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Abstract: Climate change is one of the major risks facing developing countries in Africa for which
agriculture is a predominant part in the economy. Alterations in rainfall patterns and increasing
temperatures projected by the Intergovernmental Panel on Climate Change (IPCC) could lead to
a decline in agricultural production in many areas requiring significant changes in agricultural
practices and land distribution. The study provided estimates of the economic impacts of climate
change, compared these with historical impacts of drought spells, and estimated the extent to which
the current Moroccan agricultural development and investment strategy, the Plan Maroc Vert, helps
in agricultural adaptation to climate change and uncertainty. The aim of this study was to quantify
the effects of climate change on the overall economy by using an integrated framework incorporating
a computable general equilibrium model. A concomitant factor to climate change will be the increase
in population and its distribution and level of consumption, which will also influence agricultural
production strategies, the conversion of agricultural land, the type of irrigation, and technological
development. We demonstrated how changes in cereal production and area, affluence, and climate
(rainfall and temperature) can be acquired for 12 regions of Morocco and used to develop and validate
an earth system model in relation to the environment and socio-economic level, which projects their
impact on current and potential land use over the next 20 years. We used different mathematical
equations based on cereal area and production, population, consumption (kg/person), and change
in climate (temperature and rainfall) in bour and irrigated areas for the growing season of 2014
in 12 regions to project agricultural land use over the next 20 years. Therefore, several possible
scenarios were investigated to explore how variations in climate change, socio-economic level, and
technological development will affect the future of agricultural land use over the next 20 years, which
in turn could have important implications for human well-being. Among the 12 Moroccan regions,
only 4 had a surplus of cereal production compared to their local consumption. The increase in
population will generate a cereal deficit in 2024 and 2034, thus lowering the average annual quantity
available per capita of cereals from 204.75 to 160.61 kg/p in 2014 and 2034, respectively. Therefore,
it is necessary to reduce the amount of cereals per person by 5 kg/p and 25 kg/p so that the 2014
production could satisfy the population projected in 2024 and 2034. We found that cereal production
will decrease with increasing temperature and decreasing precipitation according to the simulated
scenarios, which might not satisfy the growing population in 2024 and 2034. This study provides a
practical tool that can be used to provide policy makers with advice on food security assurance policy
based on our current knowledge of the impending onset of climate change, including socio-economic
statistics and the agricultural constraints of cereals in the 12 regions of Morocco.
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1. Introduction

Over the course of 10 to 50 years, global agricultural production is preparing to face
multiple internal factors in interaction. The Intergovernmental Panel on Climate Change
(IPCC) predicts a global warming until at least the mid-century under all emissions sce-
narios considered. Global warming of 1.5 ◦C and 2 ◦C will be exceeded during the 21st
century unless deep reductions in CO2 and other greenhouse gas emissions occur in the
coming decades [1,2]. Climate change is expected to have a significant impact on conditions
that directly affect agriculture, especially temperature, precipitation, and runoff. There
is a compacted interrelationship between agriculture and climate change factors, which
includes both meteorological variables (temperature, rainfall, and precipitation) and green-
house gases, primarily carbon dioxide. The other aspects related to agriculture that affect
economic growth are categorized as agriculture output, prices of primary commodities,
and farmers’ income [3]. These conditions determine the load capacity of the biosphere to
produce sufficient food for the human population and for our domesticated animals [4].
On a global scale, increasing carbon dioxide levels could also have beneficial and harmful
effects on crop yields [5]. The warming is not equivocal; there is less confidence in the
expected increase in the amount and distribution of precipitation. Increases in precipitation
are projected to be uniform over land with the exception being the Mediterranean region,
the southwestern part of the United States, South Africa, and Southwest Asia [6]. This
change in climate is likely to have a significant impact on agricultural production world-
wide, particularly in areas where temperature will increase and water availability decreases.
Coupled with climate change, agriculture is also facing the growing challenge of feeding
the world population, which is expected to reach 9.1 billion by 2050. Over the next 45 years,
the cost of feeding the world population will increase to USD 6.5 billion. However, the
most important population growth occurs in less developed regions where about 5.3 billion
people actually live. The population is expected to grow to about 7.8 billion by 2050 in
developing nations but will remain roughly unchanged at about 1.2 billion in developed
countries [7].

In Morocco, since independence in 1956, the public policies have given priority to
agricultural development [8]. Consequently, agriculture has become the country’s leading
economic sector, which generates about 14% of gross domestic product (GDP) [9]. The
irrigated land occupies only 15% of the cultivated area [10]. In the case of rainfed land,
unirrigated areas are the dominant cultivated areas. However, most of them are less
productive and are severely affected by drought during the peak of summer [9]. As
Moroccan agriculture is mostly based on rainfed agriculture, the country has developed the
strategy of the Green Morocco Plan from 2008 to 2020 [11], which is designed to enhance
an increase in crop production [12]. Since 2020, the Moroccan government has continued
its agricultural revolution through the green generation strategy [13]. Agriculture also
remains the country’s largest source of employment with 40% of the working population
living in this sector [9,14]. Therefore, to have a good impact on agricultural productivity,
a healthy soil is required to regulate and support ecosystem functions such as nutrient
cycling and uptake, water retention, gas exchange, pest and disease regulation, biodiversity,
and carbon sinks [15–19]. This can only be achieved through good agricultural practices
for good productivity. However, there are many options and combinations of specific soil
management practices that depend on the context of the agricultural system [20].

Agriculture is mainly influenced by climatic conditions. Efficient use of water and
energy are the basic requirements of sustainable agriculture. The problem of water scarcity
is even more relevant in arid and semi-arid regions [21,22]. Therefore, it is very important to
improve water use efficiency [23,24], and most undertaken actions of improving irrigation
efficiency would enhance water management [25]. Adequate irrigation is of paramount
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importance to increase the size and weight of individual care and to increase the crop
productivity. However, such situations have become impossible due to increased water
scarcity [26,27].

Soil tillage in Morocco depends on certain factors such as the soil type, the climate,
and crop requirements. It groups together all cultural practices in relation to soil surface
and structure. Tillage is the main technique of land preparation for cropping. Several
types of material are used to prepare the seed bed [28]. Among the factors that push
the Moroccan farmers to manage the tillage of their fields is the type of land, whether
rainy land or unirrigated land. The unirrigated (bour) lands depend on rainfall, and the
irrigated lands depend on the irrigation systems. This later followed the guidelines of
the National Plan of Economy of Irrigation Water in order to promote a more sustainable
model of irrigation and to optimize the efficient use of water resources in order to increase
the agricultural productivity [10]. The main irrigation techniques adopted in Morocco
are submersion irrigation, sprinklers, and drip irrigation [29]. For submersion irrigation,
it uses an open channel that brings water by gravity to smaller and smaller channels to
irrigate plots. It consumes a significant amount of water, especially since a large part is
lost [29]. Nonetheless, several studies pointed out that unsustainable irrigation was the
major global factor of the depletion of water resources such as river flows [30] and under-
ground aquifers [31]. As a result, surface and groundwater resources are under significant
pressure worldwide [32,33]. Sprinkler irrigation is a method of applying irrigation water
that is similar to natural rain. The water is distributed by a system of pipes, usually by
pumping [34]. The distribution of water in this type of irrigation system depends on the
design of an irrigation system and the prevailing climatic conditions [35]. Many studies
have described sprinkler irrigation as a smart technology that can adapt to the negative
impact of climate change and overcome the constraint of water scarcity by saving water for
agricultural production [36–39]. Kato et al. [36] found that sprinkler irrigation can reduce
water consumption and increase grain production. Regarding drip irrigation, it can save
water and increase crop production by frequently transferring small amounts of water to
the rhizosphere of plant roots [40]. It also has the potential to improve crop productivity by
reducing crop costs [41–46]. Studies have provided strong evidence of the benefits of using
drip irrigation in the cultivation of high-value crops [43,44].

The farmer uses other mechanical and chemical techniques in their fields. Ploughing
is an operation carried out by a plough, which results in the turning over of organic
matter and the destruction of weeds. It improves soil aeration by creating an artificial
structure. This technique further leads to the use a harrower or a ridger to loosen the
soil and facilitate the formation of particles by runoff [28]. Proper decomposition of crop
residues is guaranteed by a stubble cultivator, which is also used to destroy seeds and
weeds left on the ground. While at the surface of the soil, mulching is done, and this
consists of placing organic and mineral matter round the stems of plants. In addition, the
placement of fertilizers was consistently used and serves to fertilize the land [28]. Weeding
is the practice of limiting the development of weeds by reducing their harmful effects on
cultivated crops [47].

Agriculture is essential and mandatory practices for the survival of our species, es-
pecially given the climatic and socio-economic conditions expected in the middle of the
century. Technological development and transfer have the potential to affect the capacity of
these systems to cope with these varying environmental effects. Assessment of the effects
of global climate change on agriculture is likely to help continuously anticipate and adapt
agriculture to optimize and support agricultural production. If the human population then
continues to increase, agricultural production must also increase to meet their demand,
suggesting an increase in land devoted to agriculture, notably in developing countries.
Likewise, the world population is growing with an expected increase in demands for food,
forage, and fibre [48–50]. Consequently, an investment in the information of demographic
change and technological advances is highly needed to improve our ability to understand,
mitigate, or adapt to the multiple impacts of climate change. Increased pressure on agricul-
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tural production has likely resulted in an extension of agricultural land use in an attempt to
offset the decline in production due to both adverse climate change and population growth.
This could be particularly true in developing countries where technological development
is still insufficient and where population growth is not yet under control, often leading
to increasing demand for agricultural products. The conversion of land for agriculture is
often done to the extent of forests. Several studies highlighted that most of the changes
consisted of converting forests or grassland to cropland [51–53]. Studies based on Landsat
satellite imagery between 1975 and 1999 show that agricultural expansion has occurred
at the expense of landscapes through dramatic change [54]. Other studies have estimated
deforestation rates ranging from 160 km2 an−1 in the early 1980s to nearly 1200 km2 an−1 in
the late 1990s [55,56]. Many studies have been attempted to estimate the economic impact
of climate change, but only fewer ones have sought to examine the impact of climate change
on agricultural land use and land cover [57–61]. Therefore, this study proposed simulation
projections of agricultural land use and land cover change with respect to environmental,
socio-economic, and biophysical factors forcing agricultural over the next twenty years.

Understanding the links between these various factors and their implications for global
agricultural demand is crucial to determine the likelihood of significant future land use and
to cover trends of variation in relation to agriculture. Demand for agricultural products is
better assessed relative to supply. The food supply is affected by abiotic environmental
fluctuations such as those related to temperature and water. High temperatures and low
soil water content are known to reduce crops’ growth, development, and yields as well by
inhibiting photosynthesis. The impacts of climate change on Moroccan agriculture are quite
significant. On average, yields of wheat grains and sugar crops are expected to decline by
10% by 2050, accounting for 53% of total agricultural production and 50.5% of total arable
land [49]. Therefore, the main question is how to support cereal agricultural production
in order to ensure food security for a continuously growing population by optimizing
the agricultural sector via mitigating/adapting to the multiple impacts of climate change.
Therefore, the main purpose of this study was to determine the impact of climate change
on land use, and this will depend on our understanding of past changes in the wheat sector
of Morocco and how future climate change, technology, irrigation, population size, and
distribution affect cereal production and its relationship to the extension of agricultural
arable land. Certainly, the need for an increased awareness of the importance of cereals
in the diet of fellow Moroccan citizens is clearly highlighted. To know how to guarantee
food security, Morocco’s average annual cereal consumption per capita was compared to
European and Mediterranean countries by estimating how much to reduce cereal food
intake by 2034.

As a result of this study, the annual average available per capita for 2014 was compared
to 2024 and 2034 based on the annual cereal consumption pattern of the selected countries.
In addition, it is expected that the urban population of Morocco can adjust their food
wealth and include less cereals in their diet.

2. Materials and Methods

Morocco is one of the five countries of the Maghreb; it located in the northwest region
in North Africa with an area of 710,850 km2 and a population of approximately 37 million
inhabitants. The country of Morocco is divided into twelve regions (Figure 1). Moroccan
agriculture is of undeniable economic and social importance with 40% of total employment
at the national level and 74% in rural areas. This activity also contributes nearly 13% of the
GDP, but this contribution varies between regions.
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Figure 1. Map of the 12 administrative regions of Morocco. This map was produced by ArcGIS software.

2.1. Datasets on Moroccan Agriculture in 2014

Cereal production and area. Cereal statistics were obtained from the economic services
of the Ministry of Agriculture and Maritime Fisheries of Morocco, which represents data
containing cereal productions and areas seeded in both unirrigated and irrigated lands
for the growing season of 2014. This data were obtained from sample surveys of the
sub-provinces and organized according to the 12 regions of Morocco.

Moroccan population and cereal consumption. The Moroccan population census is man-
aged by the High Commission for Planning [62]. This is an exhaustive operation carried
out throughout the national territory. It concerns the entire urban and rural population and
all the households that reside there. It is carried out by direct interview (door to door) to
know the different socio-economic structures and economic profiles of the population, to
determine the characteristics of the housing stock at all geographic levels, and to constitute
the basic documentation necessary for the development of the master sample.

To monitor the levels and living conditions of this population, the High Commis-
sion for Planning (HCP) also manages the monitoring of consumption by carrying out
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consumption surveys through which data were collected on the quantities of cereals con-
sumed according to the living conditions of the population. On average, based on statistics
from surveys conducted in 1985, 2001, and 2014, the consumption of the main cereals in
kg/year/capita was about 200 kg, knowing that the world average consumption of cereals
is around 152 kg/year/inhabitant.

Bread wheat represents nearly 70% of the cereal consumption by the urban dwellers
and 66% by rural dwellers. In urban areas, the consumption of durum wheat is mainly
derived from industry, while, in rural areas, households consume locally produced durum
wheat. Human consumption of barley and corn has become marginal, notably for urban
dwellers [63].

2.2. Methods

Combined and extended databases. The methodology was to develop and validate a
land-system model related to the environment and the socio-economic level, which projects
their consequence on the current and potential land cover and the change of land use over
the next 10 years.

Population, consumption, and cereal production in 2014. According to the census of the
Moroccan population done by HCP in 2014, the Moroccan population in 2014 with distribu-
tion of the urban and rural population of the 12 regions of Morocco represents the statistics
on which the rural, urban, and total population projection calculations were triggered and
which also will be used for the calculation of real and projected consumption [64].

In this study, we were interested in the year 2014, and, according to their surveys,
the following Table 1 shows their results with a difference between the urban and rural
populations, which differed with respect to the annual quantity consumed per year. Ac-
cording to the statistics of HCP in Table 1, the consumption of the urban population was
181 kg/person and that of the rural population was 191 kg/person. These values were
used to calculate Moroccan urban consumption, Moroccan rural consumption, and total
Moroccan consumption (urban and rural) by using the following equations.

Moroccan urban consumption (kg) = 181 × MoroccanUrban population

Moroccan rural consumption (kg) = 191 × Moroccan rural population

Total Moroccan consumption (kg) = Moroccan urban consumption+

Moroccan rural consumption

Table 1. Average annual quantity of cereals consumed per person in Morocco in 2014.

AAQ/P: Average Annual Quantity (kg/Person)

Urban consumption Rural consumption Total

181 191 372

The fraction of the urban, rural, and total population was calculated by Equation 1d,e
(Supplementary Materials) in order to estimate the consumption of each region. Regional
consumption in 2014 is calculated by the Equation 1f–h (Supplementary Materials). To be
more precise, the total consumption (Urban + rural) was established for each region by
using the Equation 1i (Supplementary Materials). For Morocco, the corrected consump-
tion (kg/person), which is the average consumption/person was established by using
Equation 1j (Supplementary Materials).

Cereals (wheat, corn, oats, barley, rice, sorghum, and other cereals) are cultivated in
the various agro-climatic zones of the country in rotation with other annual crops, which
are mainly legumes, industrial crops, and fodder crops. The main production regions are
located in the rainfed areas of the plains and plateau of the regions of Casablanca-Settat,
Rabat-Sale-Kenitra, Fes Meknes, and Marrakech Safi where the vast majority of cereal
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farms are located regardless of their size [63]. The cereal sector occupies a decisive place
in the Moroccan agricultural economy, and this exists at different levels, in particular at
the socio-economic level. According to statistics in 2014 from the Ministry of Agriculture
and Maritime Fisheries of Morocco, cereal production represents 63.40% of the arable
agricultural land (4,763,370.84 Ha) of which 92.62% of the surface area was bour lands and
7.38% was intended for irrigated lands [11].

Scenarios. Several possible scenarios were investigated to explore how variations in
climate change factors, socio-economic level, and technological development will affect the
future of agricultural land use over the next 10 years, which in turn could have important
implications for human well-being. These scenarios are as follows:

1. Change in Population. The consequences of socio-economic changes were assessed
in this scenario. For this reason, the following parameters were used:

Population growth rate: The growth rate of the Moroccan population was 1.22% for the
urban population, 1.22% for the rural population, and 1.22% for the total population [65].

Urban population: The growth rate of the urban population was 1.22%. We used
this rate to calculate the projections of the urban population in Morocco according to the
following equation:

Urban population (n + 1) = Urban population (n) + (1.22% × Urban population (n))

Rural population: The growth rate of the rural population was 1.22%. The projection
of the rural population was calculated by using a similar Equation 2b (Supplementary
Materials).

Total population: It is the sum of the urban population and rural population. In 2014,
the total population of Morocco was 33,848,242, and it is projected to be 38,715,278 in
2024 and 42,118,916 in 2034 [65]. Therefore, the growth rate of the total population was
estimated by Equation 2c (Supplementary Materials). Accordingly, a growth rate of the
total population of 1.22% was obtained and used to calculate the total projection based on
Equation 2d (Supplementary Materials).

Calculation of New QAM/P using Corrected Consumption. New QAM/P values were
calculated by using the corrected consumption and urban and rural fractions relative to the
weighted average. New QAM/P values were recorded by Equation 2e–i (Supplementary
Materials). The values of these equations were served to have more precision for the
calculations, which came after.

2. Change in Affluence
Mediterranean and European affluence. A comparison was made between Morocco and

certain countries from two coasts of the Mediterranean Sea (Spain, France, Italy, Algeria,
Tunisia, and Greece) in order to have an idea on the future of food security from cereal
cultivation. This action was carried out thanks to datasets of some research from the web
listing the average annual consumption of cereal in neighboring developed countries of
the Mediterranean and Europe [66]. Several equations were developed, in particular the
new consumption according to Mediterranean and European affluences. The consumption
scenario under Mediterranean affluence and the consumption scenario under European
affluence were used to fully understand the measures to be taken for achieving food
security and to understand where the gains and deficits in cereals are located. Accordingly,
the following equations were used to fulfill these gaps. Table 2 contains the values of the
Mediterranean and European average consumption on which calculations were triggered.
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Table 2. Average annual consumption of cereal (kg/person) in neighboring (because of climate and
geography) developed countries of the Mediterranean and Europe.

Year 2012–2013 2012–2013

Spain 89.2 89.2
France 125 125
Itlay 156 156

Algeria 215 -
Tunisia 213 -
Greece 137 137

Average 155.87 126.80
Mediterranen average European average

Calculation of QAM/P based on Mediterranean and European averages (Table 2). The
percentage of urban and rural QAM/P was calculated with respect to the weighted average
(as calculated by Equation (2h,i)). These percentages were then applied to the averages
from the Mediterranean in order to calculate the fraction of urban and rural consumption
per capita with the new Mediterranean and European affluence (Table 3) for Mediterranean
and European averages.

Table 3. Urban and rural average annual consumption (kg/p) of the Mediterranean and Europe.

Annual Consumption Rates (kg/p)

Urban Rural Weighted Average

Mediterranean 152.38 161.18 155.87
European 123.96 131.12 126.80

The urban, rural, and total consumption per capita were calculated with the new
affluence (Mediterranean and European), which represents new scenarios defined as the
Moroccan consumption scenario under Mediterranean affluence and European affluence,
respectively. Equation 3d–i (Supplementary Materials) was used for the calculation.

Consumption S1, which corresponds to the QAM/P for Morocco based on 2014
(186.00 kg/p) and Consumption S2 corresponding to a QAM/p (consumption scenario un-
der Mediterranean affluence) were obtained over the Mediterranean region for 2012–2013
(155.87 kg/p). Consumption S3 (consumption scenario under European affluence) corre-
sponds to a QAM/p obtained as an average over European and Mediterranean countries
of 126.80 kg/p.

The gain (+) deficit, which represents the difference between the production of cereals
in Morocco in 2014 compared to Consumption S1 in 2014, 2024, and 2034 was estimated
based on Equation 3ja–jc (Supplementary Materials); it was assumed that each individual
consumes 186.00 kg/p despite an increasing population in 2024 and 2034 to assess if the
production of 2014 will be able to feed the populations of 2024 and 2034.

The MAS/P represents how much the consumption must be lowered per person so
that the production of 2014 will be sufficient to feed the populations of 2024 and 2034. The
relevant equations of these calculations are 3.k.a, 3.k.b, and 3.k.c (Supplementary Materials).
In addition, the MAC/p, which represents the ratio of the total Moroccan consumption
to the total Moroccan population of the same year, was used to estimate QAM (weighted
average) (already calculated by Equation 2g for verification). Equation 3la–1c was used for
the calculation (Supplementary Materials).

The required exchange percentage was calculated to find out how much to reduce
the percentage of grain consumption in 2024 and 2034. Equation 3ma, mb was used for
this purpose (Supplementary Materials). The future values were calculated to estimate the
average consumption of cereals per person needed to guarantee food security in 2024 and
2034 according to Equation 3na, nb (Supplementary Materials). Afterwards, the MAC/p,
the Mediterranean MAC/p, and the European MAC/p were drawn for 2014, 2024, and 2034
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as explained in Equation 3oa–oc,3pa–pc,3qa–c (Supplementary Materials) in order to know
if the Moroccan production in 2014 can satisfy or not the Moroccan population in 2014, 2024,
and 2034 compared to Moroccan consumption based on 2014 (186.00 kg/p) (Consumption
S1), the consumption scenario under Mediterranean affluence (Consumption S2), and the
consumption scenario under European affluence (Consumption S3).

3. Change in climate (temperature and rainfall). A rate of change in agricultural cereal
production per unit change in temperature and precipitation has been established for the
years 2024 (low impact scenario) and 2034 (high impact scenario) [67].

Temperature. The temperature can influence the productivity on bour and irrigated
lands, which was why the cereal production rate is intended to decline with increased
temperature for these lands. These values are listed in Table 4. The following equation
shows an example of the calculation of temperature-related production projections in 2024
at the bour land level.

Table 4. Rate of cereal production decline with increased temperature (%) [67].

2024—Low-Impact Scenario 2034—High-Impact Scenario

Rainfed 2.3 5.4
Irrigated 1.6 3.7

Rain f ed Production (2024)
= Rain f ed Production 2014 − (Rain f ed Production 2014 × 2.3%)

The cereal yield in the total land (irrigated and bour lands) was affected by the de-
crease in temperature, which was estimated according to the following Equation 4a–f
(Supplementary Materials).

Rainfall. In order to extract the variation of cereal production as a function of rainfall,
the yield as a function of the amount of precipitation (mm) was estimated as follows:

Yield 2008 − Yield 1991
Precipitation 2008 − Precipitation 1991

=
7 − 15

250 − 400
=

−8
−150

=
8 Qx/ha
150 mm

According to this formula, with each decrease of 1 mm of precipitation, the yield
will decrease by 0.05 Qx/ha. Therefore, 0.05 is the variation of the yield for each decrease
of 1 mm of rain. The decrease in rainfall (Y) was estimated according to linear equation
(y = 0.2855x (year) – 564.95) drawn from datasets listed in Table 2. According to this equa-
tion, the rainfall reduction values were 12.90% and 15.76% for 2024 and 2034, respectively.
This information was used to deduce the percentage decrease in yield in Qx/ha (Table 5).

Table 5. The agro-meteorological prediction of cereal yields in Morocco [68].

Decrease in Precipitation in % Average Decrease in %

2030 14 14
2050 13 to 30 21.5
2080 21 to 36 28.5

Table 5 shows the Qx/ha value of 3.03, which denotes a loss of 303 kg in cereal
production in one hectare. In 2014, the bour lands occupied 4,411,669 ha, so there was a loss
of 1,336,735,707 kg of cereals representing 23.55% of the production of bour lands during
the 2014 campaign (5,676,988,397 kg).

For 2034, there was a loss of 370 kg of cereal production in one hectare, so there was
a loss of 1,632,317,530 kg representing 28.75% of the cereal production in bour lands in
2014. Table 5 underlines the percentage decrease in cereal production. In this study, the
production from bour lands was the only one considered because it was based solely on
rainfall. These percentages values were used to calculate the production in 2024 and 2034
following Equation 5b:
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* 2024 Low Scenario

Rain f ed Production (2024) = Rain f ed Production 2014 − (Rain f ed Production 2014 × 23.55%)

* 2034 High-Impact Scenario

Rain f ed Production (2034) = Rain f ed Production 2014 − (Rain f ed Production 2014 × 28.75%)

4. Change in Technology. The change in technology was evaluated by the following
parameters: yield projection, increase in cereal land, and change in land under cereal
production.

* Yield. The obtained yield from 2004 to 2017 was used. The projected yield from
2018 to 2034 was based on conservative averaged values obtained from observations for
the main cereal crops over the period of 1979–2006, and the values were found to be
18.35 Qx /ha and 19.45 Qx/ha in 2024 and 2034, respectively. Therefore, the increase in
yield per year was about 0.11 Qx/ha/year. The following linear equation (yield year
(n + 1) = yield year n + 0.11) obtained from previously published datasets (World Bank,
2015) was used to project the yield. The rainfed and irrigated yields were obtained from
the total projected yield based on the percent of rainfed and irrigated yield in 2014 (above).

Pourcent production (2024)% =
100 × (production 2024 − production 2014)

production 2014

Pourcent production (2034)% =
100 × (production 2034 − production 2014)

production 2014

* Increase in cereal land was estimated as follows:

Rain f ed pourcentage(%)o f total =
Rain f ed area o f Region X

Total Rain f ed area o f Morocco
× 100

Irrigated pourcentage(%)o f total =
Irrigated area o f Region X

Total Irrigated area o f Morocco
× 100

* Change in land under cereal production. Land cereal production occupied 5,460,480 ha
in 2015 and 5,568,363 ha in 2017 [69,70].

The cereal land change rate (0.99) (Supplementary Materials) was calculated (Table 6)
and used to estimate the projection of the total grain area from year to year based on
Equation 6ia (Supplementary Materials). In addition, the bour and irrigated percentages
to calculate the projection in bour and irrigated lands (as shown previously) were used.
Therefore, based on the yield already calculated, the projection of agricultural production
related to the change in the area of agricultural land was deduced according to Equation
6ib (Supplementary Materials). Projected production (Qx) was extracted based on projected
land under cereal use (ha) and projected yield (Qx/ha).

Table 6. Rate of change of land cereal production of 2015 and 2017.

Years Land Cereal Production (ha) Rate of Change (%)

2015 5,460,480
0.992017 5,568,363
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3. Results
3.1. Control Situation

Table 7 describes the situation of the regional consumption and production as well as
the total for all twelve regions. The results show that among the 12 Moroccan regions, only
4 had a surplus in production as compared to their local consumption. These four were the
Fes-Meknes (R3), Rabat-Sale-Kenitra (R4), Beni Mellal-Khenifra (R5), and Casablanca-Settat
(R6) regions. Together, these regions constitute the cereal reserve stock of Morocco and have
a total surplus of 1,915,796.36 tons with highest production record in the Fes-Meknes region
(898,700.30 tons). The regions of Rabat-Sale and Beni Mellal-Khenifra also constitute an
important reserve for cereal, each one having a surplus about half that of Fes-Meknes region.
The region of Casablanca-Settat produced an amount of 60,865.18 tons more than what it
consumes locally. All other regions were in deficit with the Sous-Massa region having the
largest deficit followed by the Draa-Tafillet and then the Marrakech-Safi region. The size of
the deficit is a function of the local production and the population size. For example, the
regions of Laayoune-Sakia El-Hamra and Dakhla-Oued d-Dahab had no production at all
as they are located in non-productive arid zones. However, they had the smallest deficit of
69,748.38 and 29,181.67 tons, respectively, because of their small population sizes. Despite
eight regions with a production deficit including two non-productive regions, Morocco’s
cereal production balance still remained positive with an excess of 634,897.61 tons.

Table 7. Control situation for 2014 consumption. Production and balance for cereal per region (kg).

Regions
Total

Consumption
(kg)

Total
Production

(kg)

Deficit
(−)/Gain (+)

(kg)

Deficit
(−)/Gain (+)

(kg)/1000

Normalized
Deficit

Region 1 Tanger-Tetouan-Al
Hoceima 660,936,921 546,928,002 −114,008,919 −114,008.92 0.2

Region 2 Oriental 429,829,401 315,888,459 −113,940,942 −113,940.94 0.2
Region 3 Fes-Meknes 786,519,339 1,685,219,637 898,700,297 898,700.30
Region 4 Rabat-Sale-Kenitra 845,877,869 1,323,788,124 477,910,255 477,910.26
Region 5 Beni Mellal-Khenifra 472,001,931 950,322,560 478,320,629 478,320.63
Region 6 Casablanca-Settat 1,262,997,724 1,323,862,901 60,865,177 60,865.18
Region 7 Marrakech-Safi 846,949,856 673,809,301 −173,140,554 −173,140.55 0.4
Region 8 Draa-Tafilalet 309,603,411 85,730,751 −223,872,660 −223,872.66 0.5
Region 9 Souss-Massa 499,141,610 22,841,845 −476,299,766 −476,299.77 1.0
Region 10 Guelmim-Oued Noun 82,984,903 2,279,044 −80,705,859 −80,705.86 0.2

Region 11 Laayoune-Sakia El
Hamra 69,748,379 0 −69,748,379 −69,748.38 0.1

Region 12 Dakhla-Oued
Ed-Dahab 29,181,669 0 −29,181,669 −29,181.67 0.1

Morocco
6,295,773,012 6,930,670,622 634,897,611 634,897.61

3.2. Population and Consumption Increase: Change in Affluence

In Morocco, the 2014 census recorded a total population of 33,848,242 people. The
population is projected to continue to grow monotonically until the year 2065, where it
will reach a total of 46,886,622 people. During this period, the population growth rate was
estimated at 1.22% [65]. By 2024, the population will be 38,218,498 people and will reach
43,153,013 in 2034 (Figure 2). An increase in population necessarily increases the demand
for cereal food, and, without change in consumption habits, this behavior will generate a
growing deficit for this commodity. The 2014-to-2034 urban, rural, and total (urban and
rural) change in consumption for Morocco is illustrated in Figure 3, and the values for 2014,
2024, and 2034 are reported in Table 8. Based on the 2014 total production and a constant
per capita consumption rate of 186.00 kg/person [64], the increase in population will
generate a deficit in cereal of 177,971 Qx in 2024 and a substantial deficit of 10,957,898 Qx
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by 2034, lowering thus the average annual available per capita quantity of cereal from
204.75 kg/p in 2014 to 160.61 kg/p in 2034 (Table 8).
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Table 8. Population-driven consumption growth. Gains and deficits were calculated with respect to
the 2014 production amount. All values are expressed in kg.

Years 2014 2024 2034

Production 69,306,706 - -
Population 33,848,242 38,218,498 43,153,013

Consumption 62,957,730 71,086,407 80,264,604
MAC/p (kg/p) 186.00 186.00 186.00
MAS/p (kg/p) 204.76 181.34 160.61

Gain(+)/Deficit(−) 6,348,976 −1,779,701 −10,957,898
Necessary change (%) 2.504 11.43

Future values 181.34 160.61

Based on a comparison of 158 countries in 2013, Morocco ranked the highest in cereal
consumption per capita with 254 kg/p [67], while Rwanda was the last on the scale with
46.8 kg/p. This represents a wide range in grain consumption habits, and with socio-
economic development, it is expected that Morocco’s urban population may adjust its
dietary affluence and include less grains in their diets. If the Moroccan annual average per
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capita cereal consumption is aligned with that of neighboring Mediterranean countries
(Spain, France, Italy, Greece, Tunisia, and Algeria) of 155 kg/p by 2034, Morocco will then
guarantee its cereal food security. In order to achieve that, the population will have to
reduce cereal food intake by 2.54% from 186.00 kg/p in 2014 to 181.34 kg/p in 2024 and
another 11.43% from 2024 to 2034, taking the average per capita consumption to 160.61 kg/p
and matching the production of 2014 (Table 8). Alternatively, Morocco’s economy will have
either to increase its production or import cereal.

In 2014, the cereal production was sufficient for Moroccan consumption based on 2014
(186.00 kg/p) (Consumption S1), the consumption scenario under Mediterranean affluence
(Consumption S2), and consumption scenario under European affluence (Consumption S3).
For 2024 and 2034, there will be a cereal deficit (especially in 2034),as it is shown in Figure 4,
in which there was a need to lower 5 kg/p and 25 kg/p of the cereal quantity per person so
that the 2014 production can satisfy the projected Moroccan population in 2024 and 2034.
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3.3. Impact of Climate Change on Temperature and Precipitation

Climate change is real and unequivocal, as observed in recorded temperatures in many
places worldwide. Africa in general and Morocco in particular are not spared by this drying
and warming of their climate. Under different radiative concentration pathways and hold-
ing the growing area and technology constant, several models showed a positive warming
trend and predicted a medium-term (2037–2056) decline ranging from 3.5% to 12.9% for
winter wheat and 2.3% to 12.1% for winter barley across different climates. In semi-arid
climate regions, the effects of heat stress on cereal yields are not easy to quantify because of
the coupled water stress limitations, although the two effects are not independent. Con-
sequently, the pattern in cereal land use is often assessed based on local growing-season
precipitation amounts than the departure from the optimal growth temperature.

A study conducted in Tunisia with a climate similar to that of Morocco suggested
that the attainable regional cereal yields during the 2000–2013 related to the wet growing
season (January–April) showed a substantial decreasing trend with the warming increase.
The yields decreased around 4.0, 2.6, and 3.2 kg/ha for each degree-day above a mean
temperature of 15 ◦C for bread wheat, durum wheat, and barley respectively, and they
were slightly larger than those obtained in France.

In this study, two scenarios were developed and discussed based on extreme values
obtained from previous studies in which the variation of cereal production was highlighted
as a function of increasing temperature and global warming (Table 9). As these values
were developed over relatively large regions with their associated temperature and precipi-
tation projections, the decrease in cereal production values in relation to the decrease in
precipitation were developed in this study, and they are summarized in Table 10.
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Table 9. Evolution in decrease in precipitation (mm) and yield (Qx/ha) in Morocco.

Years Annual Precipitation (mm) Decrease in mm of Precipitation Decrease in Qx/ha Yield

2010 470 - -
2024 409.36 60.64 3.03
2034 395.94 74.06 3.70

Table 10. Rate of cereal production decline with decreased precipitation (%).

2024—Low-Impact Scenario 2034—High-Impact Scenario

Rainfed 23.55 28.75

The results of the projected decreased production in relation to the increased tem-
perature and decreased precipitation are shown in Figures 5 and 6, which underline the
decrease in kg at the level of all scenarios. In 2014, cereal production was zero in regions 11
and 12, and it was considered to be zero in 2024 and 2034 as well. Regarding the decrease in
production with respect to increased temperature, the results underline that the production
of cereals in Morocco will decrease by 15,062,965 tons in 2024 compared to that of 2014,
and, in 2034, this production will decrease by 35,294,362 tons compared to 2014.
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The decrease in rainfed production represents 87%, and that of the irrigated one
represents 13% because, firstly, the bour lands in Morocco are the most dominant. Therefore,
the greatest part of production comes from these lands. Secondly, these depend on, first, the
degree of the climate, and, then, the increase in temperature according to the two scenarios
worsens the climatic situation to lower cereal production more and more.

If we focus on the three major agricultural regions in Morocco, which are R3 (Fes-
Meknes), R4 (Rabat-Sale-Kenitra), and R6 (Casablanca-Settat), all of the decreases in cereal
production at the level of these regions compared to 2014 will be a decrease in rainfed
production of 89,766.71 tons in 2024 and 210,756.63 tons in 2034. The decrease in irrigated
production in these regions will be 14,830.52 tons in 2024 and 34,295.57 tons in 2034.

Regarding the decrease in production in relation to decreasing precipitation, two
scenarios exist on (only) bour lands. For 2024 production, it will decrease by 172,124.59 ton
and by 210,212.92 tons in 2034. For regions R3, R4, and R6, the total decrease in rainfed
production compared to 2014 will be 118,334.77 tons in 2024 and 144,520.31 tons in 2034.

4. Discussion
4.1. World Panoramic Vision on the Production of Cereals and the Production Situation in Morocco

Cereals have been considered the main component of human food since ancient times.
More than 50% of the daily calorie intake in the world comes directly from the consumption
of cereals [71]. Grains and cereal products are staple foods in most human diets [72,73] in
developed and developing countries, providing much of the energy and food nutrients [74].

So, this food ranks first among products that make food safe for mankind. According
to research done by the International Maize and Wheat Improvement Center (CIMMYT),
the most important cereals are maize, rice, and wheat, which have provided food security
on a global scale over the last half century, mainly by increasing yields of these crops and
making them more resilient to drought, floods, pests, and diseases [75].

This study describes, for the first time, the production situation in 12 regions of Mo-
rocco. The results underline that the balance of cereal production in 2014 remained positive
with a surplus of 634,897.61 tons despite eight regions with a production deficit including
two non-productive regions in southern Morocco, being R11 and R12 or Laayoune-Sakia El-
Hamra and Dakhla-Oued d-Dahab, respectively. Because the country has four major cereal
production regions, being Fès-Meknes (R3), Rabat-Sale-Kenitra (R4), Beni Mellal-Khenifra
(R5), and Casablanca-Settat (R6), the size of the deficit was established as a function of local
production and the size of the population. If the population increases and production is
negatively impacted by climatic conditions, the deficit will be more serious.
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By taking wheat crops as an example, the world production for the 2012/13 season
stood at 659.7 million tons against 702.4 million tons in 2011/12. This production fell
by around 6%. This underperformance can be explained in large part by the impact of
drought in Eastern Europe and Central Asia but also by lower crops in the Southern
Hemisphere [76]. Regarding wheat production in Europe, it fell by 2.6% due to the drought
that affected some countries in the center and southeast of the continent. However, in
some countries in the Asian sub-region, record harvests were recorded in major producing
countries, notably China and India [76]. In the Near East, the results were contrasted with
good harvests recorded in Afghanistan and the Islamic Republic of Iran, while, in the other
countries of the region, mixed results were noted due to droughts and social unrest [76].
Therefore, cereal production is always dependent on environmental, socio-economic, and
political factors.

4.2. Increased Population Requires Significant Consumption

At the start of our era, the world population was 188 million people. Thanks to
the industrial revolution and the development in the field of health, a large change has
taken place [77]. This demographic expansion is expected to continue for several more
decades before peaking at nearly 10 billion later in the 21st century [7,78]. Now, the world
population is estimated to have reached 7.8 billion people as of March 2020 [65] and is
expected to reach 8.5 billion by 2030 [7].

According to the results of this work, the population will be 38,218,498 people in 2024
and will reach 43,153,013 in 2034 (Figure 3). To live, the population must be nourished, and
cereals were considered among the most important products in the world for ensuring food
security. Wheat has been the number one domesticated food crop and was a basic staple
item for European, North African, and West Asian populations 8000 years ago [79]. Today,
wheat crops are produced and harvested on more land area than any other crops and
continue to be the greatest significant human grain source; wheat production leads to other
crops, such as potatoes, maize, and rice [80]. The increase in the population will generate
a cereal deficit of 177.971 Qx in 2024 and a substantial deficit of 10,957,898 Qx by 2034.
The population will have to reduce the food intake of cereals by 2.54% from 186.00 kg/p
in 2014 to 181.34 kg/p in 2024 and another 11.43% from 2024 to 2034, which brings the
average consumption per capita to 160.61 kg/p and corresponding to the production of
2014 (Table 2). The Moroccan economy will also have to increase its production or import
cereals. Therefore, Morocco must intervene by improving the productivity of cereals
and the ideal change in its eating habits. Several research studies have been established
based on social needs and consumer behavior and habits [81,82]. Other research has
shown that food choices may require consideration of various ethical challenges [83]. In
general, consumers’ food decisions prioritize their food preferences [81], which includes
their diet, socio-economic level, or the availability of local products [77]. There is a very
strong relationship between socioeconomic level and the diet chosen by the individual.
Because a change in the structure of production is linked to improved income in low-
and middle-income countries, mainly the different types of cereals are replaced by meat,
fruits, and vegetables [84]. To fully understand food, its availability, and relational criteria,
research has focused on the impact of dietary changes on the natural environment and the
impact of environmental changes on all elements of food security [85], but of course there
must always be the tendency to choose a healthy and balanced diet that should satisfy all
social categories.

4.3. Climate Change Impacts on Production

Local and regional climatic conditions are a primary determinant of agronomic crop
productivity. Plant metabolic processes are controlled by weather variables like maxi-
mum and minimum temperature, solar radiation, carbon dioxide concentration, and the
availability of water [86–89].
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This study dealt with climate change based on temperature and precipitation, as two
scenarios were developed: the 2024 low-impact scenario and the 2034 high-impact scenarios.
The results showed that cereal production will decrease. The cereal production in bour
areas will decrease with increasing temperature and decreasing precipitation. The irrigated
production will decrease with decreased precipitation as demonstrated in this study.

Previous analyses have described the Mediterranean and Northeastern Europe regions
as the most prominent climate response hotspots, followed by high-latitude northern
hemisphere regions and Central America [90–94]. Warming, particularly pronounced in
summer and in the western Mediterranean, and changes in precipitation patterns are also
documented, having occurred during the twentieth century [95–97]. The results evidence
that future warming will occur all year round, being larger in summer than in winter and
over land than over sea areas [98]. The Mediterranean region is likely to warm at a rate
about 20% larger than the global annual mean surface temperature, with values particularly
large in summer and in the continental areas north of the basin (where warming will be in
general 50% larger than at global scale and locally even twice as large). Day temperatures
are likely to increase more than night temperatures and summers more than winters,
leading to an increase in amplitude of both daily and annual temperature ranges [92].
The most critical future issue for the Mediterranean environment in the reduction in
precipitation, which, being in contrast with the general increase in the hydrological cycle, is
the main characterization of the Mediterranean climate change “hotspot.” [97]. In southern
areas of the Mediterranean region, a large decrease in precipitation in all seasons and
particularly in winter (–7 mm/K as a function of global warming) will likely negatively
affect a large variety of crops and the accumulation of water in the reservoirs, which mainly
occurs in this season. For crops, drought, which is mainly caused by a lack of water supply,
is a major natural hazard for rainfed farming systems [99–101].

In comparison with other previous studies, the impacts of climate change on Moroc-
can agriculture are quite significant. The present article contributes to this literature by
assessing and comparing the climate change vulnerability of Morocco and linking it to
its social implications. A particular focus was placed on the impact of climate change on
agriculture. On average, crop yields of wheat grains and sugar are expected to decline by
10% by 2050, representing 53% of total agricultural production and 50.5% of total arable
land [102,103]. It has been shown that a temperature increase of 1 ◦C would lead to a 6%
drop in world wheat production for example [103].

In Morocco, 10% on average is the percentage decrease in wheat yields of wheat
grains in 2050 and sugars due to climate change [103]. According to research carried
out in Morocco by the National Institute of Agronomic Research (INRA) as part of the
Adaptation to Climate Change in Agriculture in the Maghreb (AGRIMAP) project, they
have shown that temperatures will increase and that precipitation will decrease in an
accelerated manner. On average, temperatures will increase by 1.3 ◦C (±0.2◦C) by 2050
and by 2.3 ◦C (±0.9◦C) by the 2090 horizon compared to 2010. In addition, the rainfall
will decrease by 11% (±0.5%) by 2050 and by 16% (±1.3%) by 2090 compared also to 2010.
These variations in temperature and precipitation levels will influence the length of crop
growth, which will decrease by 30 days in 2050 and 90 days in 2090 compared to 2010 [97].
In 2050, the growing period will be from November to April, and, for 2090, it will last
from January to March. Therefore, this reduction in the growing period will have very
important consequences on crop yields. Yield forecasting is important for knowing how
to react to ensure food security and to forecast yields earlier in the season and at a finer
spatial scale [104]. Indeed, it is also used to predict the yields of cereals and other crops,
and several studies have used methods of combining multi-source datasets and machine
learning algorithms [105–107].

To date, considerable efforts have been made by scientists to better understand the
causes and effects of climate change in recent years on a global scale [108]. This was summa-
rized by studies on computable general equilibrium models to fully understand the impacts
of climate change [108–111]. Other research has targeted certain countries [112–114]. Fur-
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thermore, some studies used dynamic models that take into account the worsening effects
of climate change over time [113,114]. The impact of climate change on agricultural pro-
duction was highly considered. Studies have shown that this impact depends on various
factors such as the climate model used, the location of the country, its adaptive capacity,
etc. [109,115]. Therefore, the results of other studies around the world have highlighted
the harmful or beneficial impacts of climate change on agricultural production based on
the carbon factor and fertilization. Agricultural production decreases if we do not take
into account the effects of climate change on carbon fertilization [109,116]. Other regions
like Canada, Europe, northern China, and northern Russia have increased their agricul-
tural production because the effects of climate change on carbon fertilization were taken
into consideration [115]. Several studies indicate a significant decrease in agricultural
production over time when the effects of climate change on carbon fertilization are not
considered [109,116].

5. Conclusions

The main objective of this study was to develop a land-system model linked to the
environment and the socio-economic level that projects their consequence on current
and potential land cover and use change over the next 10 years in order to consider
further actions.

The pilot data on which this study was based included the statistics of cereal pro-
duction and area in 2014, the Moroccan population census, surveys of food consumption
of the cereal product in 2014, and climate data linked to cereal production. In Morocco,
the most productive regions were, in order from most to least productive, Fes-Meknes
(R3), Rabat-Sale-Kenitra (R4), Beni Mellal-Khenifra (R5), and Casablanca-Settat (R6). They
constitute the grain reserve of the country. All other regions, in particular, Souss-Massa,
Laayoune-Sakia El-Hamra (R11), and Dakhla-Oued Ed-Dahab (R12), were in deficit. How-
ever, the balance of cereal production in Morocco remained positive with a surplus of
634,897.61 tons.

The Moroccan economy will also have to increase its production or import cereals.
Therefore, it is necessary to increase the cereal production under climatic constraints
and demographic development. Accordingly, the suitable and brilliant solution would
be the strength of the irrigated sector, which plays a primordial role in the agricultural
development of the country. In this case, it is necessary to consider the water-saving
irrigation techniques such as drip irrigation. Indeed, it is mandatory to seed the agricultural
areas with the most productive varieties of wheat. Moreover, more attention should be
given to small- and medium-sized farms in order to integrate them into modern and
industrial agriculture by giving them the necessary supports, notably those belonging to
regions with a grain deficit. Genetic improvement also appears to be a relevant solution
provided that it is subject to the policy of protecting health and the environment. Regarding
the mode of consumption, the growing population should strive for sustainable food
consumption, and the impacts on health are also very important in this regard. We must
respond to changes in consumption habits with initiatives that promote healthier and more
sustainable consumption patterns. We must also raise awareness and acquire knowledge
about a healthy, balanced diet that meets the needs of all social classes, and research must
be carried out and encouraged on the impact of climate change on cereals as a primary
human food product regarding all the elements of food security.

Supplementary Materials: The following equations used in this manuscript are available online at
https://www.mdpi.com/article/10.3390/su132111943/s1.

Author Contributions: Conceptualization, N.A. and M.M.; methodology, M.M.; software, N.A.;
validation, M.M. and M.Y.K.; formal analysis, N.A.; resources, M.M. and S.A.; data curation, N.A.;
writing—original draft preparation, N.A. and R.L.; writing—review and editing, R.L. and M.E.J.;
supervision, M.M.; project administration, M.M. All authors have read and agreed to the published
version of the manuscript.

https://www.mdpi.com/article/10.3390/su132111943/s1
https://www.mdpi.com/article/10.3390/su132111943/s1


Sustainability 2021, 13, 11943 19 of 23

Funding: This research did not receive any external funding.

Data Availability Statement: All data were used within this manuscript.

Acknowledgments: This research was supported by the Laboratory of Hydrobiology Ecology and
Ecotoxicology and Global Changes, Faculty of Sciences Semlalia, Cadi Ayyad University. We are
grateful to Dustin MacLean for reviewing this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Change, C. Climate change impacts, adaptation and vulnerability. Sci. Total Environ. 2007, 326, 95–112.
2. IPCC. The Physical Science Basis Summary for Policymakers; Working Group I contribution to the Sixth Assessment Report of the

Intergovernmental Panel on Climate Change; IPCC: Paris, France, 2021.
3. Chandio, A.A.; Ozturk, I.; Akram, W.; Ahmad, F.; Mirani, A.A. Empirical analysis of climate change factors affecting cereal yield:

Evidence from Turkey. Environ. Sci. Pollut. Res. 2020, 27, 11944–11957. [CrossRef] [PubMed]
4. IPCC. Climate Change 2007: The Physical Science Basis. Summary for Policiy makers; Contribution of Working Group I to the Fourth

Assessment Report of the Intergovernmental Panel on Climate Change; IPCC: Paris, France, 2007.
5. Rosenzweig, C.; Hillel, D. Climate Change and the Global Harvest: Potential Impacts of the Greenhouse Effect on Agriculture; Oxford

University Press: New York, NY, USA, 1998; p. 324.
6. Nohara, D.; Kitoh, A.; Hosaka, M.; Oki, T. Impact of Climate Change on River Discharge Projected by Multimodel Ensemble. J.

Hydrometeorol. 2006, 7, 1076–1089. [CrossRef]
7. Boretti, A.; Rosa, L. Reassessing the projections of the World Water Development Report. NPJ Clean Water 2019, 2, 15. [CrossRef]
8. Faysse, N. The rationale of the Green Morocco Plan: Missing links between goals and implementation. J. North Afr. Stud. 2015, 20,

622–634. [CrossRef]
9. MAPM. L’agriculture Marocaine en Chiffres 2014. Available online: https://www.agrimaroc.ma/lagriculture-marocaine-en-

chiffres-2014/ (accessed on 13 March 2021).
10. Maazouz, S. Le Développement de L’irrigation Durable au Maroc. AgriMaroc 2016. Available online: https://www.agrimaroc.

ma/le-developpement-de-lirrigation-durable-au-maroc/#:~:text=Le%20Plan%20National%20d’%C3%89conomie,la%20
productivit%C3%A9%20de%20l’agriculture (accessed on 20 March 2018).

11. MAPMDREF. Le plan Maroc Vert: Bilan et Impacts 2008–2018; 2020. Available online: https://www.agriculture.gov.ma/fr/
actualites/publication-dun-rapport-sur-le-bilan-et-impacts-du-plan-maroc-vert (accessed on 10 September 2021).

12. Wichelns, D. Advising Morocco: Adopting recommendations of a water footprint assessment would increase risk and impair
food security for the country and its farmers. Water Int. 2018, 43, 762–784. [CrossRef]

13. Forbes. Génération Green: Le Modèle Agricole Marocain, un Exemple à Suivre. Available online: https://www.forbes.fr/
environnement/generation-green-le-modele-agricole-marocain-un-exemple-a-suivre/ (accessed on 11 January 2021).

14. MAPMDREF. Agricultures en Chiffres 2017. 2018. Available online: https://www.agriculture.gov.ma/sites/default/files/19-001
45-book_agricultures_en_chiffres_def.pdf (accessed on 20 January 2020).

15. Lowery, B.; Hickey, W.J.; Arshad, M.A.; Lal, R. Soil water parameters and soil quality. In Methods for Assessing Soil Quality; Doran,
J.W., Jones, A.J., Eds.; SSSA: Madison, WI, USA, 1996; Volume 49, pp. 143–157.

16. Lal, R.; Follett, R.F.; Stewart, B.A.; Kimble, J.M. Soil carbon sequestration to mitigate climate change and advance food security.
Soil Sci. 2007, 172, 943–956. [CrossRef]

17. Barrios, E. Soil biota, ecosystem services and land productivity. Ecol. Econ. 2007, 64, 269–285. [CrossRef]
18. Drinkwater, L.E.; Schipanski, M.; Snapp, S.; Jackson, L.E. Chapter 7—Ecologically Based Nutrient Management. In Agricultural

Systems, 2nd ed.; Snapp, S., Pound, B., Eds.; Academic Press: San Diego, CA, USA, 2017; pp. 203–257.
19. van Bruggen, A.H.C.; Semenov, A.M. In search of biological indicators for soil health and disease suppression. Appl. Soil Ecol.

2000, 15, 13–24. [CrossRef]
20. Williams, H.; Colombi, T.; Keller, T. The influence of soil management on soil health: An on-farm study in southern Sweden.

Geoderma 2020, 360, 114010. [CrossRef]
21. De Wrachien, D.; Lorenzini, G.; Medici, M. Food Production and Irrigation and Drainage Systems Development Perspective and

Challenges. Irrig. Drain. Syst. Eng. 2013, 2. [CrossRef]
22. De Wrachien, D.; Medici, M.; Lorenzini, G. The great potential of micro-irrigation technology for poor-rural communities. Irrig.

Drain. Syst. Eng. 2014, 3, e124. [CrossRef]
23. Tang, L.-S.; Li, Y.; Zhang, J. Physiological and yield responses of cotton under partial rootzone irrigation. Field Crop. Res. 2005, 94,

214–223. [CrossRef]
24. Tennakoon, S.B.; Milroy, S.P. Crop water use and water use efficiency on irrigated cotton farms in Australia. Agric. Water Manag.

2003, 61, 179–194. [CrossRef]
25. Hou, Z.; Li, P.; Li, B.; Gong, J.; Wang, Y. Effects of fertigation scheme on N uptake and N use efficiency in cotton. Plant Soil 2007,

290, 115–126. [CrossRef]

http://doi.org/10.1007/s11356-020-07739-y
http://www.ncbi.nlm.nih.gov/pubmed/31982999
http://doi.org/10.1175/JHM531.1
http://doi.org/10.1038/s41545-019-0039-9
http://doi.org/10.1080/13629387.2015.1053112
https://www.agrimaroc.ma/lagriculture-marocaine-en-chiffres-2014/
https://www.agrimaroc.ma/lagriculture-marocaine-en-chiffres-2014/
https://www.agrimaroc.ma/le-developpement-de-lirrigation-durable-au-maroc/#:~ :text=Le%20Plan%20National%20d'%C3%89conomie,la%20productivit%C3%A9%20de%20l'agriculture
https://www.agrimaroc.ma/le-developpement-de-lirrigation-durable-au-maroc/#:~ :text=Le%20Plan%20National%20d'%C3%89conomie,la%20productivit%C3%A9%20de%20l'agriculture
https://www.agrimaroc.ma/le-developpement-de-lirrigation-durable-au-maroc/#:~ :text=Le%20Plan%20National%20d'%C3%89conomie,la%20productivit%C3%A9%20de%20l'agriculture
https://www.agriculture.gov.ma/fr/actualites/publication-dun-rapport-sur-le-bilan-et-impacts-du-plan-maroc-vert
https://www.agriculture.gov.ma/fr/actualites/publication-dun-rapport-sur-le-bilan-et-impacts-du-plan-maroc-vert
http://doi.org/10.1080/02508060.2018.1516096
https://www.forbes.fr/environnement/generation-green-le-modele-agricole-marocain-un-exemple-a-suivre/
https://www.forbes.fr/environnement/generation-green-le-modele-agricole-marocain-un-exemple-a-suivre/
https://www.agriculture.gov.ma/sites/default/files/19-00145-book_agricultures_en_chiffres_def.pdf
https://www.agriculture.gov.ma/sites/default/files/19-00145-book_agricultures_en_chiffres_def.pdf
http://doi.org/10.1097/ss.0b013e31815cc498
http://doi.org/10.1016/j.ecolecon.2007.03.004
http://doi.org/10.1016/S0929-1393(00)00068-8
http://doi.org/10.1016/j.geoderma.2019.114010
http://doi.org/10.4172/2168-9768.1000e122
http://doi.org/10.4172/2168-9768.1000e124
http://doi.org/10.1016/j.fcr.2005.01.005
http://doi.org/10.1016/S0378-3774(03)00023-4
http://doi.org/10.1007/s11104-006-9140-1


Sustainability 2021, 13, 11943 20 of 23

26. Amarasinghe, U.A.; Smakhtin, V. Global Water Demand Projections: Past, Present and Future. In Research Report 156; International
Water Management Institute: Colombo, Sri Lanka, 2014.

27. Seckler, D.; Barker, R.; Amarasinghe, U. Water Scarcity in the Twenty-first Century. Int. J. Water Resour. Dev. 1999, 15, 29–42.
[CrossRef]

28. Maazouz, S. Les Outils Utilisés Dans Le Travail Du Sol. Available online: https://www.agrimaroc.ma/les-outils-utilises-dans-le-
travail-du-sol/ (accessed on 1 September 2021).

29. Boukaid, W. Les Différentes Techniques D’irrigation. Available online: https://www.agrimaroc.ma/les-differentes-techniques-d-
irrigation/ (accessed on 16 November 2020).

30. Döll, P.; Fiedler, K.; Zhang, J. Global-scale analysis of river flow alterations due to water withdrawals and reservoirs. Hydrol.
Earth Syst. Sci. 2009, 13, 2413–2432. [CrossRef]

31. Wada, Y.; van Beek, L.P.H.; Bierkens, M.F.P. Nonsustainable groundwater sustaining irrigation: A global assessment. Water Resour.
Res. 2012, 48. [CrossRef]

32. Gleeson, T.; Wada, Y.; Bierkens, M.F.P.; van Beek, L.P.H. Water balance of global aquifers revealed by groundwater footprint.
Nature 2012, 488, 197–200. [CrossRef]

33. Hoekstra, A.Y.; Mekonnen, M.M.; Chapagain, A.K.; Mathews, R.E.; Richter, B.D. Global Monthly Water Scarcity: Blue Water
Footprints versus Blue Water Availability. PLoS ONE 2012, 7, e32688. [CrossRef] [PubMed]

34. FAO. Sprinkler Irrigation. Available online: http://www.fao.org/3/s8684e/s8684e06.htm (accessed on 21 September 2019).
35. Boesveld, H. The practice of designing and adapting drip irrigation systems. In Drip Irrigation for Agriculture, 1st ed.; Taylor

Francis: New York, NY, USA, 2017.
36. Kato, Y.; Okami, M.; Katsura, K. Yield potential and water use efficiency of aerobic rice (Oryza sativa L.) in Japan. Field Crop. Res.

2009, 113, 328–334. [CrossRef]
37. Belder, P.; Spiertz, J.H.J.; Bouman, B.A.M.; Lu, G.; Tuong, T.P. Nitrogen economy and water productivity of lowland rice under

water-saving irrigation. Field Crop. Res. 2005, 93, 169–185. [CrossRef]
38. Mushtaq, S.; Dawe, D.; Lin, H.; Moya, P. An assessment of the role of ponds in the adoption of water-saving irrigation practices in

the Zhanghe Irrigation System, China. Agric. Water Manag. 2006, 83, 100–110. [CrossRef]
39. Tuong, P.; Bouman, B.A.M.; Mortimer, M. More Rice, Less Water—Integrated Approaches for Increasing Water Productivity in

Irrigated Rice-Based Systems in Asia. Plant Prod. Sci. 2005, 8, 231–241. [CrossRef]
40. Wilson, M.L.; Rosen, C.J.; Moncrief, J.F. Effects of Polymer-coated Urea on Nitrate Leaching and Nitrogen Uptake by Potato. J.

Environ. Qual. 2010, 39, 492–499. [CrossRef] [PubMed]
41. Namara, R.E.; Upadhyay, B.; Nagar, R.K. Adoption and Impacts of Micro Irrigation Technologies: Empirical Results from Selected

Localities of Maharashtra and Gujarat States of India; International Water Management Institute: Colombo, Sri Lanka, 2005.
42. Narayanamoorthy, A. Evaluation of Drip Irrigation System in Maharashtra; Agro-Economic Research Centre, Gokhale Institute of

Politics: Pune, India, 1996; pp. 97–102.
43. Narayanamoorthy, A. Economic Viabiity of Drip Irrigation: An Empirical Analysis from Maharashtra. Indian Soc. Agric. Econ.

1997, 54. [CrossRef]
44. Narayanamoorthy, A. Drip irrigation in India: Can it solve water scarcity? Water Policy 2004, 6, 117–130. [CrossRef]
45. Postel, S.; Polak, P.; Gonzales, F.; Keller, J. Drip Irrigation for Small Farmers. Water Int. 2001, 26, 3–13. [CrossRef]
46. Shah, T.; Keller, J. Micro-irrigation potential in the developing countries. In Sustainable Micro-Irrigation: Principles and Practices;

Goyal, M.R., Ed.; CRC Press: Oakville, ON, Canada, 2014.
47. MacLaren, C.; Storkey, J.; Menegat, A.; Metcalfe, H.; Dehnen-Schmutz, K. An ecological future for weed science to sustain crop

production and the environment. A review. Agron. Sustain. Dev. 2020, 40, 24. [CrossRef]
48. Tilman, D.; Balzer, C.; Hill, J.; Befort, B.L. Global food demand and the sustainable intensification of agriculture. Proc. Natl. Acad.

Sci. USA 2011, 108, 20260. [CrossRef] [PubMed]
49. Alexandratos, N.; Bruinsma, J. World Agriculture Towards 2030/2050: The 2012 Revision; FAO: Rome, Italy, 2012.
50. Hunter, M.C.; Smith, R.G.; Schipanski, M.E.; Atwood, L.W.; Mortensen, D.A. Agriculture in 2050: Recalibrating Targets for

Sustainable Intensification. BioScience 2017, 67, 386–391. [CrossRef]
51. FAO. State of the World’s Forests 2016. Forests and Agriculture: Land-Use Challenges and Opportunities; FAO: Rome, Italy, 2016.
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