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under an organic regime in Galicia, Spain. Life Cycle Assessment methodology was used to determine the environmen-
tal impacts of three rotation systems over a six-year period: lupin — wheat — rapeseed (OA1), lupin — potato — wheat
Cropping systems (OA2), and lupin — wheat — rapeseed || maize (OA3). For a robust assessment, three functional units were applied:
Nitrogen fertilisation land management (ha), economic indicator (gross margin in euros) and protein content (1 kg of protein-corrected
Functional unit grain). Moreover, the environmental profiles were compared with rotation systems without lupin crop in a conven-
tional regime. In terms of Global Warming, impacts of about 2214, 3119 and 766 kg COseq’ha™* were obtained for
OA1, OA2 and OA3, respectively. Moreover, OA1 is the best rotation in terms of land and protein. Meanwhile, OA2
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thermore, with the exception of acidification, organic systems are less impactful than conventional systems. Ammonia
emissions from the use of manure are the reason for these higher impacts. Organic rotations OA1 and OA2 have about
6 % or 15 % less gross margin than their conventional counterparts, respectively, however, an increase of 28 % was
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1. Introduction

Society is facing a scenario of steady population growth, changing die-
tary patterns and resource constraints as main challenges influencing the
food security scenario, which motivates the intensification of agricultural
production (Popp et al., 2010; Prechsl et al., 2017). Agricultural activities
are a major contributor to climate change, accounting for 52 % and 84 %
of global methane (CH,) and nitrous oxide (N,O) emissions, respectively,
as well as the eutrophication problems associated with the leaching of ex-
cess nitrogen and phosphorus nutrients in the agricultural area (Cai et al.,
2018; Prechsl et al., 2017).

Over the decade 2021-2030, the cereal production is expected to rise by
336 Mt. (OECD, 2021). The importance of cereals lies in the high levels of
carbohydrates, dietary fibre, and protein. Wheat is the most widely culti-
vated cereal in the world (Le Gouis et al., 2020) and represents a key crop
for food security (Erice et al., 2019). Spain produced around 25.4 Mt. of ce-
reals in 2020, with wheat and barley as the main crops (Ministerio de
Agricultura, 2021). In Galicia (north-western Spain), native wheat grain
can be classified into the “Caveeiro” and “Callobre” varieties with more
starch and less gluten in relation to durum wheat. This cereal is used to pro-
duce a high-quality national reference bread, recognised for its taste, tex-
ture and aroma, due to the use of sourdough and longer fermentation and
baking times in stone ovens (Camara-Salim et al., 2020). According to the
Protected Geographical Indication (European Union, 2019), the cultivation
of Galician autochthonous wheat is expected to double in the coming years.

The intensification of crop production and its high input consumption
leads to diverse environmental problems, depletion of non-renewable en-
ergy resources, biodiversity reduction, water pollution, and greenhouse
gas emissions (GHG) (Gonzélez-Garcia et al., 2021; Stoate et al., 2001). A
relevant input in the cropping system is related to fertilisers that provide
the required nutrients, especially nitrogen, for crop growth. However,
only a fraction of the nitrogen provided is consumed by the crop plant,
the major fraction (above 50 %) is taken up by the soil, as well as can be
lost directly as N5O by leaching (nitrate, NO3 ) or volatilization (ammonia,
NH; and nitrogen oxides, NOx) (Liu et al., 2016; Wowra et al., 2021), trig-
gering environmental issues such as eutrophication and global warming.

An interesting sustainable agricultural cropping strategy can be based
on crop rotation systems, which correspond to a sequence of different agri-
cultural crops grown on the same field. Growing different crops in chrono-
logical sequence has positive synergies, with benefits for the subsequent
crop provided by the previous one (Brankatschk and Finkbeiner, 2015).
Some of these benefits are related to improved phytosanitary conditions,
improved nitrogen management and consequently reduced related envi-
ronmental impacts (MacWilliam et al., 2014; Nemecek et al., 2015). Incor-
porating legumes in crop rotations brings benefits by preventing pests and
fixing atmospheric nitrogen, which reduces fertiliser requirements (Kopke
and Nemecek, 2010). Furthermore, this practice can improve yield, grain
quality and protein content in the following cereal crop (MacWilliam
et al., 2014). In this study, the attention will be focus on lupin, a grain le-
gume habitually ingested as appetizer or in form of flour. Lupin is rich in
unsaturated fats and proteins (40 % content, higher than lentil and chick-
pea) and is considered one of the legumes with the highest agronomic
growth in Europe, which could help reduce protein dependence on third
countries (van de Noort, 2016). In particular, the relevance of evaluating
the introduction of lupin into Galician winter wheat rotation systems is to
evaluate new forage production strategies to avoid dependence on
imported soybeans by local farmers. In addition, organic production of Ga-
lician autochthonous wheat faces problems related to weed control due to
the impossibility of using herbicides, which can be tackled by introducing
a legume into intensive wheat production for the production of autochtho-
nous Galician bread. This, when the approval of the Protected Geographical
Indication Pan Gallego by the European Union (European Union, 2019)
seems to open new opportunities to produce wheat of the native “Callobre”
and “Caaveiro” varieties. Moreover, the implementation of rotation sys-
tems can also be beneficial for bakeries, as in addition to improving protein
content, flour yield and grain specific weight are improved.
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The design of a sustainable rotation system must consider the various
environmental impacts generated, not only those associated with the
crop, but also those derived from the resources consumed. Life Cycle As-
sessment (LCA) is a method that quantifies the multiple environmental im-
pacts throughout the life cycle of the system under evaluation. This tool has
been successfully applied in several studies on agricultural systems
(Camara-Salim et al., 2021; Iriarte et al., 2021; Vasquez-Ibarra et al.,
2021a, 2021b). Through this method, it is possible to determine the stage
of the life cycle that represents the greatest contribution to environmental
impacts, and to propose improvement plans to reduce them. Despite the po-
tential environmental benefits of rotation systems, evidence of the prospec-
tive economic benefits is also required to encourage farmers to implement
these systems, introducing legumes as co-products in cereal-based rotation
systems.

The aim of this study is to assess the environmental impacts and eco-
nomic implications of the introduction of lupin as an alternative crop in Ga-
lician wheat-based rotation systems, within the framework of organic
farming. For this purpose, three rotation systems were evaluated to identify
the most favourable rotation system from an environmental and economic
point of view. Furthermore, this study seeks to identify possible synergies
among the crops within the rotation system, considering the effects that
returning the straw into the soil has on the following crop. In addition,
the rotation systems studied were compared with rotation systems without
lupin cultivation, under a conventional regime. It is therefore important to
determine whether the introduction of lupin cultivation can lead to a pro-
duction yield closer to the conventional regime, and what are the environ-
mental and economic consequences between these two land management
systems. Through this study, it is hoped to provide recommendations for
sustainable practices to motivate farmers and stakeholders to mitigate envi-
ronmental burdens by improving the economic performance of their agri-
cultural systems.

2. Materials and methods
2.1. Description of the crop rotation systems under organic regimen

In this study, the agricultural systems evaluated are dedicated to the Ga-
lician autochthonous winter wheat (Ge-WW) production under organic
farming. Moreover, the crop rotation systems consider potato (PT), maize
(MZ), oilseed rape (OSR), and lupine (LPN) as co-products. Therefore, the
three rotations evaluated are: i) OAl: Ge-WW — OSR — LPN; ii) OA2:
LPN — PT — Ge-WW iii) OA3: LPN — Ge-WW — OSR-G || MZ. All scenar-
ios were grown on a six-year rotation cycle. In addition to the main crop
(Ge-WW), the co-products are sold. In the OA3 rotation system, OSR-G is
an intercrop that is not harvested. It is sown in late summer to achieve a
good implantation and cover for the next crop, serving as nutrient for
maize cultivation.

2.1.1. Galician winter wheat and lupine cultivation

The organic cultivation of Ge-WW follows a strict limitation in the used
of mineral fertilisers and synthetic pesticides. The cultivation starts with a
chisel ploughing activity, followed by organic fertilisation with poultry ma-
nure. This is followed by sowing (150 kg seedstha ') combined with till-
age, which is performed in November. As no pesticides are employed, a
mechanical treatment is applied to eliminate weeds. Foliar fertilisation
(Nitromyel 30-0-0, 3 L-ha™!) is then supplied to the leaves of the plants,
which is acceptable in organic regimen (Gonzélez-Garcia et al., 2021). Fi-
nally, the wheat grain is harvested in July, leaving all the straw in the field.

As far as LPN is concerned, the crop requires few operational activities.
The process starts in February with mouldboard ploughing, followed by
mineral fertilisation with Physalg® (0-8-15), which is authorised in organic
regimen (CAAE, 2020). This is followed by combined sowing (150 kg
seeds'ha™ 1) and tillage performed in October. Finally, the lupin is harvested
in August with a yield of 2.7 tha ™!, leaving the straw completely in the
field. A summary of the agricultural activities involved is detailed presented
in Table Al in the Supplementary Materials.



R. Rebolledo-Leiva et al.

2.1.2. Oilseed rape, potato, and maize cultivation

For OSR cultivation, the process starts with two organic fertilisations
with poultry (5 tha™!) and cow manure (12 m>ha~') with chisel
ploughing in between. After fertilisation, seeding combined with soil tillage
is performed in September, followed by mechanical weeding. The OSR crop
receives as nutrient input all the straw obtained from the previous Ge-WW
crop in OA1 and OA3. The OSR is harvested in June with a yield of
2.5 tha~ ! in OA1, and the straw is left in the field. In the OA3 system,
OSR-G corresponds to an intercrop that will not be harvested, since the bio-
mass serves as a nutrient for the following crop, i.e., the MZ crop. Thus, in
the OSR-G crop, no fertilisation or mechanical treatment takes place. The
sowing process is performed with a combined rotary tiller with seed driller,
while the biomass is harvested using a brush cutter (i.e. shredder) with a
working width of about 2.5 m. A summary of the agricultural activities
for OSR-G in OA3 system is detailed presented in Table A2 in the Supple-
mentary Materials.

The MZ cultivation starts with two applications of organic manure
(poultry: 8 tha™! and cattle: 15 m*ha~') with a mouldboard and chisel
ploughing in between. After fertilisation, tillage and sowing (30 kg-ha 1)
activities are performed in May. This is followed by mechanical and insec-
ticide treatment (Spinosad 48 %) before harvesting. The organic crop MZ re-
ceives as nutrient input the total biomass left in the field by the previous
crop OSR-G in the OA3 system. The maize silage is harvested in October
with a yield of 25 tha~! and the straw is left in the field (2.5 tha™1).

As for the PT crop, the process starts with mouldboard and chisel
ploughing, followed by organic and mineral fertilisation. The former with
poultry manure from organic farms (5 tha™ 1), and the latter with PatentKali
(30 % K, 250 kg~ha’1), allowed in the organic farming regime. Then, a till-
age activity is realized, followed by the sowing process performed in April.
In addition, a reduced dose of insecticides and fungicides is applied along
with the mechanical treatment. The potato crop receives all the straw
from the previous lupin crop in OA2 as nutrient input. The potato is
harvested in September with a yield of 20 tha~! and the residual biomass
(10 %) is used for animal feed.
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The agricultural activities involved in the cultivation of Ge-WW, OSR,
PT and MZ are obtained from Gonzéalez-Garcia et al. (2021).

2.2. Description of crops production under conventional regimen

In the case of Galician winter wheat crop, field preparation requires
mouldboard ploughing and milling, followed by sowing (150 kg of
seedsha™'). Several agrochemicals are then applied: herbicides
(chlortoluron and diflufenican), mineral fertiliser (CAN 27 %) and fungicide
(tebuconazole). Oilseed rape production starts with chisel ploughing and
mineral fertilisation with NPK (8-15-15, 350 kg-ha™ 1, followed by a com-
bined soil tillage and sowing (4 kg seedsha ™ 1). In addition, post emergence
fertilisation (CAN 27 %) and herbicide treatment are applied. Regarding
potatoes, the cultivation starts with a mouldboard and chisel ploughing.
This is followed by mineral fertilisation with CAN 27 %, followed by the
sowing process. Herbicide treatment is carried out with metribuzin 70 %
and bentazon 48 %. Finally, in maize cultivation, mouldboard and chisel
ploughing is carried out first, followed by mineral fertilisation (NPK
8-15-15) and tillage. Sowing is combined with the application of an insec-
ticide (Lambda Cyhalothrin 0.4 %). During the growth of the crop, a second
fertilisation (CAN 27 %) and weed treatment are applied. For more details
on conventional cultivation, please see Gonzalez-Garcia et al. (2021).

2.3. Life cycle inventory and assumptions

2.3.1. System boundaries

The cropping system boundaries follow a cradle-to-farm gate approach
(see Fig. 1). Thus, the environmental assessment of each crop included
the extraction (e.g., fossil fuels and minerals), raw materials and equipment
(e.g., seeds, fertilisers, herbicides, insecticides, fungicides, and agricultural
machinery) as well as use (tailpipe and tyre abrasion emissions), mainte-
nance and final disposal of agricultural machinery. Furthermore, the
scope considered for each crop within the rotation corresponds to those
activities after the harvest of the previous crop until its harvest.

Main Crop
product

Crop by-
product

BIOMASS
HARVESTING

Fig. 1. The system boundary of each crop in the rotation system.
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The inventory of the cropping system includes primary and secondary
data. The first one collected through the farmer surveys is related to the
foreground system and corresponds to operating hours (h'ha™'), diesel
consumption (L:h 1), fertilisers and agrochemicals application (kg'ha™!)
and yields of products and by-products (tha~'). The second one associated
with background systems is obtained from the Ecoinvent® database 3.6v
(Wernet et al., 2016), corresponding to the production of resources
consumed (fertilisers, agrochemicals, seed, diesel and machinery). The
machinery used in each crop cultivation (kg machineryh ~ 1) was estimated
by considering the lifetime of the agricultural machinery available in the
Ecoinvent® database 3.6v and combined with the information on operat-
ing hours and weights collected through the surveys. In addition, tailpipe
and tyre emissions were obtained from the Ecoinvent® 3.6v database,
based on diesel consumption and machinery usage time for each system.

2.3.2. Functional units and allocation method

Agriculture is a multifunctional system that mainly focuses on commod-
ity production (productive function), preservation of sustainable land use
(land management function) and income generation (financial function)
(Goglio et al., 2014; Nemecek et al., 2011). Therefore, defining a functional
unit (FU) that adequately represents the main objective of these systems is a
challenging task. Accordingly, three different FU will be used in this study.
The first one refers to the functional unit of land management (FU1: ha) to
determine the best management option that minimises environmental
impacts based on land availability. The second refers to the economic func-
tion (FU2: gross margin, €) to determine the management alternative that
produces the highest gross margin with the lowest environmental impact,
i.e., an eco-efficiency approach. The third refers to the main target of the
cropping system, which is to provide a high-quality wheat grain to produce
Galician bread. Thus, the protein content (FU3) is selected as the unit of
comparison. As mentioned by MacWilliam et al. (2014), the introduction
of pulses increases the yield and protein content of the following cereal
crop. This leads to a better rheological behaviour of the dough (water
absorption capacity, development time, weakening and stability) in bread
production. Therefore, this FU aims to reflect the production of a high-
quality wheat grain (consequently a high-quality bread). Thus, the FU3 is
defined as 1 kg of 15.1 % of protein-corrected wheat grain (MacWilliam
etal., 2014).

The rotation system is considered as a complete cropping system,
following the recommendation of Goglio et al. (2018). In this sense, the
residual biomass of the crop is returned to the field, so no co-products are
obtained. Consequently, no allocation method is necessary (Camara-Salim
etal., 2021).

2.3.3. Direct and indirect emissions from the field

Direct and indirect emissions from the field generated by fertiliser and
agrochemical applications were also considered for the environmental
assessment where applicable. Thus, N,O emissions were estimated accord-
ing to the Intergovernmental Panel on Climate Change (IPCC, 2019). Nitro-
gen dioxide (NO,) and NH; emissions were determined according to the
European Monitoring and Evaluation Program and the European Environ-
mental Agency (EMEP/EEA, 2019). In addition, phosphorus (PO3)
leaching and runoff (Prasuhn, 2006) and NOj3; leaching (Faist
Emmenegger et al., 2009) were considered. N,O emissions to air are related
to impact categories such as Global Warming Potential and Stratospheric
Ozone Depletion. NO, and NH; emissions to air are responsible for Acidifi-
cation, meanwhile, phosphorus and NO3 emissions to water are related to
Freshwater and Marine Eutrophication, respectively. Finally, pesticides
emissions were estimated based on the Product Environmental Footprint
Category Rule (European Commission, 2018).

Poultry and cow manure was applied in agricultural activities. Accord-
ing to information provided by farmers, 50 % of the manure is used for
energy purposes on the farms, while the rest is used as biofertiliser, which
can generate an economic revenue. An economic allocation approach was
considered to distribute the environmental burdens of agricultural activi-
ties among the co-products obtained (manure, electricity, and animal
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products). In this sense, an allocation factor of 1 % was established for poul-
try manure based on the poultry farm inventory data (Gonzalez-Garcia
et al., 2014). As for the cow manure (Cortés et al., 2021), an allocation
factor of 4.1 % was considered.

2.3.4. Direct and indirect land use change

Land use change (LUC) is a major source of impacts on the life-cycle
environmental performance of agricultural systems (Gonzélez-Garcia
et al., 2021; Schmidt et al., 2015). The impacts associated with LUC caused
by land use consider two approaches: direct land use change (dLUC) and
indirect land use change (iLUC). The dLUC represents changes in biomass
and soil carbon content that occur on the land linked to land use, while
iLUC refers to carbon changes that are not directly related to land use
(Schmidt et al., 2015). In this study, both LUCs were considered to assess
changes in soil carbon content due to the return of residual biomass to
the field. Following the seven-step biophysical model (Schmidt et al.,
2015), the emission factor iLUC for agricultural land used per cropping
system over a six-year period was 289 kg COyeq-ha~!. Regarding dLUC,
harvesting in Ge-WW focuses only on grain and straw is left in the field.
The same applies for oilseed rape and potatoes, where only the seeds and
tubers were harvested, leaving the straw and leaves in the field.

Likewise, whole maize and lupin plants were removed, leaving the
residual biomass in the field. Consequently, changes in soil organic compo-
sition occur. In this regard, it was assumed that approximately 16 % of them
will be stored in the soil in the long term (Fang et al., 2019) with a carbon
content of 49 % for wheat (Brandao, 2012; IPCC, 2019), 47 % for lupin
(Tizazu and Emire, 2010), 42 % for maize (Pei et al., 2015), and 41 % for
rapeseed (Peterson and Hustrulid, 1998; Rebolledo-Leiva et al., 2022).
Thus, the increase in soil carbon content is considered an environmental
credit. In addition, the remaining 84 % of the carbon content of the residual
biomass has to be emitted; however, this emission was not taken into
account in the assessment, as both fluxes were assumed to occur in the
same year. The decomposition of the residual biomass during the following
years was considered for the same reason.

2.4. Environmental impact categories

In order to determine the potential environmental impacts based on the
life cycle inventory of the rotation systems, the ReCiPe 2016 V1.04
Hierarchist midpoint world method (Huijbregts et al., 2017) was chosen.
This method provides characterization factors representative of the global
scale, and it is one of the most employed (Borghesi et al., 2022), since it
is an improvement on ReCiPe 2008, and its predecessors CML 2000 and
Eco-indicator 99. Thus, the ReCiPe method is updated frequently. The
hierarchist perspective has been considered since it is considered the
most balanced of the three proposed by the method (Vitale et al., 2018).
The environmental impact categories frequently used in the environmental
assessment of agricultural systems were considered: global warming (GW),
stratospheric ozone depletion (SOD); terrestrial acidification (TA), freshwa-
ter (FE) eutrophication, marine eutrophication (ME), terrestrial ecotoxicity
(TET), freshwater ecotoxicity (FET), marine ecotoxicity (MET), and fossil
resource scarcity (FRS). The SimaPro software 9.3.0.2 (PRé Consultants,
2020) was employed to model the rotation systems.

2.5. Comparing rotation systems under organic and conventional regimen

In order to evaluate the advantages and disadvantages of the introduc-
tion of lupin cultivation in rotation systems under organic farming (OA),
the results are compared with rotation systems without lupin cultivation
under a conventional regime (CR). In this way, the comparison will reflect
two opposing management practices that are mainly applied in Galician
wheat grain production.

The environmental profile of Galician winter wheat rotations under a
conventional management are obtained from previous work (Gonzélez-
Garcia et al., 2021). The rotation systems without lupin cultivation are: i)
CR1: Ge-WW — OSR; ii) CR2: Ge-WW — PT; iii) CR3: Ge-WW — MZ.
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Table 1
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Crop rotation sequences of rotation systems under organic and conventional regimen.

Rotation Year 1 Year 2 Year 3 Year 4 Year 5 Year 6
RC1 Ge-WW OSR Ge-WW OSR Ge-WW OSR
OAl Ge-WW OSR LPN Ge-WW OSR LPN
CR2 Ge-WW Ge-WW PT Ge-WW Ge-WW PT
0A2 LPN PT Ge-WW LPN PT Ge-WW
CR3 Ge-WW MZ Ge-WW MZ Ge-WW MZ
OA3 LPN Ge-WW OSR-G OSR-G MZ LPN Ge-WW  OSR-G OSR-G MZ

Therefore, the comparison between rotation systems is as follows: a) CR1 —
OA1; b) CR2-0A2; and c) CR3 — OA3. The sequence of the rotation systems
is presented in Table 1.

3. Results and discussion

The main objective of incorporating lupin is to improve the yield of the
following crop in the rotation. Considering as a reference the yield of crops
in a rotation without lupin (also in organic regime), wheat grain yield
grows by about 12.5 % on average when it is the immediately following
crop (i.e., OAl and OA3: LPN — Ge-WW), and by about 7.5 % when it is
the third crop in the rotation (i.e., OA2: LPN — PT — Ge-WW). Meanwhile,
yield growth was around 12.5 % for PT, on average. Leaving the rapeseed
biomass in the soil resulted in a yield increase of about 12.5 % for the MZ
crop. A summary of the yield production is presented in Table A3 in the sup-
plementary materials.

3.1. Environmental profiles based on land management

The comparison among the three rotation systems for the environmen-
tal impact categories under study is presented in Fig. 2. According to this
figure, it is possible to observe that different rotation systems represent
the best alternative based on the impact category evaluated. The OA1 sys-
tem is the best option according to the indicators in six of the nine impact
categories, such as TA, FE, TET, FET, MET and FRS. The most remarkable
differences appear in FE and FRS categories in which OA1 represents a re-
duction of about 40 % and above 20 %, respectively, regarding OA2 and
OA3 systems. The OA2 system is the alternative recommended only in

100

8

o

6

o

4

o

2

o

Comparative profile (%)

GW SOD TA FE

mOA1 mOA2

the SOD category, but with a low difference of about 10 % with the rotation
OALl. The OA3 system is the best rotation for GW and ME categories. In the
first one, this rotation obtains differences about 46 % and 75 % with respect
to rotation OA1 and OA3, respectively. Meanwhile, in the second one, envi-
ronmental credits are obtained due to nitrogen fixation by lupin and maize
crops. However, OA3 represents the worst option in SOD and TA categories,
due to its higher emissions of dinitrogen monoxide and ammonia, respec-
tively. Moreover, it is important to mention that the OA2 system is the
worst performance in seven out of nine impact categories, such as GW,
FE, ME, FRS, and toxicity-related categories. Although a reduced dose of in-
secticides and fungicides is applied along with the mechanical treatment in
PT cultivation, this plays a key role in the remarkable difference in the
toxicity-related categories.

Fig. 3 presents the crop contribution in each rotation in order to identify
the crop that represent the hotspot of the system. In this sense, the identifi-
cation of this crop depends on the impact category evaluated. In the OA1
system, the co-product OSR is the main contributor in GW, SOD and TA cat-
egories, due to field emissions by manure application. Meanwhile, lupin is
the main contributor in toxicity-related categories (TET, FET, and MET) and
marginally in FRS (about 7 % higher than Ge-WW). The seed and
potassium-phosphate fertiliser production are behind these impacts. Fur-
thermore, lupin presents the major copper and zinc emissions related to
TET, as well as to FET and MET, respectively. The main crop Ge-WW is
the major contributor only in the ME category, due to the nitrate emissions
by foliar fertilisation.

In the OA2 system, potato plays a key role in the environmental impacts,
being the main contributor in almost all categories evaluated, except for the
FE category, where Ge-WW is the main contributor with 51 % of the

0 |‘ || |‘ |‘ ‘ | | | |‘

ME TET
OA3

FET MET FRS

Fig. 2. Comparison of crop rotation systems based on land management (FU: 1 ha).
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Fig. 3. Crops contribution in the rotation systems based on land management (FU: 1 ha).

impacts, due to phosphorus emissions. The contribution of potato is notably
relevant in ME, by the nitrate emissions of poultry manure employment, as
well as toxicity-related categories with a range of 76 % to 83 %. The produc-
tion of seed and pesticide is the main responsible of toxicity impacts. Con-
cerning the OA3 system, maize is the main contributor in five out of nine
impact categories (GW, SOD, TA, FE, and FRS). This crop is the major con-
sumer of diesel with about 96 L+:h ~ !, which is almost twice the amount con-
sumed by the other crops in the rotation and motivates its higher
contribution to the FRS category. In GW category, the maize represents
the 64 % of the impacts of the rotation, which is about three times the im-
pacts of Ge-WW. The reason behind this is the field emissions by
fertilisation, and the consequently, high dinitrogen monoxide emissions.
Similarly, impacts related to SOD, TA, FE, are based on dinitrogen monox-
ide, ammonia, and phosphate field emissions, respectively. Exceptions
occur in the eco-toxicity related categories, where lupin is the key crop.
The rationale behind the main role of lupin in the toxicity-related categories
lies in fertiliser production and seed production for planting activity. More-
over, lupin and maize in the OA3 systems represent environmental credits
in ME category due to nitrogen fixation.
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Fig. 4 shows the contribution of the life-cycle stage in the rotation sys-
tems in order to identify the relevant process in the environmental perfor-
mance. Accordingly, field emissions represent the greatest contribution in
five out of nine impact categories such as GW, SOD, TA, FE, and ME.
Field emissions include emissions to air, water and soil associated with
the fertiliser application and weed treatment (e.g., in PT and MZ crops),
straw decomposition and the iLUC factor (289 kg CO.eq per rotation sys-
tem). Nitrogen-based fertilisation drives the relevant contribution of field
emissions based on N,O in the GW and SOD categories. Meanwhile, NH3
is a relevant component in the TA category. Phosphate and nitrate emis-
sions to water are the hotspots in the FE and ME categories respectively,
arising from field emissions from fertilisers. For the toxicity-related catego-
ries, copper and zinc emissions are the main concerns, which occur due to
machinery activities such as tillage and seeding, followed by fertiliser appli-
cation. Moreover, in the FRS category, combined tillage, and sowing,
followed by harvesting are the main responsible, mainly driven by crude
oil consumption. Finally, a relevant factor in the GW category, contributing
to reducing the GHG emission per cropping system, are the credits associ-
ated with the straw returned into the soil and the consequence increase in
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Fig. 4. Contribution of life-cycle stages in rotation systems based on land management.
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the soil carbon content. This effect is noticeable in OA3 system because of
the reception of large amounts of rapeseed straw. In this way, the carbon
stored in the soil due to straw deposition are —5.1 t CO,eqha™ ! in OAl,
—3.4 t COseqha™' in OA2, and — 9.4 t CO,eqha™! in OA3 rotation.
The lower contribution in OA2 system refers to that only the straw of
wheat and lupine return to the field.

3.2. Environmental profiles based on economic performance

To determine the gross margin of the rotation systems, it is necessary to
determine the income obtained from crop sales and the total costs involved.
As for the total cost of production of rotation systems, this can be divided
into activity costs (diesel, use of machinery and labour) and input costs
(seeds, agrochemicals, fertilisers, and manure). Fig. Al in Supplementary
Materials depicts the contribution of income and costs of the main crop
(i.e., Ge-WW) and alternative crops in the three cropping systems. Accord-
ingly, OA2 system obtains the highest profit levels for this crop, and all
three systems obtain a positive gross profit with 2985 €-ha™! in OA1,
5708 €ha” ' in OA2, and 4256 €ha ™' in OA3.

Regarding the distribution of total costs, activity costs have the highest
share in the rotation systems OA1 and OA3 with 66 % and 72 % of total
costs, respectively. Meanwhile, input costs account for about 76 % of
total costs in the OA2 system, due to the high value of seed inputs for potato
cultivation. In addition, the costs associated with the production of alterna-
tive crops are quite remarkable. In this regard, alternative crops account for
about 62 %, 89 % and 75 % of the total costs in system OA1, OA2 and OA3,
respectively. However, alternate crops also represent the major sources of
incomes in the rotation systems. Thus, these crops obtain a participation
in the incomes of 63 % in OA1, 83 % in OA2, and 72 % in OA3. Those
crops that obtain the major gross margin are OSR in OA1 (1070 €ha™ 1),
PTin OA2 (3253 €ha™ ') and MZ in OA3 (2860 €ha ™ '). Regarding the eco-
nomic importance of lupin cultivation, this crop does not represent a rele-
vant share of the total costs in the rotation systems, with contributions of
29 %, 8 % and 18 % in OA1, OA2 and OA3, respectively. Finally, concern-
ing Ge-WW crop, the increase in the production yield by the introduction of
lupin as predecessor crop lies in a growth of the gross margin of this culti-
vation.

Determining the environmental profiles per gross margin (€) (see
Table 2), some changes in the preferences of the cropping systems are iden-
tified. The OA3 system is the recommended rotation in five of the nine cat-
egories, such as GW, ME, and toxicity. The OA2 system has the best
environmental performance in the remaining four categories, such as
SOD, TA, FE and FRS. The lowest benefit obtained by the OA1 system lies
in the poor performance in eco-efficiency (environmental impacts for eco-
nomic benefits), despite the best performance in five categories in the
land management approach. In contrast, the shift in preference of the
OAZ2 system is due to its higher benefit levels. However, this system still
being the worst rotation in ME and toxicity-related categories. This also
happen with the OA3 system, which improve the environmental perfor-
mance in three categories (TET, FET, MET) with respect to the land man-
agement perspective, and it is marginally the worst option in SOD and TA

Table 2
Environmental profile of organic rotation systems based on gross margin and pro-
tein-corrected grain.

Impact category Unit Gross margin (€) Protein-corrected grain

OAl  OA2 OA3 OAl OA2 OA3
GW kg CO,eq 0.742 0.547 0.180 3.259 3.825 1.014
SOD g CFCypeq 0.047 0.021 0.048 0.208 0.148 0.272
TA kgSO,eq 0.034 0.022 0.035 0.150 0.151 0.200
FE gPeq 0.683 0.600 0.677 2998 4.198 3.817
ME gNeq 4.135 6.679 —3.257 18.164 46.749 —18.359
TET kg 1,4-DCB  0.648 1.225 0.598 2.847 8.572 3.368
FET kg 1,4-DCB  0.003 0.006 0.002 0.013 0.043 0.013
MET kg 1,4-DCB  0.004 0.008 0.003 0.017 0.055 0.017
FRS kg oil eq 0.129 0.111 0.133  0.569 0.776 0.750
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categories. Finally, from an economic perspective, it is possible to establish
that incorporate alternatives crops increase the profit of the rotation sys-
tems, improving their environmental performance.

3.3. Environmental profile based on grain protein content

Regarding the environmental profile of the rotation systems based on
protein-corrected grain (see Table 2), the preferences of the rotation sys-
tems are similar to those obtained in the land management approach. The
total amount of protein content obtained is 680, 815 and 755 kg-ha™! in
0OA1, OA2 and OAS3, respectively. OA1 system is the recommended system
in six out of nine impact categories such as TA, FE, TET, FET, MET, and FRS.
Meanwhile, the OA3 system is the best rotation in GW and ME categories,
and the OA2 system is a feasible option only in SOD category. In this
sense, the greatest amount of protein grain in OA2 system (815.4 kg)
does not allow it to obtain a better environmental profile as occur in the
economic perspective. Moreover, it is important to mention that the differ-
ence between the environmental profiles of OA1 and OA3 are lower in pro-
tein content perspective than land management. For example, in toxicity-
related categories, the difference is 3 % considering the impacts based on
the protein content, meanwhile, the difference is 5.4 % in the land manage-
ment approach. Similarly, the results obtained for OA1 and OA2 in the TA
category present a difference of about 1 %.

3.4. Comparing conventional and organic regimen

Under conventional conditions, the cultivation of the Galician variety is
performed with few agricultural activities and low agrochemical require-
ments. As counterpart, organic regimen aims to minimize the inputs con-
sumption and strictly limited the use of synthetic pesticides and mineral
fertilisers. Here it is discussed and compared both agricultural regimes in
order to determine benefits and drawbacks of the three organic rotation
systems under study.

The comparative profile of the rotation systems based on land function
is presented in Fig. 5. Accordingly, in almost all categories, the organic reg-
imen presents the best environmental performance in the three rotation sys-
tems. The exception occurs in the TA category, in which all organic systems
are worse than conventional regimen, mainly, due to the manure applica-
tion as fertiliser. For example, the OA3 system reports the worst profile,
due to the use of animal manure as fertiliser, mainly in maize crop
(8 tha™?! of organic poultry manure and 15 m>ha~?! of organic cow
manure). This motivates the outstanding field emissions of NH; into air
(90 % of total contributing emissions). Regarding GW category, notable
reductions are obtained with OA2 and OA3 regarding their conventional
counterparts. The first one obtains a reduction of 93 % and the second
one a 64 % regarding to CR2 and CR3, respectively. The role of the carbon
storage in the soil when returning straw is applied allows to balance the
GHG emissions produced by these rotations. CR1 returns about 28 t dry
strawha ™! compared to the 19 t dry straw+ha ™! of the OA1. CR2 left in
the field about 33 % more amount of dry straw than OA2 (9 against
6 tha™1), and CR3 about 9 % more than OA3. However, if excluding the en-
vironmental benefits that this action represents, the three organic rotations
are still better than conventional ones. OA1 system obtains a reduction of
about 24 % with respect to CR1, meanwhile, OA2 and OA3 get a decrease
of 34 % and 40 % relative to CR2 and CR3, respectively. In SOD category,
the organic OA3 system obtains the highest reduction of about 40 % related
to CR3. Furthermore, returning the biomass of LPN and OSR-G to soil al-
lows the N fixation, which represents the benefits obtained in the OA3 sys-
tem, and lies in a notable difference with CR3 in the ME category. In
addition, organic systems get remarkable results in toxicity-related catego-
ries, as well as in FRS, especially in OA2 and O3 rotations. The above occurs
due to the high consumption of fertilisers and agrochemicals in potato and
maize cultivation in CR2 and CR3 systems, respectively.

If gross margin of organic and conventional regimens is compared (see
Fig. 6a), introducing lupin in an organic regimen presents a close profit
level in OA1 and OA2 systems with respect to conventional regimens CR1
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Fig. 5. Comparison of organic and conventional rotations based on land management.

and CR2, respectively. The OA1 system is only 6 % below the profit of the
CR1 system (i.e., 191 €ha™ 1), meanwhile, the OA2 system is 15 % below
the gross margin of CR2 (i.e., 991 €ha™'). The only one that obtains a
higher profit level is the OA3 rotation, with about 28 % above than CR3 sys-
tem (1053 €ha ). In this sense, the introduction of lupin crop in these ro-
tation systems support the growth of the yield production and,
consequently, the profit level of the systems, obtained an economic
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performance closely to conventional regimen, and avoiding cost related
to the consumption of agrochemicals. When the environmental impacts
per gross margin are compared, results also indicate that organic rotations
are the best alternative, apart for TA category (see Fig. A2 in Supplementary
Materials). The highest reduction percentages are observed in ME and
toxicity-related categories. Again, the use of agrochemicals is a vital factor
in the environmental performance of these rotations.
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Fig. 6. Comparison of rotation systems grain of organic and conventional rotations.
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Since the introduction of the legumes in cereal rotation systems help to
increase the protein content of the following crops (i.e., Ge-WW), both re-
gimes are compare based on the protein performance. For the conventional
systems, a protein content of 14.5 % is considered for Galician wheat grain
(Campo Galego, 2020). The environmental performance of rotation sys-
tems under an organic regimen is better than conventional systems in var-
ious categories, such as GW, ME, TET, FET, MET and FRS (see Fig. 6b),
despite the lower wheat yield production of organic regimen, which mar-
ginally rises due to the higher protein content because of lupin introduc-
tion. Exceptions occur in TA and FE categories in which conventional
systems obtain better results, this happens because of the higher impacts re-
lated to ammonia emissions by manure fertilisation in organic systems in
TA categories. Meanwhile, in the FE category, the higher yield quantity of
grain produced in the conventional regimen allows for obtaining a lower
profile of environmental impacts per protein content. Finally, in SOD cate-
gory marginal reductions are obtained with organic rotations in OA1 and
OA3, meanwhile, comparing rotation OA2 and CR2 no significant differ-
ence is observed.

4. Conclusions

This study aims to evaluate the environmental and economic implica-
tions of introducing lupin in three wheat-based rotation systems under an
organic regimen in Galicia, Spain. Accordingly, the selection and imple-
mentation of the organic rotation system depends greatly in the type of
co-products that will present in the lupin-wheat based rotation. In this
sense, in terms of land management and protein content, the OA1 system
is the recommend rotation in most of the impact evaluated, due to the
lower impact contribution of rapeseed regarding potato or maize. Never-
theless, from an economic perspective, rotation OA3 is the best alternative
since the higher gross margin obtained due to the co-products present in
this rotation, mainly maize. Thus, farmers can select the alternative that
suits best their main productive objective.

Results showed that, in general, the introduction of lupin crop represent
a favourable strategy from an environmental and economic perspective. In
this way, the application of nitrogen fertilisers could be reduced in the sub-
sequent crops of the legume, leading to significant environmental improve-
ments related to the reduction of field emissions, such as N,O, NH; and
nitrate leaching, among others, as well as less diesel consumption for re-
lated machinery activities. In this study, agricultural activities are impor-
tant, for example to fossil resource scarcity, but not rather than
fertilisation and their field emissions in the remaining categories. Further-
more, introducing lupin helps to increase the yield production of the follow-
ing crop, leading in a higher profit level of the rotation.

On the other hand, organic rotations present, in general, a better envi-
ronmental performance regarding conventional ones without lupin based
on a land function. However, the higher NH3 emissions from manure appli-
cation is a challenge that requires further research to proposed lees impact-
ful practices in this area. When focusing only on economic performance,
lupin cultivation does not represent a relevant cost contribution and allows
profit levels close to or even higher than conventional systems. Finally, this
study provides useful information for farmers to support the implementa-
tion of viable strategies that represent environmental and economic bene-
fits. Further studies could address the social performance of such systems
in order to achieve sustainable agricultural systems.
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