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ABSTRACT: This paper examines the impact of climate-induced drought on sugar crops in the Lower Moulouya region, where four large, irrigated plains
are found: Trifa in the Berkane province, and Sabra, Garb, and Bouarg plains in the Nador province. The study focuses on a monitoring period from 2000
to 2024, utilising statistical analysis of industrial variables in relation to annual rainfall in Zaio, Bouarg, and Al Aaroui. The findings reveal a statistically
significant correlation between reductions in annual rainfall and decline in sugar beet cultivation and in industrial production indicators at the SUCRAFOR
factory in Zaio. To test these results, the NDVI was applied to track the values of dense vegetation cover inirrigated plains, indicative of intensive industrial
crops. The maximum NDVI values shifted from 0.5in 2000 to 1in 2009, then dropped to 0.5in 2016, and reached 0.6 in 2024. Through analysis of satellite
imagery using this index, a reduction in industrial crop areas over time was observed, decreasing from 13,686 hectares in 2000 to 11,341 hectares in 2009,
then slightly recovering to 11,515 hectares in 2016, only to reach its lowest level in 2024 at an area of 8,057 hectares. The study adopted a descriptive
approach, analysing production data and rainfall patterns. Field data were collected from the sugar factory and agricultural producers, then statistically
analysed using Pearson's correlation coefficient to identify relationships between variables. To reinforce these findings, the NDVI was employed to moni-
tor vegetation cover and assess trends in intensive and industrial crop cultivation.
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Introduction

The cultivation of sugar beet necessitates optimal natural conditions, with particular emphasis
on sufficient and well-distributed rainfall. This distribution must align with the life cycle of the sugar
beet plant, as it serves as a vital raw material for the sugar industry.

The cultivation of sugar beet is directly influenced by drought, leading to variable losses depend-
ing on the region (Jones et al., 2003). This effect is particularly acute in extremely arid regions due to
their climatic sensitivity and severe water scarcity, which often results in the total cessation of this
crop in many of these areas (Rajabi et al., 2022). Additionally, insufficient humidity during the growth
and flowering stages contributes to significant damage to the sugar beet crop, including rotting, dis-
ease outbreaks, and a reduction in leaf levels (Ober et al., 2004; Putnik-Deli¢ et al., 2018).

Several studies have utilised remote sensing to monitor vegetation cover through the Normalised
Difference Vegetation Index (NDVI), which serves as a key indicator for assessing agricultural condi-
tions, evaluating plant health, and tracking foliage development. Moreover, NDVI facilitates the esti-
mation of leaf area across different periods of the year and its correlation with other variables (Hoff-
mann et al,, 2003). Additionally, various environmental factors, including climatic conditions, meteo-
rological parameters, and soil moisture, play a crucial role in determining plant health and are essen-
tial for defining the growth conditions of sugar beet (Zhang et al., 2018).

Addressing the sugar industry necessitates a comprehensive understanding of the geographical
characteristics designated for cultivating sugar beet and sugarcane. These crops cannot be cultivated
in rain-fed areas, which underscores the need for preparing agricultural plains equipped with large-
scale irrigation systems (Rivera et al., 2020). The sugar factory in Nador Province, located in the city
of Zaio, represents the largest agro-industrial facility in the region. Situated 40 kilometres west of
Berkane, it is strategically positioned in proximity to the most significant areas for producing the fac-
tory’s primary raw material. This facility plays a vital role in expanding sugar beet cultivation in the
Triffa Plain and other plains within the Lower Moulouya Basin (Sebra, Bouarg, Gareb).

This industrial unit originates from Morocco’s Sugar Plan, implemented in the 1960s. Initially, it
was designed to process 1,500 tons per day and 15,000 tons annually. The facility operates as a hybrid
unit for processing and refining both sugarcane and sugar beet, alongside strategic efforts to expand
sugarcane cultivation to achieve an annual production target of 30,000 tons (Bouquerel, 1969).
Within the framework of the plan, the state has been actively involved in supervising, supporting, and
guiding sugar crop producers, encompassing all stages from cultivation to industrial processing (Zer-
rouki, 1986).

This study aims to investigate the interrelationships between agricultural and industrial activi-
ties and to examine their correlation with climatic variables, particularly rainfall patterns, to uncover
statistical associations among these variables. Furthermore, the study seeks to establish the statisti-
cal significance of both economic and climatic variables, contributing to a deeper understanding of
the factors influencing these activities. To achieve this objective, the Normalized Difference Vegeta-
tion Index (NDVI) was utilized to monitor vegetation cover dynamics over time, providing a robust
environmental indicator for assessing long-term changes associated with agricultural and industrial
developments.

To achieve this objective, it is essential to verify a research hypothesis which suggests there is a
relationship between climatic drought and the decline in sugar beet cultivation, which in turn has
contributed to the reduction in sugar industry activity. In statistical terms, this involves testing for a
statistically significant correlation between the natural and climatic variables.

Research methods

Study area

The province of Nador, situated in northeastern Morocco within the Oriental region, holds a stra-
tegic position. It is bordered to the north by the Mediterranean Sea (El Monhim et al., 2024) and lies
close to the international border between Morocco and Algeria. It extends over an area of approxi-
mately 3111 km?, with borders adjacent to the occupied enclave of Melilla (El Monhim et al., 2025).
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Figure 1. Localization study area (The Large-Scale Irrigation Plains of the Lower Moulouya Basin)

The province of Nador encompasses three major agricultural plains dedicated to large-scale irri-
gation: Sabra, Bouarg, and Al-Gareb (Lyazidi et al., 2017). Additionally, a fourth plain, known as Trifa
and located in the Berkane province, also plays a significant role in supplying the Zaio sugar factory
with raw sugar beet.

Data of the Industrial Unit

Administrative data related to the commercial register of this industrial unit were obtained from
the Regional Delegation of Industry, Green Economy, and Digital Affairs. These data enabled the iden-
tification of basic details such as its founding date and the nature of its activity. However, the primary
focus of this paper was on field interviews with factory administrators to derive data on production,
production systems, and the marketing of sugar products.

Sugar Beet Data

To study the sugar chain, it is essential to investigate the source and quantity of the raw material
and its transportation to the factory. This data served as a foundational basis for studying the produc-
tion chain. These data were obtained from the Regional Office for Agricultural Investment in Berkane
in 2021 and included characteristics of the irrigated plains in the Lower Moulouya. Additionally, data
from the Association of Sugar Beet Producers at the Sugar and Refining Factory in Zaio in 2021 were
utilised to understand the number of producers, their production volumes, and their agricultural
productivity.

Field Interviews

Field interviews were primarily conducted with workers and administrators at the factory to
gather information on raw material sources, daily production quantities, and marketing practices.
The aim was to identify the regions where this industrial material is marketed and understand the
scale of the workforce involved. In this context, 13 interviews were conducted with administrators in
2022, and 35 interviews with workers at the Sugar and Refining Factory in Zaio. These interviews
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were structured with precise questions regarding production, raw material sources, and marketing
areas, to investigate geographical influence and, consequently, to extract geographic outreach.

Statistical Analysis

The statistical analysis focused on data related to sugar production at the Zaio factory over a
22-year period (2002-2018), providing a sample of 22 observations. The analysed variables included
annual rainfall in Al Aroui, Bouarg, and Zaio; sugar beet production; the number of processing days at
the Zaio factory; and outputs of white sugar, granulated sugar, and sugar pulp. These historical data-
sets were examined using correlation coefficients to determine the nature and strength of relation-
ships between the variables, as shown by the following equations (Morais et al., 2023; Rovetta, 2020;
Chen, 2015):

_ (X =X)(Y;-Y) (1)
VIX-X)23(v;-7)?

where:

r - Pearson correlation coefficient,

X;and Y; - individual sample points,

X" and Y™ - mean of the respective variables.

NDVI index data

The Normalized Difference Vegetation Index (NDVI) was applied to monitor vegetation cover,
reflecting changes in irrigated crop density and health. While rainfall alone is not the primary factor
driving sugar beet growth, NDVI trends capture the combined effects of climatic variability and irri-
gation practices.

This index is widely used and generates values ranging from -1 to 1, providing valuable insights
into vegetation cover density. Low NDVI values, typically below 0.1, indicate areas with bare surfaces
such as rocks, sand, or snow. Moderately vegetated areas, including grasslands, meadows, and senes-
cent crops, generally exhibit NDVI values between 0.2 and 0.5. High NDVI values exceeding 0.6 corre-
spond to areas of dense vegetation, often found in regions with extensive forest cover or thick vege-
tation (Youssef et al,, 2024).

NDVI = NIR+RED (2)

NIR—RED’

where:
NIR - the reflectance at the near-infrared spectrum,
RED - the reflectance at the red spectrum (Youssef et al., 2024).

Results of the research

The factory was built within the large-scale irrigation zone between the plains of the Lower
Moulouya

To study the sugar industry, it is essential to examine the agricultural domain dedicated to sugar
beet cultivation, a crop distinguished by its roots rich in sucrose (Fouad, 2017). Sugar beet crops in
the Lower Moulouya region of Morocco require well-irrigated agricultural plains, as they cannot
thrive in fully rainfed areas due to the region’s climate. To ensure the irrigation of the Lower Mou-
louya plains, the state has mobilised extensive resources to support this agro-industrial strategy by
implementing hydro-agricultural infrastructure in key areas of the Lower Moulouya. These plains are
equipped with the Machraa Hammadi Dam, designed for irrigation water distribution, which is, in
turn, connected to the Mohamed V Dam to secure the necessary water resources for meeting the
agricultural demands of these plains.
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Figure 2. The Zaio Sugar Factory and its proximity to major irrigation perimeters

Figure 2 illustrates the natural environment in which the SUCROFAR factory has been established.
This geographical setting is endowed with several key natural attributes that have facilitated the
development of a well-equipped hydro-agricultural base within large-scale irrigation units, with pro-
duction oriented towards both domestic and international markets. While the region supports a vari-
ety of crops, industrial crops intended for SUCROFAR remain the most significant. The factory is stra-
tegically located at the centre of these irrigated zones, reinforcing the rationale behind its establish-
ment, as its proximity to the surrounding agricultural plains ensures an efficient supply of raw mate-
rials, primarily sugar beet. The industrial unit fully encompasses the Sabra district within a 10 km
radius. As for the majority of the Bouareg Plain is situated within 25 km of the factory.

Furthermore, over half of the cultivated area in the Kert Plain lies within a 30 km radius, in addi-
tion to a substantial portion of the expansive Trifa Plain, also within 30 km. This spatial configuration
underscores the strategic siting of the factory in close proximity to all the Lower Moulouya plains,
which rely on irrigation from the Moulouya River and its associated dam network - most notably the
Mohamed V Dam and the Machraa Hammadi Dam, the latter being responsible for the distribution of
irrigation water to the agricultural lands in the lower basin of the Moulouya.

Figure 2 illustrates the plains designated for supplying the Zaio Sugar and Refining Factory with
raw materials. These plains are equipped with two types of irrigation channels: subsurface irrigation
networks, originating from the Machraa Hammadi Dam, which was specifically constructed for this
purpose, and surface irrigation channels, which ensure the direct and efficient distribution of water
to the irrigated zones.

Water resources constitute the fundamental pillar supporting human activities, and in Morocco,
water plays a crucial role in development and economic activities (El Hafid, 2015). From this perspec-
tive, agro-industrial and manufacturing activities, in their various forms, require significant and var-
iable amounts of water for cooking, cleaning, and multi-stage processing operations.
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The reduction of agricultural land has contributed to the decline in sugar beet
production

Field observations in the Lower Moulouya plains indicate that sugar production relies exclusively
on sugar beet, with the complete absence of sugarcane cultivation. The cessation of sugarcane farm-
ing in the region since 1996 can be attributed to two main factors: first, its significantly higher water
consumption compared to sugar beet; second, the decline in sugarcane production volumes, which
resulted in challenges related to raw material supply. Given that the factory cannot operate efficiently
with an insufficient, inconsistent, or unreliable supply of raw materials, the strategic shift was made
toward exclusive sugar beet cultivation.

The 1975-2000 Sugar Plan had initially aimed to expand sugarcane cultivation in the Bouarg
area, designating an agricultural zone ranging from 1,300 to 5,600 hectares. As part of this strategy,
the state implemented supervision, technical support, and guidance for sugar crop producers, cover-
ing the entire process from cultivation to industrial processing (Zerrouki, 1986). However, sugarcane
cultivation has continuously declined due to a combination of climatic, organizational, and financial
constraints.

Table 1. Evolution of the productive characteristics of sugar beet in the study area

Years gfu ;:gchers Area (hectare) Production (ton) Yield (tons/hectare) 2:?;1%33;2?3?:;"
20022013 Missed data

2014 762 4,483 262,164.34 58.47 344

2015 750 4535 296,876.75 65.46 395.8

2016 807 4,336 315,719.51 72.81 391

2017 782 3577 166,928 46.67 213.46
2018 350 2,253 130,044 59.82 371.5

Source: Association of sugar plant producers at the COSUMAR Sugar Factory in Zaio, 2021.

The table presents several production indicators for sugar beet in the plains of the Nador region,
including the number of producers, which varies from year to year, displaying a degree of fluctuation.
The number of producers increased from 762 in the first year to 782 in 2017, reaching 807 producers
in 2016.

Table 2. Pearson correlation between sugar beet production indicators

Number of Area (hectare) Production Yield (tons/ Average production
producers (ton) hectare) per producer (ton)
Number of producers 1
Area in hectares 0.895* 1
Production in tons 0.712 0.902* 1
Yield tons hectare 0.075 0.348 0.716 1
Average Production per 0221 0172 0528 0.903* 1

Producer Ton

* The correlation is bilaterally
significant at level 0.05.

The table presents several production indicators for sugar beet in the plains of the Nador prov-
ince, including the number of producers, which varies from year to year, displaying a degree of fluc-
tuation. The number of producers increased from 762 in the first year to 782 in 2017, reaching 807
producers in 2016.
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Field observations in the Lower Moulouya plains have demonstrated that the sugar raw material
is exclusively limited to sugar beet, with the absence of sugar cane cultivation. The cultivation of
sugar cane in the Lower Moulouya ceased in 1996 for two primary reasons. The first reason is its
higher water consumption compared to sugar beet, and the second is the decrease in the production
of sugar cane, which led to raw material supply issues. The factory cannot operate with insufficient,
irregular, and inadequate raw materials. Consequently, it became necessary for the general direction
and the benefit of all to fully transition to sugar beet cultivation. The Sugar Plan (1975-2000) aimed
to expand sugar cane cultivation in the Bouareg district, with the agricultural area designated to
range from 1,300 hectares to 5,600 hectares. Furthermore, the state, as part of the plan, provided
oversight, guidance, and support to producers of sugar crops, from cultivation through to processing
(Zerrouki, 1986).
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Figure 3. Evolution of sugar beet production (Factory Received Load)
Source: COSUMAR Factory in Zaio, Nador, 2021.

Figure 3 reveals fluctuations in the quantity of sugar beet production, with a notable decline
observed between 2002 and 2018. This decrease is primarily attributed to climate fluctuations, such
as droughts and floods, along with a significant number of farmers abandoning this form of agricul-
ture due to organizational and contractual issues with the factory. Additionally, farmers are often
unaware that their profits are based on sugar content, rather than the quantity of production. This
decline has also been accompanied by a reduction in the number of processing days, which typically
range from late May to early August, depending on the agricultural seasons and the volume of sugar
beet delivered to the factory. As production quantity decreases, the processing days similarly dimin-
ish.

To understand the sugar industry, it is crucial to consider the spatial characteristics designated
for sugar beet cultivation. These crops cannot be grown in dryland areas, necessitating the prepara-
tion of irrigated agricultural plains. The sugar factory in the region is the largest food industry unit in
the area, specifically located in the city of Zaio, 40 km west of Berkane, within one of the most impor-
tant areas for producing raw materials for the factory. This factory plays a significant role in expand-
ing sugar beet production in the Triffa Plain (and the other Lower Moulouya plains). Both sugar beet
and sugar cane cultivation are integrated into a crop rotation system (Sedki, 2013). However, the area
used for cultivating sugar beet and sugar cane in the Lower Moulouya has declined in the Triffa and
Sobra plains when comparing the agricultural seasons of 1990/1991 and 2000/2001. In contrast, the
Bouareg and Al-Gareb plains have experienced an increase in cultivated areas, as indicated by the
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comparison of these two agricultural seasons (Sedki, 2013). This decline is mainly attributed to nat-
ural, organizational, and economic factors, including the high production costs of sugar beet and
sugar cane in comparison to other crops, particularly fruit tree cultivation - especially citrus trees -
which yield significant profits.

Industrial Production at the COSUMAR-Zaio Unit: Unstable Production

Sugar is considered a basic food product in Morocco, and six sugar manufacturing and refining
facilities operate to ensure sugar security and reduce imports. These include the Zaio, Gharb, Louk-
kos, Casablanca, Doukkala, and Tadla factories, all of which are part of the COSUMAR Group, although
each has its own brand name. In this context, Moroccans have consumption habits characterized by a
high demand for tea, which requires significant amounts of sugar, contributing to the elevated per
capita sugar consumption rate, which is estimated at 30 kg per person (Zarrouki M, 1986). Regarding
the Zaio Sugar factory, its production has been ongoing since 1972.In 1983, its output reached 13,714
tons, decreasing to 11,383 tons in 1985, and then rising to 22,248 tons in 1987 (Kerzazi & Chigeur,
1990). These figures clearly illustrate the fluctuation in production at the Zaio Sugar factory.
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Figure 4. Evolution of sugar production at the COSUMAR-Zaio Factory
Source: COSUMAR-Zaio Factory, 2022.

Figure 4 illustrates the development of sugar production and its derivatives, with a specific focus
on the production of white sugar, which is the most widely consumed and available in the Moroccan
market. This production has experienced clear fluctuations over time, with a significant decline in
2018, primarily due to climatic conditions that affected sugar beet crops, in addition to the economic
and organizational challenges faced by the factory. The factory was at risk of closure by COSUMAR,
the company that owns the factory, following the consecutive losses recorded in the past seven years.
Furthermore, the industrial unit faces competition from other branches of COSUMAR’s industrial net-
work. Unlike the Zaio factory, the other factories have directed a significant portion of their produc-
tion toward exports to African countries in the western part of the continent and Sub-Saharan nations.
This shift has enabled Moroccan sugar production to gain considerable competitiveness, particularly
in light of the rising sugar prices in the global market (Redani et al.,, 2015).

Despite the decline witnessed by the factory and the structural and organizational issues it faces,
it has achieved significant figures, contributing 9% of national production for the year 2018, with a
processing capacity of 400,000 tons and generating a turnover of approximately 230 billion dirhams
(Société Sucrerie de Zaio - Zaio Sugar Factory). This industrial unit is part of the sugar plan adopted
by Morocco since the 1960s. Initially, it aimed to process 1,500 tons per day and 15,000 tons annually.
It is a mixed facility for processing both sugar cane and sugar beet, alongside the expansion of cane
cultivation to produce 30,000 tons (Bouquerel, 1969).
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Significant Correlation Among Study Variables

To assess the relationship between the study variables, natural variables, such as annual precip-
itation data from three key stations - Zaio, Bouarg, and Al Aaroui - were integrated with economic
variables, including production levels and the number of working days.

Pearson Correlation Coefficient Among Study Variables

Precipita- Precipita-

tion in tion in

Al Aroui Bouarg
Precipitation in Al Aroui 1
Precipitation in Bouarg 0.666** 1
Precipitation in Zaio 0.836** 0.783**
White sugar (ton) 0.397 0.403
Melasse sugar (ton) 0.454* 0.392
Sugar pulp pellets (ton) 0.497% 0389
Beet (ton) 0.396 0.374
Numbers of processing days 0.546%* 0.447*

**_|a corrélation est significative au niveau 0.01 (bilatéral).

*. La corrélation est significative au niveau 0.05 (bilatéral).

Precipita-

tion in
Zaio

1
0.444*
0.461*

0.451*

0.417
0.533*

White sugar

(ton)

1
0.786*

0.969**

0.97 1%
0.855%*

Melasse
sugar
(ton)

1
0.893**

0.882*
0.923*

Sugar pulp
pellets
(ton)

0.996**
0.947%

Beet Numbers of
processing
(ton) days
1
0.928** 1

The table presents the correlation relationships between natural variables and production-
related variables specific to the sugar industry. In this context, the variable “number of processing
days” at the Zaio sugar factory is significantly correlated with all other variables, including both natu-
ral variables (such as annual precipitation) and production-related variables, such as beet produc-
tion and sugar production. However, beet cultivation is weakly influenced by precipitation, suggest-
ing that other factors also play a role in this crop. Precipitation at the Al Aaroui station only affects the
production of sugar crystals, sugar pulp, and the number of processing days at the Zaio factory. On the
other hand, precipitation at the Zaio station is significantly correlated with the production of white
sugar, sugar pulp, sugar crystals, and the number of processing days at the factory, at a statistical
significance level of 0.05. This has been confirmed by several studies conducted in different regions
of the world (Ajisaka et al., 2022; Harlianingtyas et al., 2018; Ranomahera et al., 2020; Dyer et al,,

1978; Everingham et al,, 2007; Ngcobo et al,, 2024).

Figure 5 illustrates the extent of the correlation between annual rainfall at the Zaio station -
located near the Zaio sugar factory - and other variables, such as sugar beet production, the produc-

tion of various types of sugar, and the number of processing days at the factory.

The study confirmed a statistical relationship between rainfall at this specific station and all
other variables, albeit with varying degrees and levels of correlation between the independent vari-
able (rainfall) and the dependent variables examined in the research. Accordingly, it can be concluded
that annual rainfall significantly influences the profitability of factories and contributes to a reduc-
tion in economic returns (Pérez-Bérmudez et al., 2014). Moreover, the decrease or delay in rainfall
often results in the dismissal of temporary workers, most of whom are women. These workers are
typically employed on a seasonal basis, either in the Zaio sugar factory or in the agricultural fields for
sugar beet harvesting. The harvest period usually coincides with May in the lower Moulouya plains,
spanning the provinces of Nador and Berkane. This climatic impact is also reflected in the vegetation
cover index of the Lower Moulouya Plains, providing a quantitative measure of environmental
changes and their implications for agricultural productivity.
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Figure 5. The Correlation Between Annual Rainfall in Zaio and
Variables of Beet and Sugar Production, as well as the
Number of Processing Days at the Zaio Sugar Factory

Measuring Industrial Intensive Crops Using the NDVI

This index assists in monitoring environmental and vegetation transformations, specifically to
assess the development and density of vegetation cover.
Based on the maps, the maximum NDVI values increased from 0.5 in 2000 to 1 in 2009, then
decreased to 0.5 in 2016, and subsequently rose to 0.6 in 2024. This trend was analyzed using satel-
lite imagery and the NDVI index. It is worth noting that in 2009, the NDVI index reached a value of 1
due to the abundant rainfall the region experienced during the 2008/2009 season.
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Figure 6. The State of the NDVI in the Lower Moulouya Plains during the Years 2000, 2009, 2016, and 2024
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Figure 7. The Evolution of Agricultural Lands in the Lower Moulouya Plains from 2000 to 2024

An analysis of satellite imagery using the NDVI revealed a continuous decline in dense vegetation
cover associated with industrial crops over the years. The area of industrial crops decreased from
13,686 hectares in 2000 to 11,341 hectares in 2009, followed by a slight recovery to 11,515 hectares
in 2016, before reaching its lowest level of 8,057 hectares in 2024.
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Discussion

Based on the obtained results, the establishment of the SUCRAFOR factory near large-scale irri-
gated plains, where sugar beet - the primary raw material - is readily available, is a strategic decision
that enhances production efficiency. Locating sugar factories near raw material sources significantly
reduces transportation distances, leading to lower fuel costs and a decrease in carbon emissions,
thereby contributing to both economic and environmental sustainability (Duraisam et al., 2017;
Owens et al,, 1951), This proximity also enhances the preservation of sugar beet quality and main-
tains the sugar content in the raw material. In contrast, prolonged storage leads to the deterioration
of the raw material and a decline in its sugar concentration (Balandin et al., 2023; Muir, 2022).

In the context of sugar beet production, the number of agricultural producers in the Lower Mou-
louya plains has declined, accompanied by a reduction in the cultivated areas dedicated to this crop.
This spatial contraction has consequently led to a decrease in agricultural output in the region. The
recurrence of climatic drought has been a critical factor in the decline of sugar beet yields, given that
this crop, characterized by a short growth cycle, is highly sensitive to fluctuations in rainfall (Gray et
al,, 2024; Loho & Mohanty, 2022), However, certain studies attribute the decline in sugar beet cultiva-
tion to political reforms, changes in land use, and shifts in agricultural practices, which have led to
areduction in cultivated areas and a decrease in the number of farmers (Gudoshnikov, 2011; Artyszak,
2013).

Accordingly, the decline in sugar beet cultivation has contributed to the decrease in industrial
production of white sugar and other sugar derivatives. This decline was evident throughout the
period from 2002 to 2018, despite a notable surge in industrial production in 2016. However, the
overall trend points towards continuous decline. In this context, small-scale farmers are the most
vulnerable to economic, structural, and environmental challenges, yet they play a critical role in the
sugar industry. This situation is comparable to that of sugar farmers in Jamaica (Burrell, 2016). At the
national level, numerous studies have established a link between sugar beet agricultural production
and the industrial production of sugar and its derivatives (Bouquerel, 1969; Kerzazi et al., 1990).

Although the study area relies primarily on irrigation supplied from nearby dams, variations in
annual rainfall influence irrigation requirements, which in turn affect sugar beet cultivation and fac-
tory processing levels. Therefore, rainfall is considered as an indirect factor rather than a direct
determinant of production. Indeed, to establish the link between the decline in production indicators,
whether related to agricultural or industrial output, it was essential to correlate them with certain
natural indicators, given their critical role in this sector. This is particularly significant as the region
has a semi-arid climate with an annual rainfall not exceeding 400 mm, while industrial crops such as
sugar beet require substantial water resources to enhance agricultural yields. The study concluded
that there are statistically significant relationships at the 0.01 level between the number of process-
ing days in the factory and rainfall in Al Aaroui, as well as between rainfall and the production of
white sugar, sugar pulp, pulp pellets, and raw beet. Additionally, the study identified statistically sig-
nificant correlations at the 0.05 level between rainfall in Zaio, where the sugar factory is located, and
variables such as white sugar production, sugar pulp production, pulp pellet production, and the
number of processing days. This clearly highlights, with statistical significance, the relationship
between rainfall and production indicators. Similar findings have been reported in a study from South
Africa, which demonstrated the impact of water stress on sugarcane (Ngcobo et al., 2024). Likewise,
sugar yields decrease due to increased moisture stress in Sdo Paulo, Brazil (Flack-Prain et al., 2021),
and regional variations in rainfall contribute to differences in sugarcane productivity (Kumar et al.,
2022).

Based on this statistical significance, we can confirm the initial hypothesis that there is a signifi-
cant statistical relationship between several variables at the 0.01 and 0.05 significance levels. This
supports the hypothesis that climatic drought has played a crucial role in the decline of sugar beet
cultivation, which in turn has negatively affected sugar production at the SUCRAFOR factory in Zaio.
The field data collected aligns with this hypothesis. Several studies support this scientific direction,
highlighting the impact of climatic drought on sugar beet cultivation and the subsequent decline in
sugar manufacturing. For instance, a study conducted in eastern Ukraine concluded that drought was
a decisive factor in sugar beet yield loss, with losses exceeding 40% of production (Pidgeon et al,,
2004). In regions comparable to the study area, such as temperate zones, drought leads to significant
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reductions in sugar beet yield and sugar quality, thereby affecting the overall productivity of the
sugar beet industry (Ahmed et al,, 2023). Furthermore, extreme weather events, particularly pro-
longed droughts caused by climate change, directly affect the quantitative and qualitative yield of
sugar beet, reducing cultivation areas and the viability of the sugar industry (Santos Pires et al,,
2023). Similarly, another study confirmed that drought impacts sugar beet yield and quality, leading
to reduced cultivation areas (Santos Pires et al., 2023). The impact of drought is even more severe in
arid regions such as Iran, where insufficient rainfall and limited irrigation reduce agricultural yields
and pose major challenges to the sugar industry (Rajabi et al.,, 2022).

To further support these findings, the NDVI index was employed to monitor the state of vegeta-
tion cover. This index reinforced the results obtained by highlighting a decline in agricultural areas,
particularly those used for intensive or industrial crops. The NDVI remained around 0.5, rising to 0.6
in 2024, with an exceptional peak of 1 recorded in 2009, which was an unusually rainy year and
therefore not representative for comparison purposes, this index has been widely used in numerous
studies to monitor vegetation cover, relying on its assessment of physical characteristics, leaf area,
growth conditions, and greenness levels (Massei et al., 2016; Ferrara et al., 2010; Walsh et al.,, 2023;
Cao etal., 2020).

This phenomenon, marked by the decline of industrial crops, is a widespread trend in Morocco.
The adverse effects of climate change on cereal production further exacerbate food security chal-
lenges in the country (Amiri et al., 2021). Moreover, the regression and degradation of industrial
crops pose significant challenges to the adoption of sustainable practices that enhance resilience,
foster climate adaptation, and strengthen food security in the nation (Ait El Mekki et al., 2015).

Furthermore, the Zaio Sugar factory has been engaged in food production since 1972. Its recorded
output was 13,714 tons in 1983, which then decreased to 11,383 tons in 1985 before increasing to
22,248 tons in 1987 (Kerzazi et al., 1990). These figures unequivocally underscore the pronounced
variability in the production levels of the Zaio sugar factory.

Limitations

Temporal Limitations: The study is temporally confined to the period between 2002 and 2024.
While this timeframe provides valuable insights, a longer temporal scope could yield more com-
prehensive results, provided that the necessary data are available.

Spatial Limitations: The study focuses on the SUCRAFOR factory in Zaio, northeastern Morocco,
as a case study. Broadening the spatial scope to include other factories or regions could facilitate
comparative analysis and enhance the robustness of the findings.

Technical Limitations: The study employs the NDVI index based on Landsat 8 satellite imagery
with a spatial resolution of 30 meters. This resolution may introduce a margin of error.

Conclusion

The study revealed that the SUCRAFOR factory is strategically located near the major irrigated
perimeters of the Lower Moulouya Plains, benefiting from hydro-agricultural infrastructure.
This proximity aims to reduce transportation costs and ensure easy access to the primary raw mate-
rial - sugar beet. However, a decline in sugar beet production has been observed, driven mainly by
a decrease in the number of farmers and cultivated areas. This reduction is primarily attributed to
recurrent droughts, which have severely impacted sugar beet yields.

The persistent climatic drought has directly contributed to a decline in sugar beet cultivation,
subsequently leading to a drop in agricultural output and, consequently, industrial production at the
SUCRAFOR factory in Zaio.

To examine this relationship, the study analyzed rainfall as a key variable, revealing a statistically
significant correlation between precipitation and production indicators. Additionally, the NDVI
(Normalized Difference Vegetation Index) was employed to monitor vegetation cover and assess the
trends in intensive, industrial crops, including sugar beet.
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The NDVI values did not exceed 0.6 under optimal conditions, with an exception in 2009, a nota-
bly rainy year that cannot be considered representative of long-term trends. Between 2000 and 2024,
the NDVI demonstrated a significant and consistent decline in industrial and intensive crop areas,
highlighting a rapid decrease in vegetation cover, particularly during consecutive drought periods.

This deterioration in agricultural productivity was directly mirrored by a marked decline in
industrial sugar production and its derivatives, underscoring the impact of climatic variability on
both the agricultural and industrial sectors.
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