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Abstract: Winter cereal:legume intercropping is considered a sustainable arable farming system not
only in temperate regions but also in Mediterranean environments. Previous studies have shown
that with suitable crop stand composition, high grain yield can be achieved. In this study, a life cycle
assessment (LCA) of the influence of sowing ratio and nitrogen (N) fertilization on grain nitrogen
yield of oat (Avena sativa L.) and pea (Pisum sativum L.) in intercrops was performed to find the
optimal design to achieve low environmental impact. This study compared the environmental
impact of oat:pea intercrops using agricultural LCA. Monocrops of oat and pea and substitutive
intercrops, which were fertilized with different levels of N, were compared. The system boundaries
included all the processes from cradle to farm gate. Mass-based (grain N yield) and area-based (land
demand for generating the same grain N yield) functional units were used. The results covered
the impact categories related to the agricultural LCAs. The ReCiPe 2016 Midpoint and Endpoint
characterization model was used for the data expression. According to the results, an unfertilized
combination of oat and pea (50%:50%) had the lowest environmental impact in comparison with the
other 14 assessed variants and selected impact categories. In the assessed framework, pea monocrops
or intensively fertilized oat monocrops can also be considered as alternatives with relatively low
impact on the environment. However, an appropriate grain N yield must be reached to balance the
environmental impact resulting from the fertilizer inputs. The production and use of fertilizers had
the greatest impact on the environment within the impact categories climate change, eutrophication,
and ecotoxicity. The results indicated that high fertilizer inputs did not necessarily cause the highest
environmental impact. In this respect, the achieved grain N yield level, the choice of allocation
approach, the functional unit, and the data expression approach played dominant roles.

Keywords: LCA; intercrops; Avena sativa L.; Pisum sativum L.; attributional approach; land demand

1. Introduction

The common agricultural policy (CAP) combines social, economic, and environmental
approaches for achieving a sustainable agricultural system in the European Union [1].
The aim of the “European Green Deal”, and one of the targets of the “From Farm to Fork
strategy”, is to find ways to reduce the excess of nutrients in the environment, which are a
major source of air, soil, and water pollution and thereby negatively impacts biodiversity
and climate. The target of the agricultural policy is to reduce nutrient losses by at least 50%
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and reduce fertilizer use by at least 20% by the year 2030 while ensuring no deterioration
of soil fertility [2]. Different strategies can help meet these goals [3]; among those is the
inclusion of legumes into the crop rotations or their use in intercrops to improve nutrient
management [4].

Winter cereal:legume intercrops for grain production performed well in terms of pro-
ductivity and environmental impacts, as well as energetic and economic performances [5].
In addition, the concept of intercropping corresponds to the principles of agroecology [6].
For example, wheat:pea intercropping was proved to be a cropping strategy for using
N sources efficiently due to its self-regulating spatial dynamics, where pea improves its
interspecific competitive ability in areas with lower soil N levels, and vice versa for wheat,
paving the way for future option to reduce N inputs and negative environmental impacts
of agricultural crop production [7]. Intercropping with legumes is particularly suitable
for systems with low N availability, but a deeper mechanistic understanding is required
to propose general crop management procedures. The advantages of intercropping fall
into three basic categories, according to Mohler and Stoner [8]. Firstly, an intercrop may
use the limited resources of light, water, and nutrients more efficiently than monocrops,
and this can improve yields. Secondly, intercrops frequently have lower pest and disease
incidence, especially insect pests, because the mixture confuses the insects, and a care-
fully chosen mixture attracts beneficial predators. Thirdly, intercropping may allow more
effective management of cover crops. Intercrops are already largely adopted in organic
farming, but additional research efforts are needed for their adoption in conventional
farming, particularly for grain production. For instance, depending on the aim of the
cereal:legume intercrop (food, feed, or bioenergy production), the choice and adaptation of
species, cultivars, crop management, or agricultural machinery are crucial. This underlines
the need for future investigation [5].

In substitutive intercrops of oat and pea, which were fertilized with different levels
of N, the total grain yields were generally lower than in the respective monocrops. Still,
grain N concentration of oat and pea increased (1) with N fertilization and (2) in intercrops
for oat with lower oat share, whereas that of peas was not affected by the sowing ratio.
Consequently, intercrops could attain a higher grain N yield in unfertilized treatments due
to higher grain N concentrations of oat in intercrops. Thus, growing oat:pea intercrops can
be reasonable for producing grain feed at a low N input level [4,9]. Further, concentrations
of macro-and micronutrients in grain and residues of oat and pea can be affected by sowing
ratio and N fertilization [10,11]. A low N fertilization rate did not impair N fixation in oat:
pea intercrops [12].

Each agricultural activity causes certain environmental impacts that can be expressed
or quantified, for example, by the life cycle assessment (LCA) method [13]. With a suitable
data source, equal system boundary settings, and a correctly chosen allocation principle,
data can be generated that can adequately predict the environmental impacts of the se-
lected system. LCA, coupled with other approaches, provides reliable and comprehensive
information to environmentally conscious policymakers, producers, and consumers in
selecting sustainable products and production processes [14]. Combinations of multiple
functional units can contribute to more accurate and fair data expression [15].

In this study, intercrops of oat and pea were assessed for grain nitrogen (IN) accu-
mulation. The study focused on the agricultural life cycle assessment of 15 different
combinations of oats and peas or their monocrops under different fertilization intensities
and varying yield levels. The attributional approach, the mass allocation principle, and the
characterization model were chosen. As functional units, the yield (1 kg of grain N yield)
and the equivalent area, i.e., the land demand to gain the same yield (grain N yield), are
used for data interpretation.



Agronomy 2021, 11, 2433

30f18

2. Materials and Methods
2.1. Data Source and Life Cycle Inventory

The study was based on a two-year field study by Neugschwandtner and Kaul [4,9],
where intercrops of oat (Avena sativa L.) and pea (Pisum sativum L.) were assessed as affected
by sowing ratio and N fertilization. Monocrops of oat and pea and three substitutive oat:pea
intercrops were sown in the following ratios of oat:pea (%:%): 100:0, 75:25, 50:50, 25:75, and
0:100. All the crop stands were fertilized with N as calcium ammonium nitrate (CAN, 27%
N) at the following levels: unfertilized control (C), 60 kg N ha~! (N60), and 120 kg N ha~!
(N120). The experiment was carried out in eastern Austria (Raasdorf; 48°14' N, 16°33' E) in
2010 and 2011. The soil is classified as chernozem of alluvial origin and rich in calcareous
sediments (pH 7.6, silty loam, 2.2-2.3% organic substance). The mean annual temperature
is 10.6 °C, the mean annual precipitation is 538 mm (1980-2009). More details for the trial
site, soil characteristics, weather data, and crop varieties are described in the methodology
parts of the above-mentioned studies, which were the primary data source for the life cycle
inventory (LCI) (Table 1). Secondary data for background processes were taken from the
Ecoinventv3.7.1 database, which includes data from central Europe [16], Agri-footprint
v4.0 [17], and WFLDB [18].

2.2. Goal and Scope Definition

The goal of this study was to quantify the environmental impacts of the oat:pea
intercrops by using LCA (the method of assessing the life cycle of a product or service in
terms of its impact on the environment) and find the optimal intercropping design from
the environmental point of view. Functional units (FUs) related to a production unit (1 kg
of grain N yield ha—!) or an area unit (land demand for generating the same grain N yield)
were chosen for the quantification of an environmental impact. The system boundaries
included all the processes “from cradle to farm gate”. Data geographically related to central
Europe were used. Agrotechnological operations were also incorporated into the model
system: from pre-seeding preparation, through harvesting of the main product, to the
transport of farming machinery, the production and use of crop-protecting agents, the
production and use of fertilizers, and the harvest and transport of the main product from
the harvest site. Land-use changes were taken into account. Infrastructure processes were
part of database inputs. Waste management was excluded from this research because waste
production was not expected within the monitored cropping systems. In the frame of
this research, the transport distance from the farm to the field did not exceed the distance
of 5 km. A mass allocation approach (allocation based on significant characteristics of
co-products; grain and straw N yield) was employed in this study. The results of the
research might be used as a source of information for agricultural subjects that focus on
good farming practices and to motivate environmentally friendly farming systems. The
data were analyzed and evaluated by LCA standards [19,20].
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Table 1. Inventory table: inputs and outputs of the life cycle.

Unit Oat:Pea (100:0) Oat:Pea (75:25) Oat:Pea (50:50) Oat:Pea (25:75) Oat:Pea (0:100)
C/N60/N120 C/N60/N120 C/N60/N120 C/N60/N120 C/N60/N120

Outputs
Grain yield kg ha~! 4281/5211/5752 4354/5284 /4342 4582/4400/4647 4064 /4707 /4504 5165/5823/5721
Grain N yield kg ha~! 81.6/111.5/135.4 93.0/119.6/110.9 116.3/106.6/114.1 112.8/126.4/133.4 187.2/210.2/218.9
Residue N yield kgha™! 28.5/44.9/59.6 35.4/44.6/89.2 45.4/62.1/69.2 54.3/65.1/80.8 54.4/72.8/70.7
Land demand for generating the same grain N yield ha 2.68/1.96/1.62 2.36/1.83/1.97 1.88/2.05/1.92 1.94/1.73/1.64 1.17/1.04/1.00
Inputs from technosphere
Nitrogen (calcium ammonium nitrate, 27% N) * kg ha~! 0/60/120 0/60/120 0/60/120 0/60/120 0/60/120
Apphca’ilon of plant protection products by field ha 1 1 1 1 1
sprayer
Combine harvesting * ha 1 1 1 1 1
Fertilization by broadcaster * ha -/2/2 -/2/2 -/2/2 -/2/2 -/2/2
Insecticide at plant (pyrethroid-compound) * gha™! 75 75 75 75 75
Oat seed for sowing * kg ha™! 120 90 60 30 0
Pea seed for sowing * kgha™! 0 525 105 157.5 210
Tillage, harrowing, by spring tine harrow * ha 1 1 1 1 1
Tillage, cultivating, chiselling /by disk harrow * ha 1 1 1 1 1
Sowing * ha 1 1 1 1 -
Transport, tractor, and trailer, agricultural * tkm 21.4/26.1/28.8 21.8/26.4/21.7 22.9/22.0/23.2 20.3/23.5/22.5 25.8/29.1/28.6
Tillage, currying, by weeder * ha 1 1 1 1 1
Land use change (annual or perennial crop) * ha 1 1 1 1 1
Inputs from nature
Land occupation * ha 1 1 1 1 1
Water (as a medium for plant protection products) Lha™! 300 300 300 300 300
Emissions to air
Dinitrogen monoxide (direct and indirect) kg ha1 -/2.813/4.235 -/2.813/4.235 -/2.813/4.235 -/2.813/4.235 -/2.813/4.235
Ammonia (volatilization) kg ha~! -/1.2/2.4 -/1.2/2.4 -/1.2/2.4 -/1.2/2.4 -/12/2.4
Emissions to water
Nitrate (leaching) kgha™! -/0.135/0.271 -/0.135/0.271 -/0.135/0.271 -/0.135/0.271 -/0.135/0.271

# Basis is the treatment with the highest grain N yield (100:0 N120); * Input/s from Ecoinvent, Agri-footprint or WFLDB database; C = Control; N60 = fertilization with 60 kg N ha~!; N120 = fertilization with
120 kg N ha=1; Sowing ratios of oat:pea (%:%): 100:0, 75:25, 50:50, 25:75, and 0:100; Transport was included in the process with a flat rate 5 km x yield achieved (max 8 tons per load); tkm = tonne-kilometre;
application of fertilizers by broadcaster was done in two splits; based on a two-year field study, as an average values.
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2.3. Software Data Inventorization

For the study, data related to the grain yield, grain N yield, and residue N yield
from the studies of Neugschwandtner and Kaul [4,9] were summarized (Table 1). The
primary data sources were statistically evaluated. The following parameters were assessed:
Grain and residue yield; Yield components of oat and pea; N concentration, N yield and
N harvest index of oat and pea; Total grain and nitrogen yield, Land equivalent ratio of
N yields (LERy); Nitrogen use and utilization efficiency. These results are part of the
primary sources [4,9] for LCI. These data were also used to determine the proportion
of environmental impacts that arose during the transport of harvested phytomass. For
this reason, the determination of the tonne-kilometer (tkm) was performed. For a correct
assessment of these environmental impacts, the mass allocation principle was used. To
apply the mass allocation principle, the determination of the residue N yield was necessary.
Grain yield, grain N yield, and residue N yield of individual variants and the frequency
of agrotechnical inputs, inputs from technosphere, inputs from nature, information about
emissions to water and air are summarized in Table 1.

2.4. Determination of Field Emissions

The application of mineral nitrogenous fertilizers results in the release of direct and
indirect emissions. The following were considered in monitoring field and agricultural
emissions: NH3; and NOy volatilization, NO3; ™ leaching to groundwater, and N loss from
leaching and surface outflow (expressed as dinitrogen monoxide, nitrate, and ammonia
in Table 1). The emission loads were determined following Nemecek and Kégi [21]. The
nitrogen generated from the biological Ny—fixation of pea was not considered within the
field emissions cultivation; therefore, NH3 and NO3 ™~ emissions to air and water were not
taken into account in this case. The risk of erosion was not considered in the study. The
production of pesticides, respectively their active substances, and their distribution has
been taken into account by using data from the Ecoinvent database [16], but the fate of the
pesticides in the environment did not. Therefore, the toxicity impact cannot be considered
as fully reflected.

2.5. Impact Assessment

An LCA method was used for the quantification of environmental impacts. The system
boundaries were set from “the cradle to the farm gate”. The results of this research were
related to the impact categories of climate change (kg CO,eq), terrestrial acidification (kg
SOyeq), freshwater eutrophication (kg P eq), marine eutrophication (g Neq), human toxicity
(kg 1,4-DBeq)-non-carcinogenic toxicity, terrestrial ecotoxicity (g 1,4-DBeq), freshwater
ecotoxicity (g 1,4-DBeq), water depletion (m®eq), and fossil depletion (kg oil eq). The
Attributional approach was used for this study. Selected impact categories are suitable
for agricultural LCAs [13,22]. The SimaPro 9.2.0.1 software, ReCiPe 2016 Midpoint and
Endpoint, Hierarchical (H) V1.05/World (2010) H, an integrated method, and the Cut-off
System Model approach were used for the assessment of the environmental aspects. One
kg of the final product (1 kg of grain N yield) and an area unit (land demand for generating
the same grain N yield) were used as functional units. The Characterization approach was
primarily used for data expression. Weighting was used as a final step for applying a value
judgment to the LCA result.

3. Results and Data Interpretation

A life cycle of the monocrops of oat and pea, and cereal:legume intercropping systems
was created according to the methodology and the data available; the environmental
impacts per 1 kg of grain N yield, and for the land demand for generating the same grain
N yield were quantified. The interpretation approach was based on a combination of
two functional units. It enabled an equal expression of data and demonstrated trends in
individual cultivation technologies within all evaluated impact categories and data from
multi-year field experiments.
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The results were related to nine impact categories relevant for agricultural LCAs. The

results are presented in Tables 2 and 3.

Table 2. Environmental Impact per 1 kg of grain N Yield ha=!.

Impact Oat:Pea (100:0) Oat:Pea (75:25)  Oat:Pea (50:50)  Oat:Pea (25:75)  Oat:Pea (0:100)
Category

Climate change C 5.19 4.52 3.64 3.56 2.51
(kg COseq) N60 12.38 11.84 11.57 10.24 6.97
N120 12.11 11.83 12.96 11.18 8.27
Terrestrial C 22.16 18.83 0.61 14.18 9.75
acidification N60 24.96 23.71 0.97 20.19 13.66
(g SOzeq) N120 20.04 19.42 0.89 18.11 13.34
Freshwater C 0.79 0.72 0.64 0.63 0.46
eutrophication N60 0.94 0.95 0.98 0.90 0.64
(gPeq) N120 0.75 0.77 0.91 0.81 0.63
Marine C 3.66 3.80 3.55 3.94 3.08
eutrophication N60 297 3.35 3.76 3.76 2.85
(gNeq) N120 2.55 291 3.64 3.53 2.90
Human toxicity C 5.69 4.82 3.79 3.60 2.49
(kg 1.4-DB eq) N60 6.53 6.25 6.07 5.38 3.67
N120 5.26 5.10 5.59 4.82 3.59
Terrestrial C 11.91 11.34 9.89 10.42 7.83
ecotoxicity N60 13.94 14.37 15.01 14.17 10.24
(kg 1.4-DB eq) N120 11.20 11.77 13.82 12.71 10.00
Freshwater C 10.84 10.12 8.68 9.00 6.70
ecotoxicity N60 12.70 12.38 12.29 11.08 7.70
(dkg 1.4-DB eq) N120 10.21 10.13 11.32 9.94 7.52
Water depletion C 15.6 37.2 48.5 65.2 57.8
L N60 40.1 57.0 73.7 81.1 65.8
N120 322 46.7 67.8 72.7 64.3
Fossil depletion C 1.05 0.92 0.75 0.74 0.52
(kg oil eq) N60 1.45 1.40 1.38 1.23 0.84
§olteq N120 1.17 1.15 1.27 1.10 0.83

C = Control; N60 = fertilization with 60 kg N ha—1; N120 = fertilization with 120 kg N ha—1; Sowing ratios of oat:pea (%:%): 100:0, 75:25, 50:50,
25:75, and 0:100; ReCiPe 2016 Midpoint (H) V1.05/World (2010) H; Characterization model; eq = equivalent; 1.4-DB = 1.4-dichlorobenzene.

Table 3. Environmental impact per land demand for generating the same grain N yield.

Impact Oat:Pea (100:0)  Oat:Pea (75:25)  Oat:Pea (50:50) Oat:Pea (25:75)  Oat:Pea (0:100)
Category

Climate change C 1.53 1.37 1.11 1.16 0.71
(t COzeq) N60 3.79 3.56 4.00 3.39 2.05
N120 3.82 4.66 4.56 391 2.40
Terrestrial C 6.54 5.70 4.51 4.60 2.76
acidification N60 7.65 7.12 7.94 6.69 4.02
(kg SOzeq) N120 6.33 7.65 744 6.34 3.86

Freshwater C 231.69 219.02 186.57 204.26 131.24

eutrophication N60 286.75 284.05 335.47 298.72 189.39

(gPeq) N120 237.46 304.80 314.44 283.01 182.05
Marine C 1.08 1.15 1.08 1.28 0.87
eutrophication N60 0.91 1.01 1.30 1.25 0.84
(kg N eq) N120 0.80 1.15 1.28 1.24 0.84
Human toxicity C 1.68 1.46 1.15 1.17 0.70
(t 1.4-DB eq) N60 2.00 1.88 2.10 1.78 1.08
N120 1.66 2.01 1.97 1.69 1.04
Terrestrial C 3.51 343 3.01 3.38 221
ecotoxicity N60 4.27 432 519 4.69 3.01
(t1.4-DB eq) N120 3.54 4.64 4.87 4.45 2.90
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Table 3. Cont.

Impact Oat:Pea (100:0)  Oat:Pea (75:25)  Oat:Pea (50:50)  Oat:Pea (25:75)  Oat:Pea (0:100)
Category

Freshwater C 31.98 30.64 26.41 29.20 18.93
ecotoxicity N60 38.93 37.21 42.51 36.72 22.65
(kg 1.4-DB eq) N120 32.24 39.91 39.85 34.78 21.77
Water depletion C 4.60 11.28 14.74 21.14 16.34
) N60 12.29 17.12 25.49 26.85 19.36
N120 10.17 18.42 23.88 25.45 18.62
Fossil depletion C 309.54 278.56 226.81 238.41 147.33
(kg ol oq) N60 444.83 420.78 476.54 407.49 248,58
N120 368.09 452.05 446.55 386.14 238.97

C = Control; N60 = fertilization with 60 kg N ha—1; N120 = fertilization with 120 kg N ha™1; Sowing ratios of oat:pea (%:%): 100:0, 75:25, 50:50,
25:75, and 0:100; ReCiPe 2016 Midpoint (H) V1.05/World (2010) H; Characterization model; eq = equivalent; 1.4-DB = 1.4-dichlorobenzene.

3.1. Unit of Production and the Sensitivity Analysis

In Table 2, the grain N yield ha~! was considered. Within all assessed variants and
trends, pea monocrops had generally low values in individual impact categories. Further,
low levels of environmental impact were found for the following variants: 100:0 N120,
50:50 C, or 75:25 N120. On the contrary, the highest environmental impacts were found
for 100:0 N60, 75:25 N60, 50:50 N60, or 25:75 N60. This, of course, depends on the level of
grain N yield and inputs to the life cycle. The input of N and thereby the related emissions
were a significant component of the total environmental impacts.

Concerning results, 50:50 C,75:25 N120, and 25:75 C intercrops could be considered
as potentially sustainable from the point of view of FU of production (grain N yield
ha~'). Values of environmental impacts were expressed in% within the individual impact
categories, where 100% meant the highest value within the assessed variants and selected
impact categories (Figure 1).

From a general point of view, trends suggested that the highest environmental impact
(within FU of production) was associated with oat monocrops (100:0 C, and 100:0 N60),
and oat:pea intercrops with the input of 60 kg N ha~!, especially in the impact categories of
terrestrial acidification, freshwater eutrophication, marine eutrophication, human toxicity,
terrestrial ecotoxicity, and freshwater ecotoxicity. For example, the highest environmental
impact within the water depletion impact category was then associated with 25:75 N60.

A normalization approach was used to inform about the relative magnitude of each of
the characterized scores for the different impact categories by expressing them relative to
a common set of reference impacts (one reference impact per impact category) (Figure 2).
The result of the normalization is the normalized impact profile of the product system in
which all category indicator scores were expressed in the same metric.

The normalization of the data showed the most affected impact categories. However,
it should be added that the results were related to the functional unit of production, which
was therefore strongly influenced by the grain yield or grain N yield. In general, and due
to the character and intensity of inputs into the growing framework, the most affected
category was freshwater ecotoxicity, a category that was affected by the production of seeds
used (oat and pea), the input of N fertilizer, agrotechnological operations, transport and
use of pyrethroid insecticide.
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Figure 1. Trends of the environmental impact per 1 kg of grain N yield ha~! (in %).C = Control; N60 = variant with input
of 60 kg N ha—1; N120 = variant with input of 120 kg N ha=1; Sowing ratios of oat:pea (%:%): 100:0, 75:25, 50:50, 25:75,
and 0:100; SimaPro 9.1.1.1 software; ReCiPe 2016 Midpoint (H) V1.05/World (2010) H; Cut-off System Model approach;

Characterization model.

Within the normalization model, it was also possible to point out the influence of
fertilizer (CAN) input on differences in environmental impacts most visibly within the
climate change impact category. Respectively, the environmental impact for unfertilized
variants was about one-third in comparison with fertilized variants. The influence of the
used seed in the impact category of terrestrial ecotoxicity was also manifested. Thus, with
the decreasing rate of oat seeds, the overall environmental impact decreased and vice
versa. This was generally due to more intensive cultivation practices in oats and grain
production, leading to a higher environmental impact than pea seed. It is also necessary to
draw attention to the category of human toxicity and water depletion, where the impact
on the environment within the standardization was practically negligible compared to the
other categories. The water consumption was practically not reflected in the normalization
model due to the generally low input.
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Figure 2. Trends of the environmental impact per 1 kg of grain N yield per ha—1; C = Control; N60 = variant with input
of 60 kg N ha—1; N120 = variant with input of 120 kg N ha=1; Sowing ratios of oat:pea (%:%): 100:0, 75:25, 50:50, 25:75,
and 0:100; SimaPro 9.1.1.1 software; ReCiPe 2016 Midpoint (H) V1.05/World (2010) H; Cut-off System Model approach;

Normalization model.

3.2. Unit of the Area and the Sensitivity Analysis

In this evaluation, the land demand for generating the same grain N yield (equivalent
area) was calculated (cf. Table 1). In Table 3 and Figure 3, the environmental impact related
to land demand was considered. The smallest land demand corresponds to the area of one
hectare (1 ha), to the highest grain N yield, respectively. The 0:100 N120 variant achieved
this. On the contrary, the highest land demand (land demand for grain N yield as by 0:100
N120) corresponded to variant 100:0 C (2.68 ha).

Among all the assessed variants, pea monocrops generally had the lowest values in
individual impact categories, i.e., the lowest environmental impact. On the contrary, the
highest environmental impact was associated with 50:50 N60, with75:25 N120, and 25:75
N60. This was due to the higher land demand to obtain the same grain N yield.

The highest and lowest values within the individual oat:pea intercrops among the
stated impact categories (without monocrops) were selected to find the optimal variant in
terms of environmental impact. From the point of view of the FU of area (land demand
for generating the same grain N yield), 50:50 C and 25:75 C intercrops can be considered
environmentally friendly, and the best choice seems to be 50:50 C.
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Figure 3. Trends of the environmental impact per land demand for generating the same grain N yield—(in %); C = Control;
N60 = variant with input of 60 kg N ha~!; N120 = variant with input of 120 kg N ha~!; Sowing ratios of oat:pea (%:%):
100:0, 75:25, 50:50, 25:75, and 0:100; SimaPro 9.1.1.1 software; ReCiPe 2016 Midpoint (H) V1.05/World (2010) H; Cut-off
System Model approach; Characterization model.

The resulting values, therefore, indicated that the lowest environmental impacts
within the selected impact categories were obtained with the cultivation of pea monocrops,
except for the category water depletion. This can be considered as the expected result due
to the high grain yields, respectively, grain N yields in comparison with other cropping
designs (cf. Table 1). For the opposite reason, i.e., due to relatively low grain N yield
levels, high environmental impacts were associated with oat monocrops, and because of
the nitrogen input with the intercrop with 50:50 N60 and N120, and 25:75 N60 and N120.

The normalization approach was also used for other data interpretation (Figure 4).
The normalization of the data showed the most affected impact categories. The results
were related to the functional unit of equivalent area, which was needed for generating
the same grain N yield. Similar to the FU of the production, the most affected category
was freshwater ecotoxicity, which was affected by the production of seeds used (oat and
pea), the input of N fertilizer (CAN), agrotechnological operations, transport and use of
pyrethroid insecticide. The general trend direction (related to selected impact categories)
was the same as for FU production (Figure 2).
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Figure 4. Trends of the environmental impact per land demand for generating the same grain N yield; C = Control;
N60 = variant with input of 60 kg N ha~!; N120 = variant with input of 120 kg N ha~!; Sowing ratios of oat:pea (%:%):
100:0, 75:25, 50:50, 25:75, and 0:100; SimaPro 9.1.1.1 software; ReCiPe 2016 Midpoint (H) V1.05/World (2010) H; Cut-off
System Model approach; Normalization model.

3.3. Contribution Analysis Summarization

Due to the study’s goal to follow the complete and already presented variants as
a whole and their environmental impact trends with their yield levels, no contribution
analysis related to individual variants was performed within the graphical interpretation.
The results in this respect would differ mainly due to differences in the dose of applied
fertilizers and the seed ratio according to variants. The other inputs were the same for
all variants. The obtained data would not bring new significant findings, and the aim
was not to propose changes in cultivation practices. However, a brief summarization
of the contribution analysis was made. Within the climate change impact category, for
variants with 60 or 120 kg N (CAN) ha!, the so-called field emission emissions (around
43 to 53%) arising after its application and emissions related to its input of CAN (about
20%) contributed the most to the total environmental impact. The share of CAN input
represented about 25-30% of the total impact within the categories terrestrial acidification,
freshwater eutrophication, human toxicity, freshwater ecotoxicity, terrestrial ecotoxicity,
water depletion, and fossil depletion. A smaller share (<10%) then represented the input of
CAN in the category of marine eutrophication. In the case of unfertilized variants, the input
of agrotechnology (about 65%) and land use (25%) predominates in the total environmental
impact due to the lack of N input. Agrotechnical operations, inputs associated with tillage,
application of fertilizers or plant protection product, and harvest of the main product,
respectively, represented an important share of the total environmental impact (around
10 to 45%) in other categories of impact, depending on the variant. The impact of the
pyrethroid insecticides share did not exceed 5% across the selected impact categories.
This was also the same for the environmental impact associated with the transport of
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the harvested product (<5%). The dominant share in the total environmental impact was
represented by seed inputs (pea and oat), their production, respectively. The intensity of
the impact on the environment varied according to the variant and the proportion of seed.
Across variants and impact categories, this share ranged from 5 to 85%. The categories
of marine eutrophication, terrestrial ecotoxicity, and water depletion were most affected
by this input (>45% in all impact categories and variants). For unfertilized variants, this
input had a generally higher share in all impact categories (due to missing input of N). Oat
seed input then had a more substantial effect on the marine eutrophication or terrestrial
ecotoxicity impact category, while pea seed input had a more significant impact on the
water depletion category. This was due to inputs into the cultivation technology modelled
by the Ecoinvent source database [16].

3.4. Trends of the Environmental Impacts (LCA Weighing)

The combined assessment of obtained data is shown in Figure 5. This part was con-
sidered as a weighing, applying a value judgment to LCA results, respectively. For this
part, the interpretation of data was used, which allowed the assessment of all monitored
variants, all impact categories, and both specified functional units together. Thus, this in-
terpretation of data allowed a broad view of the topic. The data used for this interpretation
were obtained on the basis of a normalization model expressed in the Endpoint categories:
Resources, Ecosystems, Human health. From a general point of view, Human health would
be potentially the most affected impact endpoint category. The category representing the
impact on ecosystems, respectively the endpoint category Ecosystems, reached about 50%
of the impact level compared to the Human health category. The lowest impact, even
negligible, would then be related to the Resources category.
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Figure 5. Trends of the environmental impact (the combination of the unit of production; grain N yield respectively, and

the unit of area; land demand for generating the same N yield, respectively); C = Control; N60 = variant with input of
60 kg N ha—1; N120 = variant with input of 120 kg N ha—1; Sowing ratios of oat:pea (%:%): 100:0, 75:25, 50:50, 25:75, and
0:100; Based on Normalization model; ReCiPe 2016 Endpoint (H) V1.05/World (2010) H/Official; Endpoint category:
Resources, Ecosystems, Human health.

The combination of both FUs showed that all pea monocrops had the lowest en-
vironmental impact from the environmental perspective, followed by the unfertilized
intercrops. In the case of intercrops, the trend of the lowest environmental impact within
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the 50:50 C variant was confirmed in the unfertilized variant combining oats and peas.
In comparison, fertilized intercrops and oat monocrops had a higher environmental im-
pact. However, the 100:0 N120 variant was one of the treatments with comparatively low
environmental impact.

4. Discussion

The results of the agricultural LCA of monocrops and intercrops of oat and pea were
affected by the achieved grain N yield. With increasing grain N yields, the impact on
the environment generally decreased. However, there should be an even certain balance
between inputs and outputs. The level of the environmental impact of the evaluated
variants was possible to express through trends connected with their life cycle (results
and data interpretation part). The grain N yield level was then also reflected in the size
of the area that would potentially be needed to achieve the same amount of grain N yield
within all the 15 assessed variants. The smallest land demand (1 ha) was estimated for the
highest fertilized pea monocrop (0:100 N120). Pea monocrops and unfertilized intercrops
can be considered sustainable cropping systems from the agricultural LCA perspective as
monocrops had the highest grain N yields among crop stands, and the grain N yields of
unfertilized intercrops were in the range of those of fertilized intercrops. Although oat:pea
intercrops could not achieve higher grain yields than corresponding monocrops on the
fertile soil of the present study [9,23], in these intercrops, the grain N yields were high
even without N fertilization, and thereby the environmental impact associated with N
fertilization did not arise. In relation to these aspects, Neugschwandtner and Kaul [4,9]
stated that N fertilization significantly increased grain and residue yields of oat but did not
affect these parameters in a pea. Oat was the dominant partner in the mixtures, strongly
outcompeting pea. Decreasing sowing ratios resulted in lower yields of both crops. Grain
and residue yield of oat slightly decreased with decreasing share in the intercrops, whereas
pea yields were strongly affected. The harvest index (HI) of pea was reduced by fertilization,
whereas that of oat was not affected. Intercropping resulted in a decrease in the HI of
both crops.

In the case of oat monocrops, a relatively high N fertilization rate (120 kg N ha—!) was
necessary to achieve an adequate grain yield (5752 kg ha~?!) or grain N yield (135.4 kg ha™1).
The inputs of mineral fertilizers dominantly affected the impact categories climate change,
eutrophication, and ecotoxicity. Pea monocrops can be considered as an environmentally
friendly option in this assessment. But in two cases (N60 and N120), there was an appli-
cation of mineral fertilizers, which increased the yield per unit area (according to results
presented by Neugschwandtner and Kaul [4,9]) and thus, offset the negative impacts asso-
ciated with them. From an environmental point of view, a variant without fertilization may
be suitable, but it did not provide such high yields per unit area. In addition, it must be
taken into account that a pea monocrop can be included only once in a four-year rotation.
This leaves variant 50:50 C, which can be considered interesting from the point of view of
both yield and environmental aspects. Besides, it is not a monocrop, and the oat can be
benefited by its leguminous, N-fixing companion, and therefore no additional mineral
fertilizer input is required.

The reduction of nutrient supply (especially N) is one of the sustainability strategies [2],
as emissions of N in the form of nitrate (NO3 ™) can result in eutrophication of nearby
water bodies (freshwater eutrophication) and, ultimately, of the ocean and the sea (marine
eutrophication) [13]. Yet, our results have shown for oat and pea monocrops that even high
N inputs did not necessarily cause high environmental impacts. Whereas in the case of
intercrops, unfertilized variants were much more environmentally friendly than fertilized
ones. From this point of view, the use of unfertilized oat:pea intercrops seems an interesting
way for achieving high grain N yields with low environmental impact. To achieve high
yields, only the benefit from the biological Nj-fixation, which is mediated by pea, was
exploited here [24], and LCAs with legume cropping systems should then account for these
benefits optimally [25]. According to Pelzer et al. [5] and Naudin et al. [15], it is more
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environmentally sustainable to grow intercrops than monocrops. Neugschwandtner and
Kaul [9] showed that sowing ratio and fertilization affected yield component parameters of
oat and pea compared to the corresponding monocrops. Oat in intercrops used available
environmental resources for increasing grain and panicles yield beyond those of oat in
monocrops, whereas harvest index and grain weight of pea were negatively affected
in the intercrops. But the mixing ratio of intercrops is important, e.g., in the study by
Monti et al. [26], a 50%:50% cereal:pea combination (based on full monocrop densities)
enabled a higher share of the legume on the total intercrop grain yield and provided a well-
balanced mixture in drought-prone environments, while with a combination of 100%:50%,
not only the legume was highly outcompeted by the companion cereal but also the cereal
failed to achieve in several cases similar yields as in the respective monocrop.

The LCA of selected cropping systems was influenced by several factors, one of those
was the allocation approach. The choice of allocation approach fundamentally affects
the results [27]. For the study, mass allocation, grain N yield, respectively, were used. A
similar approach, termed “nitro allocation”, was used, for example, by Naudin et al. [15],
who also calculated with the land equivalent ratio the unit area needed for achieving
similar yields. For functional units related to agricultural LCAs, the combination of
production/area/time is recommended [28]. According to Naudin et al. [15], intercrops are
an interesting example of the ecological intensification of cropping systems by improving
resource use and decreasing environmental impacts for all impact categories considered
based on the equivalence of production. This statement was not confirmed in this study
because, in several impact categories, intercrops showed higher environmental impacts per
unit of production and unit area compared to monocrops (especially those of peas).

Our results showed different values of the environmental impact related to the life
cycles of individual crops and variants of cultivation. Fertilizer inputs have had a signifi-
cant effect, as already shown for agricultural LCA by Hauschild et al. [22], especially when
applying the “from cradle to farm gate” approach. For this reason, too, a 50:50 C (unfer-
tilized oat:pea intercrop) was found to be a very interesting variant, with relatively high
grain yield and grain N yield and high sustainability potential. In the agricultural LCAs,
there is always the question of the field emissions, respectively emissions arising from the
N fertilizers production and application. Fertilizer consumption typically contributes to
potential impacts due to field emissions into all environmental compartments: air, water,
and soil. Reducing the dose of fertilizers used in the agricultural sector has long been
considered a key activity in reducing N,O and NO emissions in particular [29]. N,O can
be considered as the main greenhouse gas, and ecological management systems usually
produce less (also CO;) due to generally lower inputs [30]. More specifically, on-farm
use of fertilizers results in NO3; ™ leaching to groundwater, emissions of ammonia (NH3),
nitrous oxide (NO), and nitrogen oxides (NOy) to air, contributing to impact categories
such as acidification, climate change, and eutrophication [13].

A further approach for reducing the overall environmental impacts is organic produc-
tion, which is, in particular, decreasing the impact categories related to toxicity. Organic oat
production was generally perceived as more environmentally friendly than conventional
production. But under organic production, a decrease in the grain yield and, consequently,
economic profits can occur [31]. However, the opposite situation was also reported in pea,
i.e., organically grown pea could increase environmental impacts. For example, within
the Ecoinvent database sources [16], the higher environmental impact (within 18 impact
categories) was connected with 1 kg of organically produced pea compared to conven-
tionally grown one due to yield level. There is a risk that the importance of some impact
categories may be under or overestimated due to database sources. For a meaningful
packaging LCA, good quality of secondary data and reliability of the LCI methods are
absolute prerequisites [32].

Pesticides and other plant protection substances are another source of environmental
damage, which should be eliminated according to CAP plans [1]. Pesticides may be leached
out of the soil for 15 years or more after the end of their use (as in the case of atrazine
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used in maize crops). Besides, they produce many metabolites, which may have even
greater effects than their original parent compound. The intensity of their leaching was
strongly connected with precipitation-runoff events [33]. In agricultural LCAs, pesticides
mainly affect environmental toxicity categories [34,35], and field emissions that are linked
to pesticides can be estimated [36]. In this study, the pesticides were incorporated in
the growing cycle of all variants through the Ecoinvent database [16]. So, in the toxicity
categories, one of the inputs was chemical protection, i.e., emission from pyrethroid
insecticides, deltamethrin specifically, with relatively small impact (<5%). Deltamethrin
was considered rapidly degraded with a half-life of 8 to 48 h, depending on the mechanism
of distribution into water [37]. The monitoring of pyrethroid compounds and their fate in
the environment is important [38].

Together with pesticides, nitrates also leak into the surface and ground waters. Specific
outflows of both pollutants were significantly linked with specific water runoff, respectively,
with precipitation episodes. The situation in large agricultural and residential catchments
can be even worse and more complicated. The results show that it is still important to
monitor the fate of pollutants and foreign substances in the environment. There are still
many questions about their transport and behaviour, interactions in mixture with other
substances, and the impact on human health. Effective ways for reduction of their amount
and suitable management must be found. To reduce the outflow of pesticides and fertilizers
into surface waters, especially in the agricultural landscape, an establishment of perennial
green structures (as meadows, pastures, or perennial forage crops) seems to be a perspective
way [33]. Such green structures are among the generally recommended strategies in the
field of agrotechnology [39]. In this respect, intercrops can also underpin this function well.

Although the agricultural LCA method has been followed, a few limitations still
exist in this study. The LCA results can be influenced by various uncertainties, such
as model choices, initial assumptions, and data quality [22]. The data relating to the
yield components were adopted from multi-year field experiments [4,9]. But for the
comprehensive evaluation of the potential environmental impacts, data corresponding to
conditions of the experiment optimally (related to agrotechnical operations parameters,
seed production, land occupation, etc.) should be considered, which is also mentioned in
the guidelines of the Intergovernmental Panel on Climate Change (IPCC) [40]. In this study,
the inputs data were integrated from the libraries of the Ecoinventv3.7.1 database [16],
Agri-footprint v4.0 [17], and WFLDB [18]. In relation to the limits, also ecosystem services
associated with intercropping, content of soil organic matter (SOM), and benefits of carbon
sequestration are not implemented in the life cycle impact assessment method. There is also
a need to overcome currently prevailing assumptions for pesticide emissions (leading to
overestimation of freshwater ecotoxicity when considering field soil part of the ecosphere)
and to consider pesticide residues in crops as a contributor to human toxicity, which is
currently mostly missing in LCA studies (leading to underestimation of human toxicity
impacts) [41].

5. Conclusions and Prospects

Intercropping is an agricultural practice with the potential to increase the sustainability
of agricultural systems. Monocrops and intercrops of oat and pea with different sowing
ratios and amounts of calcium ammonium nitrate inputs were assessed by agricultural LCA.
The results showed that from an environmental point of view, oat:pea intercrops primarily
without N application had a low environmental impact. The results were influenced by the
yield level (grain N yield) and cannot be considered constant. However, an unfertilized
oat:pea intercrop seemed to be a sustainable and effective cropping system from the
perspective of environmental impact assessment, together with pea monocrops.

The results also indicated that intensive cultivation practices, i.e., practices with high
fertilizer inputs, do not necessarily confer the highest environmental impact. In this respect,
the achieved yield level, the choice of allocation approach, and the functional unit play a
dominant role. For agricultural LCA, it is possible to recommend the attributional approach,
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the multi-output processes for allocation, and the combination of functional units for data
interpretation optimally. The study also pointed to the importance of field trials to collect
adequate and objective data for LCI. The results of multi-year field experiments should
be considered as relevant input data. The results can contribute to the implementation of
intercropping in strategic plans, for example, in the area of the Green Deal for Europe.

Nevertheless, further research works, as well as methodological developments, are
still needed to keep on improving agricultural LCAs and intercrops:

(1) To focus on intercropping systems, whose high diversity contrasts with the low rate
of data available

(2) The modelling of field emissions of nutrients based on combining parameters of soil,
climate, biological fixation on nitrogen, and practices

(3) The fate of pesticides in the environment and their environmental impact

Economic aspects evaluation should be performed to develop the intercropping strategy.
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Abbreviations

CAN calcium ammonium nitrate

CAP The common agricultural policy

CO, carbon dioxide

Cvariant control variant

EC European Commission

eq equivalent

FU Functional unit

HI Harvest index

IPCC Intergovernmental Panel on Climate Change
ISO International Organization for Standardization
LCA the life cycle assessment

LCI the life cycle inventory

LERyN land equivalent ratio of N yields

N nitrogen

N> dinitrogen

NH;j; ammonia
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NO nitric oxide
N>O nitrous oxide
NO3~ nitrate

NOx nitrogen oxides

N60 variant  variant with the input of 60 kg N ha~!
N120 variant  variant with the input of 120 kg N ha~!

P phosphorus
SO, sulfur dioxide
tkm the tonne-kilometer
SOM soil organic matter
WFLDB World Food LCA Database
1.4-DB 1.4-dichlorobenzene
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