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Abstract

Saudi Arabia’s cereal imports are a cornerstone of its food security policy, driven by an
arid climate, limited water resources, and persistently high domestic demand. This study
employed the ARDL cointegration framework on data from 1992 to 2022 to explore the
dynamic relationships among cereal imports (IMP), Gross Domestic Product (GDP), ce‑
real production (PRO), and agricultural water use (WA). Descriptive analysis revealed a
clear upward trend for cereal imports and GDP, contrasting with a downward trend for
PRO and WA during the study period. This pattern reflects high import dependency, eco‑
nomic diversification, and water scarcity policies. The ARDL results confirmed a long‑run
equilibrium relationship, where GDP and agricultural water use showed a positive, signif‑
icant relationship with cereal imports, while cereal production had a significant negative
long‑term impact on imports. Short‑run dynamics were complex, suggesting that lagged
increases in GDP and water use were associated with reduced imports, while cereal pro‑
duction had a positive impact on imports, which is attributed to the country’s low cereal
self‑sufficiency ratio and structural import dependence. The conclusion underscores the
constraints of limited water resources, leading to greater reliance on cereal imports. The
study recommends water‑efficient agricultural strategies and adjusted import policies to
enhance food security.

Keywords: food security; water scarcity; autoregressive distributed lag model; bound
cointegration; Saudi Arabia

1. Introduction
Food security in arid and semi‑arid regions is increasingly constrained by water

scarcity, climatic stress, and growing demand driven by population growth and income
expansion (FAO, 2025a; OECD/FAO, 2024). Saudi Arabia, among other prominent coun‑
tries of the Arabian Peninsula, is characterized by extreme aridity and very limited water
resources, which place pressure on its agricultural sector (Moossa et al., 2022). GCC coun‑
tries face a severewater shortage that threatens the sustainable development of agricultural
and industrial sectors. In 2030, water resources are predicted to reduce by more than 50%
(Moossa et al., 2022). Saudi Arabia receives very low annual rainfall and features sandy,
non‑fertile soils that contribute to the poor agricultural output (Subahi & Bouazza, 2020).

Water scarcity in Saudi Arabia has driven the development of unique agricultural
practices, including protected agriculture (e.g., greenhouses and hydroponic systems),
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with the goal of improving water use efficiency and crop productivity (Al‑Khateeb et al.,
2024). Despite these improvements, water withdrawal has increased dramatically, with
consumption climbing from 17.79 billion m3 in 2008 to 23.83 billion m3 in 2018, drawn
primarily from non‑renewable groundwater (MEWA, 2020).

Agriculture accounts for over 80% of total water consumption in Saudi Arabia
(Chowdhury et al., 2019; Ahmed et al., 2013; Alamri & Reed, 2019), with green fodder
crops such as alfalfa and barley using approximately 67% of irrigation water (Ghanem
et al., 2021). The cultivation of these water‑intensive crops drives the over‑exploitation of
groundwater and accelerates the depletion of natural resources.

According to OECD/FAO (2024), the world cereals sector is projected to experience
substantial growth between 2024 and 2033, with total utilization expected to rise from ap‑
proximately 2.8 billion tons in 2024 to nearly 3.2 billion tons. This increase will be driven
by production gains forecast to grow by 350 Mt, mainly due to improvements in produc‑
tivity, while demand expansion is anticipated to decelerate as the use of feed and biofuels
increases at a slower pace. Asia will account for 40% of the growth in production, and
trade is projected to expand by 16%, with major exporters such as the Russian Federation
for wheat and the United States for maize retaining predominant positions. In contrast,
most African and Asian countries will have to place greater dependence on cereal imports,
leaving them exposed to trade shocks and climate risks (OECD/FAO, 2024).

In 2023, the overall cultivated area for grains in Saudi Arabia was 331 thousand
hectares, with a harvested area of 323 thousand hectares and production amounting to
1750 thousand tons (GASTAT, 2023). The Al‑Jouf region was the main grain‑producing
area, with 62 thousand hectares of cultivated land. Furthermore, thewheat crop accounted
for the largest share, representing about 63.4% of the total grain area and production
throughout Saudi Arabia (GASTAT, 2023).

The water footprint of domestically produced cereals in Saudi Arabia is massive,
ranging from 4274 to 4884 m3 per ton, which is 2.6 to 3 times the world average. This
means that between 4.2 and 4.9 million liters of water are required to produce one ton
of cereals in the arid climate (Odnoletkova & Patzek, 2023). In 2020, cereals accounted
for 12% of global agricultural production by mass, yet consumed 24% of the water used
for crops, highlighting the disproportionate amount of water required to produce them
(Odnoletkova & Patzek, 2023).

The government pursued aggressive self‑sufficiency policies in the early years, par‑
ticularly for wheat, which led to a peak in production in 2011 (Kashifi et al., 2022;
Kamal, 2014). However, the environmental cost was excessively high. Consequently, a
major policy shift occurred, resulting in the cessation of domestic wheat production by
2016 in order to preserve water resources (Chowdhury et al., 2019; Alrobaish et al., 2021).
This policy change is reflected in the data fromAlamri et al. (2023), who recorded a 36.1 per‑
cent decline in the plant food production index (including cereals) between 1995 and 2019.
Meanwhile, animal production experienced a substantial increase during the same period.

The contribution of the agriculture sector to GDP in Saudi Arabia remains relatively
small, with an average of 4.4% reported in recent studies (Kashifi et al., 2022; Alamri et al.,
2020; Alamri & Reed, 2019; Al‑Sultan, 2002). Nevertheless, it could even drop to just about
2.5% (Kamal, 2014; Ghanem et al., 2024), affirming its place as a minor player within an
oil‑oriented economy (Ahmed et al., 2013; Rahman et al., 2022).

Research indicates that virtual water trade and foreign direct investment in food pro‑
duction may offer alternative strategies for addressing the Kingdom’s challenges (Grindle
et al., 2015). Therefore, the importation of cereals is now considered a strategic necessity, as
Saudi Arabia can import “virtual water” to compensate for high local water consumption,
an approach that would be inevitable (Alamri & Reed, 2019; Kashifi et al., 2022).
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The theory of food import demand emphasizes the role of income and prices in shap‑
ing a country’s reliance on imported food. In Saudi Arabia, limited agricultural output and
high agricultural water use intensify this dependence, underscoring the structural drivers
of food import reliance as highlighted in the broader literature (Alotaibi et al., 2023).

Economic growth influences food import patterns through income‑driven demand
effects. Rising incomes are associated with higher food consumption levels and dietary
diversification, which can increase reliance on imports when domestic supply is limited
(Rahman et al., 2022; Yousif, 2024). Several studies find a positive association between
GDP growth and food imports in developing and resource‑constrained economies, reflect‑
ing structural demand pressures rather than policy failure (Zakari & Ying, 2013). In Saudi
Arabia, rapid economic expansion and population growth have reinforced cereal import
dependence despite efforts to improve domestic agricultural efficiency (Al Naimi, 2022;
Sadiq et al., 2020). This suggests that food imports respond not only to supply‑side con‑
straints but also to sustained demand growth. Sadiq et al. (2020) stated that Saudi Arabia
is amongst the richest countries in the world with its oil and gas reserves, significant in‑
come from oil revenues causing a drastic change in food demand structure. Substantial
economic strength of the country, evidenced by GDP (PPP) of $1.775 trillion in 2017, also
ensures financial means to support substantial food imports and strategic agricultural in‑
vestments in foreign countries, like those implemented by SALIC, noting its investments
in Ukraine (Redko & Mahmood, 2020).

The Kingdom is advancing its economic diversification agenda under initiatives such
as Vision 2030; however, balancing the pursuit of economic growth with sustainable wa‑
ter resource management and the security of food supply chains remains a considerable
challenge (Ghanem et al., 2024; Abdalla, 2025).

The impacts of rising global temperatures are expected to intensify water scarcity,
posing a serious threat to long‑term agricultural sustainability. As of 2022, the country’s
total agricultural imports stood at 29,375.9 thousand tons, with grains accounting for the
largest share at 45.2% (General Agriculture for Statistics, 2022). Despite exporting substan‑
tial quantities of agricultural goods, the Kingdom remains heavily dependent on imports
to meet its growing domestic food demand. This import reliance is further underpinned
by a regulatory framework that enforces stringent food safety standards, overseen by the
Saudi Food and Drug Authority (SFDA).

The trend of heavy reliance extended into the 21st century. During 2012, the imports
encompassed a broad spectrumof goods; about 16.46million tons of cerealswere imported
by Saudi Arabia, with barley constituting the largest share at 50%, followed by wheat
(14.3%), maize (11.7%), and rice (7.4%) (Chowdhury et al., 2019). In 2016, cereals were the
first imported commodity originating from Ukraine with 1442 million Saudi Riyal (SAR)
(Redko & Mahmood, 2020).

An analysis of data from 1980 to 2017 shows that barley was the most dominant im‑
ported cereal, with an average annual volume of 4.86 million metric tons and the highest
average budget share (0.328), followed by rice and wheat (Sadiq et al., 2020). This depen‑
dency underscores a persistent structural feature of Saudi Arabia’s food system: domes‑
tic production falls short of meeting cereal demand, a shortfall exacerbated by the coun‑
try’s arid climate and deliberate water conservation strategies (Alamri et al., 2020; Rahman
et al., 2022). Recent geopolitical disruptions, notably the Russia‑Ukraine war, have further
exposed the fragility of this import‑reliant model, driving up prices and heightening food
security risks (Ghanem et al., 2024). Moreover, Saudi Arabia’s import dependency extends
well beyond cereals to encompass a wide array of food products, making imports a defin‑
ing and enduring characteristic of the nation’s food security framework.
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The economic cost of food imports is also high, as evidenced by the rapid growth in
the food trade balance deficit, which has grown from 11.58 billion (SAR) in 1990 to reach
an unprecedented level recorded at 72.98 billion SAR in the year 2021 (Ghanem et al., 2024).
The agricultural import ratio of total imports also increased from 14% in 1990 to around
17% by 1995–2000, constituting an increase in dependency (Al‑Sultan, 2002). This has led
to 67% of the mass food supply balance being in imports, which places the national food
supply in a very risky position depending on global market volatility (Sadiq et al., 2020;
Odnoletkova & Patzek, 2023).

Accordingly, this study seeks to quantify the interactions among domestic cereal
production, water use, economic growth, and cereal imports within a unified economet‑
ric framework.

In Saudi Arabia, several studies have examined food security challenges, focusing on
either macroeconomic growth or resource scarcity in isolation. For instance, Alotaibi et al.
(2023) highlight the role of water scarcity in constraining agricultural output, while FAO
(2025c) provides descriptive statistics on cereal imports without econometric modeling.
Similarly, Kashifi et al. (2022) explore the food‑water‑energy nexus but do not empirically
link GDP and cereal imports. Furthermore, existing ARDL applications in Saudi food se‑
curity research (e.g., Duwais et al., 2024) tend to emphasize oil revenues or general trade
flows rather than cereal imports specifically. Therefore, this study attempts to fill that
gap, employing an integrated econometric analysis (ARDL) that considers GDP (demand‑
side factor), domestic cereal production (supply‑side factor), and agricultural water use
(resource constraint) to detect short‑run and long‑run equilibrium relationships in Saudi
Arabia’s cereal import dependence.

2. Methodology
The study primarily used secondary data covering the period 1992–2022, sourced

from FAOSTAT (FAO, 2025b; Macrotrends, 2025) and the World Bank Water Data (2025).
The dataset comprises the variables: cereal import value (IMP, measured in thousands
of US$), gross domestic product (GDP, in billion US$), cereal production (PRO, in thou‑
sands of tons), and agricultural water use as a percentage of total water consumption (WA,
percentage of water use). GDP and imports are both expressed in dollars to ensure com‑
parability. It is common practice to use both GDP and imports expressed in U.S. dollars
in an ARDL. Additionally, since Saudi Arabia has pegged currencies (Saudi Arabia’s riyal
to the dollar), the effect of exchange rate fluctuations on series independently of domestic
inflation will be minimized.

Descriptive statistics, including measures of central tendency and dispersion, were
calculated to summarize the data set prior to econometric analysis. During the study pe‑
riod, as reported in Table 1, average agricultural water consumption in Saudi Arabia was
approximately 86%, GDP averaged US$458 billion, cereal production averaged 2212 thou‑
sand tons, and cereal imports averaged US$3719 thousand. The standard deviations sug‑
gest considerable variation in GDP, cereal imports, and production, while agricultural wa‑
ter consumption exhibited relative stability over the period. Although agricultural water
use fluctuated between 82% and 90%, this variation remains modest compared to other
indicators, supporting the characterization of relative stability.
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Table 1.Descriptive statistics of the study variables.

Variables Mean Std. Dev Min. Max.

WA (%) 85.90 2.87 81.56 89.95
GDP (USD$ Billions) 458.00 292.00 133.00 1109.00

IMP (USD$ Thousands) 3719.00 223.00 1038.00 7597.00
PRO (000 Tons) 2212.00 1121.00 791.00 5039.00

Source: Calculated by the authors from FAO (2025b), Macrotrends (2025) and World Bank Water Data (2025).

2.1. ARDL Model

To examine both the short‑run and long‑run dynamics among cereal imports, GDP,
cereal production, and agricultural water use in Saudi Arabia. The Auto‑Regressive Dis‑
tributed Lag (ARDL) cointegration framework was employed, which is well suited for
small samples, distinguishing between short‑run dynamics and long‑run relationships
(Bahmani‑Oskooee & Ng, 2002, Lawal et al., 2016). The key advantage of the ARDLmodel
is its applicability to mixed integration orders of I(0) and I(1) variables. However, it is
invalidated if any variable is integrated of order I(2) or higher.

The cereal import function (Equation (1)) was specified as an interaction between
demand‑side (GDP) and supply‑side constraints (domestic production capacity and re‑
source availability).

IMPt = f (GDPt + PROt + WAt) (1)

The linear model for both the short‑ and long‑run ARDL is written as:

∆IMPt = β0 + ∑
p
i=1 α1∆IMPt−i + ∑

q1
j=0 α2∆GDPt−j + ∑

q2
j=0 α3∆PROt−j + ∑

q3
j=0 α4∆WAt−j + β1 IMPt−1+

β2GDPt−1 + β3PROt−1 + β4WAt−1 + e
(2)

where β0 denotes intercept; ∆ refers to the first difference; β1 to β4 indicate Long‑run co‑
efficients; α1 to α4 signifies Short‑run coefficients; p and q refers to the optimum Lags of
cereal imports and the regressors respectively; IMP represents imports of cereals; GDP
corresponds to Gross Domestic Product; PRO represent cereals production; WA stands for
Water consumption and e is the error term the optimal lags of tecpc and the regressors.

The short‑run model, including the Error Correction Term, is as follows:

∆IMPt = β0 + ∑
p
i=1 α1∆IMPt−i + ∑

q1
j=0 α2∆GDPt−i + ∑

q2
J=0 α3∆PROt−i+

∑
q3
J=0 α4∆WAt−i + λECTt−1 + e

(3)

where λ represents the speed of adjustment, while ECTt−1 stands for the error correction
term.

Based on Pesaran et al. (2001), the bound test was employed to examine the existence
of cointegration among the study variables using the F‑test. The null hypothesis suggests
the absence of long‑run relationships, whereas the alternative hypothesis implies the exis‑
tence of cointegration between the variables.

H0 : β1 = β2 = β3 = β4

H0 : β1 ̸= β2 ̸= β3 ̸= β4

A calculated F‑statistic exceeding the upper critical value at a given significance level
provides evidence to reject the null hypothesis, thereby confirming cointegration among
the variables. Conversely, if the F‑statistic is below the lower bound critical value, the
null hypothesis cannot be rejected, indicating that no cointegration exists (Pesaran et al.,
2001; Alsarawi et al., 2023). The t‑statistics represent the significance level of the lagged
ECM term.
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Diagnostic tests were conducted to verify the robustness of the model, including
checks for serial correlation, heteroscedasticity, non‑normality and parameter stability. In
this context, autocorrelation was examined using the Breusch–Godfrey test. The test com‑
pares the null hypothesis of no serial error correlation against the presence of autocorrela‑
tion (Alsarawi et al., 2022). Heteroscedasticity was examined using the White test, which
assesses whether the variance of the error terms is constant across observations. Testing in‑
volves regressing the squared residuals on the original explanatory variables, their squared
terms, and their cross products. Rejecting the null hypothesis indicates the presence of
heteroscedasticity (Farrar et al., 2025). Normality is tested using Jarque‑Bera, while the
Cumulative Sum Test (CUSUM) is employed to test model stability (Alsarawi et al., 2022).

All descriptive statistics and econometric analyses, including unit root testing, ARDL
estimation, bounds testing, and diagnostic procedures, were conducted using Stata 15,
which provided a robust platform for ensuring the accuracy and reliability of the estimated
short‑run and long‑run relationships.

2.2. Augmented Dickey‑Fuller (ADF) Test

To ensure that the variables are stationary, the Augmented Dickey‑Fuller (ADF) test
was used. It tests the alternative hypothesis of stationarity of the variable against the null
hypothesis, which declares the variable to be nonstationary (Ajewole et al., 2020). TheADF
tests were conducted with intercept and trend as appropriate. The change in variables was
regressed on lagged values of variables given by the following equations:

∆Xt = α + µXt − 1 + et (4)

∆Xt = α + βt + µXt − 1 + et (5)

µ = ADF coefficient to be estimated; α = constant; β = trend. t = time selected.
ComparingH0: X (nonstationary) withH1: X (stationary). The test’s critical values for

the t‑statistic are comparedwith the ADF test statistic (the t‑statistic for the ADF coefficient.
The acceptance of the ADF statistic’s H1 is greater than the critical t value if the series is
stationary. The optimum lag lengthwas determined using theAkaike Information Criteria
(AIC) (Khim & Liew, 2004).

3. Results and Discussion
Results from both descriptive (trends and patterns) as well as quantitative analysis,

such as unit root, bounds, ARDL short‑ and long‑run results, and diagnostic tests, are
presented hereafter.

3.1. Descriptive Trends and Patterns

Descriptive analysis provides an overview of the temporal behavior of cereal imports
(IMP), gross domestic product (GDP), cereal production (PRO), and agricultural water use
(WA), over the period 1992–2022. The results (Figure 1) reveal distinct long‑term trajecto‑
ries that characterize Saudi Arabia’s agricultural and economic dynamics during the study
period 1992 to 2022.

Figure 1 depicts a pronounced downward trend in water consumption in agriculture
(WA) over time in Saudi Arabia, with an estimated annual decline of 0.304. This reduction
can be attributed to the increasing scarcity of water resources in the Kingdom, alongside
the historically high share of water allotted to the agricultural sector. This emphasizes
the rapid expansion of water‑intensive agriculture, threatening non‑renewable water re‑
sources, as indicated by Kim and van der Beek (2018).
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During the study period, Saudi Arabia’s GDP (Figure 2) exhibited a clear upward
trend, reflecting government economic diversification policy under Vision 2030 (Al Naimi,
2022). In contrast, cereal production (Figure 3) shows a declining trend over the same
period. Rady et al. (2016) pointed out that the downward trend is primarily driven by
water scarcity, which has negatively affected wheat productivity and the total cultivated
area in the Kingdom.
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Figure 1.%water consumption in agriculture in Saudi Arabia (1992–2022). Source: calculated by the
authors based on (World Bank Water Data, 2025). The figure illustrates a declining annual trend of
0.304 in agricultural water consumption in Saudi Arabia as indicated by the dashed trend line.
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Figure 2. GDP in Saudi Arabia (000 USD$) (1992–2022). Source: calculated by the authors based
on (Macrotrends, 2025). The figure shows an upward annual trend of about 31 (000 USD$) in GDP
confirmed by the dashed trend line.
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Figure 3.Cereal production in Saudi Arabia 1992–2022 (000 tons). Source: calculated by the authors
based on (FAO, 2025b). The figure shows a declining trend of about 98 thousand tons in cereal
production in Saudi Arabia during the study period confirmed by the dashed trend line.
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Figure 4 illustrates a steady upward trend in cereal imports, increasing by 206.36 thou‑
sand tons per year. This pattern is consistent with broader evidence of rising reliance on ex‑
ternal food supplies, as reported byChowdhury et al. (2019), that the total amount of Saudi
Arabia’s agricultural products imported and exported/person/day was 1.6 and 0.08 kg, re‑
spectively, underscoring the country’s dependency on food imports. This escalating trend
also aligns with the concept of virtual water trade. Chowdhury et al. (2019) estimate that
in 2012 alone, Saudi Arabia’s crop imports embodied over 22,922 million cubic meters of
virtual water, primarily from barley (44.5%), rice (15.1%), and wheat (13.7%).
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Figure 4. Cereal imports in Saudi Arabia 1992–2022 (USD$ Thousands). Source: calculated by the
authors based on (FAO, 2025b). The figure reveals an increasing annual trend amounting to 206 thou‑
sand tons in cereal imports indicated by the dashed trend line.

3.2. Unit Root Test (Stationary Test)

To ensure the validity of the ARDL modeling approach, the stationarity of the vari‑
ables was examined using the Augmented Dickey‑Fuller (ADF) test (Ajewole et al., 2020).
The results indicate that IMP, GDP, and PRO are stationary at levels I(0), while WA is not
stationary at levels but becomes stationary after the first differencing (Table 2). These re‑
sults justify the use of the ARDL bounds testing approach, which allows for a mix of I(0)
and I(1) variables in the analysis (Bahmani‑Oskooee & Ng, 2002; Alsarawi et al., 2023).

Table 2.Augmented Dicky Fuller test results (ADF).

Variable
Levels (0) First Difference (1)

T‑Statistic 5% Critical T‑Statistic 5% Critical

IMP −3.666 −1.950 ‑ ‑
GDP 1.962 −1.950 ‑ ‑
PRO −2.407 −1.950 ‑ ‑
WA −1.879 −1.950 −3.110 −1.950

Source: Model results.

3.3. Bounds Test and Cointegration

The bound testing was applied to examine the existence of long‑run relationships
among cereal imports, GDP, cereal production, and water use. The null hypothesis as‑
sumes no cointegration, while the alternative hypothesis posits the existence of a long‑run
association. The results of the bound test, reported in Table 3, show that the computed
F‑statistic and T‑statistic exceed the upper bound critical value at the 1% significance level,
confirming the presence of a long‑run equilibrium relationship among the variables.
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Table 3.Results of the bound test.

F‑statistic 7.14

T‑Statistic −4.86
Level of significance 1% 5% 10%

Critical value [I_0] [I_1] [I_0] [I_1] [I_0] [I_1]

F 4.290 5.610 3.690 4.890 3.230 3.770

T −3.430 −4.370 −3.130 −4.05 −2.860 −3.460
Source: Model results.

3.4. Gregory–Hansen Test for Cointegration

Gregory–HansenTest forCointegrationwas conducted to identify the structural break
and its exact date. The model revealed that the absolute value of Zt is less than the critical
value at 5%. This means that the break point (2016—observation 25) is not significant, i.e.,
there is no structural break (Salisu & Haladu, 2021).

3.5. Estimation of Long‑Run and Short‑Run Coefficients

The short‑run and long‑run coefficients were estimated using the ARDL model, after
confirming the presence of cointegration. The optimum lags length were 2, 3, 2 and 2 for
IMP, GDP, PRO, andWA variables, respectively, according to the Akaike Information Cri‑
terion (AIC).

The estimated long‑run coefficients, presented in Table 4, reveal that both GDP and
agricultural water use exhibit a positive and statistically significant relationship with ce‑
real imports at the 1% level. Specifically, a US$1 billion increase in GDP is associated with
a US$16.903 increase in cereal imports, holding other factors constant (coefficient in its
original units of approximately 0.037). This result reflects the positive impact of economic
growth on food demand as detected by Rahman et al. (2022). The result is also in line
with recent research indicating that in Arab countries, income elasticities for food imports
remain below unity (Mohammed &Almojel, 2025). In Saudi Arabia, this pattern is empha‑
sized by water scarcity, making cereal imports a structural component of food security.

Table 4.Gregory–Hansen tests for cointegration results with structural break (1992–2022).

Model Specification Test Statistic 1% Critical Value 5% Critical Value 10% Critical Value Break Date

Intercept shift (1) −4.49 −5.77 −5.28 −5.02 2016 (25)

Intercept shift with trend (2) −4.53 −6.05 −5.57 −5.33 2016 (25)
Source: Model Results.

The model results also indicate that a one‑percentage‑point increase in agricultural
water use is associated with an increase of US$1283 in cereal imports. This relationship
may reflect the reallocation of water resources away from water‑intensive cereal produc‑
tion toward other agricultural activities, thereby increasing reliance on cereal imports, as
also reported by Dolganova et al. (2019). Therefore, cereal imports would increase in the
long run to compensate for the reduction of local production. The above results are sup‑
ported byNapoli et al. (2018), who state that to reduce agricultural water consumption, the
production of high‑water‑use, low‑yield crops and livestock should be minimized. In line
with the long‑run relationship, the results reveal a significant negative long‑run impact
of cereal production on imports, where each additional ton of domestic cereal production
leads to a decrease in imports of US$0.921.

The error correction coefficient was negative (−0.91) and statistically significant at 1%,
indicating a rapid adjustment from short‑run disequilibrium to long‑run equilibrium. The
model R2 value of 0.88 suggests that 88% of the variation in cereal imports is explained by
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the combined effect of the explanatory variables (GDP, cereal production, and water use
in agriculture).

In the short run, the estimated model (Table 5) reveals a complex set of causal rela‑
tionships among the variables. Results indicate a statistically significant reduction in ce‑
real imports amounting to USD$10.0 thousand for every unit of increase in GDP lagged by
two years. The negative relation between GDP and food imports in the short run may be
attributed to the high dependency of countries with high GDP on food imports, as stated
by Chernova and Noha (2019). Hence, positive short‑run relations may not be detected for
already highly food‑import‑dependent countries.

Table 5. Estimation of long‑run and short‑run coefficients of ARDL (2,3,2,2).

D.IMP Coef. Std. Err. t P > t [95% Conf. Interval]

Long‑Run Coefficients

GDP 16.903 1.981 8.530 0.000 12.680 21.125

PRO −0.921 0.342 −2.690 0.017 −1.650 −0.192
WA 1283.452 209.95 6.110 0.000 835.944 1730.960

Short‑Run Coefficients

IMP

LD. 0.272 0.157 1.730 0.104 −0.063 0.607

GDP

D1. −5.037 3.778 −1.330 0.202 −13.090 3.016

LD. −10.002 2.560 −3.910 0.001 −15.458 −4.545
L2D. 1.279 2.155 0.590 0.562 −3.314 5.872

PRO

D1. 0.321 0.227 1.410 0.178 −0.163 0.806

LD. 0.471 0.223 2.120 0.052 −0.004 0.945

WA

D1. −530.950 378.703 −1.400 0.181 −1338.137 276.237

LD. −1300.287 380.257 −3.420 0.004 −2110.786 −489.787
_cons −102,080.7 23,147.220 −4.410 0.001 −151,417.9 −52,743.59

ECT (−1) −0.908 0.187 −4.860 0.000 −1.306 −0.510
R‑squared 0.8766

Adj R‑squared 0.7779
Source: Model Results.

Moreover, short‑run results proved a marginally significant (0.052) positive relation
between cereal imports and lagged two‑year cereal production at the 5% level. The
observed short‑run positive relation is consistent with Saudi Arabia’s low cereal self‑
sufficiency ratio, where the impacts of increased output may only become evident over a
longer time. Alamri and Reed (2019) show that the time interval of production sufficiency
for wheat, barley, and poultry experienced significant declines by 38%, 99%, and 48%, re‑
spectively, between 1961 and 2016, indicating sustained structural dependence on external
sources of food supply. Additionally, increases in short‑term domestic production do not
necessarily translate into immediate reductions in cereal imports, as Saudi Arabia remains
a net importer of food commodities. This dependence increased following the Kingdom’s
accession to the World Trade Organization, which expanded import flows and increased
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market openness, as indicated by (Yousif, 2024). However, the long‑run results confirm
that cumulated production growth ultimately contributes to a reduction in cereal imports,
supporting the unidirectional causal relationship from domestic production to food aid
and food imports as reported by Zakari and Ying (2013).

Furthermore, short‑run results revealed a significant negative relationship between
cereal imports and lagged two‑year periods of water consumption in agriculture, indicat‑
ing that an increase inwater consumption, which implies an increase in production, would
lead to a reduction in food imports. According to Alrwis et al. (2021), Saudi Arabia’s water
resources are scarce; however, in order to satisfy the demands of the industrial, municipal,
agricultural, and other sectors, these resources are always in demand.

Where D1 refers to the first difference of a variable; LD denotes the lagged difference
of a variable, and L2D means the second lag of the difference variable.

3.6. Diagnostic Tests

The results of the Breusch–Godfrey test fail to reject the null hypothesis of no serial
correlation (p value = 0.920), indicating no significant autocorrelation in the residuals.

TheWhite test for heteroscedasticity reveals that themodel exhibits homoscedasticity,
as the computed chi‑square value was greater than the 5% significance level. Additionally,
the Jarque‑Bera test shows that the probability associated with the chi‑square statistic ex‑
ceeded 0.05, indicating that the residuals are normally distributed (Table 6).

Table 6.Autocorrelation, heteroscedasticity and normality tests.

Test Chi2 Prob

Breusch–Godfrey LM test for
autocorrelation 0.009 0.92

Heteroscedasticity (White) 28.00 0.42
Jarque‑Bera 0.780 0.677

Source: Model results.

Moreover, the Cumulative Sum (CUSUM) test provides further evidence ofmodel sta‑
bility, with the estimated ARDL coefficients consistently remaining within the 5% critical
bounds over the entire estimation period (Figure 5).

 

Figure 5.CUSUM test results for ARDL model confirming model stability.

To sum up, these diagnostic results confirm that the model satisfies the key assump‑
tions required for valid inference.
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4. Limitations of the Study
First, the sample size is relatively small (31 annual observations), whichmay affect the

power of the cointegration tests and the precision of the long‑run coefficients. Although
the ARDL bounds test can be applied to small samples, the results should still be inter‑
preted with caution. Second, the authors conducted a series of additional tests and alter‑
native specifications, including: (i) transformation of all continuous variables to natural
logs to obtain elasticities; (ii) inclusion of total population as an additional demand‑side
variable; (iii) inclusion of a world cereal price index (where available). However, none of
these alternative specifications produced superior results to the original model presented
in this paper. The original model (with variables in their original units, as reported in
Tables 2–5) remained the most parsimonious, interpretable, and consistent with the under‑
lying economic theory, given the data constraints. Third, the agricultural water use vari‑
able (WA) is measured as a percentage of total water consumption rather than absolute
water withdrawal in cubic meters, because absolute data were not consistently available
for the whole period. This limits the direct comparability of the coefficient magnitude.
Fourth, the model assumes weak exogeneity of the independent variables, which is stan‑
dard in import demand functions but does not fully account for potential reverse causality
(e.g., high import dependence may influence domestic water policy). Fifth, the study fo‑
cuses exclusively on cereal imports as an indicator of food import dependency, whereas
food security encompasses multiple dimensions (availability, access, utilization, stability).

5. Conclusions
The study has examined the dynamic relationship between agricultural water con‑

sumption, cereal production, GDP, and cereal imports in Saudi Arabia using the ARDL
framework supported by diagnostic tests. The descriptive analysis revealed structural
patterns consistent with the Kingdom’s broader economic trajectory and resource use
path: while GDP grew steadily under diversification policies, agricultural water use and
cereal production showed downward trends, accompanied by a sustained rise in cereal
import dependence.

The econometric results elucidate the complex interplay among the variables. The
short‑run dynamics reveal that lagged increases in GDP and water consumption are as‑
sociated with reduced cereal imports, potentially reflecting temporary improvements in
domestic supply buffer. Conversely, lagged cereal production has a positive impact on
imports, reflecting Saudi Arabia’s low cereal self‑sufficiency ratio and the complementary
nature of domestic production and import flowswithin the food supply system. Import de‑
pendence remains structurally embedded, especially in light of the country’swater scarcity
and its position as a net food importer.

In the long term, the results converge toward a different pattern: accumulated produc‑
tion contributes to reducing cereal imports, while rising agricultural water consumption
ultimately leads to increased dependence on imports. This long‑term shift underscores
the constraints imposed by the Kingdom’s limited water resources and the need to align
agricultural production decisions with water‑saving and food security objectives.

Diagnostic tests, including the Breusch–Godfrey LM test, theWhite test, the skewness‑
Kurtosis normality test, and the CUSUM stability test, confirm that the estimated ARDL
model meets key econometric assumptions, ensuring the reliability and robustness of
the findings.

This study provides novel insights by distinguishing the short‑ and long‑term effects
of GDP, domestic grain production, and agricultural water use on Saudi Arabia’s cereal im‑
ports. It highlights the interaction betweenwater use and import dependence, particularly
through the lens of virtual water trade, and provides empirical evidence that can guide
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water‑efficient agricultural planning and strategic import policies. The findings further
strengthen the importance of integrating water resource management with food security
in water‑scarce regions.

6. Policy Implications
The empirical findings offer several concrete policy insights for Saudi Arabia’s food

security strategy. First, the positive and statistically significant long‑run relationship be‑
tween GDP and cereal imports (coefficient = 16.903) suggests that as the economy expands
under Vision 2030, import demand will continue to rise unless domestic production ca‑
pacity is enhanced. Policymakers should therefore integrate food import planning into
broader economic diversification strategies, ensuring that trade policies keep pace with
income‑driven demand growth.

Second, the negative long‑run coefficient for domestic cereal production (−0.921) im‑
plies that each additional thousand tons of domestic production reduces cereal imports
by approximately US$921 thousand. This indicates that investing in sustainable domes‑
tic production—particularly in water‑efficient crops and technologies—can yield measur‑
able import reductions. However, the short‑run positive effect of production on imports
(p = 0.052) highlights the need for sustained, long‑term investment rather than short‑term
production boosts, as the benefits of increased output materialize only over time.

Third, the positive and significant long‑run coefficient for agricultural water use
(1283.452) implies that a one‑percentage‑point increase in the share of water allocated to
agriculture is associated with a US$1283 thousand rise in cereal imports. This counter‑
intuitive result reflects the shift ofwater away fromcereal production towards higher‑value
crops, a policy direction that implicitly increases cereal import dependency. To manage
this trade‑off, Saudi Arabia should pursue a dual strategy: (i) improving irrigation effi‑
ciency and adopting drought‑tolerant cereal varieties to maintain or increase production
with less water; and (ii) explicitly quantifying the “water‑import trade‑off” in national wa‑
ter accounting, so that decisions about water allocation between crops are made with full
awareness of their import implications.

Fourth, the error correction coefficient of−0.91 indicates that 91%of any short‑run dis‑
equilibrium is corrected within one year, reflecting a rapid adjustment process. This sug‑
gests that Saudi Arabia’s cereal import market is highly responsive to changes in domestic
production and water use. Policymakers can leverage this responsiveness by designing
timely interventions—such as strategic grain reserves or flexible tariff policies—that can
be activated quickly when domestic production shocks occur.

Finally, the Gregory–Hansen structural break test (Table 4) confirmed that the 2016
wheat production phase‑out did not constitute a statistically significant structural break,
implying that the underlying relationships among GDP, production, water use, and im‑
ports remained stable despite the policy shift. This stability provides some reassurance
that future agricultural policy reforms can be implemented without disrupting the fun‑
damental import‑demand structure, provided they are accompanied by complementary
measures to manage the resulting import growth.

In summary, this study provides robust empirical evidence that dynamics in domestic
cereal production and water resources exert significant and differentiated effects on cereal
import behavior in the short run and long run.
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