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Introduction: Climate change is a serious threat to the global food production systems contributing to inflated food prices, especially in countries with scarce resources and lower share of domestic food production in their food security. Sustainable food systems can ensure food security and mitigate the effects of climate change on the natural ecosystems in these countries. Saudi Arabia, which is characterized by an arid climate and increasing climate vulnerability, faces inimitable challenges in achieving food security in 21st century. The country’s severe climatic conditions, including limited arable land and small freshwater resources, pose a substantial barrier to achieving Vision 2030 goals of economic diversification and reducing reliance on foreign foods. Thus, promoting sustainable food system approach can help Saudi Arabia achieve self-reliance on food production and ensure food security. Thus, the primary objective of this study is to explore the synergistic effect of agricultural mechanization, farm structure, gender dynamics, resource optimization, and agricultural value addition on sustainability of food systems and food security in Saudi Arabia.

Methodology: The autoregressive distributed lag bounds test and Granger Causality were used to analyze data from 1991 to 2019. Two different unit root tests augmented Dickey-Fuller and Phillips-Perron were applied to justify the integrated order of all variables.

Results: The results showed that farm structure, population density, agriculture value addition, and male and female participation significantly affected households’ food security in the short and long run. A 1% rise in agricultural value addition increases calorie supply by 653.3 kcal per day per capita. Similarly, for a 1 unit increase in farm structure, calorie availability in the country increased by almost 673 kcal per day per capita. Moreover, a one-unit increase in population density reduced calorie supply by 433.3 kcal per day per capita. Farm mechanization and resource-use efficiency significantly affect food security only in the short run.

Conclusion: The development of women-led agribusiness enterprises will strengthen Saudi Arabia’s agricultural sector while supporting the national gender equality objectives established in Vision 2030.
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1 Introduction

The food and nutrition insecurity issue are expected to aggravate further despite global efforts owing to global traditional farming systems, climate change, and unsustainable consumption and production (Abd-Elmabod et al., 2020; FAO, 2017). Currently, 10% of the global population suffers from severe food insecurity (FAO, 2020). The increasing demand for food owing to the ever-growing world population puts pressure on food ecosystems, resulting in the exploitation of natural resources that could deteriorate and minimize soil fertility (Tóth et al., 2018). Furthermore, climate change has disastrous effects on agricultural productivity and food security (Haq et al., 2021). Moreover, the current food patterns and increasing demand for food items globally require more consumption of scarce natural resources (land and water), causing uncertainty regarding future food security. Thus, the issue of food security requires immediate attention from all stakeholders to address pressing food and nutrition security challenges (FAO, 2020). Addressing these issues requires a transition towards sustainable food systems that not only enhance agricultural productivity but also ensure long-term food security.

Sustainable food systems are essential for ensuring food security and achieving sustainable development goals worldwide (Avtar et al., 2020). Agriculture is a basic component of the global food system because it is not only the primary source of daily human diet, but also provides key ecosystem services to society (Rehman et al., 2022). More than 90% of calories and 80% of fat and protein intake are provided directly or indirectly by agricultural production systems (Viana et al., 2022). The sustainable food system approach ensures efficient resource management and decreases food waste along with minimizing environmental hazards, reducing the use of agrochemicals, and improving land preservation to produce healthy food for the global population. Thus, a sustainable food system approach is essential for minimizing food-related conflicts due to nutritional scarcity (United Nations, 2015).

The existing global food systems fail to meet nutritional needs of global population due to unsustainable farming practices. This requires transformative shifts in food production and resource management (Wu et al., 2018). A total of 822 million people suffer from undernutrition alongside 1.2 billion adults who are obese or overweight. Food production, processing activities, and waste management have created extensive pressure on environmental resources. Global food demand will increase by more than two-thirds by 2050, when the population exceeds 9 billion (FAO et al., 2018). The growing population requires sustainable and nutritious food, and a significant overhaul of the global food system is necessary to provide farms with sustainable incomes and nutritious products to consumers, with minimal negative environmental impacts (Singh et al., 2024). The main priority is to produce more food by utilizing the current resources while maintaining environmental stability.

The food security challenges are particularly pronounced in arid regions like Saudi Arabia due to scarce farming resources. Moreover, climate change aggravates the nation’s reliance on food imports to provide necessary diet to the Saudi Arabians. Thus, country ensures food security by importing food commodities, resulting in the depletion of billions of dollars. The country faces various threats to its overall food security through its limited agricultural resources as well as its dependence on imported food and trade policies, water scarcity, food losses, and climate change. It is one of the most arid places in both the Middle East and across the globe. Climate change affects every facet of life in the country and the agricultural sector is no exception. Climate change is now a reality in the country, including all over the world (Almazroui et al., 2017). Climate change induces lower yields and unpredictable output of staple food crops, which results in lower agricultural productivity creating food security issues for the country. The country has experienced substantial negative influences on agricultural production and water resources because of climate change. More than 90% of the cultivated crop land in the country is irrigated land; thus, climate change can lead to major yield losses. Cereals account for 38% of the cultivated land in the country. The cereal cultivation area in the country is decreasing (Abdalla, 2024). A decline in both crop yields and production levels tend to boost food and non-food commodity market prices. Thus, food security issues continue to be a major policy priority for the nation, because domestic food output cannot meet national requirements, leading to significant food imports. Saudi Arabia will become a completely food-importing nation by the year 2050 (Fiaz et al., 2018).

Thus, the increasing challenges of food security in Saudi Arabia necessitate a comprehensive approach that integrates mechanization, farm structure, gender dynamics, resource optimization, and value addition (El Bilali and Allahyari, 2018). While existing studies have extensively discussed the various factors influencing agricultural productivity, research remains limited on how these variables collectively impact food security, particularly in arid regions (Getahun et al., 2024; Talero-Sarmiento et al., 2023). Thus, the primary objective of this study is to explore the synergistic effect of agricultural mechanization, farm structure, gender dynamics, resource optimization, and value addition on food security and diversity in Saudi Arabia. Addressing these gaps will offer valuable insights for policymakers, agribusinesses, and researchers to develop sustainable, technology-driven, and inclusive agricultural strategies to enhance food security in water-scarce and climate-vulnerable regions.

The remainder of this paper is organized as follows: the second section elaborates on the agriculture and food security situation in Saudi Arabia. The third section, “review of literature” connects the different study variables with food security. The later section describes the different methods used to analyze the data in this study. The fifth section discusses the study’s findings, and discusses these results in light of previous studies. The final section presents the study’s conclusions, limitations, and policy recommendations.



2 Agriculture and food security situation in Saudi Arabia

The Kingdom of Saudi Arabia contains mostly desert land along with severe water shortages and is characterized by high temperatures and arid climates. It experienced four stages in the development of the agricultural sector. The first stage was initializing stage before 1990; during this time period, policy initiatives were aimed at stimulating the production of wheat in the country, which promoted the country as a major wheat exporter in the 1980s. The concentration stage occurred from 1990 to 2010, during which the field area decreased to approximately 8,110 km2. This decline was due to the policy shift from wheat production to livestock farming after 1990 and fodder crops were cultivated to promote the dairy industry. From 2010 to 2016 is an expansion stage in country’s agriculture; in this period, the number of fields and agricultural land reached at its peak. The number of fields was 33,961 comprising 9,400 km2 of farming land. Since 2016, a continuous decline in agriculture land has been observed in the country (Li et al., 2023).

The 8th development plan of the country for the agricultural sector focuses on the development of the agriculture sector to become a base for the economy. The basic objective of this plan was to enhance investment in the agricultural sector (Faruk, 2014). Currently, Saudi Arabia is trying to lower its dependence on the oil sector and to diversify its economy. Therefore, the growth of the agriculture sector and its value chain have received much attention in Vision 2030 as an untapped potential for growth (Emam et al., 2021).

The report highlights severe food insecurity in Saudi Arabia between 2015 and 2017 (Althumiri et al., 2021). A study conducted by Mumena (2021) pointed out moderate to severe food insecurity among study respondents in the country. Currently, the country’s agricultural and food security situation is facing various challenges. The basic challenges that hinder agricultural development and threaten food security are water scarcity and heavy reliance on food imports. Therefore, high dependency on irrigation with limited water resources generates difficult farming conditions in the country (Baig and Straquadine, 2014). The country also imports 80% of its food, which highlights a major vulnerability in food security (Faridi and Sulphey, 2019). However, the Kingdom of Saudi Arabia, with such low agriculture-favoring conditions, has successfully achieved self-sufficiency in production of some food items, particularly for fresh milk, dates, some vegetables, and eggs. Agriculture sector is the third largest contributor to the country’s GDP. This sector also provides sources of livelihood for millions of Saudi Arabians (Baig and Straquadine, 2014).

The government has started various programs to improve food security in the country. These initiatives focus particularly on water-saving technologies, such as hydroponics and greenhouse farming (Yusuf et al., 2025). Moreover, policies under the vision of 2030 signify that the country is taking important initiatives that enhance local production and productivity, while addressing inflation and increasing the finance for agriculture to lower the dependency on imports (Elneel, 2023). The government is taking effective initiatives to implement various agricultural programs to ensure food security and rural development (Fiaz et al., 2018).



3 Review of literature

Sustainable food systems demand a multifaceted approach that integrates farm mechanization, farm structure, value addition, gender dynamics, and resource optimization to enhance agricultural productivity, ensure environmental sustainability, and ensure global food security in current era. This section explores the critical role of these factors in relation to nations’ food security.


3.1 Farm mechanization and food security

Farm mechanization is necessary to increase agricultural productivity and ensure food security for the global population (Emami et al., 2018; Liu et al., 2025). Farmers in developing countries depend heavily on manual labor to operate within the agricultural sector, including harvesting activities (Fathallah, 2010). Farmers develop musculoskeletal conditions primarily because their work requires extended positions that demand awkward body postures and force them to lift heavy weight (Benos et al., 2020). Agricultural mechanization decreases dependence on human labor, while improving agricultural food quality, operation speed, and productivity of land resources (Abate and Kuang, 2021). Agricultural crop production benefits from mechanization because it boosts labor capabilities to sustain food supplies and decreases poverty in developing markets (Sims et al., 2016). Farm mechanization represents agricultural growth through the use of modern equipment and machinery (Amponsah et al., 2012). Rising labor wages combined with government subsidies have triggered a substantial increase in mechanization levels in agriculture (Yang et al., 2013).

Farm mechanization creates stronger resistance for farming households against different types of hazards and improves agricultural productivity, resulting in enhanced food security in nations. It also decreases farmers’ health risks by reducing physical farming activities (Olasehinde-Williams et al., 2020). It eliminates dangerous situations that occur during manual agriculture operations while creating opportunities for additional employment outside farming (Richards and Ramezani, 1990). Fram mechanization affects all four aspects of food security (food availability, economic and physical access to food, food utilization, and stability over time) (FAO, 2021a, 2021b). Through mechanization, there is enhanced protection against food loss during harvest periods with improved food safety standards (Daum, 2023). Sustainable agricultural mechanization leads to food independence along with economic growth, which includes all segments of society and helps advance sustainable agricultural primary objectives (Mrema, 2015). The wages farmers receive from mechanization improve access to better living conditions, while the reduced costs of production benefit families who purchase food in rural and urban areas. In such situations, food costs claim between 50 and 70% of household income (Liu et al., 2025). They are unable to obtain nutritious diets because financial limitations restrict their means. Fram mechanization eases the physical labor associated with manual agriculture, thus reducing the amount of energy required to limit caloric deficiencies and improve food security (Liu et al., 2025).



3.2 Farm structure and food security

Interest in agricultural land is increasing because of the growing population, inflated food prices, and food security concerns (Molotoks et al., 2021). Agricultural food supplies constitute the largest food source with essential ecosystem services. Several countries suffer from food insecurity owing to insufficient agricultural output caused by declining agricultural land per capita (Alami et al., 2021). Food security depends heavily on farm structures because of the accelerating climate change and increasing human population. Farming structures that utilize traditional farming approaches and rain-fed systems encounter higher exposure to climatic problems, leading to dangerous consequences for food production (FAO, 2021a, 2021b). Sustainable farming practices that unite conservation agriculture with agroecological systems have successfully protected smallholder farms through improved yield production and reduced environmental damage (Pretty et al., 2018; Tittonell and Giller, 2013). The adoption of sustainable farm practices is affected by multiple barriers including farm structure issues (small landholding, labor force deficiencies, financial constraints, etc.) (Barrett et al., 2017). Smallholder farmers can significantly boost food security through sustainable farming systems (Reardon et al., 2019).

Labor dynamics functions as a fundamental farm structure element that shapes the levels of food security in farms. Labor shortages emerge in regions where rural populations age together with high migration to urban areas, thus creating food security risks and decreasing farming productivity (Christiaensen and Todo, 2014). The implementation of farm technologies is hindered for smallholder farmers because they face financial challenges and lack necessary expertise (Fuglie et al., 2019). Cooperative farming systems and land reorganization programs show major potential in handling agricultural productivity and food security issues by improving access to resources and operational efficiency (Li et al., 2020). Farm structures play a pivotal role in agricultural sustainability and in ensuring global food security. Multiple crops under smallholder farms create diverse ecosystems that improve soil quality and protect the environment and food security yet need proper support from public institutions (Pretty et al., 2018). Farm structure has emerged as a major determining factor for food security because it directly affects productivity levels and sustainability alongside resilience factors. Public policies are required to ensure equal land access and technology for smallholder farmers to address different structural and sustainability issues (Touch et al., 2024). The world faces enormous challenges, such as climate change and increasing human population. Thus, farm structures and adopting sustainable farm practices are key to guaranteeing food security (Rehman et al., 2022).



3.3 Agriculture value addition and food security

Recent studies have demonstrated that agricultural value addition is a crucial element in boosting food security because of economic instability and changing climate patterns (Dos-Santos, 2020; Wijerathna-Yapa and Pathirana, 2022). The process of converting raw agricultural commodities into valuable products demonstrates substantial effectiveness in food availability through a reduction in postharvest losses. Paradigmatic techniques such as solar drying and cold storage systems improve the storage duration of fruits and vegetables. Post-harvest losses in the agricultural sector require immediate attention because they represent a major threat to food sustainability (Sheahan and Barrett, 2017; Kumar and Kalita, 2017). Agricultural value addition transforms crops into refined products, including flour, oils, and dried goods, which improves food choices. In addition, it decreases monoculture dependence, thus extending food availability throughout different seasons (Dahal et al., 2024).

Value addition to agricultural products positively affects accessibility, because it enables farmers to reach profitable high-value markets. Smallholder farmers convert milk into yogurt and cheese, thus providing sustainable income and better food availability for their households (Touch et al., 2024). The development of food value addition enables the establishment of important facilities for processing and storage, alongside strengthened market links. This will enable faster and fresh healthy delivery of food to consumers (Fagbemi and Oluwajuyitan, 2020). Agricultural value addition is fundamental for increasing food utilization because it enhances the dietary nutritional content of food products (Dos-Santos, 2020). Staple foods fortified with iron and biofortified with vitamin A are successfully reduce micronutrient deficiencies in developing nations (Hombali et al., 2019). Traditional food processing techniques, such as fermentation and germination, eliminate anti-nutritional components that make food more digestible and nutritious (Nkhata et al., 2018). Recent advancements have played a critical role in addressing malnutrition and food insecurity in many areas. Agricultural value addition establishes food systems that can survive unexpected incidents, including climate change and economic downturns, thus ensuring food stability. Regions exhibiting frequent climate disruptions require agricultural value addition to be used as food shortage shields against such events.



3.4 Gender dynamics in agriculture and food security

The gender dynamics in farming influence how successfully agricultural resources are used, and how food systems maintain their stability (Bryan et al., 2023). In addition, they affect resource sharing along with agricultural productivity levels. The worldwide female share of agricultural workers reaches 43%, while Africa and Asia have population percentages above 50% (FAO, 2011). Female farmers make important agricultural contributions; however, they face numerous systemic barriers. They lack access to land ownership together with basic farm resources, including credit and educational services, technology, and appropriate extension services. This inequality impairs production capability and at the same time strengthens the persistence of poverty and food insecurity. When female farmers obtain equal access to agricultural resources like those given to male farmers, agricultural output would rise by 20–30% thereby lifting millions out of food insecurity and malnutrition (FAO, 2011).

Agricultural food security initiatives face additional challenges because women perform different workload tasks from men in farming. Women handle core farming tasks, food processing work, and nutritional duties, while basic leadership functions and cash crop management responsibilities mainly fall under male control (Visser and Wangu, 2021). The segregated labor system results in an unequal distribution of resources and priorities, leading to undervalued food-producing activities that cannot sustain household nutrition (Quisumbing et al., 2014). The heavy unpaid care burden women carry diminishes their ability to join productive agricultural work, which ultimately leads to increased food insecurity at home. The difficulties faced by agricultural female farmers become substantially more severe because women tend to be more exposed to the disastrous impacts of climate change (Dibakoane et al., 2022). This is primarily because women have limited access to adaptive technologies and essential resources. Areas affected by prolonged droughts and erratic rainfall patterns make female farmers vulnerable to crop failures because they depend on traditional farming practices with rain-fed agriculture (UN Women, 2022). Establishing food systems resistant to environmental disturbances requires specific attention to gender-based risks. Women’s support in agricultural leadership creates widespread social and economic advantages that are selected simply by obtaining safe food supplies (Bryan et al., 2023). Women who achieve financial independence through resource control tend to dedicate their earned money to enhancing their families’ health levels and nutritional requirements. The positive effects generated from this scenario strengthen the overall food security of communities (World Bank, 2014). Achieving sustainable food security depends heavily on gender equality-focused policies and interventions that include land distribution reforms and improved access to credit and gender-focused extension services (Quisumbing and Doss, 2021). Tackling gender differences in agricultural production leads to enhanced food security. Raising women’s agricultural participation rates will enable the world to exploit female farmers’ complete potential, boost agricultural yields, and establish stronger food systems (Bryan et al., 2023).



3.5 Resource optimization and food security

The relationship between resource management and food security exists because the sustainable control of essential natural resources, including water, soil, and energy, directly affects operational food production stability (Pinstrup-Andersen and Pandya-Lorch, 1998). Inadequate resource management creates greater food insecurity, but sustainable techniques lead to substantial improvements in food security (Mekonnen et al., 2024). Water is the principal factor in agriculture because it accounts for 70% of the total global freshwater usage. Water scarcity develops when improper extraction methods and inefficient irrigation techniques are combined to deplete available water reserves, thereby reducing both agricultural harvest output and national food yields (Ingrao et al., 2023).

Agricultural production receives vital support from sustainable water management practices including drip irrigation and rainwater techniques, particularly in water-scarce areas (Chartzoulakis and Bertaki, 2015; Penuelas et al., 2023). The implemented methods lead to better agricultural sector productivity, while strengthening food security (Barrett, 2021). Food security is in danger due to soil degradation resulting from overfertilization practices and failing land management and deforestation operations, which decreases cropland fertility (Pozza and Field, 2020). Soil health recovery through sustainable practice, including crop rotation with conservation tillage techniques, improves food production. Soil conservation practices integrated into farming systems offer great potential for building climate change resilience, which helps sustain better food security levels in developing nations (Şimşek, 2025; Sher et al., 2024).

The entire food system requires substantial energy consumption to maintain food security because agricultural production to food distribution phases is highly energy-demanding (Corigliano and Algieri, 2024; Menconi et al., 2022). Renewable and efficient energy strategies can reduce the environmental effects of food systems and maintain reliable food availability (Corigliano and Algieri, 2024). Climate-resilient practices represent an invaluable method for enhancing food security throughout regions where climate change has the greatest impact (FAO, 2020). Sustainable food production depends heavily on biodiversity because natural processes such as pollination, pest management and nutrient cycling help farmers secure food availability. Excessive use of natural resources, particularly deforestation and destructive fishing, increases the risk of essential food security services (Shahbaz et al., 2022a, 2022b). The key to maintaining sustainable food security throughout the years depends on effective measures for biodiversity preservation and ecological system management (Varzakas and Smaoui, 2024). The adoption of resource-friendly operations improves food safety outcomes (Vågsholm et al., 2020; Shahbaz et al., 2022a, 2022b).




4 Materials and methods


4.1 Data source

Yearly data were used in this study covering the period from 1991 to 2019. The data on variables were collected from two sources, as our world in data were accessed to obtain data on the countries’ calorie supply, mechanization, farm structure, resource optimization, and male and female participation in agriculture, which is sourced by the Food and Agriculture Organization (FAO). The data regarding agricultural value addition (percent of GDP) and population density (people per square kilometer of land area) were obtained from World Development Indicators (WDI). The indicators to measure farm structure include three indicators: labor force share in agriculture (%), agricultural land per capita, and arable land needed for producing crops (index). Total factor productivity (TFP) is used as a proxy for resource optimization and the data were analyzed using STATA 21. Table 1 describes the study variables.


TABLE 1 Description of study variables.


	Variables
	Description
	Source

 

 	Calories supply 	Kilocalories per day per capita 	
https://ourworldindata.org/data?q=Saudi+Arabia



 	Resource optimization 	Total factor productivity


 	Agricultural mechanization 	In 1,000 per unit of agriculture land


 	Male in agriculture 	Percent


 	Female in agriculture 	Percent


 	Population density 	Persons per square kilometer of land area 	
https://databank.worldbank.org/source/world-development-indicators



 	Agricultural value addition 	Percent of GDP


 	Farm structure


 	Labor force share 	Percent 	
https://ourworldindata.org/data?q=Saudi+Arabia



 	Agriculture land per capita 	Hectare


 	Arable land for crops 	Index




 

By including the above variables, the following functional form was specified, which includes calorie supply over the years as the dependent variable, and the remaining seven variables were considered as independent variables.
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where Cal, FS, ROP, VAA, PD, MEC, MA, and FA indicate calorie supply, farm structure, resource optimization, agricultural value addition, population density, mechanization, males in agriculture, and females in agriculture, respectively. 
β
 shows the unknown coefficients to be measured, and 
ε
 depicts the error term.



4.2 Unit root tests

The autoregressive distributed lag (ARDL) cointegration approach does not require unit root pre-testing because it can be applied to a set of variables of order I(0), I(1), or mixed. The ARDL bounds test requires all variables to be integrated of order 0 or 1, and no variable is integrated of order I(2) (Pesaran and Shin, 1999; Pesaran et al., 2001). Therefore, to justify the integrated order of all variables, two different unit root tests were applied: augmented Dickey-Fuller (ADF) and Phillips-Perron (PP).



4.3 Testing cointegration

The ARDL bound test-based F-statistics were used to determine the existence of long-run relationships among the variables. The ARDL approach has many advantages over the traditional cointegration approach, as the ARDL approach is flexible and allows analysis with an integrated order of 0 or 1. Its application and interpretation are very simple owing to its single equation set as well as different lag lengths for different variables, and it is very suitable for small sample sizes. It also provides unbiased estimates for long-run relationships and adequately addresses autocorrelation and endogeneity (Jalil and Ma, 2008; Harris and Sollis, 2005).

The null hypothesis (H0 = no cointegration) would be rejected if the F-statistic value exceeds the upper bound value, and accepted if the F-statistic value remains lower than the lower bound value, while if the F-statistic value falls between the lower bound and upper bound, then it is unclear whether cointegration exists (Pesaran et al., 2001). Therefore, the following cointegration model is specified by exploring the long-run relationships among the variables.
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Where, △ indicates the change operation, and is the optimal lag number based on the lag length criterion depicted by t−1, and 
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 are the elements to be examined. From the above equation, the following hypothesis was analyzed to determine the cointegration among the variables.
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If the f-statistics value exceeds the upper bound, then H0 is rejected, and cointegration among variables exists; then, the short-and long-run ARDL models are examined.
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where ECT is the error correction term that indicates the speed of adjustment from the short-run shock to the long-run equilibrium. It must be negative and significant, with a value of less than 1.



4.4 Diagnostic tests of the model

The most important assumption of the ARDL bound test is that the error term is serially independent and normally distributed. For this purpose, several tests were employed to analyze autocorrelation, heteroskedasticity, and normality. For autocorrelation, the Breusch–Godfrey LM test and Durbin–Watson d-statistic for heteroskedasticity, White’s test, and Breusch-Pagan-Godfrey test were used. For normality, the Jarque-Bera test was used.

Thus, it is necessary to confirm the stability of a model with an autoregressive structure. For this purpose, the cumulative sum of recursive residuals (CUSUM) and cumulative sum of recursive residuals of squares (CUSUMQ) (Brown et al., 1975) tests were used. A similar method was proposed by Pesaran and Pesaran (1997) to determine the parameter stability. Figure 1 shows the methodology used in this paper.

[image: Flowchart illustrating a data analysis process. It begins with data collection from sources like World Development Indicators and Our World in Data. Data screening and unit root testing follow, using Augmented Dickey-Fuller and Phillips–Peron tests. Optimal lags are selected using Akaike Information Criterion. The flow continues with applying the ARDL bound. If F-statistics exceed the upper bound, an ARDL model with ECM is used, assessing short and long run relationships, and model stability. The final step is the interpretation of results.]

FIGURE 1
 Methodology flowchart.





5 Results

The trend in Cals per day per capita is presented in Figure 2, which indicates that calories per capita in Saudi Arabia fluctuated greatly over the period from 1991 to 2019. However, there was a long-term increase in the Cals per day per capita. In the starting years (1991–1994), there was a steady decline in calories, dropping from 2879 kcal to 2677 kcal. From 1995 to 2006, calories per day per capita gradually recovered. The number of calories per day per capita increased, with some fluctuations by 1995, reaching 3,043 kcal in 2006. After 2006, a dip in calories per day per capita was observed from 2007 to 2009, and it has been decreasing, which is strongly linked with the global financial crisis of 2008. Afterward, a continuous rise was observed in the Cals over the period of 2011–2016, and reached its peak of 3,237 kcal in 2016, and stabilizing around 3,219 kcal in 2019. Cereals are the main source of energy and protein in the country, which comprises of 40–41%. In 1980/90, the availability of grains decreased to a dangerous level, as the availability of millet, sorghum, and corn decreased by 64%. Over the period to 2001–07, the supply of vegetables per day per capita was reduced, while the supply of dairy products, such as meat, milk, animal fats, and fish, increased greatly (Adam et al., 2014).

[image: Line graph titled "Calorie Trend Over Years" showing calories per day per capita from 1991 to 2019. The trend starts near 2,800, dips to 2,700 by 1995, rises irregularly reaching over 3,200 in 2019.]

FIGURE 2
 Calories supply per day capita over the years from 1991 to 2019 in Saudi Arabia.


Figure 3 shows the percentage change in Cals over the years; the overall change in Cals over the period–1991-2019 was positive. Considering the first 4 years (1991–1994), Cals was reduced by −3.56% in 1992. In 1995, the Cals increased, but suddenly decreased in later years until 1998. Subsequently, caloric supply fluctuated from 1999 to 2006 and remained positive. In 2007, the supply of calories decreased sharply in 2008, which may be due to the global crisis of 2008. In the following years, the supply of calories increased and stabilized, with no major improvements or disruptions.

[image: Line graph showing percentage change in caloric supply from 1991 to 2019. Fluctuations are evident, with peaks around 1994, 2011, and 2014, and a notable dip in 2009. The trend remains mostly positive, ending slightly above zero in 2019.]

FIGURE 3
 Percentage change of calories supplies over the years in Saudi Arabia.


Global standards for energy requirements for children, males, and females over age are defined according to sedentary and active lifestyles. Here, we consider the two calorie requirements that cover males, females, and children to compare the Cals in Saudi Arabia over the years. Figure 4 presents that the Kingdom of Saudi Arabia had maintained the Cals per day per capita for an active lifestyle over the period–1991 to 2013. After 2013, the Cals exceeded the calorie requirements for an active lifestyle, indicating excess food availability, which may lead to overconsumption, food loss, or obesity risk.

[image: Line graph titled "Caloric Supply in Saudi Arabia" shows calories per capita from 1991 to 2019. The blue line for Saudi Arabia remains mostly above the green dashed line for active needs (3000 kcal) and significantly above the red dashed line for sedentary needs (1800 kcal), indicating a consistent caloric surplus.]

FIGURE 4
 Calories supply in Saudi Arabia comparison with global calories requirements.



5.1 Unit root test

Table 2 presents the outcomes of two different unit root tests: ADF and PP. The first stationarity level of variables was tested by considering only constant, and then the trend option was added with a constant term to check the robust outcomes regarding stationarity of variables. The findings revealed that both ADF and Phillips Peron confirmed that all the variables were stationary at the first difference; hence, the order of integration for all variables is I(1). For the ARDL bound testing proposed by Pesaran and Shin (1999) and Pesaran et al. (2001), both ADF and PP unit root tests also confirmed that there is no variable of order I(2).


TABLE 2 Augmented Dickey-Fuller and Phillips Perron unit root tests.


	Variables
	Dickey Fuller
	Phillips Peron



	At level
	At difference
	At level
	At difference

 

 	Constant


 	Cals 	−0.388 	−5.021* 	−0.574 	−5.019*


 	FS 	−0.486 	−5.845* 	−0.450 	−5.812*


 	ROP 	−0.836 	−4.971* 	−1.020 	−4.960*


 	MEC 	−1.498 	−3.197* 	−1.973 	−3.204*


 	PD 	−0.461 	−2.898** 	−0.459 	−2.954**


 	VAA 	−0.724 	−4.241* 	−0.744 	−4.171*


 	MA 	1.802 	−3.264* 	1.888 	−3.349**


 	FA 	2.114 	−4.260 	8.532 	−6.825*


 	Constant and trend


 	Cals 	−2.531 	4.897* 	−2.777 	−4,898*


 	FS 	−2.077 	−6.128* 	−2.002 	−6.100*


 	ROP 	−1.729 	−5.142 	−1.934 	−5.147*


 	MEC 	−2.060 	−5.109* 	−2.472 	−5.088*


 	PD 	−1.494 	−4.828** 	−1.971 	−4.862**


 	VAA 	−1.562 	−4.159* 	−1.775 	−4.075*


 	MA 	−0.052 	−3.692** 	−0.169 	−3.719*


 	FA 	1.343 	−5.183* 	5.916 	−7.395*





* and ** shows significance level at 1 and 5%, respectively.
 



5.2 Optimal lag selection

Determining the optimal lag length is an empirical issue, and there is no rule of thumb for determining the optimal lags for the variables. The selection of too few lags can cause a specification error, whereas too many lags cause the problem of multicollinearity. Moreover, the sample size and selection criteria significantly affect the selection of optimal lags. For annual data, usually one or two lags, for quarterly data, a maximum of eight lags for monthly data up to 24 lags is suitable (Godil et al., 2022). There are five different types of selection criteria to determine the optimal lags for each variable: likelihood ratio, Akaike information criteria, final prediction error, Schwartz information criteria, and Hannah-Quinn information criteria. Based on these two conditions of sample size and selection criteria, we first focus on the selection criteria. Based on the Akaike Information Criterion, we found the optimal lags for each variable except for males in agriculture, which had an optimal lag of 4. Then, considering the sample size, we assumed the optimal lag for this variable to be equal to 2, and ARDL (2,2,2,2,2,2,2,2) was specified.

The above specified model has passed all the diagnostic tests as the R square is 0.97, and the adjusted R square is 0.94, which implies that the variables explain 97% of the variation in the Cals, which indicates the high explanatory power of the model. Autocorrelation tests, such as the Durbin-Watson and Breusch-Godfrey LM tests, confirm that there is no autocorrelation, and the model is not spurious. Similarly, the F-statistics (=252.22 at p-value = 0.00) also indicate that the null hypothesis is rejected, which shows that the variables have non zero coefficients. Table 3 indicates that the model has also passed all other diagnostic tests regarding heteroskedasticity and Jarque-Berra normality.


TABLE 3 Diagnostic tests.


	Tests
	Chi-square
	p-value

 

 	Autocorrelation


 	Breusch–Godfrey LM test 	2.848 	0.127


 	Durbin–Watson d-statistic 	d = 2.181


 	Heteroskedasticity tests (H0: Homoskedasticity)


 	White’s test 	27.00 	0.409


 	Breusch-Pagan-Godfrey Heteroskedasticity test 	2.13 	0.144


 	Normality test (H0: Residuals are normally distributed)


 	Jarque-Bera test 	3.018 	0.221


 	F-statistics 	252.22 	0.00




 



5.3 ARDL bound test

ARDL is a model specifically used for testing long-run relationships among variables. The ARDL bound test developed by Pesaran et al. (2001) identifies the existence of cointegration or long-run relationships among the variables. Table 4 presents the ARDL bounds test’ outcomes the F-value greater than the upper bound indicates the long-run association do exist between the variables.


TABLE 4 ARDL bound test outcomes.


	Significance
	I(0)
	I(1)

 

 	1% 	2.600 	3.840


 	5% 	2.320 	3.500


 	10% 	2.030 	3.130


 	F-statistics 	46.759


 	k 	7




 



5.4 Short run and long run impact of variables

Table 5 presents both long-and short-run relationships between the dependent and independent variables. The findings indicate that the coefficients of FS, PD, VAA, MA, and FA are statistically significant. This implies that these variables strongly affect Cals in the long run, leading to higher food security in the country. These variables are crucial for improving food security by increasing Cals in the long run and improving farm productivity, distribution, and accessibility to food items. The significantly negative value of the lagged error correction term (ECT) highlights how quickly the system returns to equilibrium after a shock in the short run. The negative coefficient of ECT −0.503 indicates that the long-run relationship among the variables is stable, and 50.3% of the deviation from the previous period’s equilibrium in the short run is correctly backed to its equilibrium in the current period.


TABLE 5 Short run and long run estimates.


	Variables
	Coefficient
	Std. err

 

 	ECT 	−0.503 	0.136*


 	Long-run estimates


 	FS 	673.316 	172.212*


 	ROP 	14.375 	9.392


 	MEC 	9.47e+04 	50358.610


 	PD 	−433.302 	181.227***


 	VAA 	653.365 	234.195***


 	MA 	480.36 	190.494***


 	FA 	645.17 	201.952**


 	Short run


 	Cals


 	 LD. 	0.485 	0.170**


 	FS


 	 D1. 	893.362 	153.709**


 	 LD. 	1892.325 	253.168*


 	ROP


 	 D1. 	1.603 	1.505


 	 LD. 	3.659 	1.322***


 	MEC


 	 D1. 	991.001 	148.164*


 	 LD. 	215.00 	997.923


 	PD


 	 D1. 	−527.198 	72.719*


 	 LD. 	−107.698 	49.524


 	VAA


 	 D1. 	94.582 	37.726***


 	 LD. 	196.389 	36.685**


 	MA


 	 D1. 	318.64 	47.313*


 	 LD. 	108.003 	15.106*


 	FA


 	 D1. 	−378.114 	105.368**


 	 LD. 	−1.13e+02 	183.386*


 	Constant 	1843.714 	313.373*





*, **, and *** shows significance level at 1, 5, and 10%, respectively.
 

FS often indicates the size of the farm, which plays a crucial role in determining the farm scale and farm productivity. As the findings indicates 1 unit increase in FS, caloric availability in the country will increase by almost 673 kcal per day per capita. As the FS improves, the adoption of sustainable and efficient farm practices also increases. The adoption of new farm technologies makes farms more productive and profitable through stable food production and supply, which ensures a stable caloric supply for the growing population. Therefore, changes in FS led to the integration of innovations in cropping systems, which greatly affects farmers’ incomes and nutritional outcomes. For example, an efficient cropping system can increase soil fertility and improve the Cals for farm families (Prusty et al., 2022). The author described that adjustments in existing crop systems at farms and the adoption of a new efficient FS can improve farm productivity, performance, and sustainability. On the other hand, FS also positively and significantly influences Cals in the short term. The low and significant positive coefficient of FS (first difference = D1) indicates that FS can enhance calorie supply through immediate changes in farm size, land use, and cropping pattern. Similarly, the significant and large positive coefficient of FS (lagged difference = LD) signifies that past adjustments in the FS of country have a more substantial impact on Cals, which indicates that adjustments in FS need some time or lag before materializing the impact of FS on food production and Cals. Therefore, in the short run, adjustments in FS have beneficial outcomes in the form of a high-Cals, but the most favorable gains are realized as past adjustments and improvements in FS. This requires continuous adjustments in the FS to obtain optimal effects on Cals to improve the food security of the country. Hongqing et al. (2021) also describe that the optimizing the land use or improving the FS substantially contributes to the farm benefits especially the food security of the farm families. Similarly, Vatta (2024) determined the favorable and diversified impacts of optimizing FS on farm income, food security, and nutritional outcomes. They reported that a properly adjusted FS substantially contributes to accessibility to food, diet diversity, and nutritional outcomes.

PD strongly affects Cals in both the long and short run. In the long run, a one-unit increase in PD reduces calorie supply by 433.3 kcal per day per capita, while the negative impact of PD indicates that it exerts great pressure on calorie supply because of limited food resources, land, and infrastructure. The negative and significant coefficient of PD at the first difference signifies that the rapid increase in PD in the country lowers calorie supply per capita in the short run. This may be due to the gap between food production and the increase in PD, which disrupts the food supply on an immediate basis. Similarly, high PD also causes farmland fragmentation, which reduces farm size, productivity, and food supply. Popp et al. (2013) highlighted that an increase in PD increases the demand for food by 70%, causes changes in food consumption patterns, and lowers the availability of land for food production, which results in a low supply of calories per capita. Widhiyastuti et al. (2023) determined that in 2019–19 the PD increase by 22.88 people per kilometer square, and over the same time period harvested are and production of rice decreased. Therefore, although food production is increasing globally, the average food self-sufficiency at the country level has been decreasing over the past half-century, and PD is one of the main reasons; by 2010, economies with high PD and urbanization had large deficits in food production (Schramski et al., 2019).

The significant and positive coefficient of VAA indicates that VAA strongly influences calorie supply over time. This implies that a 1% increase in VAA increases calorie supply by 653.3 kcal per day per capita. This indicates that VAA over time substantially enhances calorie supply by improving food availability and lowering food losses. Moreover, the lower coefficient of first difference (=94.58) in the short run as compared to the lagged difference (=194.38) indicates that immediate VAA also improves the calorie supply in the country, while their full impact takes time to materialize. VAA enhances production efficiency and food supply. The adoption of high-yielding crop varieties and value-added practices at farms optimizes the use of land and increases crop yield (Vatta, 2024), which increases food availability (Malec et al., 2023; Sarwar, 2025). VAA to farm products enhances the shelf life of farm products and lowers the spoilage risk of food, which leads to high food availability throughout the year by ensuring food availability during food scarcity (Ceesay et al., 2021; Ogutu et al., 2020). Moreover, VAA also improves food accessibility through wide distribution across different regions of the country, which leads to high market access owing to long shelf life and easy transportation, thereby enhancing food availability in diverse regions (Hazrana and Mishra, 2025: Breisinger et al., 2019).

The significant positive impact of MA over the years indicates that the long-run impact of male participation in agricultural activities in the country is stronger than the short-term impact on caloric supply. Males perform various farming activities such as mechanization and agro-processing, which enhance farm production and efficiency. Male farmers are commonly busy using farm machinery and irrigation, which enhances the production per unit of land. Similarly, male farmers are more capable of cultivating larger areas of land through learning and adopting modern farming techniques. Moreover, humans invest in efficient farm technologies, such as irrigation, which improves food production. Over time, male farmers can accumulate capital and reinvest in their farms, thereby expanding food production and the supply of calories across the country. Therefore, male farmers are more likely to commercialize their farms, which improves their household nutrition and leads to a high-calorie supply (Mgomezulu et al., 2024). They described that in the long run, male farmers are more likely to engage in commercial farming, enhancing their productivity and farm production, leading to high food availability and calorie supply. Moreover, male farmers’ involvement in food sales enhances their family income, which increases their diet diversity, leading to high calorie content, and they are more likely to engage in farming endeavors that directly improve their diet diversity (Yusriadi et al., 2024).

The coefficient of FA indicates that female participation in agriculture strongly enhances caloric supply in the long run, whereas it has a significant negative impact on caloric supply in the short run. This negative impact may be explained by structural barriers, initial productivity disruption, and an inefficient labor market. Historically, low female participation in agriculture is highly linked with cultural and social barriers (Ragasa, 2012), and a sudden increase in female participation in agriculture may require skills, disrupt labor efficiency, and face challenges in male-dominated farming activities. Moreover, the involvement of females in agriculture may not have easy access to the necessary farm resources, which lowers their contribution to calorie supply in the short run. Abdelali-Martini (2011) highlights that the females lack the necessary resources like land, credit and also have limited decision-making power which limited their role in enhancing farm productivity in Middle East and North Africa countries. In the long run, female participation in agriculture gains experience and becomes more productive, contributing to high farm production over time. Das et al. (2023) described the importance of gender equity for development of sustainable and healthy diets, as they highlight that the female role in food systems is very crucial in low-and middle-income economies agriculture as they are structurally disadvantages.

The findings of the ARDL model indicate that ROP and MEC have a strong positive impact in the short run. ROP has a delayed impact on the supply of calories, whereas MEC has an immediate impact on calorie supply. The immediate impact of MEC on farms is primarily positive, and it improves farm efficiency and productivity, which ultimately enhances food availability, resulting in a high-calorie supply. MEC reduces the impact of labor shortages on farms and enhances farm operations. It also increases farm production through appropriate land preparation. Yasar et al. (2024) determined that MEC enhances the food availability by almost 125% in developing economy which results in high food security. Moreover, MEC increased net farm income by 31%, family income by 19%, and food consumption by 5%, which justifies its immediate positive impact on calorie supply (Jena and Tanti, 2023). However, the delayed impact of ROP indicates that resource efficiency needs to adopt efficient technologies that require time to obtain the materialized impact of ROP on Cals.



5.5 Model stability

For robustness, we applied the structural stability test, which confirms the stability of the long-run outcomes. For this purpose, we used the CUSUM and CUSUMQ. Figure 5 presents CUSUM and Figure 6 shows CUSUMQ, and both figures indicate that CUSUM and CUSUMQ remain within the critical bounds of 5%. This signifies the constancy of the parameters and stability of our study model, as both CUSUM and CUSUMQ do not cross the straight lines of the critical bounds.

[image: Line graph titled "CUSUM" showing a blue line for CUSUM values from 2000 to 2020, with a peak around 2015. The graph includes red dashed lines indicating upper and lower bounds.]

FIGURE 5
 CUSUM plot.


[image: CUSUM Square chart from 2000 to 2020. The blue line represents CUSUM Square values, showing an upward trend starting around 2010. Red dashed lines indicate upper and lower bounds. The CUSUM Square exceeds the upper bound after 2015.]

FIGURE 6
 CUSUM square plot.




5.6 Granger causality

After determining the long-run relationships among the variables, we used the Granger causality test to analyze the causality between the variables. Owing to cointegration, unidirectional or bidirectional causality between the variables is expected. The findings of Granger causality highlight that FS has a strong causal relationship with Cals at 5%, while reverse causality is not significant, which implies that improving FS can significantly affect the Cals in the country. Similarly, ROP also causes unidirectional Granger causes Cals, and implies that ROP can strongly influence Cals. The outcomes regarding VAA, PD, MEC, and MA indicate that these variables have a bidirectional causality relationship with coal. Table 6 presents the findings of Granger causality for all variables and Figure 7 shows a graphical representation of causality among the variables.


TABLE 6 Granger causality outcomes.


	
	Cals
	FS
	ROP
	VAA
	PD
	MEC
	MA
	FA

 

 	Cals 	– 	0.104 	4.557 	5.152*** 	7.92** 	26.265* 	13.952* 	7.639**


 	FS 	10.633** 	– 	7.36** 	20.916* 	0.747 	22.521* 	52.69* 	36.438*


 	ROP 	6.311** 	4.731*** 	– 	11.236* 	4.733*** 	9.239* 	7.283** 	0.714


 	VAA 	5.44** 	3.100 	0.030 	– 	1.111 	19.477* 	7.978* 	26.939*


 	PD 	32.161* 	4.033 	10.031* 	15.739* 	– 	6.808** 	3.829 	88.322*


 	MEC 	7.644** 	6.398** 	11.075* 	26.411* 	14.597* 	– 	1.375 	93.969*


 	MA 	10.393* 	0.771 	9.451* 	9.577* 	26.046* 	4.295 	– 	815.63*


 	FA 	1.650 	0.751 	6.278** 	12.371* 	178.97* 	3.832 	15.178* 	–





*, **, and *** shows significance level at 1, 5, and 10%, respectively.
 

[image: Schematic diagram showing interconnected nodes labeled ROP, Cals, FS, VAA, PD, MA, FA, and MEC with various arrows indicating unidirectional and bidirectional relationships. A legend in the upper right explains the arrow types.]

FIGURE 7
 Causality map among variables.





6 Conclusion and policy recommendations

The growing population and rising risks of climate change have led to increased food and nutrition insecurity worldwide. In this context, sustainable food systems are key because they can ensure global food security and climate change mitigation. Agriculture is the cornerstone of world food systems as it fulfills human dietary needs by supplying important calorie and nutrient resources. However, it remains one of the leading consumers of natural resources worldwide. Agriculture is mostly characterized by a lower level of productivity, especially in countries with arid environments and climate change risks. Sustainable food systems can improve agricultural productivity in arid regions because they emphasize the efficient use of natural resources, farm mechanization, and agricultural value addition, resulting in improved dietary intake of the global community.

Saudi Arabia, characterized by an arid climate and increasing climate vulnerabilities, faces unique challenges in achieving food security. Sustainable agricultural growth continues to face extreme difficulties in Saudi Arabia because of its challenging natural environment which produces limited freshwater sources and small amounts of arable land along with severe temperatures. Saudi Arabia needs to import most of its food to fulfill national food needs. Food security remains central to Saudi Arabia’s Vision 2030 while the country aims to increase agricultural production decrease external food reliance and enhance environmental resource practices.

Thus, promoting a sustainable food system approach can help Saudi Arabia’s objective of achieving self-reliance in food production to ensure food security. Farm mechanization together with efficient resource utilization, agricultural value addition, farm structure, and gender inclusion can improve productivity levels. Even though several studies have examined individual effects of these factors on food security, none of the studies explored their collective impact on food security in Saudi Arabia. Thus, the primary objective of this study is to explore the synergistic effect of agricultural mechanization, farm structure, gender dynamics, resource optimization, and agriculture value addition on food security in Saudi Arabia. The study used the ARDL model to analyze the data from 1991–2019 of the country. Two different unit root tests ADF and PP were applied to justify the integrated order of all variables.

The findings indicate that the coefficients of farm structure, population density, value addition, and male and female participation are statistically significant in the short and long run. This implies that these variables strongly affect households’ food security in the long run, leading to higher food security in the country. Farm mechanization and resource use efficiency only significantly affect food security in the short term. For example, a 1% rise in agricultural value addition increases calorie supply by 653.3 kcal per day per capita. Similarly, for 1 unit increase in farm structure, calorie availability in the country will increase by almost 673 kcal per day per capita. In the long run, a one-unit increase in population density reduces calorie supply by 433.3 kcal per day per capita. The coefficient of females in agriculture indicates that female participation in agriculture strongly enhances calorie supply in the long run, while it has a significant negative impact on calorie supply in the short run.

Based on these results, the following policy recommendations are made to improve the country’s food security. The country needs to invest in agri-processing facilities, together with food preservation systems and supply chain construction, to achieve sustained food calorie supply enhancement. Agriculture food processing and packaging industries should receive encouragement through policy support because this will decrease losses during harvest storage and make nutrient-rich foods easily available. This aligns with the Saudi Vision the 2030s goals of diversifying the economy and decreasing reliance on food imports. Further, the country should develop training initiatives combined with financial programs and policy modifications that support women’s agricultural work. Women will have the greater impact on food security by receiving access to contemporary agricultural equipment alongside digital agricultural systems and business start-up opportunities. The development of women-led agribusiness enterprises will strengthen Saudi Arabia’s agricultural sector, while supporting the national gender equality objectives established in Vision 2030.

Although the study was carried out with utmost care, it has a few limitations that must be kept in mind when generalizing the study findings. This study focuses on the ARDL bound test and Granger causality analysis, and does not consider any possible structural breaks or regime shifts that may have occurred due to economic shocks, policy changes, and environmental disruptions. Moreover, this study did not analyze the spatial variations that may provide more comprehensive insights by considering the different agro-ecological zones of the county. Although the study considered gender dynamics, the lack of socioeconomic factors limited its ability to broadly explain the different aspects of food security. Mechanization is very important to enhance the productivity of food crops, but studies could not incorporate water-saving technologies in the analysis, which is also an important factor that may be considered in future studies in the context of Saudi Arabia.
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