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Abstract

As for many other countries of the world, climate change is impacting drastically the
water resources in Morocco and the consequences will be severe in our country for
years to come. This situation generally results in a significant reduction in agricultural
production, particularly in non-irrigated areas. It also has impacts on the availability of
surface and underground water. Indeed, surface water supply experience a very
important variation depending on the rainfall conditions and the favorable regions of
Morocco generally located in the North present a less pronounced variation than those
located in semi-arid and arid areas. This work was carried out in two regions of
Morocco namely, Souss-Massa and Tadla. A dynamic optimization model was
developed based on mathematical programming. The advantage of this type of model
is its ability to reflect the relationship and links between various components
(hydrologic, economic and agronomic) and to simulate the impact of any variable
related to climate change or economic consequences due to policy choices. The main
results of this work show that: (i) Surface and groundwater availability is decreasing in
the two basins; (ii)The water resource shadow price increased in the two sites over
time by changing from normal climatic conditions to drought conditions; and (iii) the
reduction of some irrigated lands in favor of others more efficient and more profitable
crops. Accordingly, the management of water resources should be based on integrated
approaches in order to take into account the entire water cycle as well as the different
actors involved in the use of this resource. The use of integrated water management
policies is more efficient and will ensure the sustainability of water resource use

activities, in particular the agricultural sector.

Keywords: climate change, water resources, agriculture, dynamic optimization,
economic price
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Une modélisation économique pour une utilisation durable
des ressources en eau en agriculture : cas du Tadla et du
Souss-Massa

Résumé

Comme pour de nombreux autres pays du monde, le changement climatique a un
impact drastique sur les ressources en eau du Maroc et les problémes qui y sont
associés seront plus graves dans les prochaines années. Cette situation se traduit
généralement par une réduction significative de la production agricole, en particulier
dans les zones non irriguées. Elle a également des impacts sur la disponibilité des
eaux de surface et souterraines. En effet, I'approvisionnement en eau de surface
connait une variabilité trés importante selon les conditions pluviométriques de I'année,
les régions favorables du Maroc généralement situées au Nord présentent une
variation moins prononcée que celles situées dans les zones semi-arides et arides.
Par conséquent, les impacts du changement climatique que le Maroc a percus ces
dernieres années, en particulier l'irrégularité des débits des eaux de surface et la
baisse des niveaux des eaux souterraines affectent gravement les dotations en eau
des zones irriguées. Ce travail a été réalisé dans deux régions du Maroc a savoir,
Souss-Massa et Tadla. Un modéle d'optimisation dynamique a été développé sur la
base de la programmation mathématique. L'avantage de ce type de modele est sa
capacité a refléter la relation et les liens entre les différentes composantes
(hydrologique, économique et agronomique) et a simuler I'impact de toute variable liée
au changement climatique ou aux conséquences économigues dues aux choix
politiques. Parmi les principaux résultats de ce travail, nous constatons que : la
disponibilité des eaux de surface et souterraines diminue dans les deux bassins ; Les
prix économiques de la ressource en eau ont augmenté dans les deux sites au fil du
temps en passant de conditions climatiques normales a des conditions de sécheresse;
La réduction de certaines terres irriguées au profit d'autres cultures plus efficaces et
plus rentables. Par conséquent, la gestion des ressources en eau doit étre basée sur
des approches intégrées afin de prendre en compte I'ensemble du cycle de I'eau ainsi
que les différents acteurs impliqués dans l'utilisation de cette ressource. L'utilisation
de politiques de gestion intégrée de I'eau est plus efficace et garantira la durabilité des
activités d'utilisation des ressources en eau, en particulier le secteur agricole.

Mots clés : changement climatique, ressources en eau, agriculture, optimisation
dynamique, prix économique
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Introduction

Sustainable management of water resources has become a central element for the
implementation of sectoral water resources policies and one of the most studied issues
in research institutions working on natural resource management (Qian, 2016; Fu et
al., 2017). Given this importance, water management around the world was one of the
urgent issues to be addressed at the United Nation Climate Change Conference (COP
25) held in Madrid in December 2019. Especially since half of the world's food comes
from irrigated areas and drained land (Lobell et al., 2003; Bastiaanssen et al., 2007).

In Morocco, the effects of climate change can be dramatic on agriculture knowing that
production is closely linked to the quantity and distribution of annual rainfall in rainfed
areas, on the one hand, and to the amount of water stored in reservoirs and aquifers
for irrigated perimeters on the other hand (Benabdelouahab et al., 2016). In addition, the
competition for access to water resources increases between sectors. In this context,
agriculture that is considered as the most water-consuming sector, with more than 78%
of mobilized water, risks to make facing many problems related to water management.
Therefore, this sector is required to increase its productivity by growing crops that
optimizes water use. However, since water is available to users at a subsidized price,
users have no incentive to conserve this resource which are sometimes overexploited
or wasted instead of considering it as a scarce resource(Lionboui et al., 2016a). In
addition, the increasing cost of water mobilization observed in recent years, reflects a
growing imbalance between water supply and demand in most of the country's
watersheds. The alarming depletion of groundwater, the drying up of springs, the
deterioration of the quality of water, as well as the risk of dwindling water resources as
a result of climate change are all signs of the worsening of the situation (MDCE, 2015).
This has led to a strong mobilization to establish institutional reforms and agricultural
policies for a more efficient allocation of water resources between different users. With
the coming into force of the water laws, first the law 10-95 and later the law 36-15,
state policies have been redirected towards a decentralized management of water
resources according to good governance rules.

The management of water resources is an interdisciplinary issue. Therefore, integrated
approaches, obtained using hydro-economic models, which represent the hydrological,
environmental and economic aspects of water resources systems in a coherent
framework, becomes currently important (Brouwer and Hofkes, 2008; Blanco-Gutiérrez
et al., 2013; Kahil et al., 2016; Momblanch et al., 2016). These models have allowed
water managers to move from a static vision of a simple water supply management
problem with a single goal, to a vision on demand management with respect to the
socio-economic aspect in the long term (Harou et al., 2009). In this context, different
types of interdisciplinary modeling frameworks have been developed to respond to
different scales, particularly in the agro-economic field (Pefia-Haro et al., 2009; Esteve
et al., 2015).

Thanks to advances in computer techniques which allow developing models of large-
scale systems, the two bioeconomic models developed within the framework of INRA
research projects used digital technologies to model such a complex system which is
the watershed (Elame et al., 2016; Lionboui et al., 2016a; Lionboui et al., 2018b; Elame
et al., 2020).
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In order to analyse water resources sustainability, this research develops a general
methodology for water management modeling in watersheds dominated by irrigated
agriculture. The adopted methodology is applied to Tadla and Souss Massa regions.
The research was based on field data collecting and surveys conducted in the two
areas. The socio-economic conditions of the study area are specifically analysed, and
suggestions are presented based on the economic optimization modeling results.

Methodology
Choice of appropriate scale for water management

The various regional and local stakeholders involved in water policy and their often
divergent interests generate conflicts of water use and excessive demand that can only
be managed through an integrated, decentralized and concerted water resource. Such
management could only be conceived within the framework of a homogeneous unit
that brings together the maximum number of stakeholders "the river basin" (or
watershed in some literature) (Barbosa et al., 2017). Indeed, the river basin constitutes
the indicated entity for a global and integrated management of water, because it is
within the hydrological network of the basin that human activities (urbanization,
agriculture, tourism, industry, etc.) and hydro-agricultural developments (dams)
influence the quality of the resources and the environment, from upstream to
downstream. This entity with its social, economic and environmental dimensions
stands out as the most appropriate water management area. Thus, this work was
carried out at the level of two basins in Morocco; Souss Massa and Tadla (figure 1).
The issue of sustainability of water resources is acute in these two basins which are
characterized by irrigated agriculture and a semi-arid climate.
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Figure 1: Location of the Souss Massa and Tadla basins
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Watershed is a very complex system due to these hydrological, geological and
climatological characteristics where activities and water use conflicts are concentrated
between the different agents having a direct or indirect action on the system. In this
context, an integrated management of water resources at the basin level is crucial and
will allow the development of an appropriate analysis tool to manage the allocation of
these resources.

The basin systems were represented by dynamic and logical relationships in time and
space chosen according to several parameters specific to each study area such as
climate, crops, nature and input costs agriculture, the efficiency of irrigation networks
and systems, etc.

Models Structure

Complexities of water allocation and water use at the basin scale require a holistic
approach for water resources management and planning in order to get optimal and
sustainable water allocation and at the same time, an efficient and an equitable water
use (McKinney et al., 1999).

In this paper, we summarize the main aspects taken into consideration during the
development of two agro-economic models of water management (MIBAS: “modéle
integeré du basin”), within the Medium-Term Research Projects program (PRMT) of
the National Institute of Agronomic Research (INRA Morocco). The developed models
belong to the integrated river basin models category. They were developed at the basin
level, based on the simulation of water flows, water resources-uses equilibrium
equations of reservoirs and aquifers, water flows at the different nodes of rivers and
the allocation of water resources. In addition to reflecting the dynamics of interactions
between hydrological, agronomic and economic components, these models allow
simulating the change of the water shadow price, land use, water consumption and
agricultural profit under different scenarios (figure 2).
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Figure 2: Structure of the agricultural water management model (MIBAS)
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The advantage of this type of model is its ability to reflect the relationship and links
between these various components listed above and to simulate the economic
consequences due to policy choices (Rosegrant et al., 2000; Cai et al., 2003; Cai et
al., 2008). The model represents an efficient and useful tool for decision support on
policy choices on water allocation and setting priorities for institutional and incentive
reforms that guide water resources allocation. The proposed models are based on real
links between different spatial units of the hydrological network and connected by
interconnections or nodes. Spatial units represent river flows, reservoirs, aquifers, or
water demand sites (agricultural demand area, drinking water, industrial water, etc.)
(Heinz et al., 2007; Heidecke and Heckelei, 2010; Elame et al., 2016; Lionboui et al.,
20164a; Lionboui et al., 2018b; Elame et al., 2020). The water distribution includes the
agricultural, industrial and municipal water use. Irrigation water is allocated according
to water use efficiency, water requirements and crops productivity, while for the other
sectors, such allocation is determined exogenously in the model. In the case of surface
water, basic units are nodes distributed across the basin and represent water supplies,
storage entities, and water demand of different sectors, while for groundwater nodes
represent different aquifers used for agricultural, municipal, and industrial purposes.

In addition, the proposed modeling framework is based on a nonlinear optimization
where, given a number of constraints, we seek to maximize an objective function
reflecting a social utility that could be the overall profit generated at the watershed
level, or any other function reflecting the preferences and choices of decision-makers.
Once the objective function (Eg.1) and the constraints functions specified, the
calibration of the model is obtained using a technical programing method called
positive mathematical programming (PMP) (Howitt et al., 2012).

Max Pt = Z 2 Pt-PMPAg_A,Irri_S 1)
Ag A Nrri §

Where, "Max Pt" represents the agricultural profit at the basin level and "Pt_ PMP" is
the agricultural profit per agricultural zone and by irrigation system after calibration.
"Ag_A" indicates the agricultural zone according to different irrigation water access
modes "Irri_S". The profit per agricultural area and irrigation access modes is
calculated from the production generated by the totality of production system minus
the costs of agricultural inputs and depreciation.

The model developed is sufficiently disaggregated by physical and functional sub-units
of the watershed, by agricultural areas, by agricultural speculation and by irrigation
sources.

In order to best reflect the complexity of the conditions for exploiting irrigation water in
the long term, the proposed model is dynamic recursive. The introduction of the
dynamic aspect in the model was achieved through the creation of a set of years and
a loop. This loop will make iterations taking into account parameters and variables that
will be influenced by the expected variations and that will be introduced during the set
representing the years. These variations concern conversion rates in water saving
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systems, crop extension, precipitation, groundwater recharge and surface water
supplies. For reservoirs, the quantity of water remaining from year 1 (end of August)
will be used as the initial quantity of year 2 (beginning of September).

The model is programmed in General Algebraic Modeling System GAMS, and solved
using the nonlinear solver "CONOPT" (Brooke et al., 1998).

Models data

The developed models require very precise technical data and additional studies in the
hydraulic and agronomic fields. It also requires a thorough knowledge of the agro-
hydraulic and economic system, the functioning of water management in the Souss
Massa and Tadla basins as well as their potential of water resources. These data are
collected from regional actors in irrigation water management, namely the Agricultural
Development Offices, the Provincial Agricultural Directorates, the Regional Directorate
of Agriculture and the Souss Massa and Oum Er Rbia Hydraulic Basin Agencies.

Surveys were also carried out at the work centers of the two studied regions on land
use, standards for the use of agricultural inputs, as well as yields levels by crops, by
agricultural areas and by mode of access to irrigation water. Finally, in order to validate
and complete the database, a farm survey was carried out among farmers in the study
areas. The main crops observed at the level of the agricultural areas studied are taken
into consideration in the developed models (figure 3).

Tadla Souss-Massa

-

B Cereals W Forage Olive B Citrus Vegetable ¥ Sugarbeet © Legumes B Others

Figure 3: Different crops existing in agricultural areas

The collected data concern, firstly, agronomic parameters such as: crop yields, input
use, crop area, effective rainfall, maximum crop evapotranspiration and yield response
coefficient per crop. Also, they include technical and hydrological parameters such as:
the loss rate of irrigation water, water demand by agricultural zone and by farm, the
evaporation in reservoirs, the maximum volume of aquifers, their coefficient of storage,
their gradient, the depth of each groundwater, its permeability and the regularized
volume of reservoirs. Socio-economic parameters were also taken into account by
agricultural area such as the selling price of agricultural products, inputs price, selling
price of irrigation water by agricultural area, the technico-economic efficiency rates of
farms and the mode of access to irrigation water.
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Dynamic testing of basin models

In many semi-arid regions of the world, climate change issues, such as water
resources scarcity, are of paramount importance in overcoming obstacles to
development. The water value increases and presents itself as a quantitative and
gualitative constraint to its domestic, industrial and particularly agricultural use. Given
the multidimensional and multi-scalar nature of climate change, this research assesses
the potential effects of climate change on agriculture in the study area. This climate
impact scenario is based on the results of the MAGICC / Schengen model for North
Africa itself based on the on the average scenarios SRES A2 developed in conjunction
with the fourth assessment of the Intergovernmental panel on climate change (IPCC).
This IPCC scenario describes a very heterogeneous world characterized by high
population growth, low economic development and slow technological progress
(Wigley, 2008; Ngoy and Shebitz, 2020). For our case study, the same assumptions
will be adopted. In this context, it is also assumed that technological progress remains
constant and that there will be no significant impact on yields variation by 2030.

The proposed modelling framework will simulate the impact of climate change and
political choices on water resources and agricultural lands. Furthermore, it captures
the behaviour of various water users while analysing conjunctive water resources
(surface and groundwater) changes and suggest a better allocation of water resources.
The agricultural sector is the central point of this work whereas the other sectors have
been introduced as exogenous parameters. As a result, the agriculture sector will
undergo the consequences of any climate or economic change affecting the availability
or water supply. Following are the results of the climate change scenario for the two
basins.
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Results and discussion
Water availability: an increasing scarcity

Given that climate change scenarios predict a decline in precipitation and water inflow,
the agricultural water use in Tadla and Sous-Massa basins tends to decrease (Figure
4). Indeed, the total amount of water used for irrigation purposes in Souss Massa basin
is around 710 million cubic meters (m?3) the first year (2015) and 630 million m? the last
year of the scenario (2030) which means a decrease of 11% of water resources use.
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Figure 4: Agricultural water use scenario in the study area

The use of surface water starts to decrease from the year when water inflows and
precipitation decline becomes important. The use of surface water dropped by more
than 100 million m3, representing more than 37% decrease the next 15 years.
However, the groundwater resources use has risen by more than 40 million ms3,
equivalent to 10% of the total amount of groundwater for irrigation (Elame et al., 2020).

The results of the climate change scenario for the Tadla basin follow the same shape
of the Souss-Massa basin registering a decline in water resources use over the 15
years of the scenario. This decrease is mainly due to the reduction in cultivated areas
caused by the expected decrease in surface water resources during the simulated
period. While groundwater consumption will tend to stabilize over the years since
farmers tend to compensate for the decrease in surface water supplies (Lionboui et al.,
2018a). Given the awareness of decision-makers of the importance of sustainable
water resources management, agricultural policies in Morocco have proposed a set of
measures, such as the granting of subsidies and launch outreach programs, to
encourage the adoption of water saving systems in order to cope with the expected
reduction in surface water inputs and the drop in groundwater levels, particularly in the
studied basins.

173



Africana Mediterranean

AGRICULTURAL JOURNAL
AL AdAmIA Elame F. and Lionboui H. (2021). AFRIMED AJ —Al Awamia (132). p. 163-179

The water shadow price

Knowing that the shadow price is an important indicator that reflects water scarcity at
the basin scale (Bierkens et al., 2019), this work has computed the water shadow price
variation through years for the two basins. The analysis of the results reveals important
differences in the water shadow price according to the agricultural zones.

Under the effects of climate change, the value of water becomes more and more
important (figure 5).
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Figure 5: Change in agricultural water shadow price

The results show that climate change can have an impact on increasing irrigation water
shadow price through the simulated years in the two studied basins. The average
economic price of water in the Tadla basin rises up from 1.13 MAD/m? to 1.25 MAD/m?
and from 2.6 MAD/m?3 to 15 MAD/m? for the Souss-Massa basin.

The high value of the water shadow price in the Souss-Massa could be explained by
the current state of water scarcity at the basin scale knowing that there is a high
variability in surface water flows and a deficit beyond 300 Mm? of groundwater. In
addition, the climate change scenario predicts a decrease in precipitation and water
flows which affect drastically the economic value of water resources.

The agricultural profit

In many semi-arid regions of the world, climate change issues, such as water
resources scarcity, are of paramount importance in overcoming obstacles to
development (Mueller and Tickamyer, 2020). Thus, the net agricultural profit at the
level of the two studied basins Tadla and Souss-Massa, would experience a downward
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trend under climate change where the value of water increases and appears as a
guantitative and qualitative constraint to its use, especially in agriculture (figure 6).

(Million MAD) (Million MAD)
3000 9500

2000 \/V_\/\/\/\ 9000 \

1000 8500

5 0 A D OO DA D NS oA DO 9O A DO DDA DN H 0N DD

NI PP~ AL ity R A L A P I Vi DY L Py * SIS S R N AN N RN A

O I S U S S U S S S S S D7 AT DT DT AR AT AT AT A AN DDA
— Tadla sub-basin — Souss Massa basin

Figure 6: Agricultural net profit trend under climate change

The total net profit created in the Tadla and Souss-Massa basins is to significantly
decrease from the first to the last year taken into consideration by the model. This
decrease is explained by a decrease in irrigated areas at the profit of rainfed areas.
We have to mention that the agricultural profit in the Souss-Massa includes animal
production profit in comparison with the Tadla basin that only comprises crop
production.

We can also notice that agricultural water is better valued in the Souss Massa Basin,
which is due mainly to the existence of high value-added agriculture at the level of this
basin compared to Tadla sub-basin. In fact, using drip irrigation and intensive cropping
under greenhouse (tomatoes and other vegetables) makes the Souss-Massa region
one of the most competitive agricultural regions in North Africa.

In order to adapt to the declining trend of water resources, farmers are being led to
adapt with the new situation. They are called upon to optimize their choice by opting
for crops that require less water and realize significant profit margins to maximize their
revenue, especially in Tadla (Lionboui et al., 2016b).
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Conclusion

For a sustainable development of water resources, several orientations and objectives
have been defined around the world, in particular in the arid and semi-arid areas. In
order to apply these guidelines to the sustainable management of water resources
systems, it is important to transform them into operational concepts specific to each
region. Accordingly, this research develops a modeling framework that focuses on a
guantitative analysis of irrigation water resources for a sustainable management goal.
To address the issue of water resources management, an integrated agronomic,
economic and hydrological model (MIBAS) was developed to analyze climate change
impacts and sustainability issues related to water resources management in two
basins; Tadla and Souss-Massa. Indeed, we developed a decision support approach
for long-term sustainable water resource management adapted to semi-arid
watersheds, where irrigation is the main water user. The main results show that climate
change scenario predicts a significant water resources decrease for the two basins in
the next fifteen coming years. The water shadow price will increase reflecting water
scarcity trend in the two basins with a high scarcity level for the Souss-Massa basin.
The agricultural profit in the two basins will also decrease due to a decrease of irrigated
areas and yields. Consequently, this modeling tool has led to simulate the climate
change impact and to manage water in a sustainable way through a reallocation of
water resources at the basin scale. This is the originality of this research, which shows
the feasibility and effectiveness of advanced modeling in the sustainability analysis, a
concept of the utmost importance, which will strongly influence water resources
management in the future.
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