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ARTICLE INFO ABSTRACT

Keywords: Modern agriculture is linked to desertification, massive biodiversity loss and environmental degradation of the

Lca ecosystems. In contrast, crop rotation represents an agronomic approach included in conservation agriculture

]sacf’lsyStelf‘ls with important environmental and agronomic benefits, such as N fixation, pest and weed control, improvement
Cm qil ality of soil characteristics and reduction of crop fertilizer demand. Wheat is a staple food in Morocco, as are legumes,
ereals

which are present in a wide variety of Moroccan recipes and represent an important source of energy and nu-
trients. The present study evaluates the environmental performance of incorporating chickpea and lentils in a
crop rotation system in Morocco that aims to decrease the environmental footprint of the traditional wheat-based
crop. An attributional Life Cycle Assessment was conducted in three cropping systems that are grown in two-year
cycles: R1 (chickpea:wheat), R2 (lentil:wheat) and M (wheat:wheat). Emissions were quantified in terms of life-
cycle related environmental impacts and compared between cropping systems based on two functional unit (kg
of wheat harvested). Rotation systems stand out as the most environmentally friendly, with the most notable
reductions in the categories of stratospheric ozone depletion and water scarcity (34 % and 50 %, respectively).
The environmental improvement from crop rotations was most significant when considering the calculation basis
of hectare cultivated versus kg of wheat, which is due to the estimated yield trade-offs in both approaches. In
terms of biodiversity loss, no significant differences were observed between crop rotations and monoculture, as
the impact on this indicator is mainly attributed to land conversion pressures. This study provides guidance for
better formulating crop rotation strategies in the Mediterranean and similar arid regions. Future research should
also assess the effects of agriculture on ecosystem services to provide a more comprehensive analysis to support
decision making.

Environmental credits

1. Introduction

Since the Green Revolution in the 20th century, agriculture has been
characterized by intensive use of agrochemicals (e.g., mineral fertilizers
and plant protection products), water, and heavy mechanization in an
effort to maximize yields (Muhammed et al., 2018). However, it is
widely recognized that this agricultural model, beyond improving yields
in the short term, compromises future food production by undermining
ecosystem balance (Landis, 2017; Tang et al., 2018; Rose et al., 2023).
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According to Rossi (2020), 52 % of fertile land is already degraded, with
a loss rate of 10 million hectares per year (Hossain et al., 2020). The
African continent is particularly vulnerable to these desertification
pressures, for which FAO has predicted that two-thirds of its arable land
is at risk of being lost by 2050 (Rossi, 2020).

Agriculture is the main source of staple food but to some extent it has
caused a great impact on biodiversity (Dudley and Alexander, 2017).
According to a recent publication by the World Wildlife Fund (WWE,
2022), wildlife population has declined by 69 % since 1970, mainly due
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to the loss and fragmentation of natural habitats and environmental
pollution (Azevedo et al., 2015; Chaudhary and Brooks, 2018; Barbar-
ossa et al., 2021). In this regard, agriculture is known to be the cause of
approximately one third of global greenhouse gas emissions and 78 % of
eutrophication of oceans and freshwater bodies (Ritchie and Roser,
2022). A decline in biodiversity and soil quality critically affects
ecosystem services on which human well-being is based (Landis, 2017;
Drobnik et al., 2018; de Graaff et al., 2019). For instance, birds and
insects play an important role in pollination, on which 75 % of food
crops depend (Potts et al., 2016; Katumo et al., 2022), and soil micro-
organisms are essential for nutrient cycling and the provision of food,
fibers and other raw material (Wall and Nielsen, 2012; Zhang et al.,
2021).

Damage to ecosystems and their associated services is not only an
environmental, but also an economic and social problem that jeopar-
dizes the achievement of most of the United Nations Sustainable
Development Goals (SDGs) (Yin et al., 2021) including food, and water
security. With the world population expected to grow to 9.7 billion by
2050, meeting future food demand in a sustainable manner poses an
even greater challenge for agriculture. Despite the difficulties, it is
essential that the path to food security goes hand in hand with alter-
native models that maintain or even increase food production while
preserving ecosystems (Watson et al., 2021). FAO suggests conservation
agriculture as a promising approach to increase yields through sus-
tainable intensification (Corsi and Muminjanov, 2019). Unlike conven-
tional agriculture, this model aims to maintain ecosystems based on
three main axes: minimal mechanical soil disturbance, permanent
organic soil cover and species diversification (Corsi and Muminjanov,
2019). Institutions such as ICARDA (International Center for Agricul-
tural Research in the Dry Areas) and INRA Morocco (National Institute
for Agricultural Research) are working together to increase cereal yields
using the conservation agriculture approach in the low rainfall regions
of North Africa (ICARDA, 2021). Morocco is leading the transition to
conservation agriculture through the Moroccan Collaborative Grant
Program (MCGP), a research project developed between INRA and
ICARDA with the main objective of establishing conservation agricul-
ture on one million hectares of arable land by 2030 (ICARDA, 2021;
INRA, 2021).

Agriculture is at the backbone of the Moroccan economy, accounting
for 14 %20 % of its GDP and 40 % of total employment (El Mekkaoui
et al., 2021). Approximately 65 % of arable land is devoted to cereal
crops, with wheat being the main commodity on a gross value basis (El
Mekkaoui et al., 2021). Although cereals are predominantly grown in
monoculture schemes (Bishaw et al., 2021), crop rotations with legumes
are being promoted (ICARDA, 2021), particularly with chickpeas, lentils
and beans. Indeed, it is recognized that legume-based rotations are
clearly more economically advantageous than monocrop regimes in
dryland areas of Morocco (Yigezu et al., 2019). Legume crops play a vital
role in the country’s food security and economic development by being
part of many traditional dishes and an important source of protein
(Badraoui et al., 2016; Otieno et al., 2020). Its remarkable ability to
uptake atmospheric nitrogen into molecules easily uptake by plants
contributes to reducing the need for mineral fertilizers (Kopke and
Nemecek, 2010) and, by extension, to reducing and stabilizing pro-
duction costs, as these chemicals are expensive and vulnerable to market
fluctuations (Abbott and Borot de Battisti, 2011; IFPRI, 2022). Among
other agronomic and environmental benefits, crop rotations contribute
significantly to increasing soil organic matter (SOM) (EIP-AGRI, 2016),
which in turn, supports soil functions such as water infiltration, water
holding capacity, erosion protection, and nutrient storage for plants and
soil biota, in which SOM plays a key role (Palm et al., 2014; Hatten and
Liles, 2019). In addition, crops considered in rotations can act as break
crops (e.g., competing with pests and weeds for resources) and/or ni-
trate scavengers (e.g., absorbing excess nitrogen) (Blanco-Canqui et al.,
2022).

In line with this, the present study evaluates the environmental
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performance of combining wheat with two leguminous crops (lentils and
chickpeas) in the Mediterranean region of Morocco. For this purpose,
the Attributional Life Cycle Assessment (ALCA) methodology has been
applied to verify whether these combinations outperform monoculture
in environmental terms. The LCA methodology has proven to be a
valuable tool not only to determine the environmental profile of crop-
ping systems, but also to identify critical loads throughout their life cycle
and within a wide range of environmental problems (so-called impact
categories) and, based on this, suggest specific improvement measures
(Gonzalez-Garcia et al., 2021; Rebolledo-Leiva et al., 2022a).

Some previous research has explored the environmental aspects of
crop rotation systems through LCA. One of the pioneers was van Zeijts
et al., who in 1999 dealt with how to assign fertilization emissions in
crop rotations based on crop uptake and efficiency. Several subsequent
studies have mostly focused on generating bioenergy and biofuels with
lower environmental impact by using crop rotation systems (Styles and
Jones, 2007; Monti et al., 2009; Arnold, 2010; Feng et al., 2010; Krohn
and Fripp, 2012; Grau et al., 2013; Souza and Seabra, 2013). In 2010,
Kopke and Nemecek conducted an in-depth analysis of the ecological
benefits of fava beans in rotation and emphasize the need to study these
benefits at a whole rotation level rather than as an individual crop to
effectively incorporate them in the assessment. Further studies have
followed that analyzed the environmental performance of using
different legumes (such as lupin, oilseed rape, soybean, chickpea, and
pea) in rotation with crops like wheat, maize, barley, and paddy fields
(Nemecek et al., 2015; Hokazono and Hayashi, 2015; Cai et al., 2018;
Morandini et al., 2020; Costa et al., 2021; Costantini and Bacenetti,
2021; Sun et al., 2021). Some authors sought to refine LCA methodology
to reflect cropping systems more accurately, for instance, adjusting the
modeling of nitrogen emissions to local conditions (Nitschelm et al.,
2018), developing new tools, like the MiLA tool, to estimate GHG
emissions (Peter et al., 2017). Additionally, some studies focused on the
multifunctionality of agricultural systems and testing how different
functional units affects environmental results (Camara-Salim et al.,
2021; Volanti et al., 2021). Research has been also conducted to study
how various crop combinations and farming methods perform,
including the use of organic models and improved tillage techniques
(Zhou et al., 2019; Sun et al., 2022). Panoutsou et al. (2022) even
explored the social impacts and benefits of these practices using a
participatory approach, which led to multi-stakeholder insights on
rotations.

While some research has been conducted on the environmental
performance of growing wheat in rotation with legumes, to the best of
our knowledge, no such research has been conducted in Morocco. Since
the success of crop rotation systems depends on various factors,
including the types of crops used, their position in the sequence, and
specific pedoclimatic conditions (Nemecek et al., 2015), this study fo-
cuses on the environmental performance of two crop-specific rotation
designs in Moroccan conditions. Overall, this study aims to contribute to
achieving more sustainable agriculture in Morocco, as well as in other
similar arid regions, ultimately contributing to several SDGs, including
those related to food security (SDG 2), water (SDG 6), climate (SDG 13),
oceans (SDG 14) and land (SDG 15).

2. Material and methods
2.1. Goal and scope of the study

The objective of this work is to conduct an environmental assessment
of the incorporation of lentils and chickpeas in two rotational systems
intended to grow wheat as the main crop and to compare their envi-
ronmental profiles with that of wheat monoculture. The cropping sys-
tems under study are representative of the farming practices that are in
place in the Mediterranean region of Morocco (Khémisset province for
the Rabat-Salé-Kénitra region; and Settat and Benslimane provinces of
the Casablanca Settat region, northwest Morocco), which is
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characterized by hot, dry summers and mild, wet winters, with rainfall
ranging from 181 to 571 mm per year (period 2005 to 2020). The study
area is about 50,000 to 80,000 ha for chickpea, 40,000 to 50,000 ha for
lentil and 2.5 to 4 million ha for wheat. The soils found in the region are
deep Vertisols with clay texture (50 % clay), with a depth of more than
90 cm. Their upper part (upper 30 cm) has an average soil organic
carbon content (1-1.5 %) and pH ranging from 6 to 9.

To carry out the assessment, a system boundary was established from
the cradle to the farm gate, as shown in Fig. 1. This scope ranges from the
extraction of resources (e.g., minerals, fuel), to the manufacture of in-
puts (e.g., fertilizers, plant protection products, seeds) and field ma-
chinery (e.g., tractor, harvester, etc.), as well as the use of machinery in
the operation phase, its maintenance and end-of-life management.

2.2. Life cycle inventory

Once the system boundaries were established, an inventory of re-
sources and emissions was developed. For this purpose, two subsystems
can be identified within the system boundaries: the foreground and
background systems. The foreground system consists of primary data
from agricultural activities involved in crop growth, while the back-
ground system is composed of processes that support the foreground
system but cannot be directly manipulated (i.e., extraction and pro-
duction of all external inputs and tailpipe emissions and tire wear).
Primary data were collected through targeted interaction with farmers
and supplemented by an agronomic report from the Moroccan Ministry
of Agriculture and Rural Development (2000) on the technical charac-
teristics (e.g., diesel consumption, weight, effective working capacity) of
agricultural machinery, and ICARDA field studies on the agrochemical
inputs (e.g., fertilizers and plant protection products) applied in
Morocco (Devkota et al., 2022), which form the basis for modeling the
crop rotation scenarios analyzed. The data composing the background
system were acquired from the Ecoinvent v3.9 database (Wernet et al.,
2016). The share of machines used in each agricultural activity was
estimated using the specific weight, lifespan and operation time of each
machine.

2.3. Description of the cropping systems under study

The cropping systems are arranged in two-year cycles (correspond-
ing to the years 2020-2022), with each cropping period (one year)
starting once the previous crop is harvested and ending with the harvest
of the current crop. The two rotations evaluated are R1, consisting of
chickpea (Cicer arietinum L.) and wheat (Triticum aestivum L.), and R2,
comprising lentils (Lens culinaris Medik.) and wheat (Fig. 2). Chickpea
and lentils are grown before wheat, so wheat can benefit from the bio-
logical supply of nitrogen from these legumes.

The various agricultural operations that occur during each growing

System boundaries

Background system
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season are organized into three main stages: field preparation, crop
growth, and harvesting (Fig. 1). Field preparation includes all activities
focused on soil preparation prior to planting. As all the cropping systems
studied are under conventional management, the tillage performed to
prepare the seedbed is intensive. Crop growth corresponds to the sowing
of seeds and the application of agrochemicals (i.e., fertilizers and plant
protection products) and other inputs, such as water. Finally, harvesting
involves the process of harvesting, threshing and baling.

2.3.1. Growing leguminous crops

Chickpea and lentils were grown following the same agricultural
activities; therefore, the same growth protocol applies to both crops.
Legume cultivation activities start at the end of July, immediately after
wheat harvest, by performing primary tillage using a deep disk. Around
November-December, two more tillage activities are performed: a semi-
deep tillage and a soil leveling tillage, which are carried out using a disc
harrow and a roll crosskill, respectively. During the same period, NPK
15-15-15 fertilizer (200 kg ha™!) is applied using a fertilizer spreader,
after which legume seeds are sown (80 and 60 kg ha™! of chickpea and
lentil seeds, respectively).

In the legume growth phase, weeds are manually removed two or
three times, usually four weeks after the beginning of growth. In addi-
tion, manual control is supplemented by a chemical treatment consisting
of 1.5 1 ha™! of Stomp® (45.5 % of pendimethalin) after sowing and a
second chemical treatment consisting of 0.75 1 ha™! of Fusilade Max®
(12.5 % of fluazifop-p-butil) when weeds emerge. Both chickpea and
lentils are grown under rainfed conditions and, therefore, receive no
water input. In May, once the legumes have grown, they are harvested
and threshed with a combine harvester. In the case of chickpea, 700 kg
ha™! of grains and 3020 kg ha™! of straw are harvested. As for lentil, it
yields the same amount of grain, while slightly higher amount of straw
(3400 kg ha ). Regardless of the legume crop, all straw (100 %) is
packed with a pick-up baler and sold or used as animal fodder. Table S1
of the Supplementary Material compiles all the information related to
the cultivation of chickpea and lentil.

2.3.2. Cultivation of wheat

The wheat growing season starts at the end of July by applying
primary tillage with a deep disk. Several months later, between October
and December, three more tillage operations are carried out by means of
a vibrotiller and a roller; and immediately after, 165 kg of wheat seeds
are sown in combination with one third of the total fertilizer supplied,
for which a seeder drill is used. The remaining two-thirds of fertilizer
inputs are applied one month later (January) using a fertilizer spreader.
In total, 300 kg ha™! of NPK 15-15-15 and 50 kg ha™! of ammonium
nitrate (AN 33 %) are supplied to wheat. Unlike the legume crop, weeds
are only controlled by a chemical treatment, consisting of the applica-
tion of Mustang® 360 SE herbicide (0.6 1 ha™!) over the entire field
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Fig. 1. System boundaries of cropping systems.
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Year 1

Chickpea grain: 700 kg-ha™'
Straw: 3020 kg-ha'

f

@

Wheat grain: 2700 kg-ha'!
Straw: 6097 kg-ha"'

Wheat grain: 3000 kg-ha"
Straw: 6774 kg-ha™'
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Year 1
Lentil grain: 700 kg-ha™!
Straw: 3400 kg-ha™'

Wheat grain: 1550 kg-ha-"'
Straw: 3500 kg-ha™'

Wheat grain: 1550 kg-ha
Straw: 3500 kg-ha™'

Fig. 2. Layout of the cropping systems under study.

between January and March. This herbicide contains 6.25 g 171 of
flurasulam and 300 g 17! of 2,4 D ester as active ingredients. Despite the
numerous scientific evidence supporting the ability of legumes to cap-
ture atmospheric nitrogen and make it available to subsequent crops
(Foyer et al., 2019; Kopke and Nemecek, 2010), as well as their capacity
to suppress weeds (Kocira et al., 2020), no differences in agrochemical
dosage are applied to wheat depending on the cropping system
considered (monoculture or rotation).

In Morocco, wheat is predominantly grown under rainfed conditions
(83 %), although a small percentage of the cultivated area (17 %) is
irrigated (ICARDA, 2021). In this area, 2500 m?> ha! of water are
applied by both surface furrows and sprinkler irrigation before plating
(when soil conditions are too dry) and during the growth phase, espe-
cially during flowering, and until the wheat matures. A total of 1101
kWh-ha™! is consumed for this operation. In May—June, wheat is har-
vested and threshed with a combine, after which part of the straw is
baled with a baler. Wheat yields vary substantially depending on the
regime in which it is grown. In rotation systems, wheat yields represent
2700 and 3000 kg ha~! of grain (R1 and R2, respectively) and 6097 and
6774 kg ha ! of straw (R1 and R2, respectively). As for the monoculture
regime, 1550 kg of grain and 3500 kg of straw per hectare are harvested.
Wheat straw has several purposes, being the main fodder for herds (83
%) and the rest burned (0.5 %) or returned to the field (16 %). Table S2
of the Supplementary Material provides full details of the wheat
cultivated.

2.4. Field emissions

Emissions from the application of fertilizers and plant protection
products were estimated according to several models. Direct NyO
emissions originating from straw decomposition and mineral fertilizer
application were quantified considering an emission factor of 0.01 (N
released as N»O), as determined by IPCC (2019a). Indirect NoO emis-
sions can be leached or volatilized and eventually deposited in the soil.
According to IPCC (2019a), emission factors of 0.240 and 0.011 were
used for the fraction of N that is leached and the amount of N-N»O lost in
the process, respectively. Moreover, NoO deposition was quantified
using 0.11 and 0.05 as the fractions of N volatilized for NPK and AN
fertilizer (respectively), as well as 0.01 as the emission factor for NoO
emissions from soil N deposition (Intergovernmental Panel on Climate
Change (IPCC), 2019a). NH3 emissions were estimated following EME-
P/EEA (2019) guidelines and assuming a temperate climate and high
pH. Emission factors of 0.094 and 0.033 kgNH;-kgN ! applied were
used for the complex fertilizer (NPK) and AN, respectively. NO, emis-
sions were calculated using the emission factor of 0.04 kgNOo-kgN ™!

applied for both fertilizers. Regarding the emissions of NO3 to water,
they were quantified based on the regression model developed by Faist
et al. (2009). The model includes in its calculation the annual rainfall,
the mineral supplementation of nitrogen (except for those fractions
already lost through NH3, NO2 and N2O emissions), the nitrogen content
of organic matter, the nitrogen uptake by the crops, the clay content in
the soil (50 %) and the depth of the crop roots (1.2 m for wheat, 1.05 m
for chickpea and 0.63 m for lentil). The phosphate emitted by the
complex fertilizer was estimated implementing the SALCA-P model
(Prasuhn, 2006). The emission factors of 0.07 kg P-ha-1-yr-1 and 0.175
kg P-ha-1-yr-1 were assumed for the leaching and run-off emission
pathways, respectively. For emissions of other agrochemicals (herbi-
cides, insecticides), it was considered, according to PEFCR guidance
(European Commission, 2018), that 1 %, 9 % and 90 % of the active
ingredient iris ends up in water, air and soil, respectively. A compilation
of all emission factors can be found in Table S3 of the Supplementary
Material.

Another important source of agricultural emissions is land-use
change (LUC) (Schmidt et al., 2015), which refer to those emissions
resulting from altered land use patterns. Depending on whether they
occur in the agricultural field or elsewhere, they are denoted as direct
(dLUC) and indirect land-use change (iLUC) emissions, respectively. The
dLUC emissions were estimated as 34.37 kg COseq-ha l-yr ! applying
the biophysical model developed by Schmidt et al. (2015). Regarding
dLUC emissions, they were quantified assuming a carbon content on a
dry weight basis of 49 % for wheat (Intergovernmental Panel on Climate
Change (IPCC), 2019a), 42 % for chickpea (Nazari et al., 2019) and 44 %
for lentils (Gan et al., 2009). In addition, 16 % of straw was considered
to be converted to recalcitrant soil organic carbon (SOC) (Fang et al.,
2019). Since straw returned to the field increases soil carbon content
over long periods of time contributing to mitigate climate change (Fang
et al.,, 2019; Gonzalez-Garcia et al., 2021), dLUC was regarded as an
environmental credit.

2.5. Functional unit and allocation

As argued by several authors, agricultural systems offer multiple
functions, so the selection of the functional unit (FU) should not be
limited to only one (Nemecek et al., 2015; Rebolledo-Leiva et al.,
2022a). In the present study, two FU were chosen to quantify and
compare the environmental impacts associated with the agricultural
systems studied: a land management FU (1 ha-year) and a productive FU
(one kg of harvest wheat). The former reflects the intrinsic value of land
for providing multiple ecosystem services linked to agriculture. This FU
helps to understand how to better manage land to reduce environmental
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impact and preserve its quality for future agricultural production.
Regarding the latter, it reflects the purpose of farming systems to pro-
duce wheat as the main product. In this case, FU contributes to reducing
the impact per unit of production. As the assessment was carried out
considering each farming system as a whole, it was not necessary to
allocate environmental burdens between products and co-products.

2.6. Life cycle impact assessment

To transform the inventory data (inputs and outputs) into environ-
mental impacts, 12 impact categories were used due to their relevance to
the agricultural sector (Nemecek et al., 2011; UNEP-SETAC Life Cycle
Initiative, 2019; Costa et al., 2020). The following midpoint impact
categories were quantified using ReCiPe 2016 V1.06 Hierarchist
Midpoint method World (2010) (Huijbregts et al., 2017): Global
Warming (GW), Stratospheric Ozone Depletion (SOD), Terrestrial
Acidification (TA), Freshwater Eutrophication (FE), Marine Eutrophi-
cation (ME), Terrestrial Ecotoxicity (TET), Freshwater Ecotoxicity
(FET), Marine Ecotoxicity (MET) and Fossil Resources (FR). In addition,
Water Scarcity (WS) was assessed applying AWARE (Available WAter
REmaining) method 1.04 and Soil Organic Carbon (SOC) Deficit
following the model developed by Mila i Canals et al. (2007) and revised
by Brandao and Canals (2013). From an endpoint perspective, global
Potential Species Loss (PDF) was quantified applying the field-species
relationship (SAR) model (Chaudhary et al.,, 2015; Chaudhary and
Brooks, 2018). The SOC and PDF indicators measure the impact that
land use and land transformation drivers have on biodiversity and soil
quality. Impacts in these two areas are rarely assessed in agricultural
LCA studies due to lack of consensus on the most appropriate model and
a comprehensive impact pathway (Vidal-Legaz et al., 2016; Costa et al.,
2020). However, they have been considered in the present study by
using the indicators recommended by UNEP-SETAC Life Cycle Initiative
(2019) (SOC and PDF), on the basis of the relevant contribution that
agricultural activities have on biodiversity loss and damage to soil
quality. A more detailed description of the PDF indicator is provided in
the Supplementary Material. SimaPro v9.3 software (PRé Sustainability,
2022) and Microsoft Excel® 365 MSO were used to quantify the envi-
ronmental impacts.

3. Results and discussion
3.1. Environmental impacts: land management function

Fig. 3 shows a relative comparative analysis of the cropping systems’
performance across selected impact categories, using 1 ha-year as the
functional unit. For more details on the absolute values, see Table S4 in
the Supplementary Material. Rotation systems (R1 and R2) show the
best environmental performance in all impact categories, sharing very
similar scores among them. However, their improved performance is
limited in terms of ME and PDF, for which R1 and R2 report impact
reductions (vs. M) of 4 %-5 % and 2 % for ME and PDF, respectively.
These results are largely explained by the higher input consumption of
the monoculture (M) regime. While M requires a total fertilizer dose
consisting of 666 kg NPK-ha™! and 100 kg AN-ha™}, the crop rotation
systems use 533 kg ha ™! of NPK and 50 kg AN-ha! each. In the irrigated
area (e.g., 17 % of the total cropland), M also consumes twice as much
water and energy as R1 and R2 (5000 m® water-ha™! and 2203
kWh-ha™! in monoculture, 2500 m® ha™! and 1101 kWh-ha™! in rota-
tions). In addition, the monoculture undergoes an additional tillage
operation, which also contributes to its lower environmental perfor-
mance, albeit to a lesser extent. As for the similarity of the environ-
mental profiles of R1 and R2, it is consistent with the fact that they are
grown using the same operations and inputs, with the exception of seeds,
whose difference in type and quantity offered is related to marginal
variations in environmental impact (up to 3 %).

The biodiversity loss indicator (PDF) is a function of several spatially
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Fig. 3. Relative comparison between the environmental performance of crop-
ping systems per hectare-year. R1 is chickpea:wheat rotation, R2 is lentil:wheat
rotation and M is wheat monoculture. Impact categories: Global Warming
(GW), Stratospheric Ozone Depletion (SOD), Terrestrial Acidification (TA),
Freshwater Eutrophication (FE), Marine Eutrophication (ME), Terrestrial Eco-
toxicity (TET), Freshwater Ecotoxicity (FET), Marine Ecotoxicity (MET) and
Fossil Resources (FR), global Potential Species Loss (PDF), Soil Organic Carbon
(SOC) and Water Scarcity (WS).

dependent factors, such as species richness, the number of endemics and
their level of threat, as well as the proportion of natural habitat
conserved (Chaudhary and Brooks, 2018). Since the three cropping
systems studied are grown in the same ecological region (i.e., Mediter-
ranean coniferous and mixed forests, code: PA0513) (Olson et al., 2001),
they share almost the same PDF impact per hectare. The minor differ-
ence (2 %) is attributed to the type of land use (e.g., intensity level)
considered for crop rotation (light cropping) and monoculture (intensive
cropping) systems. On the other hand, SOC depends on the extent of area
occupied by cropping systems, duration, type of management practices
performed (e.g., straw and fertilizer management, cropping intensity,
irrigation systems, tillage, etc.), regeneration time of the occupied land
and soil properties (IPCC, 2019b). The introduction of a legume in the
cropping system plays a decisive role in favor of R1 and R2, as rotation
systems result in higher soil carbon gains than monoculture.

3.2. Environmental impacts: productive function

As a whole (i.e., considering the two-year cycle), the monoculture
regime has the highest wheat production. However, crop rotation sys-
tems lead to a significant increase in wheat yield per year compared to
monoculture (74 % and 94 %, for R1 and R2 respectively), which is
consistent with previous studies on wheat and legume rotations (Kir-
kegaard et al., 2008; Gan et al., 2015; Plaza-Bonilla et al., 2017;
Rebolledo-Leiva et al., 2022a). When comparing the cropping systems in
terms of the production function (kg wheat) (Fig. 4), there are notable
changes in the results with respect to those identified per hectare. On
this occasion, R2 presents the best environmental performance, ahead of
R1. PDF and ME are the only exceptions, for which R2 and M stand out
with similar results (see Table S5 in the Supplementary Material for
absolute results). In contrast, M has the worst profile in 8 of the 12
impact categories despite producing the highest wheat yield (3100 kg
ha™! compared to 3000 kg ha™! and 2700 kg ha™!, R2 and R1 respec-
tively). The results of these 8 impact categories suggest that the impacts
of monoculture are considerably greater than those of the rotation sys-
tems, as their higher wheat yields do not compensate for them.

R1 has a similar environmental impact to M in FE, FET and SOC,
while it is ranked as the worst-case scenario (ahead of M) when ME and
PDF are considered. The low performance of R1 is largely attributed to
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Fig. 4. Relative comparison between the environmental performance of crop-
ping systems per kg of wheat harvested. R1 is chickpea:wheat rotation, R2 is
lentil:wheat rotation and M is wheat monoculture. Impact categories: Global
Warming (GW), Stratospheric Ozone Depletion (SOD), Terrestrial Acidification
(TA), Freshwater Eutrophication (FE), Marine Eutrophication (ME), Terrestrial
Ecotoxicity (TET), Freshwater Ecotoxicity (FET), Marine Ecotoxicity (MET) and
Fossil Resources (FR), global Potential Species Loss (PDF), Soil Organic Carbon
(SOC) and Water Scarcity (WS).

the lower wheat yield compared to monoculture. In the specific case of
ME and PDF, this low yield is compounded by the fact that almost the
same environmental loads per hectare are obtained, as mentioned
above. Therefore, when considering the productive functional unit, the
impact of ME and PDF is indirectly proportional to the amount of wheat
produced by each system. On the contrary, R2 stands out with the best
performance since it has almost the same yield as the monoculture
system and its impact per hectare is as low as that of R1. These results
reveal that the productive functional unit penalizes cropping systems
with lower yields, even when these systems consume fewer resources

Global Warming

Stratospheric Ozone Depletion
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and are less mechanized, as is the case with R1. On the contrary, these
low-yielding systems are favored by the functional unit of 1 ha, in line
with Gonzalez-Garcia et al.’s results (2021). Considering that the se-
lection of the functional unit affects the results, the adoption of several
FU can be a useful approach in the case of agricultural systems
(involving multiple functions) to identify trade-offs between FU and to
perform a more complete interpretation of the results, as previously
noted by other researchers (Yang et al., 2014; Nemecek et al., 2015;
Tricase et al., 2018; Costa et al., 2020).

3.3. Analysis of the main factors contributing to the environmental impact

The relative contribution of different factors to the environmental
profile of the cropping systems is depicted in Fig. 5. As can be seen, the
key factors differ according to the impact category considered.

3.3.1. On-field emissions

On-field emissions are the largest contributor in terms of SOD, ME,
TA, FE and GW, regardless of the cropping system evaluated. Their in-
fluence is particularly notable in SOD and ME, for which on-field
emissions, derived mainly from the application of N-based fertilizers,
account for 91 %-97 % of the total load. Specifically, NO emissions to
the atmosphere are the most relevant in terms of SOD, while NO3
emissions to water are by far the main driver of ME. Direct NO, emis-
sions from mineral fertilization also have a remarkable effect on GW.
Nevertheless, CO2 emissions related to fuel combustion during field
operations and fertilizer manufacturing are also partly responsible for
impacts in this category. With respect to TA and FE, NH3 and phosphate
emissions (respectively) from mineral fertilization are of particular
concern.

In addition to fertilization, emissions related to the use of plant
protection products, straw return in the field and iLUC are also included
in the field emissions factor. As for the contribution of crop protection
products, this is not appreciable in any impact category, except for FET,
where it has a limited influence (12 %) in the form of pendimethalin, the
active component of the herbicide Stomp®. The same applies to iLUC,
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Fig. 5. Contribution of factors to environmental profiles by cropping system. R1 is chickpea:wheat rotation, R2 is lentil:wheat rotation and M is wheat monoculture.
Impact categories: Global Warming (GW), Stratospheric Ozone Depletion (SOD), Terrestrial Acidification (TA), Freshwater Eutrophication (FE), Marine Eutrophi-
cation (ME), Terrestrial Ecotoxicity (TET), Freshwater Ecotoxicity (FET), Marine Ecotoxicity (MET) and Fossil Resources (FR), global Potential Species Loss (PDF),

Soil Organic Carbon (SOC) and Water Scarcity (WS).
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which has a minor effect on the environmental profile (less than 5 % of
the GW profile). In contrast, the practice of returning straw to the field is
associated with noticeable effects on the environmental profile. On the
one hand, straw decomposition releases NyO to the atmosphere,
contributing to SOD and GW loads. On the other hand, this practice
increases the carbon content stored in the soil (called carbon credits) due
to the addition of carbon-rich biomass. In this study, 16 % of wheat
straw is returned to the field, resulting in GW reductions of - 33.58, -
37.39 and - 40.16 kg COZeq~ha’1 for R1, R2 and M, respectively. Pre-
vious studies have also reported offsetting GW loads in cropping systems
by leaving excess straw in the field (Gonzalez-Garcia et al., 2021; Mattila
et al., 2022; Rebolledo-Leiva et al., 2022a). Compared to these previous
studies (1.2-11.2 t COzeq~ha’1), the carbon credits reported here are
substantially lower, which can be justified by the low yields of the
cropping systems studied. However, these modest gains still contribute
to lowering the GW impacts.

3.3.2. Fertilizers production and field operations

Fertilizer production plays a key role in toxicity-related categories
(TET, FET, MET) through Cu and Zn emissions to water and air. In
addition, this factor has a considerable impact on FR due to fuel con-
sumption, which together with field operations, represents approxi-
mately 85 % of the total load (both sharing a similar contribution).
Among the wide range of field operations carried out in cropping sys-
tems, soil conditioning has the greatest impact on the environmental
profile. This is mainly due to the relatively high frequency of this type of
operations (one primary tillage and 2 to 3 successive tillage operations
for seedbed preparation) and the large amount of diesel fuel consumed
(Tables S1 and S2 of the Supplementary Material). In this regard,
Camara-Salim et al. (2021), who also identified tillage operations as
critical, suggests using more efficient machines and, most importantly,
reducing the frequency of tillage. In addition, it is worth mentioning,
despite its limited contribution (23 %-31 %), the effect of field opera-
tions on toxicity-related categories through emissions from agricultural
machinery production in the background system (mostly copper, nickel
and zinc).

3.3.3. Irrigation

Concerning the water scarcity (WS) category, irrigation is clearly the
process that contribute the most (95 %) due to the large amount of water
used for this purpose. Although the irrigated area for wheat cultivation
is a minority (17 % of cropland), it is imperative to explore ways to
reduce water consumption given the context of the extreme drought in
which Morocco is immersed (Ayham, 2022), which is expected to
intensify as a result of climate change (Masia et al., 2021). For instance,
El Gataa et al. (2022) supported that the use of local drought-tolerant
wheat varieties contributes to this purpose. In addition, reuse of urban
wastewater can be a favorable alternative to groundwater, although
there are some situations, as highlighted by Maeseele and Roux (2021),
where groundwater use is preferable, such as water-abundant regions or
if aquatic plants have advanced tertiary treatments, where the envi-
ronmental benefits are offset by their high energy consumption. Main-
taining optimal soil health is essential to ensure good water infiltration
rates and water storage for plant uptake (Anderson, 2021). In this sense,
conservation tillage is a recommended practice as it improves these soil
functions (water infiltration and storage), in addition to favoring root
expansion and protecting soils from high temperatures (Li et al., 2020).

3.3.4. Driver of land-occupation and land-transformation

SOC and PDF are also impact categories determined mainly by a
single factor, with land occupation being the main driver of soil quality
deterioration (SOC) and land transformation of biodiversity loss (PDF).
Similarly, Brandao and Canals (2013) also reported the predominant
pressure of land occupation on soil quality over land transformation. On
this basis, agricultural practices that improve soil carbon content have a
positive impact on the soil quality indicator, such as crop rotations,
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reduced or no-tillage, straw deposition and low fertilization (IPCC,
2019b; Anderson, 2021; Mattila et al., 2022). The present study shows a
significant reduction in SOC impact when a crop rotation regime (R1
and R2) is applied. However, it is important to note that the model used
to calculate SOC has a binary choice for the parameter accounting for
how straw is used (either 100 % returned to the soil or 100 % removed
from the soil) (IPCC, 2019b), without any possible scenario in between,
as it is the case of the scenarios analyzed, where only part of the straw is
returned to the field. Therefore, the advantage of rotations over mono-
culture could be softened if the model was able to capture that mono-
culture regime return more straw to the field than rotations.

The results for PDF are aligned with those of Semenchuk et al.
(2022), who found that land transformation accounts for 75 % of
biodiversity loss, although the authors noted that land occupation could
be of greater concern (e.g., increasing biodiversity loss by a factor of 4) if
all land currently managed at low-medium intensity were used more
intensively. Thus, encouraging both aspects (land transformation and
occupation) to be considered when defining strategies for more sus-
tainable agriculture. Chiatante and Meriggi (2016) highlighted that
maintaining agricultural systems diverse and complex is key to
conserving species richness, for which crop rotations have proven to be a
favorable practice (Mudgal et al., 2010; Beillouin et al., 2021), providing
more diverse habitats and a greater variety of resources (Bavec and
Bavec, 2015). In particular, legumes stimulate soil microbial biodiver-
sity through the symbiotic association of their roots with Rhyzobium
bacteria (Lai et al., 2022). Contrary to this scientific evidence, no sig-
nificant differences between rotation and monoculture systems with
respect to PDF are identified in the present study. Furthermore, the PDF
indicator estimates biodiversity loss only in terms of land use pressures
(e.g., land occupation and transformation), excluding other relevant
drivers of the agricultural field, such as air and water pollution (e.g.,
eutrophication and acidification), climate change, and invasive species
(Winter et al., 2017), which should be included in the evaluation in
order to be more comprehensive.

3.3.5. Seed and plant protection product manufacturing

Regarding the impact of seed and plant protection product produc-
tion, it is negligible in all impact categories, with a contribution ranging
from 0 % to 15 %, which is in line with previous studies
(Gonzalez-Garcia et al., 2021; Almeida-Garcia et al., 2022; Rebolledo--
Leiva et al., 2022a).

3.4. Comparison with Ecoinvent scenarios

Next, the environmental profiles of the scenarios analyzed in this
study (R1, R2, M) are compared with the profiles of three new scenarios
modeled using the Ecoinvent database. Specifically, one scenario was
modeled for each regime, the so-called Ecoinvent scenarios: Ecoinvent
R1, consisting of chickpeas and wheat, Ecoinvent R2, consisting of
lentils and wheat, and Ecoinvent M, consisting of two years of wheat.
They were modeled using the Ecoinvent processes with the geographical
scope Rest-of-World. For more details on the Ecoinvent processes, see the
Supplementary Material. To calculate the environmental impacts of the
Ecoinvent scenarios, the same method was used as in the present study,
as well as the same functional units to refer to the impacts. As for the
impact categories, two were excluded from the comparison (SOC and
PDF) due to data limitations to quantify them. This comparison enables
the evaluation of whether using an alternative dataset with the same
methodological parameters produces different results.

The comparison between the environmental profiles modeled using
Ecoinvent and scenarios R1, R2 and M is shown in Fig. 6 for all impact
categories and is based on the two FU (ha-year and kg of wheat). A
similar environmental performance is observed between Ecoinvent
scenarios and R1, R2 and M when the land management function is used,
with monoculture being the most unfavorable system. On the other
hand, environmental performance differs substantially when the
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Fig. 6. Relative environmental comparison of R1, R2 and M and Ecoinvent scenarios based on the functional unit hectare-year (A) and kg of wheat harvested (B).
Impact categories: Global Warming (GW), Stratospheric Ozone Depletion (SOD), Terrestrial Acidification (TA), Freshwater Eutrophication (FE), Marine Eutrophi-
cation (ME), Terrestrial Ecotoxicity (TET), Freshwater Ecotoxicity (FET), Marine Ecotoxicity (MET) and Fossil Resources (FR), global Potential Species Loss (PDF),

Soil Organic Carbon (SOC) and Water Scarcity (WS).

production function is considered. On this occasion, the monoculture
regime outperforms the rotation systems in the Ecoinvent scenarios
while it has the most detrimental profile among R1, R2 and M scenarios.
This is explained by the lower wheat production of the rotation systems
in the Ecoinvent scenarios, for which an average yield increase of 15 %
was considered based on scientific literature (Christen, 2001; Kirke-
gaard et al., 2008; Gan et al., 2015; Plaza-Bonilla et al., 2017; Rebolle-
do-Leiva et al., 2022a), compared to increases of 74 % and 94 %
recorded by the R1 and R2, respectively. These results support the better
performance of the rotations with chickpea and lentil on a land managed
basis compared to wheat monoculture, in addition to emphasizing the
effect that FU has on the environmental results, favoring specific agri-
cultural systems depending on the FU considered, as it is the case of the
rotation with lentils (with high yield) in a productive FU. Tables S6 and
S7 of the Supplementary Material provides the absolute results for all
Ecoinvent scenarios based on FU1 and FU2, respectively.

4. Further discussion

Mineral fertilization, especially N-based fertilization, is recurrently
identified as the main hotspot in agricultural LCA studies. In line with
our results, Rebolledo-Leiva et al. (2022a) identified that nitrogen fer-
tilizer application and manufacture determined the environmental
profile of wheat-lupine crop rotations. Achten and Van Acker (2016)
reach similar results after conducting a meta-analysis of 20 life-cycle
inventories of wheat production across Europe. Gonzdlez-Garcia et al.
(2021) analyzed several rotation systems aimed at producing wheat and
highlighted that not only nitrogen-based emissions, but also the high
energy demand of the background processes for fertilizer production,
greatly affected most impact categories (GW, SOD, TA, FR, FE, ME).

The use of organic fertilizers such as manure or compost has a high
potential to reduce the loads derived from fertilization. In this sense,
Rebolledo-Leiva et al. (2022b) indicated reductions of up to 93 % in the
environmental profile of wheat-based rotation systems grown under
organic conditions compared to the conventional regime. Exceptionally,
the authors reported higher loads in organic systems for TA attributed to
significant NH3 emissions from animal manure. Similarly, Pelletier et al.
(2008) showed a reduction in global warming gases, ozone depletion
and acidification when fertilizing wheat crops with sweet clover green
manure.

Legumes are recognized as an environmentally friendly source of N
(Wang and Dalal, 2015), which is confirmed by the results of this study
showing that the introduction of legumes reduces the impact, between 7
% in FET to 48 % in WS compared to monoculture. Similarly, Almei-
da-Garcia et al. (2022) reported a significant reduction in environmental
loads (up to 119 %) for wheat grown in rotation with lupin (vs. mono-
culture), along with substantial improvements in grain yields, quality (i.
e., specific weight, thousand seed weight), and weed suppression.
Moreover, Nemecek et al. (2015) demonstrated in a set of 64 crop ro-
tations the advantageous performance of legumes and highlighted the
importance of the position of the legume crop in the rotation to achieve
the best environmental and agronomic results. In the present study, le-
gumes preceded wheat in both rotation systems, so wheat was able to
benefit from the N-fixing capacity, whose nutritional contribution, as
indicated by Nemecek et al. (2015), is higher just after the legume.
However, the potential of these crops is not being fully exploited, as
farmers apply the same dose of fertilizers and agrochemicals for wheat
cultivation, regardless of the agricultural regime considered (mono-
culture or in rotation with legumes) (Table S2). Even more worrying is
the fact that a high fertilizer dose can inhibit the N-fixing capacity of
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legumes (Zhao et al., 2022), hindering one of the main motivations for
introducing legumes in the first place. Overfertilization is a widespread
practice linked to monoculture to maintain yields (Bavec and Bavec,
2015; Global Change Data Lab, 2021). On average, 50 %-60 % of the
nitrogen supplied by farmers leaches into the environment (Global
Change Data Lab, 2021), causing important pollution issues worldwide
(UNEP, 2019). By addressing overfertilization, it could not only improve
legume yields, but significantly reduce environmental loads (up to 35 %
worldwide) without jeopardizing crop yields (Wang and Dalal, 2015;
Global Change Data Lab, 2021).

4.1. Study limitations and future perspectives

The Soil Organic Carbon (SOC) indicator relies on the IPCC guide-
lines to estimate variations of SOC in soil based on parameters including
tillage type, fertilization intensity, and land use (IPCC, 2019b). While
valuable when direct measurements are not feasible, the indicator pre-
sents limited options for certain parameters, such as the amount of straw
returned to fields, making it challenging to accurately represent the
analyzed cropping systems. This indicator is regarded as a valuable
proxy for assessing soil quality owing to the significant correlation be-
tween SOC levels and soil physicochemical and biological properties
(Brandao and Canals, 2013; UNEP-SETAC Life Cycle Initiative, 2019).
Nonetheless, some authors argue that it is crucial to include other factors
impacting soil quality, such as erosion and compaction, which are
relevant in the agricultural sector and do not relate to SOC levels
(Joensuu and Saarinen, 2017).

The biodiversity loss indicator neglects the beneficial effect of inte-
grating legumes on biodiversity richness, above and below ground, as
evident from Mudgal et al. (2010), Bavec and Bavec (2015) and Beil-
louin et al. (2021). This indicator concentrates solely on mammals,
amphibians, birds, plants, and reptiles and fails to consider other taxo-
nomic groups of equal importance, such as insects, bacteria, fungi, and
nematodes. Furthermore, while the indicator is responsive to different
land-use intensities, its characterization factors are not detailed enough
to consider particular practices such as crop rotations. Furthermore,
there is a lack of indicators to assess biodiversity loss due to other
pertinent drivers, such as the use of toxic active ingredients during
chemical pest control and the impact of climate change (Winter et al.,
2017; Lago-Olveira et al., 2023). While this is a highly valuable start in
measuring the impact of agriculture on biodiversity, further efforts
should be made to develop more comprehensive indicators that cover
more drivers and taxa and are more detailed in terms of land manage-
ment practices.

Moreover, agricultural systems are able to provide numerous
ecosystem services beyond food production, including carbon seques-
tration, nutrient cycling, water supply, and pest control, among others
(Palm et al., 2014). However, the present study solely assesses the
environmental burdens without considering their impact on the
ecosystem services, nor does it estimate the ecosystem services provided
by the cropping systems. Further development in necessary to quanti-
tatively measure the impact on ecosystem services and incorporate it
into the overall environmental profile. This will enhance the compre-
hension of the environmental sustainability of agricultural activities,
and ultimately improve decision-making processes and facilitate the
identification of alternative sustainable farming practices. The envi-
ronmental analysis conducted so far, which focused on SOC and PDF
indicators, is a preliminary step in understanding the ecosystem services
associated with soil quality and biodiversity decline (Vidal-Legaz et al.,
2016).

5. Conclusions
The present study evaluates the environmental performance of

wheat cultivation in rotation with chickpea and lentils compared to the
conventional monoculture system, aiming to produce wheat with a
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lower environmental impact under Mediterranean conditions in
Morocco. The results showed that crop rotations are the most environ-
mentally friendly cropping systems for the majority of impact cate-
gories, regardless of the functional unit considered. However, trade-off
problems were observed between functional units to the detriment of
those systems with lower wheat yields when the productive functional
unit is selected. In this sense, while the R1 (chickpea:wheat) and R2
(lentil:wheat) rotation systems outperform monoculture in terms of
hectare-years (sharing a similar impact), R1 shows the worst environ-
mental profile in ME and PDF per kg of wheat.

On a land management basis, no significant differences were iden-
tified between the cropping systems (R1, R2 and M) in terms of PDF. In
contrast, crop rotations showed an improved SOC profile, suggesting
additional ecosystem benefits associated with SOM (e.g., nutrient and
water retention and climate change mitigation). Mineral fertilizer pro-
duction and application appear to be the most critical aspects in all
impact categories, except in WS, PDF and SOC, for which irrigation, land
transformation and land occupation were the determining factor,
respectively.

This study aims to contribute to more sustainable agriculture in
Morocco and similar Mediterranean regions with valuable information.
Future studies could focus on incorporating ecosystem services into the
environmental assessment of such systems in order to obtain a more
comprehensive assessment that can be used as a tool for guidance and
decision-making.

CRediT authorship contribution statement

Sara Lago-Olveira: Data curation, Formal analysis, Investigation,
Methodology, Visualization, Writing — original draft. Hanane Ouhemi:
Data curation, Writing — review & editing. Omar Idrissi: Data curation,
Writing — review & editing. Maria Teresa Moreira: Supervision,
Writing — review & editing. Sara Gonzalez-Garcia: Funding acquisition,
Investigation, Supervision, Writing — review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
Data will be made available on request.
Acknowledgments

This research is supported by the project Enhancing diversity in
Mediterranean cereal farming systems (CerealMed), funded by PRIMA
Programme and FEDER/Ministry of Science and Innovation- Spanish
National Research Agency (PCI2020-111978) and the project Transition
to sustainable agri-food sector bundling life cycle assessment and
ecosystem services approaches (ALISE) (TED2021-130309B-100), fun-
ded by MCIN/AEI/10.13039/501100011033/and the European Union
NextGenerationEU/PRTR. S.L.O., S.G.G. and M.T.M belong to the Gali-
cian Competitive Research Group (GRC ED431C 2021/37) and to the
Cross-disciplinary Research in Environmental Technologies (CRETUS
Research Center, ED431E 2018/01).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cesys.2024.100169.


https://doi.org/10.1016/j.cesys.2024.100169
https://doi.org/10.1016/j.cesys.2024.100169

S. Lago-Olveira et al.

References

Abbott, P., Borot de Battisti, A., 2011. Recent global food price shocks: causes,
consequences and lessons for African governments and donors. J. Afr. Econ. 20,
i12-i62. https://doi.org/10.1093/jae/ejr007.

Achten, W.M.J., Van Acker, K., 2016. EU-average impacts of wheat production: a meta-
analysis of life cycle assessments. J. Ind. Ecol. 20, 132-144. https://doi.org/
10.1111/jiec.12278.

Almeida-Garcia, F., Lago-Olveira, S., Rebolledo-Leiva, R., Gonzalez-Garcia, S., Teresa
Moreira, M., Ruiz-Nogueiras, B., Pereira-Lorenzo, S., 2022. Growing Triticum
aestivum landraces in rotation with lupinus albus and fallow reduces soil depletion
and minimises the use of chemical fertilisers. Agriculture 12, 905. https://doi.org/
10.3390/agriculture12070905.

Anderson, B., 2021. Smart Water Use on Your Farm or Ranch.

Arnold, K., 2010. Life cycle assessment of greenhouse gas mitigation of production and
use of bio-methane: sensitivity of effects from N 2 O emissions. J. Integr. Environ.
Sci. 7, 257-267. https://doi.org/10.1080/19438151003774448.

Ayham, T., 2022. Drought Assessment Report-CARE Morocco.

Azevedo, L.B., van Zelm, R., Leuven, R.S.E.W., Hendriks, A.J., Huijbregts, M.A.J., 2015.
Combined ecological risks of nitrogen and phosphorus in European freshwaters.
Environ. Pollut. 200, 85-92. https://doi.org/10.1016/j.envpol.2015.02.011.

Badraoui, I., Tarik, S., Benmoussa, F.-Z., 2016. Food legumes consumption in Morocco:
preliminary findings on Moroccan consumers’ behavior. In: International Conference
on Pulses. Marrakech.

Barbarossa, V., Bosmans, J., Wanders, N., King, H., Bierkens, M.F.P., Huijbregts, M.A.J.,
Schipper, A.M., 2021. Threats of global warming to the world’s freshwater fishes.
Nat. Commun. 12, 1701. https://doi.org/10.1038/s41467-021-21655-w.

Bavec, F., Bavec, M., 2015. Underutilized crops and intercrops in crop rotation as factors
for increasing biodiversity on fields. In: Biodiversity in Ecosystems - Linking
Structure and Function. InTech. https://doi.org/10.5772,/59131.

Beillouin, D., Ben-Ari, T., Malézieux, E., Seufert, V., Makowski, D., 2021. Positive but
variable effects of crop diversification on biodiversity and ecosystem services. Global
Change Biol. 27, 4697-4710. https://doi.org/10.1111/gcb.15747.

Bishaw, Z., Yigezu, Y.A., Keser, M., Niane, A.A., Engiz, M., Popay, S., Kiiciikcongar, M.,
2021. Political Economy of the Wheat Sector in Turkey: Seed Systems, Varietal
Adoption and Impaces.

Blanco-Canqui, H., Ruis, S.J., Holman, J.D., Creech, C.F., Obour, A.K., 2022. Can cover
crops improve soil ecosystem services in water-limited environments? A review. Soil
Sci. Soc. Am. J. 86, 1-18. https://doi.org/10.1002/52j2.20335.

Brandao, M., Canals, L.M., 2013. Global characterisation factors to assess land use
impacts on biotic production. Int. J. Life Cycle Assess. 18, 1243-1252. https://doi.
org/10.1007/s11367-012-0381-3.

Cai, S., Pittelkow, C.M., Zhao, X., Wang, S., 2018. Winter legume-rice rotations can
reduce nitrogen pollution and carbon footprint while maintaining net ecosystem
economic benefits. J. Clean. Prod. 195, 289-300. https://doi.org/10.1016/j.
jclepro.2018.05.115.

Camara-Salim, I., Almeida-Garcia, F., Feijoo, G., Moreira, M.T., Gonzalez-Garcia, S.,
2021. Environmental consequences of wheat-based crop rotation in potato farming
systems in galicia, Spain. J. Environ. Manag. 287, 112351 https://doi.org/10.1016/
j.jenvman.2021.112351.

Chaudhary, A., Brooks, T.M., 2018. Land use intensity-specific global characterization
factors to assess product biodiversity footprints. Environ. Sci. Technol. 52,
5094-5104. https://doi.org/10.1021/acs.est.7b05570.

Chaudhary, A., Verones, F., De Baan, L., Hellweg, S., 2015. Quantifying land use impacts
on biodiversity: combining species-area models and vulnerability indicators.
Environ. Sci. Technol. 49, 9987-9995. https://doi.org/10.1021/acs.est.5b02507.

Chiatante, G., Meriggi, A., 2016. The importance of rotational crops for biodiversity
conservation in mediterranean areas. PLoS One 11, e0149323. https://doi.org/
10.1371/journal.pone.0149323.

Christen, O., 2001. Yield, yield formation and yield stability of wheat, barley and
rapeseed in different crop rotations. Pflanzenbauwissenschaften 5, 33-39.

Corsi, S., Muminjanov, H., 2019. Conservation Agriculture: Training Guide for Extension
Agents and Farmers in Eastern Europe and Central Asia, FAO. FAO, Rome.

Costa, M.P., Chadwick, D., Saget, S., Rees, R.M., Williams, M., Styles, D., 2020.
Representing crop rotations in life cycle assessment: a review of legume LCA studies.
Int. J. Life Cycle Assess. 25, 1942-1956. https://doi.org/10.1007/s11367-020-
01812-x.

Costa, M.P., Reckling, M., Chadwick, D., Rees, R.M., Saget, S., Williams, M., Styles, D.,
2021. Legume-modified rotations deliver nutrition with lower environmental
impact. Front. Sustain. Food Syst. 5, 656005 https://doi.org/10.3389/
fsufs.2021.656005.

Costantini, M., Bacenetti, J., 2021. Soybean and maize cultivation in South America:
environmental comparison of different cropping systems. Clean. Environ. Syst. 2,
100017 https://doi.org/10.1016/j.cesys.2021.100017.

de Graaff, M.-A., Hornslein, N., Throop, H.L., Kardol, P., van Diepen, L.T.A., 2019. Effects
of Agricultural Intensification on Soil Biodiversity and Implications for Ecosystem
Functioning: A Meta-Analysis, pp. 1-44. https://doi.org/10.1016/bs.
agron.2019.01.001.

Devkota, M., Devkota, K.P., Kumar, S., 2022. Conservation agriculture improves
agronomic, economic, and soil fertility indicators for a clay soil in a rainfed
Mediterranean climate in Morocco. Agric. Syst. 201, 103470 https://doi.org/
10.1016/j.agsy.2022.103470.

Drobnik, T., Greiner, L., Keller, A., Grét-Regamey, A., 2018. Soil quality indicators — from
soil functions to ecosystem services. Ecol. Indicat. 94, 151-169. https://doi.org/
10.1016/j.ecolind.2018.06.052.

10

Cleaner Environmental Systems 12 (2024) 100169

Dudley, N., Alexander, S., 2017. Agriculture and biodiversity: a review. Biodiversity 18,
45-49. https://doi.org/10.1080/14888386.2017.1351892.

El Gataa, Z., Samir, K., Tadesse, W., 2022. Genetic dissection of drought tolerance of elite
bread wheat (Triticum aestivum L.) genotypes using genome wide association study
in Morocco. Plants 11, 2705. https://doi.org/10.3390/plants11202705.

El Mekkaoui, A., Moussadek, R., Mrabet, R., Chakiri, S., Douaik, A., Ghanimi, A.,
Zouahri, A., 2021. The conservation agriculture in northwest of Morocco
(Merchouch area): the impact of no-till systems on physical properties of soils in
semi-arid climate. E3S Web Conf. 234, 00037 https://doi.org/10.1051/e3sconf/
202123400037.

EMEP/EEA, 2019. Air pollutant emission inventory guidebook 2019. Technical guidance
to prepare national emission inventories. Appendix 3.D. Crop production and
agricultural soils 1-38.

European Commission, 2018. PEFCR guidance document - guidance for product
environmental footprint category rules (PEFCRs). PEFCR Guid. Doc. 238.

Faist, M., Zah, R., Reinhard, J., 2009. Sustainable quick check for biofuels (SQCB): a web-
based tool for streamlined biofuels’ LCA. Environ. Informatics Ind. Environ. Prot.
Concepts, Methods Tools 1, 297-303.

Fang, Y., Singh, B.P., Cowie, A., Wang, W., Arachchi, M.H., Wang, H., Tavakkoli, E.,
2019. Balancing nutrient stoichiometry facilitates the fate of wheat residue-carbon
in physically defined soil organic matter fractions. Geoderma 354, 113883. https://
doi.org/10.1016/J.GEODERMA.2019.113883.

Feng, H., Rubin, O.D., Babcock, B.A., 2010. Greenhouse gas impacts of ethanol from
Towa corn: life cycle assessment versus system wide approach. Biomass Bioenergy
34, 912-921. https://doi.org/10.1016/j.biombioe.2010.01.037.

Foyer, C.H., Nguyen, H., Lam, H.M., 2019. Legumes—the art and science of
environmentally sustainable agriculture. Plant Cell Environ. 42, 1-5. https://doi.
org/10.1111/pce.13497.

Gan, Y.T., Campbell, C.A., Janzen, H.H., Lemke, R.L., Basnyat, P., McDonald, C.L., 2009.
Carbon input to soil from oilseed and pulse crops on the Canadian prairies. Agric.
Ecosyst. Environ. 132, 290-297. https://doi.org/10.1016/j.agee.2009.04.014.

Gan, Y., Hamel, C., O’donovan, J.T., Cutforth, H., Zentner, R.P., Campbell, C.A., Niu, Y.,
Poppy, L., 2015. Diversifying crop rotations with pulses enhances system
productivity. Nat. Publ. Gr. 5, 14625 https://doi.org/10.1038/srep14625.

Global Change Data Lab, 2021. Can we reduce fertilizer use without sacrificing food
production? [WWW Document]. Our World Data. URL. https://ourworldindata.or
g/reducing-fertilizer-use, 10.30.22.

Gonzalez-Garcia, S., Almeida, F., Moreira, M.T., Brandao, M., 2021. Evaluating the
environmental profiles of winter wheat rotation systems under different
management strategies. Sci. Total Environ. 770, 145270 https://doi.org/10.1016/j.
scitotenv.2021.145270.

Grau, B., Bernat, E., Rita, P., Jordi-Roger, R., Antoni, R., 2013. Environmental life cycle
assessment of rapeseed straight vegetable oil as self-supply agricultural biofuel.
Renew. Energy 50, 142-149. https://doi.org/10.1016/j.renene.2012.06.031.

Hatten, J., Liles, G., 2019. A ‘healthy’ Balance — the Role of Physical and Chemical
Properties in Maintaining Forest Soil Function in a Changing World, pp. 373-396.
https://doi.org/10.1016/B978-0-444-63998-1.00015-X.

Hokazono, S., Hayashi, K., 2015. Life cycle assessment of organic paddy rotation systems
using land- and product-based indicators: a case study in Japan. Int. J. Life Cycle
Assess. 20, 1061-1075. https://doi.org/10.1007/511367-015-0906-7.

Hossain, A., Krupnik, T.J., Timsina, J., Mahboob, M.G., Chaki, A.K., Farooq, M.,

Bhatt, R., Fahad, S., Hasanuzzaman, M., 2020. Agricultural land degradation:
processes and problems undermining future food security. In: Environment, Climate,
Plant and Vegetation Growth. Springer International Publishing, Cham, pp. 17-61.
https://doi.org/10.1007,/978-3-030-49732-3 2.

Huijbregts, M.A.J., Steinmann, Z.J.N., Elshout, P.M.F., Stam, G., Verones, F., Vieira, M.,
Zijp, M., Hollander, A., Van Zelm, R., 2017. ReCiPe2016: a harmonised life cycle
impact assessment method at midpoint and endpoint level. Int. J. Life Cycle Assess.
22, 138-147. https://doi.org/10.1007/5s11367-016-1246-y.

ICARDA, 2021. Morocco to convert 1m ha to conservation agriculture - how ICARDA/
INRA fit [WWW Document]. ICARDA. URL. https://www.icarda.org/media/blo
g/morocco-convert-1m-ha-conservation-agriculture-how-icardainra-fit, 2.12.23.

INRA : Atelier sur la promotion du semis direct sur 1,5 million d’hectares |10/02/2021 |
INRA [WWW Document], n.d. URL https://www.inra.org.ma/fr/content/10022021-
inra-atelier-sur-la-promotion-du-semis-direct-sur-15-million-d hectares (accessed
3.30.23).

Intergovernmental Panel on Climate Change (IPCC), 2019a. N20 Emissions from
Managed Soils, and Co2 Emissions from Lime and Urea Application, 2019
Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories.

Intergovernmental Panel on Climate Change (IPCC), 2019b. Cropland, 2019 Refinement
to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories.

International Food Policy Research Institute (IFPRI), 2022. High fertilizer prices
contribute to rising global food security concerns [WWW Document]. URL. https://
www.ifpri.org/blog/high-fertilizer-prices-contribute-rising-global-food-security-co
ncerns, 12.30.22.

Joensuu, K., Saarinen, M., 2017. Applying soil quality indicators in the context of life
cycle assessment in a Finnish case study. Int. J. Life Cycle Assess. 22, 1339-1353.
https://doi.org/10.1007/511367-016-1247-x.

Katumo, D.M., Liang, H., Ochola, A.C., Lv, M., Wang, Q.-F., Yang, C.-F., 2022. Pollinator
diversity benefits natural and agricultural ecosystems, environmental health, and
human welfare. Plant Divers 44, 429-435. https://doi.org/10.1016/j.
pld.2022.01.005.

Kirkegaard, J., Christen, O., Krupinsky, J., Layzell, D., 2008. Break crop benefits in
temperate wheat production. Field Crops Res. 107, 185-195. https://doi.org/
10.1016/j.fcr.2008.02.010.


https://doi.org/10.1093/jae/ejr007
https://doi.org/10.1111/jiec.12278
https://doi.org/10.1111/jiec.12278
https://doi.org/10.3390/agriculture12070905
https://doi.org/10.3390/agriculture12070905
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref4
https://doi.org/10.1080/19438151003774448
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref6
https://doi.org/10.1016/j.envpol.2015.02.011
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref8
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref8
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref8
https://doi.org/10.1038/s41467-021-21655-w
https://doi.org/10.5772/59131
https://doi.org/10.1111/gcb.15747
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref12
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref12
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref12
https://doi.org/10.1002/saj2.20335
https://doi.org/10.1007/s11367-012-0381-3
https://doi.org/10.1007/s11367-012-0381-3
https://doi.org/10.1016/j.jclepro.2018.05.115
https://doi.org/10.1016/j.jclepro.2018.05.115
https://doi.org/10.1016/j.jenvman.2021.112351
https://doi.org/10.1016/j.jenvman.2021.112351
https://doi.org/10.1021/acs.est.7b05570
https://doi.org/10.1021/acs.est.5b02507
https://doi.org/10.1371/journal.pone.0149323
https://doi.org/10.1371/journal.pone.0149323
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref20
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref20
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref21
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref21
https://doi.org/10.1007/s11367-020-01812-x
https://doi.org/10.1007/s11367-020-01812-x
https://doi.org/10.3389/fsufs.2021.656005
https://doi.org/10.3389/fsufs.2021.656005
https://doi.org/10.1016/j.cesys.2021.100017
https://doi.org/10.1016/bs.agron.2019.01.001
https://doi.org/10.1016/bs.agron.2019.01.001
https://doi.org/10.1016/j.agsy.2022.103470
https://doi.org/10.1016/j.agsy.2022.103470
https://doi.org/10.1016/j.ecolind.2018.06.052
https://doi.org/10.1016/j.ecolind.2018.06.052
https://doi.org/10.1080/14888386.2017.1351892
https://doi.org/10.3390/plants11202705
https://doi.org/10.1051/e3sconf/202123400037
https://doi.org/10.1051/e3sconf/202123400037
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref31
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref31
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref31
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref32
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref32
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref33
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref33
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref33
https://doi.org/10.1016/J.GEODERMA.2019.113883
https://doi.org/10.1016/J.GEODERMA.2019.113883
https://doi.org/10.1016/j.biombioe.2010.01.037
https://doi.org/10.1111/pce.13497
https://doi.org/10.1111/pce.13497
https://doi.org/10.1016/j.agee.2009.04.014
https://doi.org/10.1038/srep14625
https://ourworldindata.org/reducing-fertilizer-use
https://ourworldindata.org/reducing-fertilizer-use
https://doi.org/10.1016/j.scitotenv.2021.145270
https://doi.org/10.1016/j.scitotenv.2021.145270
https://doi.org/10.1016/j.renene.2012.06.031
https://doi.org/10.1016/B978-0-444-63998-1.00015-X
https://doi.org/10.1007/s11367-015-0906-7
https://doi.org/10.1007/978-3-030-49732-3_2
https://doi.org/10.1007/s11367-016-1246-y
https://www.icarda.org/media/blog/morocco-convert-1m-ha-conservation-agriculture-how-icardainra-fit
https://www.icarda.org/media/blog/morocco-convert-1m-ha-conservation-agriculture-how-icardainra-fit
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref48
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref48
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref48
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref49
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref49
https://www.ifpri.org/blog/high-fertilizer-prices-contribute-rising-global-food-security-concerns
https://www.ifpri.org/blog/high-fertilizer-prices-contribute-rising-global-food-security-concerns
https://www.ifpri.org/blog/high-fertilizer-prices-contribute-rising-global-food-security-concerns
https://doi.org/10.1007/s11367-016-1247-x
https://doi.org/10.1016/j.pld.2022.01.005
https://doi.org/10.1016/j.pld.2022.01.005
https://doi.org/10.1016/j.fcr.2008.02.010
https://doi.org/10.1016/j.fcr.2008.02.010

S. Lago-Olveira et al.

Kocira, A., Staniak, M., Tomaszewska, M., Kornas, R., Cymerman, J., Panasiewicz, K.,
Lipinska, H., 2020. Legume cover crops as one of the elements of strategic weed
management and soil quality improvement. A review. Agriculture 10, 394. https://
doi.org/10.3390/agriculture10090394.

Kopke, U., Nemecek, T., 2010. Ecological services of faba bean. Field Crops Res. 115,
217-233. https://doi.org/10.1016/j.fcr.2009.10.012.

Krohn, B.J., Fripp, M., 2012. A life cycle assessment of biodiesel derived from the “niche
filling” energy crop camelina in the USA. Appl. Energy 92, 92-98. https://doi.org/
10.1016/j.apenergy.2011.10.025.

Lago-Olveira, S., El-Areed, S.R.M., Moreira, M.T., Gonzélez-Garcia, S., 2023. Improving
environmental sustainability of agriculture in Egypt through a life-cycle perspective.
Sci. Total Environ. 890, 164335 https://doi.org/10.1016/j.scitotenv.2023.164335.

Lai, H., Gao, F., Su, H., Zheng, P., Li, Y., Yao, H., 2022. Nitrogen distribution and soil
microbial community characteristics in a legume-cereal intercropping system: a
review. Agronomy 12, 1900. https://doi.org/10.3390/agronomy12081900.

Landis, D.A., 2017. Designing agricultural landscapes for biodiversity-based ecosystem
services. Basic Appl. Ecol. 18, 1-12. https://doi.org/10.1016/j.baae.2016.07.005.

Li, Juan, Wang, Y., Guo, Z., Li, Jin-bin, Tian, C., Hua, D., Shi, C., Wang, H., Han, J.,
Xu, Y., 2020. Effects of conservation tillage on soil physicochemical properties and
crop yield in an arid loess plateau, China. Sci. Rep. 10, 4716. https://doi.org/
10.1038/541598-020-61650-7.

Maeseele, C., Roux, P., 2021. An LCA framework to assess environmental efficiency of
water reuse: application to contrasted locations for wastewater reuse in agriculture.
J. Clean. Prod. 316, 128151 https://doi.org/10.1016/j.jclepro.2021.128151.

Masia, S., Trabucco, A., Spano, D., Snyder, R.L., Susnik, J., Marras, S., 2021. A modelling
platform for climate change impact on local and regional crop water requirements.
Agric. Water Manag. 255, 107005 https://doi.org/10.1016/j.agwat.2021.107005.

Mattila, T.J., Hagelberg, E., Soderlund, S., Joona, J., 2022. How farmers approach soil
carbon sequestration? Lessons learned from 105 carbon-farming plans. Soil Tillage
Res. 215, 105204 https://doi.org/10.1016/j.still.2021.105204.

Mila i Canals, L., Romanya, J., Cowell, S.J., 2007. Method for assessing impacts on life
support functions (LSF) related to the use of ‘fertile land’ in Life Cycle Assessment
(LCA). J. Clean. Prod. 15, 1426-1440. https://doi.org/10.1016/j.
jclepro.2006.05.005.

Monti, A., Fazio, S., Venturi, G., 2009. Cradle-to-farm gate life cycle assessment in
perennial energy crops. Eur. J. Agron. 31, 77-84. https://doi.org/10.1016/j.
€ja.2009.04.001.

Morandini, N.P., Petroudi, E.R., Mobasser, H.R., Dastan, S., 2020. Life cycle assessment
of crop rotation systems on rice cultivars in northern Iran. Int. J. Plant Prod. 14,
531-548. https://doi.org/10.1007/542106-020-00103-7.

Moroccan Ministry of Agriculture and Rural Development, 2000. Mécanisation de la
culture des légumineuses alimentaires au Maroc.

Mudgal, S., Lavelle, P., Cachia, F., Somogyi, D., Majewski, Edward Fontaine, Laurence
Bechini, L., Debaeke, P., 2010. Environmental Impacts of Different Crop Rotations in
the European Union.

Muhammed, S.E., Coleman, K., Wu, L., Bell, V.A., Davies, J.A.C., Quinton, J.N.,
Carnell, E.J., Tomlinson, S.J., Dore, A.J., Dragosits, U., Naden, P.S., Glendining, M.
J., Tipping, E., Whitmore, A.P., 2018. Impact of two centuries of intensive
agriculture on soil carbon, nitrogen and phosphorus cycling in the UK. Sci. Total
Environ. 634, 1486-1504. https://doi.org/10.1016/J.SCITOTENV.2018.03.378.

Nazari, S., Rahimi, G., Khademi Jolgeh Nezhad, A., 2019. Effectiveness of native and
citric acid-enriched biochar of Chickpea straw in Cd and Pb sorption in an acidic soil.
J. Environ. Chem. Eng. 7, 103064 https://doi.org/10.1016/].jece.2019.103064.

Nemecek, T., Dubois, D., Huguenin-Elie, O., Gaillard, G., 2011. Life cycle assessment of
Swiss farming systems: I. Integrated and organic farming. Agric. Syst. 104, 217-232.
https://doi.org/10.1016/j.agsy.2010.10.002.

Nemecek, T., Hayer, F., Bonnin, E., Carrouée, B., Schneider, A., Vivier, C., 2015.
Designing eco-efficient crop rotations using life cycle assessment of crop
combinations. Eur. J. Agron. 65, 40-51. https://doi.org/10.1016/j.eja.2015.01.005.

Nitschelm, L., Parnaudeau, V., Vertes, F., van der Werf, H.M.G., Corson, M.S., Viaud, V.,
Aubin, J., Walter, C., 2018. Improving estimates of nitrogen emissions for life cycle
assessment of cropping systems at the scale of an agricultural territory. Environ. Sci.
Technol. 52, 1330-1338. https://doi.org/10.1021/acs.est.6b03865.

Olson, D.M., Dinerstein, E., Wikramanayake, E.D., Burgess, N.D., Powell, G.V.N.,
Underwood, E.C., D’amico, J.A., Itoua, I., Strand, H.E., Morrison, J.C., Loucks, C.J.,
Allnutt, T.F., Ricketts, T.H., Kura, Y., Lamoreux, J.F., Wettengel, W.W., Hedao, P.,
Kassem, K.R., 2001. Terrestrial Ecoregions of the World: a New Map of Life on Earth:
a new global map of terrestrial ecoregions provides an innovative tool for conserving
biodiversity. Bioscience 51, 933-938. https://doi.org/10.1641/0006-3568(2001)
051[0933:TEOTWA]2.0.CO;2.

Otieno, M., Steffan-Dewenter, 1., Potts, S.G., Kinuthia, W., Kasina, M.J., Garratt, M.P.D.,
2020. Enhancing legume crop pollination and natural pest regulation for improved
food security in changing African landscapes. Global Food Secur. 26, 100394
https://doi.org/10.1016/].gfs.2020.100394.

Palm, C., Blanco-Canqui, H., DeClerck, F., Gatere, L., Grace, P., 2014. Conservation
agriculture and ecosystem services: an overview. Agric. Ecosyst. Environ. 187,
87-105. https://doi.org/10.1016/j.agee.2013.10.010.

Panoutsou, C., von Cossel, M., Ciria, P., Ciria, C.S., Baraniecki, P., Monti, A., Zanetti, F.,
Dubois, J., 2022. Social considerations for the cultivation of industrial crops on
marginal agricultural land as feedstock for bioeconomy. Biofuels, Bioprod.
Biorefining 16, 1319-1341. https://doi.org/10.1002/bbb.2376.

Pelletier, N., Arsenault, N., Tyedmers, P., 2008. Scenario modeling potential eco-
efficiency gains from a transition to organic agriculture: life cycle perspectives on
Canadian canola, corn, soy, and wheat production. Environ. Manage. 42, 989-1001.
https://doi.org/10.1007/500267-008-9155-x.

11

Cleaner Environmental Systems 12 (2024) 100169

Peter, C., Specka, X., Aurbacher, J., Kornatz, P., Herrmann, C., Heiermann, M., Miiller, J.,
Nendel, C., 2017. The MiLA tool: modeling greenhouse gas emissions and cumulative
energy demand of energy crop cultivation in rotation. Agric. Syst. 152, 67-79.
https://doi.org/10.1016/j.agsy.2016.12.008.

Plaza-Bonilla, D., Nolot, J.M., Raffaillac, D., Justes, E., 2017. Innovative cropping
systems to reduce N inputs and maintain wheat yields by inserting grain legumes and
cover crops in southwestern France. Eur. J. Agron. 82, 331-341. https://doi.org/
10.1016/J.EJA.2016.05.010.

Potts, S., Cairns, C.E., Villanueva-gutiérrez, R., Koptur, S., David, B., Kluser, S.,
Peduzzi, P., Mayberry, R.J., Elle, E., 2016. Summary for policymakers of the
assessment report of the intergovernmental science-policy platform on biodiversity
and ecosystem services (IPBES) on pollinators, pollination and food. In:
Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services
(IPBES).

Prasuhn, V., 2006. Erfassung der PO4-Austrige fiir die Okobilanzierung - SALCA-
Phosphor. Agroescope Reckenholz 20.

Rebolledo-Leiva, R., Almeida-Garcia, F., Pereira-Lorenzo, S., Ruiz-Nogueira, B.,
Moreira, M.T., Gonzalez-Garcia, S., 2022a. Introducing lupin in autochthonous
wheat rotation systems in Galicia (NW Spain): an environmental and economic
assessment. Sci. Total Environ. 838, 156016 https://doi.org/10.1016/j.
scitotenv.2022.156016.

Rebolledo-Leiva, R., Almeida-Garcia, F., Pereira-Lorenzo, S., Ruiz-Nogueira, B.,
Moreira, M.T., Gonzélez-Garcia, S., 2022b. Determining the environmental and
economic implications of lupin cultivation in wheat-based organic rotation systems
in Galicia, Spain. Sci. Total Environ. 845, 157342 https://doi.org/10.1016/j.
scitotenv.2022.157342.

Ritchie, H., Roser, M., 2022. Environmental Impacts of Food Production [WWW
Document]. Our World Data. URL. https://ourworldindata.org/environmental-i
mpacts-of-food. (Accessed 2 December 2023).

Rose, M., Pahlmann, 1., Kage, H., 2023. Modified crop rotations for a sustainable
intensification? A case study in a high-yielding environment with recurrent nitrogen
surplus. Eur. J. Agron. 142, 126644 https://doi.org/10.1016/j.eja.2022.126644.

Rossi, R., 2020. Desertification and agriculture. Eur. Parliam. Res. Serv. 73, 179-186.

Schmidt, J.H., Weidema, B.P., Brandao, M., 2015. A framework for modelling indirect
land use changes in Life Cycle Assessment. J. Clean. Prod. 99, 230-238. https://doi.
org/10.1016/j.jclepro.2015.03.013.

Semenchuk, P., Plutzar, C., Kastner, T., Matej, S., Bidoglio, G., Erb, K.-H., Essl, F.,
Haberl, H., Wessely, J., Krausmann, F., Dullinger, S., 2022. Relative effects of land
conversion and land-use intensity on terrestrial vertebrate diversity. Nat. Commun.
13, 615. https://doi.org/10.1038/s41467-022-28245-4.

Souza, S.P., Seabra, J.E.A., 2013. Environmental benefits of the integrated production of
ethanol and biodiesel. Appl. Energy 102, 5-12. https://doi.org/10.1016/j.
apenergy.2012.09.016.

Styles, D., Jones, M., 2007. Energy crops in Ireland: quantifying the potential life-cycle
greenhouse gas reductions of energy-crop electricity. Biomass Bioenergy 31,
759-772. https://doi.org/10.1016/j.biombioe.2007.05.003.

Sun, T., Feng, X., Lal, R., Cao, T., Guo, J., Deng, A., Zheng, C., Zhang, J., Song, Z.,
Zhang, W., 2021. Crop diversification practice faces a tradeoff between increasing
productivity and reducing carbon footprints. Agric. Ecosyst. Environ. 321, 107614
https://doi.org/10.1016/j.agee.2021.107614.

Sun, J., Wang, Z., Du, Y., Zhang, E., Gan, H., Sun, D., Niu, W., 2022. Optimized tillage
improves yield and energy efficiency while reducing carbon footprint in winter
wheat-summer maize rotation systems. Sci. Total Environ. 820, 153278 https://doi.
org/10.1016/j.scitotenv.2022.153278.

Sustainability, PRé, 2022. Simapro Database Manual. Methods library, Amersfoort,
Netherlands.

Tang, L., Hayashi, K., Kohyama, K., Leon, A., 2018. Reconciling life cycle environmental
impacts with ecosystem services: a management perspective on agricultural land use.
Sustainability 10, 630. https://doi.org/10.3390/5u10030630.

The agricultural European Innovation Partnership (EIP-AGRI), 2016. Soil organic matter
matters Investing in soil quality for long-term benefits. In: Soil Organic Matter
Matters Investing in Soil Quality for Long-Term Benefits.

Tricase, C., Lamonaca, E., Ingrao, C., Bacenetti, J., Lo Giudice, A., 2018. A comparative
Life Cycle Assessment between organic and conventional barley cultivation for
sustainable agriculture pathways. J. Clean. Prod. 172, 3747-3759. https://doi.org/
10.1016/j.jclepro.2017.07.008.

UNEP, 2019. Emerging Issues of Environmental Concern. United Nations Environment
Programme, Nairobi.

UNEP-SETAC Life Cycle Initiative, 2019. Global Guidance on Environmental Life Cycle
Impact Assessment Indicators, vol. 2.

van Zeijts, H., Leneman, H., Wegener Sleeswijk, A., 1999. Fitting fertilisation in LCA:
allocation to crops in a cropping plan. J. Clean. Prod. 7, 69-74. https://doi.org/
10.1016/50959-6526(98)00040-7.

Vidal-Legaz, B., Sala, S., Antdn, A., Souza, D.M. De, Nocita, M., Putman, B., Teixeira, R.F.
M., 2016. Land-use Related Environmental Indicators for Life Cycle Assessment -
Analysis of Key Aspects in Land Use Modelling - Study. https://doi.org/10.2788/
905478.

Volanti, M., Savarino, F.O., Passarini, F., Vassura, 1., Grosso, S.A., 2021. Environmental
analysis of crop rotations through the application of the Cereal Unit approach. Ecol.
Indicat. 121, 107199 https://doi.org/10.1016/J.ECOLIND.2020.107199.

Wall, D.H., Nielsen, U.N., 2012. Biodiversity and ecosystem services: is it the same below
ground? Nat. Educ. Knowl. 3, 8.

Wang, W., Dalal, R.C., 2015. Nitrogen management is the key for low-emission wheat
production in Australia: a life cycle perspective. Eur. J. Agron. 66, 74-82. https://
doi.org/10.1016/j.eja.2015.02.007.


https://doi.org/10.3390/agriculture10090394
https://doi.org/10.3390/agriculture10090394
https://doi.org/10.1016/j.fcr.2009.10.012
https://doi.org/10.1016/j.apenergy.2011.10.025
https://doi.org/10.1016/j.apenergy.2011.10.025
https://doi.org/10.1016/j.scitotenv.2023.164335
https://doi.org/10.3390/agronomy12081900
https://doi.org/10.1016/j.baae.2016.07.005
https://doi.org/10.1038/s41598-020-61650-7
https://doi.org/10.1038/s41598-020-61650-7
https://doi.org/10.1016/j.jclepro.2021.128151
https://doi.org/10.1016/j.agwat.2021.107005
https://doi.org/10.1016/j.still.2021.105204
https://doi.org/10.1016/j.jclepro.2006.05.005
https://doi.org/10.1016/j.jclepro.2006.05.005
https://doi.org/10.1016/j.eja.2009.04.001
https://doi.org/10.1016/j.eja.2009.04.001
https://doi.org/10.1007/s42106-020-00103-7
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref68
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref68
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref69
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref69
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref69
https://doi.org/10.1016/J.SCITOTENV.2018.03.378
https://doi.org/10.1016/j.jece.2019.103064
https://doi.org/10.1016/j.agsy.2010.10.002
https://doi.org/10.1016/j.eja.2015.01.005
https://doi.org/10.1021/acs.est.6b03865
https://doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
https://doi.org/10.1641/0006-3568(2001)051[0933:TEOTWA]2.0.CO;2
https://doi.org/10.1016/j.gfs.2020.100394
https://doi.org/10.1016/j.agee.2013.10.010
https://doi.org/10.1002/bbb.2376
https://doi.org/10.1007/s00267-008-9155-x
https://doi.org/10.1016/j.agsy.2016.12.008
https://doi.org/10.1016/J.EJA.2016.05.010
https://doi.org/10.1016/J.EJA.2016.05.010
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref82
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref82
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref82
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref82
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref82
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref82
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref83
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref83
https://doi.org/10.1016/j.scitotenv.2022.156016
https://doi.org/10.1016/j.scitotenv.2022.156016
https://doi.org/10.1016/j.scitotenv.2022.157342
https://doi.org/10.1016/j.scitotenv.2022.157342
https://ourworldindata.org/environmental-impacts-of-food
https://ourworldindata.org/environmental-impacts-of-food
https://doi.org/10.1016/j.eja.2022.126644
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref88
https://doi.org/10.1016/j.jclepro.2015.03.013
https://doi.org/10.1016/j.jclepro.2015.03.013
https://doi.org/10.1038/s41467-022-28245-4
https://doi.org/10.1016/j.apenergy.2012.09.016
https://doi.org/10.1016/j.apenergy.2012.09.016
https://doi.org/10.1016/j.biombioe.2007.05.003
https://doi.org/10.1016/j.agee.2021.107614
https://doi.org/10.1016/j.scitotenv.2022.153278
https://doi.org/10.1016/j.scitotenv.2022.153278
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref95
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref95
https://doi.org/10.3390/su10030630
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref97
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref97
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref97
https://doi.org/10.1016/j.jclepro.2017.07.008
https://doi.org/10.1016/j.jclepro.2017.07.008
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref99
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref99
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref100
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref100
https://doi.org/10.1016/S0959-6526(98)00040-7
https://doi.org/10.1016/S0959-6526(98)00040-7
https://doi.org/10.2788/905478
https://doi.org/10.2788/905478
https://doi.org/10.1016/J.ECOLIND.2020.107199
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref105
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref105
https://doi.org/10.1016/j.eja.2015.02.007
https://doi.org/10.1016/j.eja.2015.02.007

S. Lago-Olveira et al.

Watson, S.C.L., Newton, A.C., Ridding, L.E., Evans, P.M., Brand, S., McCracken, M.,
Gosal, A.S., Bullock, J.M., 2021. Does agricultural intensification cause tipping
points in ecosystem services? Landsc. Ecol. 36, 3473-3491. https://doi.org/
10.1007/5s10980-021-01321-8.

Wernet, G., Bauer, C., Steubing, B., Reinhard, J., Moreno-Ruiz, E., Weidema, B., 2016.
The ecoinvent database version 3 (part I): overview and methodology. Int. J. Life
Cycle Assess. 21, 1218-1230. https://doi.org/10.1007/511367-016-1087-8.

Winter, L., Lehmann, A., Finogenova, N., Finkbeiner, M., 2017. Including biodiversity in
life cycle assessment — state of the art, gaps and research needs. Environ. Impact
Assess. Rev. 67, 88-100. https://doi.org/10.1016/j.eiar.2017.08.006.

WWEF, 2022. Living Planet Report 2022 — Building a Nature Positive Society.

Yang, X., Gao, W., Zhang, M., Chen, Y., Sui, P., 2014. Reducing agricultural carbon
footprint through diversified crop rotation systems in the North China Plain.

J. Clean. Prod. 76, 131-139. https://doi.org/10.1016/j.jclepro.2014.03.063.

Yigezu, Y.A., El-Shater, T., Boughlala, M., Bishaw, Z., Niane, A.A., Maalouf, F., Degu, W.
T., Wery, J., Boutfiras, M., Aw-Hassan, A., 2019. Legume-based rotations have clear

12

Cleaner Environmental Systems 12 (2024) 100169

economic advantages over cereal monocropping in dry areas. Agron. Sustain. Dev.
39, 58. https://doi.org/10.1007/s13593-019-0602-2.

Yin, C., Zhao, W., Cherubini, F., Pereira, P., 2021. Integrate ecosystem services into
socio-economic development to enhance achievement of sustainable development
goals in the post-pandemic era. Geogr. Sustain. 2, 68-73. https://doi.org/10.1016/j.
geosus.2021.03.002.

Zhang, K., Maltais-Landry, G., Liao, H.-L., 2021. How soil biota regulate C cycling and
soil C pools in diversified crop rotations. Soil Biol. Biochem. 156, 108219 https://
doi.org/10.1016/j.s0ilbi0.2021.108219.

Zhao, J., Chen, J., Beillouin, D., Lambers, H., Yang, Y., Smith, P., Zeng, Z., Olesen, J.E.,
Zang, H., 2022. Global systematic review with meta-analysis reveals yield advantage
of legume-based rotations and its drivers. Nat. Commun. 131 (13), 1-9. https://doi.
org/10.1038/541467-022-32464-0, 2022.

Zhou, J., Li, B., Xia, L., Fan, C., Xiong, Z., 2019. Organic-substitute strategies reduced
carbon and reactive nitrogen footprints and gained net ecosystem economic benefit
for intensive vegetable production. J. Clean. Prod. 225, 984-994. https://doi.org/
10.1016/j.jclepro.2019.03.191.


https://doi.org/10.1007/s10980-021-01321-8
https://doi.org/10.1007/s10980-021-01321-8
https://doi.org/10.1007/S11367-016-1087-8
https://doi.org/10.1016/j.eiar.2017.08.006
http://refhub.elsevier.com/S2666-7894(24)00007-2/sref110
https://doi.org/10.1016/j.jclepro.2014.03.063
https://doi.org/10.1007/s13593-019-0602-2
https://doi.org/10.1016/j.geosus.2021.03.002
https://doi.org/10.1016/j.geosus.2021.03.002
https://doi.org/10.1016/j.soilbio.2021.108219
https://doi.org/10.1016/j.soilbio.2021.108219
https://doi.org/10.1038/s41467-022-32464-0
https://doi.org/10.1038/s41467-022-32464-0
https://doi.org/10.1016/j.jclepro.2019.03.191
https://doi.org/10.1016/j.jclepro.2019.03.191

	Promoting more sustainable agriculture in the Moroccan drylands by shifting from conventional wheat monoculture to a rotati ...
	1 Introduction
	2 Material and methods
	2.1 Goal and scope of the study
	2.2 Life cycle inventory
	2.3 Description of the cropping systems under study
	2.3.1 Growing leguminous crops
	2.3.2 Cultivation of wheat

	2.4 Field emissions
	2.5 Functional unit and allocation
	2.6 Life cycle impact assessment

	3 Results and discussion
	3.1 Environmental impacts: land management function
	3.2 Environmental impacts: productive function
	3.3 Analysis of the main factors contributing to the environmental impact
	3.3.1 On-field emissions
	3.3.2 Fertilizers production and field operations
	3.3.3 Irrigation
	3.3.4 Driver of land-occupation and land-transformation
	3.3.5 Seed and plant protection product manufacturing

	3.4 Comparison with Ecoinvent scenarios

	4 Further discussion
	4.1 Study limitations and future perspectives

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


