production, GHG emissions may
be reduced by the choice of cropping system, which can significantly affect the amount of
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emissions from agriculture [10]. Therefore, a change in the cropping system or a partial
move to a more extensive farming technique may be included in reducing GHG emis-
sions [11]. These initiatives could entail switching to conservation tillage, cutting back on
the nitrogen fertilizer used on crops, and altering livestock and waste management [12].

There are different perspectives as to which system, regarding the environment and
climate change, is more beneficial [6]. Organic agriculture is the most popular alternative
farming system in the world [13] and is of increasing interest worldwide, especially in
developed countries [14], with the demand for organically produced food in Europe
constantly increasing [15]. The reason for this trend is that organically grown foods are
believed by a high share of consumers to be healthier, taste better [16], and be more friendly
to the environment than their conventional counterparts [17–19]. Synthetic pesticides and
fertilizers used in conventional farming systems are not allowed to be used in organic
systems [20]. Farmyard manure is a valuable organic fertilizer for increasing yield and
maintaining soil fertility [21]. The substitution of mineral fertilizer with farmyard manure
can decrease the energy input into the system [22]; conversely, however, the lower yields
in organic farming imply that more land is required to produce the same amount of
output in organic as in conventional farming [23]. The demand for additional land in
organic agriculture to compensate for the lower yields faces challenges due to land use
changes [24,25].

Conventional farming systems are commonly used systems [26] and the choice of
the cropping system can increase the wheat yield, as reported by Moitzi et al. (2021) [22].
However, conventional farming systems require a wide range of external inputs to sustain
the outputs and profit [27]. Pesticides are intensively used today in conventional agriculture
to increase crop yield and quality, but the disadvantages include possible biomagnification
and persistence in nature [28]. Organic and mineral fertilizers are key factors in the
regulation of N2O and NO emissions from soil [29]. Mineral fertilizers can increase the
energy efficiency of wheat production, but high fertilizer doses might impair the energy
efficiency as the energy input can increase faster than the grain yields [30].

As a result, it is critical to be able to precisely calculate the environmental impacts of
conventional and organic cropping systems for winter wheat production. To date, a life
cycle assessment (LCA) study comparing wheat production performance in organic farming
systems using organic sheep fertilizers and conventional farming in Slovakia has yet to
be conducted. The LCA methodology is appropriate for a comparative study [31]. This
method was originally developed for use in industrial operations but has later been adapted
for a wider range of applications, including agriculture [32], to identify opportunities for
improvement [31] and find mitigation strategies that focus on the primary sources of
GHG [33]. Comparative studies are often used to compare the environmental sustainability
of products from different agricultural production systems [34]. An agricultural LCA is
one of the most holistically applicable methods, aiming for a comprehensive assessment of
the environmental profile of the production system. The potential environmental impacts
of agri-food chains and agricultural production systems can be assessed using an LCA to
identify contributing hot spots and find mitigation strategies for the overall environmental
burden [31]. An LCA can be undertaken to account for the GHG emitted in different
cropping systems [33].

2. Materials and Methods
2.1. Field Site and Experimental Design

The field experiments were conducted at the field experimental base of the Faculty
of Agrobiology and Food Resources, Slovak University of Agriculture in Nitra (48◦19′ N,
18◦07′ E). Long-term cropping system experiments have been conducted at the experimental
base since 1999. The soil type is a haplic luvisol developed using proluvial sediments mixed
with loess. The elevation of the experimental area is 178 m above sea level. The experimental
site has a continental climate and belongs to a warm agro-climatic region, and is an arid
subregion with predominantly mild winters.
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The field trails were performed under organic (ORG) and conventional (CON) farming
systems. The study was based on a three-year field study during the growing seasons of
2018/2019, 2019/2020, and 2020/2021. The sowing dates of winter wheat in CON and ORG
systems were 10 October 2018, 8 October 2019, and 17 October 2020, and harvest dates were
14 July 2019, 20 July 2020, and 14 July 2021 of the growing seasons.

A split-plot design was used with cropping systems as the main factor, and subplots
were fertilization treatments. The experimental factors were cropping systems, fertilization,
and growing seasons. Complete crop rotations were performed every year in four replicates
and the area of one plot was 100 m2. The fertilization treatments were fertilized (F) and
unfertilized (UF, without manure or fertilizers) treatments. The fertilized treatments were
based in both cropping systems on 40 t ha−1 of manure, which was applied to maize
(4 years before winter wheat sowing) with medium-depth ploughing. Soil cultivation was
undertaken by mechanically ploughing at a depth of 0.2 m in both systems.

The share of crops in the two cropping systems ORG and CON is summarized in
Figure 1. The pre-crop for winter wheat was a leguminous crop.

Figure 1. Share of crops in (a) organic and (b) conventional farming systems.

For winter wheat, the application rate was calculated based on the macronutrient
content in the soil and the plant needs to obtain a yield of 6 t ha-1. The application rates
of mineral fertilizers in the CON system were for the first growing season (80 kg N ha−1,
40 kg P2O5 ha−1, 120 kg K2O ha−1), for the second growing season (85 kg N ha−1, 40 kg
P2O5 ha−1, 90 kg K2O ha−1), and for the third growing season (75 kg N ha−1, 30 kg P2O5
ha−1, 20 kg K2O ha-1). The mineral fertilizers in the CON system were applied in three
split applications according to the BBCH (Biologische Bundesanstalt, Bundessortenamt und
Chemische Industrie) scale in all three monitored years. The BBCH scale is widely used to
describe the phenological development stages of plants [35]. The first fertilizer dose applied
in the CON system was full doses of P2O5 and K2O which were applied before sowing.
The second application dose was the regeneration dose of N at BBCH 12 leaf development
(60 kg, 45 kg, 30 kg N ha−1) for the growing seasons 2018/2019, 2019/2020, and 2020/2021,
respectively. The third N fertilizer application was the productive dose (20 kg, 40 kg, 45 kg
N ha−1) at the BBCH 28 tillering stage. In the ORG system, organic fertilizer approved for
organic agriculture (Flovenal, Kosice, Slovakia) was used. The organic fertilizer was used
in one application for the growing seasons 2018/2019 and 2019/2020, and two applications
for growing season 2020/2021 at BBCH 12 leaf development (48 kg, 30 kg, 70 kg NPK ha−1)
and during BBCH 28 tillering NPK (20 kg, 12 kg, 32 kg NPK ha−1). Weeds were managed in
the ORG system mechanically, and in the CON system by herbicides (0.6 l/ha). Fungicides
and insecticides were not used.

2.2. Life Cycle Assessment

The LCA method used in this study is in accordance with ISO14044 [36] and ISO
14040 [37]. This LCA includes four stages as shown in Figure 2. The SimaPro 9.2.0.1
software, ReCiPe Midpoint (H) V1.13/Europe Recipe H methodology, and data from
Ecoinvent v3.5, WFLDB, and Agri-footprint v5.0, databases were used.
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Figure 2. Life cycle assessment workflow.

2.2.1. Goal and Scope

This study aimed to quantify the environmental impact of winter wheat production in
organic winter wheat production using certified organic sheep fertilizer and conventional
winter wheat production in Nitra, Slovakia. For this study, the functional unit (FU) chosen
was 1 kg of final product and the mass allocation principle was employed. The system
boundaries include all the processes from “cradle to farm gate”, i.e., crop production
processes such as pre-seeding preparation, soil cultivation, sowing, fertilization, crop
protection, transport of farming machinery, and harvesting. Emissions associated with
manure management were included in system boundaries. Figure 3 shows the system
boundaries and processes included in this study from cradle to farm gate.

Figure 3. System boundaries from “cradle to farm gate” of organic (a) and conventional (b) winter
wheat farming.

2.2.2. Life Cycle Inventory (LCI) and Data Source

The primary data were obtained from the experimental field trials and secondary data
were obtained from background processes from Ecoinvent v3.8, which includes data from
central Europe [38], WFLDB [39], and Agri-footprint v5.0 [40] databases. Table 1 shows
the inputs and outputs of the study from cradle to farm. The Intergovernmental Panel
on Climate Change (IPCC) method was used to determine the emissions from fertilizers
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and agricultural residues [41]. Further, the outputs were calculated in accordance with the
IPCC 2019 guidelines (nitrous oxide, N2O, nitrate, NOx, ammonia NH3, phosphate, PO4

3−
,

phosphorus, P) [39].

Table 1. Inventory table: inputs and outputs of the life cycle.

Unit ORG-F ORG CON-F CON

Outputs
Grain yield kg ha−1 6106 5530 7230 5366
Straw yield kg ha−1 7570 7343 8180 6740
Unit of area- 1 ha of the selected crop ha 1 1 1 1
Area needed for generating the same yield ha 1.18 1.31 1 1.35
Inputs from Technosphere

Tillage, ploughing ha 1 1 1 1
Tillage, cultivating, chiseling ha 1 1 2 × 1 2 × 1
Tillage, harrowing, by offset disc harrow ha 1 1 1 1
Tillage, harrowing, by offset leveling disc harrow ha 1 1 1 1
Combine harvesting ha 1 1 1 1
Sowing ha 1 1 1 1
Seeds kg 200 200 200 200
Nitrogen fertilizer, as N kg ha−1 63 - 80 -
Inorganic potassium fertilizers, as K2O kg ha−1 94 - 77 -
Inorganic phosphorus fertilizers, as P2O5 kg ha−1 39 - 37 -
Fertilizing, by broadcaster ha 1 - 3 × 1 -
Application of plant protection product by field
sprayer ha - - 1 1

Herbicide, mix for cereal crops, at plant kg - - 0.733 0.733
Herbicide emissions, at farm kg - - 0.733 0.733
Manure management at the farm kg 2233 - 2233 -
Manure treatment kg 2233 - 2233 -
Transport, tractor, and trailer, agricultural (Grain tkm 30.6 27.7 36.6 26.8
Transport tractor, and trailer, agricultural (Straw) tkm 37.9 36.7 40.9 33.7
Resources

Precipitation m3 7751.5 7751.5 7751.5 7751.5
Water (medium for plant protection products) l - - 300 300
Emissions to air

Nitrogen oxides kg ha−1 - - 3.082 -
Dinitrogen monoxide kg ha−1 3.45 3.46 4.76 3.47
Ammonia kg ha−1 - - 1.25
Emissions to water

Nitrate kg ha−1 84.9 89.3 109 92.1
Phosphorus kg ha−1 1.06 - 1.06 -
Phosphate kg ha−1 0.303 - 0.332 -

IPCC calculated following the IPCC (Intergovernmental Panel on Climate Change) methodology (determination
of field emissions), Conventional fertilized (CON-F), conventional unfertilized (CON), organic fertilized (ORG-F),
organic unfertilized (ORG).

2.2.3. Life Cycle Impact Assessment (LCIA)

A life cycle assessment method was used for environmental impact quantification.
The data were analyzed and evaluated based on LCA standards ISO 14040 [37] and ISO
14044 [36]. The results of this study are related to the following impact categories: global
warming (kg CO2 eq), terrestrial acidification (kg SO2 eq), freshwater eutrophication
(kg P eq), marine eutrophication (kg N eq), terrestrial ecotoxicity (kg 1,4-DCB eq), freshwater
ecotoxicity (kg 1,4-DCB eq), marine ecotoxicity (kg 1,4-DCB eq), and water consumption
(m3). Selected impact categories are suitable for agricultural LCAs [31]. The SimaPro
9.4.0.2 software was used to calculate the LCIA and impact category indicator. For this
study, the ReCiPe Midpoint (H) V1.13/Europe Recipe H., an integrated method, was
chosen [42]. The ReCiPe method addresses environmental impacts at the midpoint level,
which are further aggregated into end-point categories. For evaluation, the characterization
approach was used. Overall, the environmental impacts of winter wheat production were
compared between conventional and organic farming systems.
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3. Results and Data Interpretation
3.1. Interpretation Based on the Unit of Production

According to the characterization model, a contribution analysis was carried out
for conventional and organic farming systems. The results are related to four winter
wheat cropping systems and transferred to the environmental impact level in percentages.
Figure 3 shows the results of the 3-year growing cycle of winter wheat in conventional and
organic systems. From the data interpretation, it was also possible to determine different
environmental impacts between individual cropping systems. The functional unit for this
expression was 1 kg of the final product.

Table 2 shows the results of a 3-year cycle of growing winter wheat in conventional
and organic farming systems and monitoring the environmental load according to produc-
tion unit (1 kg of the final product). According to the results of this study for the impact
category global warming, ORG (0.1312 kg CO2 eq) recorded the lowest environmental
load, while OGR-F recorded the highest environmental demand for the impact categories
climate change (0.2666 kg CO2 eq), terrestrial acidification (0.0066 kg SO2 eq), and marine
eutrophication (0.000546 kg N eq), which is attributed mainly to the use and manage-
ment of manure. CON-F recorded the highest environmental load for impact categories
freshwater eutrophication (0.00012 kg P eq), terrestrial ecotoxicity (0.9794 kg 1,4-DCB),
freshwater ecotoxicity (0.0170 kg 1,4-DCB), marine ecotoxicity (0.0114 kg 1,4-DCB), and
water consumption (0.00179 m3).

Table 2. Midpoint environmental load per production unit (1 kg of the final product).

Impact Category Damage Category Abbreviation Unit ORG-F ORG CON-F CON

Global warming Climate change GWP kg CO2 eq 2.23 × 10−1 1.31 × 10−1 2.04 × 10−1 1.40 × 10−1

Terrestrial acidification Ecosystem quality TA kg SO2 eq 4.35 × 10−3 2.92 × 10−4 2.10 × 10−3 3.14 × 10−4

Freshwater
eutrophication Ecosystem quality FE kg P eq 1.18 × 10−4 1.72 × 10−5 1.29 × 10−4 1.89 × 10−5

Marine eutrophication Ecosystem quality ME kg N eq 5.46 × 10−4 4.90 × 10−4 4.90 × 10−4 5.00 × 10−4

Terrestrial ecotoxicity Ecosystem quality TET kg 1,4-DCB 2.71 × 10−1 1.89 × 10−1 9.79 × 10−1 2.64 × 10−1

Freshwater ecotoxicity Ecosystem quality FET kg 1,4-DCB 3.14 × 10−3 2.14 × 10−3 1.70 × 10−2 1.29 × 10−2

Marine ecotoxicity Ecosystem quality MET kg 1,4-DCB 3.79 × 10−3 2.45 × 10−3 1.14 × 10−2 3.54 × 10−3

Water consumption Resources WC m3 2.55 × 10−4 1.40 × 10−4 1.79 × 10−3 1.82 × 10−4

Figure 4 shows the results of the 3-year growing cycle of winter wheat in conventional
and organic systems. From the data interpretation, it was also possible to determine differ-
ent environmental impacts between individual cropping systems and convert them into
percentages. The functional unit for this expression was 1 kg of the final product. The
results of this study show that the unfertilized variants ORG and CON impose lower envi-
ronmental load per production unit in seven impact categories compared to the fertilized
variants ORG-F and CON-F, respectively. This is attributed to the overall low quantity of
inputs in the production process, as shown in Table 1, and these variants are deemed to be
more environmentally friendly compared to the fertilized variants. For the impact category
terrestrial acidification, there was no significant difference in environmental load between
ORG (4.5%) and CON (4.7%) systems. This can be attributed to the lack of N-fertilizer
input in the ORG and CON systems. For impact categories freshwater eutrophication,
terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, and water consumption,
CON-F recorded the highest environmental loads. For impact categories of global warming
and terrestrial acidification, ORG-F recorded the highest environmental load, which is
attributed to the use and application of manure.
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Figure 4. Midpoint environmental impact level for the unit of production (FU = kg ha−1) from the cra-
dle to farm gate approach for environmental impacts; ReCiPe midpoint (H) method, characterization
model; results are expressed kg ha−1.

3.2. Contribution Analysis from Cradle to Farm Gate for Midpoint Environmental Impact

Figure 5 shows the shares of inputs on the environmental load within selected impact
categories. From the results based on the contribution analysis, the midpoint environmental
impacts were mainly due to the input of fertilizers in the case of CON-F, and manure
for ORG-F, and predominantly agrotechnological operations for all variants and impact
categories. In the impact category of climate change, the highest contribution for ORG-F
(0.0975 kg CO2 eq) was associated with the use and management of organic fertilizer. For
CON-F in the climate change impact category, the highest contribution was associated
with the field emissions (0.0920 kg CO2 eq) arising from the application of fertilizers and
(0.0634 kg CO2 eq) for the use of mineral fertilizers. CON recorded the highest contribution
for agrotechnical operations (0.0465 kg CO2 eq) and the use and application of herbicides
(0.00052 kg CO2 eq). Overall, for impact category climate change, ORG recorded the lowest
environmental load.

For impact category terrestrial acidification, the highest contribution for CON-F
(0.0014 kg SO2 eq) was associated with the field emissions, and for ORG-F (0.0033 kg
SO2 eq) it was associated with the use and application of manure. There was no significant
difference in all variants relating to agrotechnical operations, transport, and seeds in the im-
pact category of terrestrial acidification. In the impact category freshwater eutrophication
for the CON-F variant, the two highest contributions were field emissions (0.000076 kg P eq)
and mineral fertilizers (0.000036 kg P eq). For impact category freshwater eutrophication,
the highest contributions for the ORG-F variant were manure (0.000016 kg P eq) and field
emissions (0.000084 kg P eq).
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Figure 5. (a–h) Midpoint environmental impact level for the unit of production (FU = kg ha−1).
Contribution analysis from the cradle to farm gate approach for environmental impact categories;
ReCiPe midpoint (H) method, characterization model.

From the results of the impact category marine eutrophication, the overall highest
contribution was associated with the field emissions in all four variants. For impact category
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terrestrial ecotoxicity, the highest contribution for CON-F was mineral fertilizers (0.7487
kg 1,4-DCB). There was no significant difference in the contributions of agrotechnological
operations in all four variants in the terrestrial ecotoxicity impact category. The CON variant
recorded the highest contribution for herbicides (0.0621 kg 1,4-DCB) in the terrestrial
ecotoxicity impact category. In the impact category freshwater ecotoxicity, the overall
highest contributions were associated with herbicides for CON-F (0.0087 kg 1,4-DCB) and
CON (0.0106 kg 1,4-DCB). The other main contribution for impact category freshwater
ecotoxicity was mineral fertilizers, namely CON-F (0.0063 kg 1,4-DCB).

From the results for the impact category marine ecotoxicity, the main contributions
were from agrotechnical operations and mineral fertilizers. There was no significant
difference in the contributions for agrotechnical operations for all four variants, namely
ORG-F (0.00208 kg 1,4-DCB), ORG (0.00208 kg 1,4-DCB), CON-F (0.00204 kg 1,4-DCB), and
CON (0.00223 kg 1,4-DCB). Overall, the ORG variant recorded the lowest impact in the
marine ecotoxicity impact category. For impact category water consumption, the main
contribution was from herbicides in the case of CON-F.

3.3. Interpretation Based on the Land Demand

Table 3 shows the results of a 3-year cycle of growing winter wheat in conventional
and organic farming systems and monitoring the environmental load according to the
land demand required to produce the same yield. There was an increase in the area unit,
namely ORG-F (1.81 ha), ORG (1.31 ha), and CON (1.35 ha), to acquire the same yield
as that of CON-F (1 ha), as shown in Table 1. This was a proportional increase in the
environmental impact, reflecting the higher demand for land to produce the same yield [43].
The results for impact categories were as follows: freshwater eutrophication (1.98 kg P eq),
terrestrial ecotoxicity (15092.11 kg 1,4 DCB) freshwater ecotoxicity (262.03 kg 1,4-DCB),
marine ecotoxicity (176.39 kg 1,4 DCB), and water consumption (27.63 m3). The CON-F
system recorded the highest environmental loads. For impact categories global warming
(3596.2 kg CO2 eq) and terrestrial acidification (70.17 kg SO2 eq), ORG-F recorded the
highest environmental impact.

Table 3. Midpoint environmental load per land demand.

Impact Category Damage Category Abbreviation Unit ORG-F ORG CON-F CON

Global warming Climate change GWP kg CO2 eq 3.60 × 103 2.21 × 103 3.15 × 103 2.29 × 103

Terrestrial acidification Ecosystem quality TA kg SO2 eq 7.02 × 101 4.92 3.16 × 101 5.14
Freshwater
eutrophication Ecosystem quality FE kg P eq 1.90 2.90 × 10−1 1.98 3.09 × 10−2

Marine eutrophication Ecosystem quality ME kg N eq 8.82 8.21E+00 7.65 8.72
Terrestrial ecotoxicity Ecosystem quality TET kg 1,4-DCB 4.38 × 103 3.19 × 103 1.51 × 104 4.31 × 103

Freshwater ecotoxicity Ecosystem quality FET kg 1,4-DCB 5.07 × 101 3.62 × 101 2.62 × 102 2.12 × 102

Marine ecotoxicity Ecosystem quality MET kg 1,4-DCB 6.13 × 101 4.14 × 101 1.76 × 102 5.79 × 101

Water consumption Resources WC m3 4.12 2.36 2.76E+01 2.97

3.4. Damage Categories

Figure 6 shows the endpoint damage categories of (1) climate change, (2) ecosystem
quality, and (3) those relating to results of the eight midpoint impact categories: global
warming, terrestrial acidification, freshwater eutrophication, marine eutrophication, terres-
trial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, and water consumption. From
the data interpretation, it was also possible to determine different environmental impacts
between individual cropping systems and convert them into percentages as shown in
Figure 5. The functional unit for this expression was 1 kg of the final product.
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Figure 6. Environmental impact level for the unit of production (FU = kg ha−1). Damage categories
from the cradle to farm gate approach for environmental impacts; ReCiPe midpoint (H) method,
characterization model; results are expressed kg ha−1.

4. Discussion

The global attention paid to the environmental impacts caused by human activities
continues to be a hot topic. Agriculture both contributes to and is affected by the environ-
mental impacts. Developments in intensive agriculture can lead to increased pollution of
air, soil, and water bodies, as well as increase the consumption of resources. To address the
potential mitigation of the environmental load within the framework of a standard farming
process, we have to focus on all the sources of emissions arising from the production
process [44]. The agricultural LCA has been seen as an effective way to assess resource
consumption and environmental burdens in the whole process of agricultural production
or agricultural activities [45]. The results of this study were related to impact categories
corresponding to the agricultural LCA [31].

Global warming potential (GWP) is used to express the contribution that gaseous
emissions from arable production systems make to the environmental problem of climate
change [46] and is expressed based on the carbon dioxide equivalent (CO2 eq) [47]. Accord-
ing to the result based on the unit of production for the impact category global warming,
the fertilized variants in both organic and conventional systems recorded higher environ-
mental loads compared to the non-fertilized variants, namely ORG-F (0.223 kg CO2 eq)
and CON-F (0.204 kg CO2 eq). There were similar trends from the results per land demand
(land required to generate the same yield) for ORG-F (3596.17 kg CO2 eq) and CON-F
(3146.83 kg CO2 eq). This can be mainly attributed to the use and application of mineral
fertilizers for the CON-F system, and to the use and management of manure for the ORG-F
system. This is supported by [48], who states that the greatest GHG emissions released into
the atmosphere come mainly from N fertilizers. Significant greenhouse gas emissions in
organic systems were linked to the usage of a large amount of organic manure [49]. Manure
contains nitrogen, which when applied in excess or improperly handled, can lead to the
deposition of nutrients in acidifying forms in the soil or release to air and water surfaces.
Similar studies have linked the usage of organic manure to having an impact on the amount
of GHG emitted [49,50].

As shown in Tables 2 and 3, for the climate change impact category, the ORG system
recorded the lowest environmental load per unit of production and per land demand
required to produce the same yield. For the climate change impact category, the ORG
system was deemed to be more environmentally friendly, which can be attributed to the
non-application or use of chemical fertilizers and plant protection products; however, this
was associated with lower yields, as shown in Table 2. According to the IPCC (2006), farmers
use N fertilizers to increase yields. However, these are a significant source of anthropogenic
GHG emissions. The choice of fertilizer, its amount, and the method of its application in
relation to N could significantly contribute to the mitigation of environmental impacts [51].
Minimizing inputs and increasing productivity is key to improving agricultural farming
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systems. The savings in the life cycle should be calculated not only per production unit,
which is how most LCA outputs are determined, but also per area unit and time unit [43].
Crop rotation management can be used to reduce fertilizer and pesticide demand, which
will also reduce the environmental impacts of crop production [52]. Utilizing nitrogen-
fixing plants in a crop rotation can be a good way to avoid the overuse of nitrogen in the
production system [53]. The other contributing factor to the higher environmental load is
the burning and use of fossil fuels. Emission of CO2 in the air at the farm level is generally
caused by consumption of diesel fossil fuel in agricultural machinery [41,54]. This can
have a direct or indirect effect on GHG emissions, e.g., during soil preparation, sowing,
harvesting, plant protection, and chemical fertilizer application.

The interaction between natural processes and human impact must be carefully evalu-
ated to understand ongoing soil processes concerning acidification [55]. Terrestrial acidi-
fication describes how terrestrial ecosystems are negatively affected by a lowering of the
soil pH caused by atmospheric deposition of acidifying substances [56]. According to
the results for the impact category terrestrial acidification per production unit expressed
as kg SO2 equivalents, both fertilized variants, i.e., CON-F and ORG-F recorded higher
environmental loads compared to the unfertilized variants, as shown in Table 2, which can
be attributed to the loss of N during volatilization of ammonia NH3. Conventional farming
has been shown to have a higher impact on terrestrial acidification and eutrophication po-
tential [57]. Nitrogen fertilizer is an essential fertilizer in winter wheat production [58], but
when applied in excess quantities, the unused nitrogen results in enhanced volatilization
of ammonia and nitrous oxide [59] through the process of nitrification and/or denitrifica-
tion [60]. The volatilized ammonia is emitted into the air and runs off to the surface and
groundwater as nitrate and ammonium [59]. There are several climatic factors, such as
humidity, temperature, pH, and the amount of organic matter, that may influence the loss of
nitrogen by volatilization [61,62]. Ammonia in the atmosphere may easily combine SO2 and
NOx to create particles [63]. The pollutants NH3, SO2, and NOx released from N fertilizer
and diesel fuel lead to terrestrial acidification [64]. Extensive fuel combustion can increase
SO2 concentrations in the atmosphere [65], which can impact plant and animal species [66].
To mitigate the amount of ammonia volatilized in winter wheat production, the reduction
in N fertilizer doses and incorporation of green cultivation methods to improve soil fertility,
which results in the reduced need for N fertilizers, or the adoption of organic farming, can
serve as mitigating strategies.

The eutrophication of surface water bodies has always been one of the main threats to
global water security [67]. Eutrophication of water bodies refers to the over-enrichment
of water bodies. According to the results for impact category freshwater eutrophication,
CON-F (0.00013 kg P eq) recorded the highest environmental load per production unit.
This is attributed mainly to the use of phosphorous fertilizers. For the impact category
marine eutrophication per production unit, ORG-F (0.00055 kg N eq) recorded the highest
environmental load. Manure is usually collected for use as organic fertilizer, which, if
applied in excess, will lead to diffuse water pollution [68]. Extreme nutrient inputs con-
taining nitrogen and phosphorus lead to the eutrophication of surface waters and increase
toxicity [59]. This can lead to reduced water quality and habitat degradation. Nitrogen (N)
and phosphorus (P) fertilizers cause 78% of the global marine and freshwater eutrophica-
tion [69]. Both N and P are emitted via surface runoff and erosion, but only N is considered
to leach, while P is easily absorbed by soils [70]. From the results, ORG recorded the lowest
environmental load on eutrophication per production unit. To mitigate the increase in water
bodies’ eutrophication it is necessary to reduce the excess amount of nutrients applied.

According to the results for impact categories freshwater and marine ecotoxicity per
production unit and land demand, the ORG system recorded the lowest environmental
load. Organic farming systems generate less damage to the environment, which is mainly
attributed to the non-use of mineral fertilizers or chemical plant protection products. Nearly
70% of water resources worldwide are used for agriculture practices, which are responsible
for an essential part of the pollution of water [59]. It is, therefore, necessary to protect the
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water resources from contamination, which can not only cause harm to the environment,
but also to living organisms. From the results per production unit, the conventional variants
recorded a higher environmental load, which is attributed to the use of herbicides. Similar
to the impact category terrestrial ecotoxicity, CON-F had the highest environmental load.
Ref. [71] stated that using chemical plant protection products is highly effective, but the
dispersion of active substances in the environment causes the risk of contamination of
waters and soils, as well as the bioaccumulation of these substances in living organisms.
Agrochemical contamination has a long-term impact on humans, food chains, and the
environment [47]. It is therefore important, as per Bessouet et al. (2013), that the chemical
protection of crops and the fate of pesticides should be taken into account in agricultural
LCAs [47]. The nutrient enrichment of waterbodies causes excessive growth of algae,
deoxygenation, and biodiversity loss [72]. Our results showed that organic wheat farming
reduces the environmental burden of ecotoxicity, which can be attributed to the non-use
of plant protection products. To reduce the use of agrochemical protection in agriculture
systems, crop rotation can be used to prevent the carryover of pathogens and the weed
population [73], or organic farming can be adopted [74].

According to the results, CON-F recorded the highest environmental load both per unit
production and land demand in the impact category of water consumption. This impact
category refers only to the water used for the production processes relating to cultivation
inputs [57]. For our results, this relates to the water required to dilute herbicide protection
for the plants. Water is essential for every form of life, socio-economic development, and
the maintenance of healthy ecosystems [68]. Water scarcity occurs when water supply
is insufficient to meet water demand [75]. Therefore, it is important to protect water
resources from scarcity. Overall, according to the results, ORG imposes the least amount of
environmental load.

5. Conclusions

The life cycle assessment continues to be an essential tool for evaluating the environ-
mental loads in the production system in agriculture. To find mitigation strategies to reduce
the amount of GHG emitted, it is important to focus on the primary sources. The environ-
mental loads differ in relation to different impact categories and functional units, but the
trends are the same. It is, therefore, important when conducting an LCA for agriculture
to not only examine the production unit but also land demand. The findings of this study
indicated that the fertilized variants recorded higher environmental load per production
unit compared to the unfertilized variants. The results of this case study demonstrate that
the environmental performance of wheat production could be greatly improved by shifting
from conventional chemical fertilizers to more environmentally friendly organic farming
systems. The application of fertilizers had a significant impact on yield and environmental
load. Reducing the environmental load produced within the cultivation of winter wheat
can be achieved by reducing the dose of fertilizers at the cost of a lower yield. The excessive
use of N fertilizer has an impact on increased environmental impact. Manure from livestock
would also have the benefit of reducing the need for N as most manure N is stored in an
organic form that is released as slowly as the crop requires N, which also results in reduced
leaching. The reduction in the amount of GHG produced within the cultivation could also
be reduced by making changes to the cultivation technology, e.g., by implementing reduced
tillage systems in grain production, which may also reduce the use of fossil fuels.
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