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• Agricultural practices on fertile and irri-
gated desert areas of Egypt are analyzed

• Crop rotation in fertile regions had higher
environmental impact on most indicators

• Irrigation and emissions from N-fertilizer
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• Soil organic content depletion is attrib-
uted to land use intensity
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Soil plays an essential role as a habitat, source of nutrients and support for vegetation. Promoting food security and
environmental sustainability of agricultural systems requires an integrated approach to soil fertility management. Ag-
ricultural activities should be developed with preventive approaches aimed at avoiding or reducing negative impacts
on the soil physicochemical and biological properties and the depletion of soil nutrient reserves. In this regard, Egypt
has developed the Sustainable Agricultural Development Strategy to encourage environmentally friendly practices
among farmers, such as crop rotation and water management, in addition to extending agriculture to desert areas, fa-
voring the socio-economic development of the region. In order to evaluate the outcomes of the plan beyond quantita-
tive data of production, yield, consumption and emissions, the environmental profile of agriculture in Egypt has been
assessed under a life-cycle perspective in order to identify the associated environmental burdens and ultimately con-
tribute to improving the sustainability policies of agricultural activity within the framework of a crop rotation system.
In particular, a two-year crop rotation (Egyptian clover-maize-wheat) was analyzed in two distinct agricultural areas in
Egypt: New Lands in desert regions and Old Lands along the Nile River, traditionally recognized as fertile areas due to
the river alluviumandwater availability. TheNew Lands had theworst environmental profile for all impact categories,
except for Soil organic carbon deficit and Global potential species loss. Irrigation and on-field emissions associated
with mineral fertilization were identified as the most critical hotspots of Egyptian agriculture. In addition, land occu-
pation and land transformation were reported as the main drivers of biodiversity loss and soil degradation, respec-
tively. Beyond these results, further research on biodiversity and soil quality indicators is needed to more accurately
assess the environmental damage caused by the conversion of deserts into agricultural areas, given the species richness
these regions hold.
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1. Introduction

In 2021, the number of people affected by hunger globally rose to 828
million (FAO et al., 2022). Food sovereignty associatedwith agricultural ac-
tivities plays a key role in achieving food security, although it can also pose
a serious threat if practiced in an unsustainable way. In particular, land use
and degradation, high water and energy consumptions, as well as biodiver-
sity loss are identified as elements contributing to the environmental bur-
dens associated with this type of activities (Eugenio et al., 2018; IPCC,
2019a).

Moreover in a context of political instability, countries in Africa and the
Middle East are among themost threatened by food shortages, supply chain
disruptions and rising prices, and it is especially in these areas that the
greatest efforts in the context of food sovereignty should be emphasized
(ELD Initiative and UNEP., 2015; Ziadat et al., 2021). In particular, the
pace of price increases for several key crops, particularly cereals (wheat,
maize, barley and rice), has accelerated. In these countries, soil degradation
already affects more than 45 % of the land, and crop yields are projected to
undergo substantial declines (up to 80 % by 2025), due to water scarcity,
high prices of seeds, fertilizers and energy, extremeweather events, and ris-
ing temperatures (ELD Initiative and UNEP, 2015; IPCC, 2019a; IFAD,
2021).

To ensure food and nutrition security on the planet, especially in the
most vulnerable countries, a more sustainable and resilient agricultural
model should consider crop rotation practices with the aim of improving
agricultural yields while protecting the environment (European Environ-
ment Agency, 2020). These practices can improve crop protection against
pests and diseases (especially those with short survival times) (SARE,
2020), and promote physical, chemical and biological fertility of the soil
(Beillouin et al., 2021). Although these types of practices have been
displaced by monoculture systems due to economic reasons (Balogh,
2021), monocultures require higher agrochemical inputs and deliver
lower yields over the years; generally leading to lower profitability com-
pared to rotations (Ouda et al., 2018; Beillouin et al., 2021).

Egypt is a North African country characterized by its low share of arable
land per capita (0.03 ha), one of the lowest in the world (The World Bank,
2018). Like other countries in the region, Egypt relies on global markets for
a large share of staple crops and it is experiencing difficulties in meeting
food demand (World Food Programme, 2022). In the long term, the
Egyptian Government has developed the Sustainable Agricultural Develop-
ment Strategy (SADS) with the purpose of boosting agricultural production
in a sustainable manner by 2030 (MALR, 2009). As part of the strategy,
crop rotation practices are being promoted among farmers, as well as
other key aspects, such as water management and the extension of agricul-
tural lands to desert areas.

Life Cycle Assessment (LCA) is a standardizedmethodologywidely used
to measure potential environmental impacts in the agri-food sector
(Almeida-García et al., 2022; Costa et al., 2020). LCA can analyze multiple
environmental impacts throughout the life cycle of a production system and
allows to detect those stages that contribute most to the environmental
burdens. Climate change, ecotoxicity and acidification are among the
most commonly analyzed impact categories in the agricultural sector
(Alhashim et al., 2021; Costa et al., 2020). However, there are other key
areas that are greatly affected by agricultural activities, such as biodiversity
loss and soil quality, which are rarely considered in the assessment (Costa
et al., 2020). Furthermore, despite the large proliferation of LCA studies
in recent years, few LCA analysis have been conducted in Egypt, none of
them related to the agri-food sector (Karkour et al., 2021). Understanding
the environmental burdens of Egyptian agriculture, including those related
to biodiversity loss and soil degradation, and how crop rotation affects the
different cultivation areas in the country, could highly contribute to guide
Egyptian policies aimed at developing a more sustainable agriculture. Ac-
cordingly, the main objective of this study will be to assess and compare
the environmental performance of a rotation system cultivated in the two
distinct regions of Egypt corresponding to the fertile and irrigated desert
areas. On this basis, differences in environmental burdens are anticipated
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and measures can be proposed to improve the environmental profile of
each scenario.

2. Material and methods

2.1. Description of the studied area

Egypt is characterized by a very small agricultural area (3% of the total
area) (Fig. 1), inwhich three zones can be distinguished (Ouda et al., 2018):
Old Lands, found along the Nile Valley and the Delta, stand out for their
high fertility; New Lands are fields recovered from the desert through
governmental programs and private sector support; and the rainfed areas,
located in the northern coast, are mainly used for livestock breeding due
to their shallow depth and rocky characteristics.

The studied area encompasses both the Old Lands and the New Lands.
These regions are characterized by an arid climate, with an average annual
rainfall of 150mm/year, and alkaline soils. While the soils of the Old Lands
have a high organic matter and clay content (50% clay), the organicmatter
content of the NewLands is low, and their texture is sandy (8% clay). In ad-
dition, for historical reasons, the Old Lands are laid out in small agricultural
plots and generally belong to a single farmer, while the New Lands are ar-
ranged in large fields owned by large companies.

2.2. Description of the crop rotation systems

The agricultural system under study consists of spring wheat (Triticum
aestivum L. and Triticum durum L.), maize (Zea mays L.), and Egyptian clover
(Trifolium alexandrinum L.) arranged in a two-year rotation cycle (Fig. 2). In
addition, it includes a short period of fallow between July and August. Both
wheat species and maize are grown for human consumption, whereas
Egyptian clover and wheat straw are destined to fodder production. They
stand among the most cultivated crops in Egypt (FAO, 2014, 2022; Ouda
et al., 2018), and therefore they have been selected as the target crops.
The crops are cultivated following conventional farming practices, which
are conducted in threemain stages: soil conditioning, crop growth and har-
vesting. During soil conditioning, the field is prepared for sowing by per-
forming tillage and pre-sowing fertilization activities, and ends with
sowing. This is followed by the crop growth stage, which refers to a set of
practices aimed at nurturing the crop through additional fertilization, irri-
gation and agrochemicals treatments. In the final stage, harvesting, agricul-
tural products are collected for sale.

2.2.1. Crop rotation system in Old Lands

2.2.1.1. Egyptian clover cultivation. Egyptian clover production begins in Sep-
tember with soil tillage with a chisel plough, followed by mineral fertiliza-
tion and sowing. Between May and June, the clover is harvested and used
for forage production. Harvesting can be done manually or with a self-
propelled mower. During the whole growing stage, the crop is irrigated
with surface and groundwater by surface irrigation.

2.2.1.2. Maize cultivation. Maize cultivation begins in July, just after the
clover has been harvested. Firstly, chisel ploughing is performed, continued
by mineral fertilization and sowing. This is followed by an insecticide
treatment. From September to November, maize is harvested manually
and threshed, while the leftover straw is burned. As for all crops
settled in Old Lands, maize is superficially irrigated using surface and
groundwater.

2.2.1.3. Wheat cultivation. Between November and December, the field is
prepared for wheat by chisel ploughing and fertilization, and two weeks
later, wheat seeds are sown. During wheat growth, an herbicide treatment
is applied. Towards May and June, wheat is harvested manually and
threshed. All the straw produced is removed from the field and used for an-
imal feeding. Surface water and groundwater is applied superficially along
the growing season.



Fig. 1. Geographical distribution of agricultural lands (green color) in Egypt. The cropland geolocation data was extracted from Xiong (2017).
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All inventory data related to the crop rotation system in Old Lands (in-
cluding input rates, diesel consumption, yields, etc.) are summarized in
Tables S1–S3 of the Supplementary Material. In addition, a list of the man-
ufacturers of fertilizers is given in Table S7.

2.2.2. Crop rotation system in New Lands
A similar agronomic schedule is followed in New Lands; however, with

relevant differences, which are described below, as well as in Tables S4–S6
of the Supplementary Material.
Fig. 2. Layout of the crop rota
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2.2.2.1. Egyptian clover cultivation. The soil is prepared by disk ploughing
two weeks before sowing Egyptian clover. The New Lands are fertilized
through a fertigation technique, which uses irrigation to spread the inputs
through a sprinkler. In late spring, the aerial biomass is harvested with a
mower.

2.2.2.2. Maize cultivation. Immediately after clover cutting, the field is pre-
pared with disk ploughing for planting maize. During maize growth,
groundwater and several fertilizers are spread by sprinkler and drip
tion system under study.
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irrigationmethods. In addition, the crop is treated with an insecticide using
a sprayer machine. Finally, harvesting and threshing are carried out simul-
taneously by a combined machine, and alike in Old Lands, the straw pro-
duced is burned.

2.2.2.3. Wheat cultivation. Firstly, the land is prepared by disk ploughing be-
fore sowing wheat seeds. A set of various fertilizers are applied by sprinkler
and drip fertigation. During growing stage, an herbicide treatment is also
added to the crop with a sprayer machine. As in maize, wheat is collected
and threshed with a combined machine. All the remaining straw is sold
for animal fodder.

2.3. Life cycle assessment method

The present work follows the attributional Life Cycle Assessment (LCA)
methodology, covering the 4 phases proposed by ISO standards 14040 and
14044: i) goal and scope definition, ii) life cycle inventory, iii) life cycle
impact assessment and iv) interpretation.

2.3.1. Goal and scope definition

2.3.1.1. System boundaries. The system boundaries comprise from cradle to
farm-gate (Fig. 3), including raw material extraction (e.g., fossil fuels and
minerals), manufacture (e.g., seeds, mineral fertilizers, herbicides, insecti-
cides, fungicides, and agricultural machinery), use, maintenance and end-
of-life management of the machinery.

2.3.1.2. Functional unit and allocation. Since the main objective of the study
is to assess and compare the environmental performance of the agricultural
practices performed in two different regions, aiming to identify the best
management and hotspots, a land-based functional unit was defined, in
Fig. 3. System boundaries of the ag
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this case one hectare. Considering that the agricultural systems were ana-
lyzed as a whole (without distinguishing between agricultural products),
no allocation procedure was performed.

2.3.2. Life cycle inventory
The life cycle inventory is composed of primary and secondary data. The

primary data represent the foreground system (Fig. 3) and were mainly col-
lected through interviews and surveyswith local farmers and farming compa-
nies. The information obtained, corresponding to a total of 100 farmers and
12 companies, is summarized in Tables S1–S6 of the Supporting Material.
In addition, primary data on emissions from the foreground system were es-
timated using different empirical models (Sections 2.3.2.1 and 2.3.2.2). The
contribution of the machinery used on each farm was calculated by taking
into account the weight, operating hours and useful life of each machine.
The secondary data constituting the background system were obtained
from the Ecoinvent® 3.8v database (Wernet et al., 2016).

2.3.2.1. Direct and indirect field emissions.On-field emissions were estimated
based on fertilizers and phytosanitary products (herbicides, insecticides,
fungicides) dosed to crops. To calculate direct and indirect nitrous oxides
(N2O) emissions, the guidelines of the Intergovernmental Panel on Climate
Change (IPCC, 2019b) were adopted, using as emission factors those specif-
ically reported for each type of fertilizer applied. All factors used in the
calculation of on-field emissions, including the ones above, are listed in
Table S8 of the Supplementary Material.

NH3 and NO2 emissions were calculated as reported by the European
Environment Agency (EMEP/EEA, 2019). For NH3 emissions, the
fertilizer-specific factors were selected assuming a pH above 7 (Table S8),
as for NO2 emissions, an emission factor of 0.04 kgNO2·kg N−1 was consid-
ered for all fertilizers. In turn, nitrate leaching (NO3

−) was determined fol-
lowing the model developed by Faist et al. (2009), and considering the
ricultural systems under study.



Fig. 4. Comparative environmental profile of New and Old Lands rotations per
hectare and in terms of eleven impact categories. GW: global warming; TA:
terrestrial acidification; FE: freshwater eutrophication; ME: marine eutrophication;
TET: terrestrial ecotoxicity; FET: freshwater ecotoxicity; MET: marine ecotoxicity;
SOD: stratospheric ozone depletion; WS: water scarcity; SOC: soil organic carbon
depletion potential; PSLglo: global potential species loss.
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rooting depth of each crop (1.20 m for wheat, 0.30 m for Egyptian clover
and 1.35 m for maize), as well as the clay content of the soil (around 50
and 8 % for crops grown in Old and New Lands, respectively). Moreover,
phosphate emissions were computed with the SALCA-P model (Prasuhn,
2006), considering different emission factors depending on whether phos-
phate leached to groundwater or was discharged to surface water
(Table S8). In addition, emissions related to plant protection products
were calculated as defined in the PEFCR protocol (European Commission,
2018) (Table S8). Finally, CO2 emissions from urea were determined fol-
lowing IPCC guidance (IPCC, 2019b).

2.3.2.2. Emissions from land-use change. Agricultural activities are the main
drivers of land-use change (LUC) as a result of land occupation (Parra-
Paitan and Verburg, 2022). LUC can be divided into direct land-use change
(dLUC), referring to changes in soil carbon content that occur directly on
the land used; and indirect land-use change (iLUC), which describes alter-
ations occurring elsewhere (Schmidt et al., 2015). In the present study,
only greenhouse gas (GHG) emissions related to iLUC were considered, as
no return of residual biomass was adopted in the systems studied. There-
fore, assuming that no changes in soil carbon content occurred at the
field. Based on the biophysical model developed by Schmidt et al. (2015),
a single country-specific emission factor was obtained for agricultural
land-used per rotation system: 17 kg CO2eq·ha−1. For its measurement,
1 ha·year−1 of arable land per rotationwas regarded, in addition to a poten-
tial net primary production (NPP0) of 0.83 t C·ha−1·yr−1, and an overall av-
erage productivity of 6.11 t C·ha−1·yr−1.

2.3.3. Life cycle impact assessment
The environmental loads related to each crop area were quantified fol-

lowing midpoint and endpoint approaches. First, the next midpoint impact
categories were assessed: Global Warming (GW), Stratospheric Ozone De-
pletion (SOD), Terrestrial Acidification (TA), Freshwater Eutrophication
(FE), Marine Eutrophication (ME), Terrestrial Ecotoxicity (TET), Freshwa-
ter Ecotoxicity (FET), and Marine Ecotoxicity (MET); and calculated with
ReCiPe 2016 V1.06 Hierarchist Midpoint method World (2010)
(Huijbregts et al., 2017). In addition to these common categories, Water
Scarcity (WS), Soil Organic Carbon (SOC) Deficit, and global Potential Spe-
cies Loss (PSLglo) were also estimated following their respective methods.
Each of these impact categories was selected and assessed based on their
recognition as the most relevant to agricultural systems (Costa et al.,
2020; González-García et al., 2021).

Water Scarcity refers to the water availability after withdrawing the
water required by the system under study. To assess it, the AWARE (Avail-
able WAter REmaining) method 1.04 was implemented (Boulay et al.,
2018). Moreover, the SOC deficit and PSLglo were measured according to
the (UNEP-SETAC Life Cycle Initiative, 2019a, 2019b). These indicators
evaluate the impacts on soil and biodiversity, respectively, associated
with land-use, which, although rarely assessed in LCA, mainly due to
their complex pathways (Costa et al., 2020; Life Cycle Initiative, 2016;
UNEP-SETAC Life Cycle Initiative, 2019a), are key aspects to be taken
into account when conducting an environmental study in the agricultural
sector. The SOC deficit was calculated using the updated model of
Brandão and Canals (2013), while PSLglo was determined based on the
countryside species-area relationship (SAR) model developed by
Chaudhary et al. (2015), in combination with a vulnerability score (VS).
The SAR model covers a total of 804 terrestrial ecoregions (Chaudhary
and Brooks, 2018; Olson et al., 2001). TheNewLands are part of the Sahara
desert ecoregion (code: PA1327), while the Old Lands belong to the Nile
Delta flooded savanna ecoregion (code: PA0904). The vulnerability score,
it is a function of the number of endemism (i.e., species confined to a spe-
cific habitat) and the level of threat. It should be recognized that PSLglo
is an endpoint category that reflects an ecosystem-level damage effect, in
contrast to the other categories that represent changes in different environ-
mental aspects. The environmental assessment and environmental evalua-
tion were performed in SimaPro v9.4 software (PRé Sustainability, 2022)
and Microsoft Excel® 365 MSO.
5

3. Results and discussion

A detailed analysis of the environmental performance of the New and
Old Lands is presented below. First, a general comparison of the environ-
mental impacts of the two regions is provided (Section 3.1.), followed by
a more detailed examination of the environmental performance of
the specific crops involved (Section 3.2.) and an in-depth analysis of the
factors contributing to the environmental profile by impact category
(Section 3.3.). In addition, key environmental factors are further discussed
in Section 4.1. (irrigation), Section 4.2. (fertilization), and Section 4.3.
(extension to new lands), as well as of the crop rotation regime versus
monoculture (Section 4.4.). Finally, the study limitations are outlined in
Section 4.5.

3.1. General comparison of the environmental profile between New and
Old Lands

Fig. 4 depicts the comparative profile of rotations grown in New and
Old Lands based on one hectare (functional unit). Regarding the absolute
impact values, they are displayed in Table S9 of the Supplementary Mate-
rial. The rotation cultivated on Old Lands presents the best environmental
profile for nearly all impact categories. SOC deficit and PSLglo are the ex-
ception, for which New Lands rotation poses a higher performance. The
global lower accomplishment of New Lands system is a consequence of
the larger fertilization rates, along with the use of a pumped irrigation sys-
tem (drip and sprinkler irrigation) as opposed to surface irrigation used on
Old Lands. As a result, more fertilizers, diesel and electricity are consumed,
as well as irrigation infrastructure, in New Lands (Tables S1–S6 of the
Supplementary Material). In terms of WS, the slightly more critical impact
in New Lands is due to the higher water expenditure (22,697 m3·ha−1 and
20,349 m3·ha−1 for New and Old Lands respectively).

This more intensive agricultural practices in the desert region helps to
compensate for the lower fertility and less suitable conditions for agricul-
tural activities, achieving yields close to those of the fertile areas (Old
Lands) (Tables S1–S6).While the land-based functional unit is independent
of yield, a mass-based functional unit tends to benefit higher yielding sys-
tems. As the Old Lands have slightly higher yields and produce less inten-
sively, they would still be more sustainable if a mass-based functional
unit were adopted.

Particularly notable is the difference within the PSLglo loads of both ro-
tation systems, with the impact of Old Lands being 28 times greater than of
New Lands. The Sahara desert (New Lands) holds higher species richness
per unit area than Nile Delta flooded savanna (Old Lands) (Chaudhary
and Brooks, 2018; MEA, 2005a), as well as a larger number of endemism
(Chaudhary and Brooks, 2018; MEA, 2005a). As the more endemic species,
the higher the VS (MEA, 2005a), onemight expect heavier burdens on New
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Lands. However, Chaudhary et al. (2015) states that regions with a smaller
proportion of natural habitats face a higher biodiversity damage factor than
areas with larger natural ranges. This is the case for Old Lands, which have
been heavily converted due to increased land-use pressures operating in the
area to meet human needs (MEA, 2005b). In addition, Old Lands require a
longer regeneration time to recover (reported by Chaudhary and Brooks
(2018) as 37 % higher). Because of this, Old Lands have higher
characterization factors, ultimately leading to greater potential damage to
biodiversity.

From a disaggregated taxonomic perspective (Fig. 5), it can be seen that
biodiversity damage is not inflicted equally on all taxonomic groups, with
mammals being themost threatened taxa regardless of region. As for the re-
maining taxonomic groups, plants emerge as the second most threatened
taxa in the Old Lands, while in the New Lands the damage is distributed
in decreasing order among birds, reptiles and plants. According to
Chaudhary et al. (2015), the rationale for thesefindings ismainly explained
by the proportion of threatened endemic species, for which mammals have
a higher percentage compared to the other terrestrial taxa. As also detected
by Semenchuk et al. (2022), amphibians stand among the taxa with the
lowest species loss.

A more in-depth analysis of the specific factors causing the different
levels of threat among taxonomic groups is beyond the scope of the present
study. Nonetheless, it is noteworthy to briefly acknowledge the variety of
intrinsic traits connected to the degree of extinction risk that species exhibit
in response to land-use pressures. For instance, survival of terrestrial
mammals is particularly influenced by body size, habitat coverage, and
population density (Lacambra, 2016). In line with this, mammals with
large proportions are severely affected by changes in land use (Magioli
et al., 2021). As Durant et al. (2014) reports, large herbivores living in
the Sahara desert, such as Dama gazelle and Addax nasomaculatus (both
critically endangered species), require vast areas to find temporary rainfall
reservoirs and avoid overgrazing. If these vast areas are even partially con-
verted for human purposes, these taxa could be substantially compromised.
Fig. 5.Disaggregation of the biodiversity endpoint into 5 terrestrial taxa (mammals,
birds, amphibians, reptiles and plants). A) Old Lands scenario. B) New Lands
scenario.
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Conversely, there are species with a limited geographic range that are also
very likely to go extinct in response to land-use transformation, as is the
case for plants (Staude et al., 2020).

In terms of SOC depletion potential, crop rotation offers an appreciably
greater impact in Old Lands than in New Lands (68 % and 32 % respec-
tively). This midpoint indicator measures changes in soil organic carbon
content driven by land-use and land-use change stressors, and eventually,
the impact on biomass productivity (endpoint) (Brandão et al., 2012). In
the present study, the same land use specifications were assumed for both
regions in accordance with IPCC guidelines (long-term cultivated, full till-
age and high inputs without manure) (IPCC, 2019). Thus, the disparity be-
tween the regions lies in the original soil organic carbon content, for which
New Lands represent a lower amount (1 kg·m−2) compared to Old Lands
(2.4 kg·m−2). In consequence, under similar land use conditions, Old
Lands are more susceptible to organic carbon losses than New Lands.

SOC is an important component of soil organic matter (SOM). At the
same time, SOM is a key element within soils with direct influence on bio-
mass productivity (Brandão et al., 2012). Consequently, a reduction in SOC
due to land-use drivers can cause a decrease.

in soil productivity. In this sense, naturally fertile areas, such as Old
Lands, can lose their productive capacity and, therefore, impair agricultural
yields when intensive practices are implemented (full tillage, removal of re-
sidual biomass and high doses of fertilizers, among others).

3.2. Comparison between affected crops

Focusing on the crops involved in the rotation, maize represents the
main contributor to most of the impact categories (GW, TA, FE, ME, TET,
FET, MET, SOD) regardless of the agricultural region (Fig. 6). In this
sense, maize is the crop with the highest fertilizer and water input require-
ments. As an example, 1200 kg·ha−1 of fertilizer is applied to maize in Old
Lands versus 495 and 500 kg·ha−1 to clover and wheat respectively. In ad-
dition, maize cultivation is moremechanized than clover cultivation, as ad-
ditional field operations, such as insecticide treatment and threshing, are
carried out in its case. Nonetheless, maize stands as the least damaging
crop in terms of PSLglo and SOC deficit, following by wheat and clover.
The reason is that, as PSLglo and SOC deficit burdens are mainly derived
from the foreground system (between 72 % and 98 % of the total), the
area directly used for agriculture, together with the harvesting period of
each crop, determines PSLglo variations among crops. In this way and tak-
ing into account that all crops within the rotation use the same crop area,
maize had a lower impact on biodiversity due to the lower cultivation
period (5, 9 and 10 months for maize, wheat and clover, respectively).

Regarding clover and wheat, a minor share of impact responsibilities is
observed between both crops for almost all impact categories despite the re-
gion analyzed. It is especially relevant the environmental benefit that clover
brings to rotations in virtue of its high nitrogen-fixing capacity
(180 kg·ha−1) (Agriculture and Horticulture Development Board, 2020),
particularly in New Lands (−27 % in ME). This positive effect of legumes
on the environment has been widely recognized in previous studies
(Costa et al., 2020).

3.3. Parameters contributing to the environmental profile

Fig. 7 displays the environmental profiles of New and Old Lands rota-
tions based on the different contributing parameters. Irrigation is solely re-
sponsible for the WS results in both scenarios, due to the large amount of
water used for this agronomic practice.

Concerning the rotation system of NewLands, irrigation is also themain
factor shaping most of the remaining environmental loads (GW, FE, TET,
FET, MET). Its contribution is especially notable in GW (62 %) due to the
CO2 emissions caused by diesel combustion during irrigation, and indi-
rectly, by the combustion of gas and gasoline used as fuels (BP, 2022). In ad-
dition, diesel production and irrigation equipment (pumps, pipes) releases
phosphate into the water and depletes oxygen levels, which subsequently
causes FE loads. Likewise, equipment manufacturing also delivers copper
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into soil and water, which are accounted in toxicity categories. Additionally,
another factor influencing the environmental profile of New Lands rotation
are on-field emissions, especially in TA, ME and SOD. On-field emissions
comprise discharges to air, water and soil derived from fertilization, diesel
combustion, weeds and pests' treatments, and CO2 emissions from iLUC
(17.12 kg CO2 eq. per rotation system). In this case, nitrogen-based emissions
(NH3, NO3

−, N2O) from mineral fertilization are the major responsible. (See
Tables S10 and S11 of the Supplementary Material for detailed discussion
of emission sources and their contribution to the impact).

Environmental constraints in Old Lands are predominantly determined
by on-field emissions, followed by fertilizer production and irrigation activ-
ities. GW, TA, ME and SOD are the impact categories most influenced by
emissions in the field (53 %, 83 %, 90 % and 96 % respectively), mainly
due to the application of N-based fertilizers. A similar trend can be identi-
fied for New Lands. Regarding fertilizer production, several elements are
discharged during their manufacture, among which phosphate is the most
notable within FE loads, while copper emissions are more significant in
TET and FET. Finally, water toxicity categories (FET and MET) are also
determined by irrigation due to copper leaching. As accounted for in the
Old Lands scenario, these emissions are caused by the manufacture of the
irrigation equipment.

With respect to PSLglo and SOC deficit, impacts are driven by land
occupation and transformation stressors occurring on agricultural land
(foreground system) or elsewhere (background system). As mentioned
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above, the foreground system is responsible for practically all PSLglo and
SOC deficit impact. In a more detailed analysis, land transformation can
be identified as the main factor triggering biodiversity loss (Figs. 5
and 7). In line with this results, Semenchuk et al. (2022) found that 3 quar-
ters of the biodiversity damage are due to transformations of natural habitat
ecosystems, and that the remaining impact was related to the intensity
used. Meanwhile, SOC deficit is mainly caused by land occupation (and as-
sociated intensity used) (Fig. 7), as also identified in Brandão and Canals
(2013).

With reference to seed and agrochemical (insecticides and herbicides)
production as well as field operations (sowing, threshing, and so forth),
they have a negligible contribution to global environmental burdens (up
to 8 %) regardless of the impact category and scenario assessed. However,
it is interesting to note the predominant contribution of seed production
(through its associated land use/transformation pressures) to the PSLglo
and SOC deficit impacts on the background system (see Figs. S1–S2 in the
Supplementary Material).

4. Further considerations and recommendations

Once the environmental burdens have been described, further analysis
involving several key environmental and social issues that Egypt is cur-
rently facing will be conducted to advance possible solutions and improve-
ments towards a more sustainable agriculture.
N O N O N O N O N O N O

FET MET SOD WS SOC PSLglo

Fertilizers Agrochemicals

Land occupation Land transformation

e New Lands scenario (N) and the Old Lands scenario (O).
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4.1. Irrigation

Water consumption has been rarely assessed in legume rotations under
an irrigation regime (Costa et al., 2020), despite the fact that freshwater is
primarily withdrawn for irrigation (UNWater, 2021). In the present study,
water scarcity has been analyzed using AWARE model. This model uses
characterization factors (CFs) that range between 0.1 and 100. Where a
factor of 1 represents the world average of water remaining after water
withdrawal by both humans and ecosystems, and values higher than 1 cor-
respond with a lower level of remaining water than world average, with
values up to 100 times lower (CF = 100). Such high figures are present
in areas where water withdrawal exceeds natural water renewal (no
water is remaining in the area after withdrawal). Accordingly, the high
CF values among all Egypt (for instance, 94 and 100 m3 world eq. per
m−3 of water consumed for New and Old Lands, respectively) (Boulay
et al., 2018) reveal the critical problematic that the country is facing in re-
lation to water scarcity. As informed by United Nations Development
Programme and Ministry of Planning and Economic Development (2021),
Egyptian population does not reach theminimumamount ofwater required
to meet basic human needs (around 640 in face of 1000 m3·year−1 base-
line); a problem that is expected to worsen due to climate change. In this
context, unplanned irrigation practices are likely to aggravate water scar-
city and food insecurity (UNESCO et al., 2019). Moreover, irrigation re-
quires most of the diesel and energy consumed in the farming systems, as
also found in former studies (Xu et al., 2020), which contributes to
GW impact. Apart from that, watering can also cause other disturbances,
such as soil salinization. Therefore, a more efficient irrigation system, as
well as a cleaner energy production, could alleviate the whole environmen-
tal profile.

In this regard, Fotia et al. (2021) evaluated olive production under
rainfed, conventional and smart irrigation scenarios in a Mediterranean
country, and they observed that smart irrigation reduced over 43% the im-
pact associated to irrigation activities due to the lower water and energy
consumption (compared to conventional irrigation). Canaj et al. (2021)
also achieve similar outcomes, with an average reduction of water and en-
ergy of 38 % and associated environmental benefits. This, among other
smart irrigation devices, are acknowledged by ITU (2021) as good agricul-
tural practices; which apart from irrigation, also allow managing pests and
fertilization in a more efficient approach (ITU, 2021).

On another hand, several authors proposes irrigation with reclaimed
water as alternative to groundwater with improved environmental results,
especially in terms of water depletion (Azeb et al., 2020; Pfister et al.,
2009). In addition, by watering with reclaimed water agricultural systems
can also benefit from their higher nutrient content (N, P2O5, K2O), and
avoid occasional alterations found in groundwater composition due to sea
water intrusions and/or human activities (Azeb et al., 2020).

Concerning the energy consumed by irrigation, United Nations Eco-
nomic Commission for Europe (UNECE) performed an LCA analysis of dif-
ferent alternatives of electricity generation (UNECE, 2021). Their findings
showed a better environmental profile of renewable energies (solar, wind
and hydropower) for GW and water consumption rather than natural gas
(a predominated source of Egyptian electricity mix (55 %) (BP, 2022).
However, they also noticed higher burdens of land occupation associated
to photovoltaic panels, and analogous constraints in relation to resource de-
pletion. Thus, although no definitive conclusions can be extracted from the
study, it outlines different options for reducing electricity-related environ-
mental constraints.

4.2. Fertilization

On-field emissions owing to fertilization exceled as major hotspot for
Old Lands scenario, and as the second largest flashpoint in New Lands,
mainly due to high fertilization rates. These outcomes are in line with
Global Change Data Lab (2021) figures, which reveal that Egypt stands as
one of the countries that more overfertilize in the world, along with having
one of the lowest nitrogen use efficiencies. This situation can be amended in
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several ways. In thefirst place, legumes arewell known for delivering nitro-
gen to the subsequent crops due to their nitrogen fixation ability. Consider-
ing that the rotation system under study includes a leguminous crop
(Egyptian clover), farmers could reduce fertilization doses without
impairing crop yields (Zhao et al., 2022). Moreover, sustainable land
management practices can also contribute to reduce fertilization doses
meanwhile increasing soil quality in the long term (Ukaew et al., 2015;
EIP-AGRI, 2016). Additionally, these practices can prevent from soil ero-
sion and fertilizers lixiviation caused by irrigation (EIP-AGRI, 2015). Exam-
ples of such sustainable practices are reduced or no-tillage and returning a
portion of the harvested biomass to the soils. The latter could be applied di-
rectly with the straw produced in the scenarios studied, which farmers cur-
rently burn. Taken together, these practices can alleviate environmental
burdens, and even have a positive effect. This is the case with the carbon
credits that are often achieved by returning excess biomass to the fields
(González-García et al., 2021; Rebolledo-Leiva et al., 2022).

4.3. Agricultural extension to New Lands

The land use change of desert areas for agricultural use not only results
in more fertile cultivation areas where erosion is reduced, but from a social
and economic point of view, agricultural practices in the desert provide
food and income, thus potentially improves the living conditions of under-
privileged groups. In this respect, the government of Egypt is promoting ag-
ricultural expansion in desert regions (New Land) aiming at addressing
food shortages. However, considering the results obtained in the present
study, this solution may cause severe environmental damage, such as
those discussed above, and even lead to a larger food crisis (Eugenio
et al., 2018). In addition to the impact categories for which New Lands
ranked as the worst-case scenario, the results suggest that the desert
ecoregion is also highly susceptible to anthropogenic stressors, along with
Old Lands, especially to land transformation and consequent habitat loss.
With this in mind, further expansion of agricultural activities in these
areas may lead to a notable loss of species (Durant et al., 2014).

4.4. Advantages of crop rotations over monoculture regimes

Crops grown in rotation are known to produce higher yields thanmono-
cultures regardless of the crop grown (Gan et al., 2015). Sindelar et al.
(2016) reported yield increments of 18 % and 23 % for sorghum and
maize, respectively, when cultivated in rotation. Chahal et al. (2021) also
showed similar results, with yield increments ranging from 16 % to 29 %,
for maize-based rotations. This yield increase has proven to be even greater
when a legume is included in the rotation (Zhao et al., 2022), as it is the
case in the crop rotation system studied here, and is independent of the
pedoclimatic region (Zhao et al., 2022). Moreover, alternating crops with
a legume contribute to reducing the amount of fertilization applied due to
their ability to fix atmospheric nitrogen in the soil (Köpke and Nemecek,
2010), which, apart from its clear economic advantage, notably reduces
the impacts related to the production and application of fertilizers (a
major hotspot in the agricultural cultivation). In this sense, Almeida-
García et al. (2022) reported the worst performance for wheat-basedmono-
culture systems compared to the rotations in all impact categories. Simi-
larly, MacWilliam et al. (2014) observed an overall improvement in the
environmental profile of oilseed productionwhen pea and lentil were intro-
duced. In addition, Paramesh et al. (2023) reported an 81 % increase in
GHG emissions in continuous rice cultivation compared to a rice-pea rota-
tion. In line with Zhao et al. (2022), the reduction of the fertilizer dose ap-
plied in legume-based rotations promotes optimal agronomic performance
in these agroecosystems, as they observed through a meta-analysis of 462
field trials that the influence of legumes on yields was enhanced in low fer-
tilization regimes.

Crop rotation is considered by FAO (2022) a key strategy towards a sus-
tainable agriculture, which enhanced soil quality by increasing its organic
carbon content (e.g., Liu et al. (2020) reported an increment from
10.3g·kg−1 to 11.2g·kg−1), improving its structure (Zhang et al., 2022)
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and stimulating its microbial activity (Tiemann et al., 2015). In addition,
Beillouin et al. (2021) underline the beneficial effect crop rotations have
on biodiversity pools based on a meta-analysis conducted of 5.156 field ex-
periments in 85 countries. The choice of crops and their sequence in the ro-
tation are crucial to obtaining all the potential environmental and
agronomic benefits mentioned here (Nemecek et al., 2015). For example,
a rotation of crops with different requirementswill result in amore efficient
use of nutrient inputs, so that a smaller proportion is lost through leaching
(SARE, 2020).

4.5. Study limitations

4.5.1. Global potential species loss
The global potential species loss (PSLglo) indicator is based on the em-

pirical SAR (Species-Area Relationship) model and represents species loss
due to land use and conversion. The indicator can be expressed on a re-
gional scale or weighted with vulnerability scores to translate regional spe-
cies loss into global extinction (permanent loss). This indicator is
geographically specific, providing characterization factors for 804
ecoregions, and differentiates between six land use types (annual crops,
permanent crops, pasture, urban, extensive forestry and intensive forestry)
and three land use intensities (minimal, light and intense).

This is currently the method recommended by the UNEP-SETAC Life
Cycle Initiative (2019a) for assessing impacts on biodiversity, although it
is not without its limitations, which require consideration. The first is on
land use types, as it includes the main types but lacks the granularity to in-
clude different management practices such as organic farming or crop di-
versification strategies (e.g., crop rotation). Furthermore, the
vulnerability scores used to calculate global extinction are based on the
IUCN Red List, which currently only covers mammals, amphibians and
birds. Taxa- and region-unspecific factors are used instead for the remain-
ing taxa (plants and reptiles), resulting in negligible differences between
land use intensities for cropland and pasture, as noted by Chaudhary and
Brooks (2018). None of these limitations affect the main conclusions of
this work, as both scenarios are compared under the same assumptions
(e.g., cropland, high intensity). However, comparisons with other systems
under different management intensities may lead to misinterpretations.

Finally, in addition to land-use and land-use change pressures, there are
other important drivers of biodiversity loss that are not taken into account.
This is the case of temperature rises, water eutrophication, noise, invasive
species, salinity and drying of water reservoirs, among others (Barbarossa
et al., 2021; Curran et al., 2011; Winter et al., 2017). The UNEP-SETAC
Life Cycle Initiative (2019a) also calls for the inclusion of the effects of hab-
itat fragmentation on biodiversity loss. The development of impact path-
ways for these drivers and their inclusion in the assessment could change
the results here obtained, in addition to enriching the outcomes.

4.5.2. Soil organic carbon deficit
As with PSLglo, the soil organic carbon (SOC) deficit developed by

Brandão andCanals (2013), is currently considered the best option formea-
suring the impact on soil quality (UNEP-SETAC Life Cycle Initiative,
2019b). It relies on changes of soil carbon content over time, which in
terms of UNEP-SETAC Life Cycle Initiative (2019b), represents soil func-
tions simply and comprehensively. The indicator provides climate-specific
factors with global coverage and is compatible with the land use flows of
the LCI (UNEP-SETAC Life Cycle Initiative, 2019b). SOC changes are calcu-
lated according to IPCC (2019a, 2019b, 2019c) guidelineswith the range of
options it offers: ten climate regions (polar wet/dry, warm temperate dry/
wet, etc.), six soil types (spodic, volcanic, sandy, etc.) and differentmanage-
ment conditions according to tillage, land use and input intensity. As al-
ready pointed out by Piastrellini et al. (2015), the variety of management
conditions provided by the IPCC is limited. For example, it does not distin-
guish between rainfed and irrigated regimes, nor does it take into account
the specific proportions of residual biomass that could be returned to the
field. Since the present study aims to compare systems under the same
broad management conditions (irrigated, crop rotation) and residual
9

biomass is either burned or sold as fodder, results are not affected by
these limitations. However, comparisons with other systems with different
agricultural regimes and/or cropping patterns may generate inaccurate in-
sights.

Furthermore, analyzing other drivers of soil degradation, such as soil
compaction and chemical pollution, through linking related LCI flows
(hours of machinery used in the field and amount of fertilizer applied) to
the impact on soil quality, would be highly advisable and would allow for
granularity in the analysis. In addition, although SOC is representative of
several soil functions, it lacks a link to some key aspects of soil quality
such as erosion and soil salinity. Therefore, additional indicators or an inte-
gration of this indicator are desirable. One final limitation that deserves at-
tention is that the effect of land transformation is modelled assuming a
linear recovery, which is considered too simplistic by experts and should
be re-examined (UNEP-SETAC Life Cycle Initiative, 2019b).

Understanding the critical points explored above (irrigation, fertiliza-
tion, land use and land transformation) can benefit many stakeholders.
First and foremost, farmers who would benefit from higher yields while
safeguarding natural resources (mainly soil, water and biodiversity). Policy
makers should be involved in developing more effective policies to achieve
agricultural sustainability and alleviate water scarcity in the countries. Fi-
nally, the scientific community is also concerned, as the present study
lays the groundwork for further evaluation of alternative agricultural prac-
tices aimed at alleviating environmental burdens in the Egyptian context.

5. Conclusions

The present study assesses the environmental performance of a crop ro-
tation system (Egyptian clover, maize, and springwheat) in two distinct ag-
ricultural regions of Egypt (New and Old Lands). The results show heavier
environmental burdens in New Lands cultivation in comparison to Old
Lands, suggesting that environmental profiles vary according to the charac-
teristics (edaphic, climatic, hydrologic, etc.) of the location. The more in-
tensive agriculture practices adopted in New Lands (mainly fertilization
and irrigation) to overcome the lack of fertility and ensure similar yields
to those in the Old Lands may have a significant impact on the local biodi-
versity and soil quality. Given that New Lands are territories hosting large
pristine habitats that attract special attention to be partially converted
into agricultural fields, evaluating such impacts are of particular impor-
tance. However, this will require future refinement of biodiversity and
soil quality indicators in an effort to achieve a deeper and more representa-
tive level of understanding of agriculture-related burdens. Extending the
analysis to technical-economic aspects could also be very valuable.
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