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policy uncertainty, economic growth, foreign direct investment, and natural
resources on environmental quality in Saudi Arabia over the period from 1995 to
2024. Employing a robust set of econometric techniques—including unit root tests,
cointegration tests, nonlinear autoregressive distributed lag (NARDL) modeling, and
the Wald test—this research provides a comprehensive empirical analysis. The NARDL
results indicate that positive shocks in economic policy uncertainty and economic
growth significantly degrade environmental quality, as measured by the ecological
footprint, while positive shocks in foreign direct investment and natural resource
rents enhance environmental quality in the long run. Conversely, negative shocks in
economic policy uncertainty and foreign direct investment improve environmental
quality, whereas negative shocks in economic growth and natural resources
exacerbate environmental degradation over the long term. Based on these findings,
the study proposes targeted policy recommendations for Saudi Arabian policymakers
to promote sustainable development and mitigate environmental pressures, aligning
with the objectives of Vision 2030.
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1 Introduction

Environmental pollution, driven by rapid economic growth, threatens biodiversity,
depletes natural resources, and exacerbates climate change, air pollution, and global
warming [17, 41, 63]. Saudi Arabia, a key player in the Middle East, leverages its vast oil
reserves to fuel economic development and geopolitical influence, but this has increased
its ecological footprint through resource extraction, industrialization, and high energy
consumption [34, 80]. In response, Saudi Arabia’s Vision 2030 aims to reduce emis-
sions and promote sustainable development. However, achieving the Sustainable

. ©The Author(s) 2026. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 International

D I S Cove r License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you give appropriate
credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the licensed material.

You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or other third party

material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material

is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted

use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licens
es/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1007/s43621-025-02471-4
http://crossmark.crossref.org/dialog/?doi=10.1007/s43621-025-02471-4&domain=pdf&date_stamp=2026-2-4

Haseeb et al. Discover Sustainability (2026) 7:391 Page 2 of 26

Development Goals (SDGs), particularly SDG 13, remains challenging, as CO, emis-
sions must decrease by 45% by 2030 and reach net-zero by 2050 (SDG Report, 2022).
This study investigates innovative strategies to balance economic growth with environ-
mental sustainability in Saudi Arabia in the era of policy uncertainty.

Theoretically, economic policy uncertainty (EPU) can affect the environment in sev-
eral ways. First, heightened uncertainty may prompt producers to rely on conventional,
environmentally harmful production methods, thereby accelerating environmental deg-
radation. Second, EPU can disrupt investment and consumption patterns, which may
further contribute to environmental deterioration. Third, increased uncertainty often
leads to reductions in research and development, renewable energy adoption, and tech-
nological innovation, all of which are critical for environmental sustainability. There-
fore, understanding the relationship between EPU and environmental degradation is
essential for designing effective environmental policies. Empirically, several studies have
highlighted the link between EPU and the environment through various channels. For
instance, Danish et al. [29] found that EPU increases energy consumption, which in
turn raises pollution levels in both the short and long term. Similarly, Jiang et al. [46]
observed that economic agents may delay or alter decision-making under high uncer-
tainty, thereby exacerbating environmental degradation in the United States. Adams et
al. [2] also concluded that EPU has a negative effect on environmental quality. In con-
trast, Adedoyin and Zakari [4] reported that EPU could reduce economic growth and
energy use in the short term, potentially lowering pollution levels. These findings sug-
gest that EPU can influence environmental quality in both positive and negative ways,
depending on the context.

Researchers continue to explore the various factors that influence environmental qual-
ity. Key determinants identified in the literature include gross domestic product [56],
per capita income (Nathaniel & Bekun, 2020), foreign direct investment [52], energy
consumption [8], urbanization [39, 40], human capital development [49], financial devel-
opment [23], natural resource use [48], trade openness [78], population growth [74],
institutional quality (Dada et al., 2021), and technological innovation [85], among oth-
ers. Each of these variables exerts distinct and sometimes conflicting effects on envi-
ronmental pollution. This study focuses on examining the impacts of economic growth,
foreign investment, and natural resources on environmental quality. Numerous studies
suggest that economic growth tends to degrade environmental conditions [3, 70]. Mean-
while, foreign investment has shown both positive and negative environmental effects,
depending on the context [57, 59]. The relationship between natural resources and envi-
ronmental quality has garnered particular interest, as it can also yield mixed outcomes
[7, 89]. Overall, the literature indicates that economic development, foreign investment,
and natural resource utilization are critical factors in shaping environmental outcomes.

As Saudi Arabia pursues its economic development goals, it faces significant chal-
lenges arising from EPU, a factor that notably influences both domestic and international
stakeholders. The stability and predictability of environmental and economic policies are
crucial for attracting investment, sustaining long-term growth, and advancing economic
diversification. At the same time, the country is actively seeking foreign investment to
support its transition toward a more diversified, knowledge-based economy. The success
of this transition relies on a balanced mix of infrastructure development, policy consis-
tency, and market accessibility. However, economic expansion often leads to increased
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exploitation of natural resources, which in turn contributes to environmental degrada-
tion. Against this backdrop, the present study aims to examine the effects of EPU and
related factors on Saudi Arabia’s ecological footprint.

This study offers several dimensions of novelty. First, there is a notable gap in the exist-
ing literature concerning the impact of EPU on the ecological footprint in the context of
Saudi Arabia. Most prior research on the nexus between policy uncertainty and envi-
ronmental quality has relied on panel or regional data analyses, while evidence from
resource-dependent economies such as Saudi Arabia remains limited. Second, previous
research that examined the relationship between EPU and the environment in resource-
based economies has largely relied on partial measures of environmental quality, such
as CO, emissions. However, CO, emissions capture only air pollution. To provide a
more comprehensive assessment, the present study employs the ecological footprint as a
proxy for overall environmental quality. Third, this study employs the asymmetric ARDL
approach to examine the long- and short-run impacts of positive and negative shocks
to EPU, economic growth, FDI, and natural resources on Saudi Arabia’s ecological foot-
print. This method offers deeper insights into asymmetric relationships, thereby enabling
more nuanced policy implications. The findings are expected to provide valuable guid-
ance not only for Saudi Arabia but also for other developing and developed countries
facing high ecological deficits. Fourth, existing literature has largely relied on the EPU
index developed by Baker et al. [21]. While this index is a useful measure of economic
policy uncertainty, its exclusion of political uncertainties and lack of country-specific
foundations make it a questionable tool for capturing uncertainty from a comprehen-
sive perspective. These limitations may result in issues of accuracy, bias, and reliability.
To address this shortcoming, the current study employs the World Uncertainty Index
(WUI), developed by Ahir et al. [5], which is based on Economist Intelligence Unit (EIU)
country reports for 143 economies. The WUI is considered more comprehensive, as it
incorporates both political and economic uncertainties.

Based on the empirical findings, the study offers key policy recommendations. Poli-
cymakers should focus on reducing economic policy uncertainty, as it delays economic
progress and hampers environmental sustainability. Under uncertain economic condi-
tions, industrial leaders may overexploit natural resources, exacerbating environmental
degradation. Ensuring policy stability can help mitigate pollution and support sustain-
able development. Additionally, political stability plays a vital role in reinforcing the
legitimacy and effectiveness of environmental regulations.

The remainder of this study is organized as follows: Sect. 2 provides a comprehensive
review of the relevant literature and theoretical framework. Section 3 outlines the data,
variables, and methodological framework employed in the analysis. Section 4 presents
and discusses the empirical results. Finally, Sect. 5 concludes the study with key findings
and offers novel policy implications.

2 Literature review

2.1 Theoretical framework

The theoretical foundation of this study is rooted in the Ecological Modernization
Theory (EMT), which posits that economic development and technological advance-
ments can decouple environmental degradation from growth, fostering sustainable
practices through policy reforms and innovation [54]. In the context of Saudi Arabia,
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a resource-rich economy heavily reliant on oil exports, EMT provides a lens to exam-
ine how economic policy uncertainty (EPU), natural resources (NR), and foreign direct
investment (FDI) influence ecological sustainability. Saudi Arabia’s Vision 2030 ini-
tiative exemplifies EMT by aiming to diversify the economy beyond hydrocarbons,
reduce resource dependency, and promote green investments. However, the interplay
of these variables may exacerbate or mitigate environmental pressures, as suggested
by the Treadmill of Production Theory, which argues that relentless economic expan-
sion driven by resource extraction and capital inflows perpetuates ecological overshoot
unless counterbalanced by robust policies [66]. This framework underscores the need to
investigate asymmetric effects, where positive and negative shocks in EPU, NR, and FDI
may disproportionately impact EFP due to path dependencies in environmental systems.

Building on the Pollution Haven Hypothesis (PHH) and Pollution Halo Hypothesis
(PHH), the study theorizes that FDI can have dual effects on ecological sustainability.
The former suggests that developing economies like Saudi Arabia attract pollution-
intensive industries from abroad, increasing EFP through lax regulations [26], while the
latter proposes that FDI transfers clean technologies and management practices, poten-
tially reducing environmental footprints [87]. Similarly, NR abundance aligns with the
Resource Curse Hypothesis, where overreliance on rents from oil and minerals stifles
diversification and innovation, leading to heightened ecological degradation [16]. EPU,
drawing from uncertainty aversion in behavioral economics, amplifies these dynamics
by deterring long-term green investments and encouraging short-term resource exploi-
tation during policy volatility [21]. In Saudi Arabia, where economic growth (GDP) is
intertwined with oil revenues, these factors may asymmetrically affect ecological sus-
tainability, as positive shocks (e.g., resource booms) could lock in unsustainable patterns,
while negative shocks (e.g., policy stabilization) enable corrective measures.

Theoretically, the research on the nexus between economic activity and environ-
mental quality for decades has been grounded in the Environmental Kuznets Curve
(EKC) hypothesis, which posits that this relationship follows an inverted U-shaped
pattern [38]. In specific, at the early stages of economic growth, development typi-
cally generates higher levels of waste and pollution because it requires greater resource
consumption,this phenomenon is known as the scale effect. However, as an economy
advances and surpasses a certain income threshold (the turning point), environmental
quality begins to improve. This occurs as the economic structure shifts and older, pol-
luting technologies are replaced with cleaner alternatives, a process referred to as the
composition and technique effects [76].

The asymmetry in these relationships is theoretically grounded in the concept of irre-
versibility and hysteresis in environmental economics, where ecological damages from
adverse shocks (e.g., heightened EPU or FDI outflows) are not easily reversible due to
ecosystem thresholds, whereas beneficial shocks may yield diminishing returns [33]. This
justifies the use of NARDL models to capture differential impacts of positive and nega-
tive changes in the independent variables on ecological footprint, extending prior linear
approaches [71]. By integrating these theories, the study contributes to understanding
how Saudi Arabia can navigate policy uncertainties and leverage natural resources and
EDI for sustainable development, aligning with global agendas like the SDGs. Based on
the above theoretical framework, this research has formulated the following hypothesis:
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H1 EPU has an asymmetric impact on the ecological footprint in Saudi Arabia.
H2 Economic growth asymmetrically affects the ecological footprint in Saudi Arabia.
H3 FDI exerts an asymmetric effect on the ecological footprint in Saudi Arabia.

H4 NR asymmetrically influence the ecological footprint in Saudi Arabia.

2.2 Economic policy uncertainty and environmental quality

EPU has a complex and evolving relationship with environmental quality [69]. From a
theoretical perspective, EPU is perceived to affect the environment indirectly through
production and consumption mechanisms. Specifically, an increase in policy uncertainty
can induce industries to rely on traditional, polluting manufacturing processes rather
than cleaner production approaches, which are more susceptible to policy shocks [69].
Moreover, an increase in EPU may lead to a decline in research and development activi-
ties, resulting in reduced adoption of environmentally friendly technologies and cleaner,
more efficient energy use, ultimately contributing to greater environmental degradation
[14]. Unlike these prevailing assertions, some studies argue that EPU may also contribute
to environmental sustainability. An upsurge in EPU can induce firms to delay large-scale
investments, particularly in capital-intensive industries such as fossil fuel extraction,
mining, and heavy manufacturing. These delays may temporarily reduce energy-inten-
sive activities and, consequently, lower pollution levels [45].

Despite the extensive examination of the nexus between EPU and environmental qual-
ity, empirical research, much like the theoretical arguments, has reached no consensus.
The available evidence varies considerably depending on the timeframe, data samples,
and estimation techniques employed. For example, Huang et al. [39, 40] found that EPU
significantly influences environmental quality across 19 advanced and emerging econo-
mies from 2001 to 2019. Similarly, Wang et al. [81] employed a GMM approach to assess
the environmental impact of economic uncertainty in 137 countries from 1970 to 2018.
Their results uncover that increased uncertainty contributes to higher pollution lev-
els. Anser et al. [14] used a PMG-ARDL model to study the top ten carbon-emitting
countries and found that EPU escalates CO, emissions. These findings align with other
empirical studies, such as Adedoyin and Zakari [4] for the UK (1985-2017), and Adams
et al. [2] for economies with high geopolitical risk between 1996 and 2017.

In contrast, some studies suggest that EPU may reduce environmental degradation.
Ayhan et al. [19], using a quantile-on-quantile regression (QQR) method, examined the
asymmetric impact of EPU and other variables on CO, emissions in G7 countries (1997—
2021) and found that EPU reduces emissions. Zhengxia et al. [88] also reported that EPU
improves environmental quality in China. Similar conclusions were drawn by Syed et al.
[72] for BRICST countries (1990-2015), Chu and Le [25] for G7 nations (1997-2015),
and Yang et al. [90] for 30 provinces in China (2008—2020). These contrasting findings
highlight the nuanced and context-specific nature of the EPU-environment nexus.

2.3 Economic growth and environmental quality
The relationship between economic progress and environmental quality has long been

a central concern in economics, environmental science, and policymaking circles [64].
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This nexus reflects a complex and multidimensional interaction, shaped by both local
conditions and global environmental challenges.

Empirical studies have examined the nexus between economic growth and the envi-
ronment across different regions and at the country level using recent and sophisticated
linear and nonlinear techniques of estimation. While their findings are significant, they
remain inconclusive. For instance, Khan et al. [47] employed the GMM model for Belt
and Road Initiative (BRI) economies over the period 2002-2019, finding that economic
growth significantly contributes to environmental pollution in the region. Similarly,
Abdul-Mumuni et al. [1] used a panel ARDL approach to assess the nonlinear impact
of economic development on environmental degradation across 31 sub-Saharan Afri-
can countries from 1990 to 2018. Their findings revealed that both positive and negative
shocks in economic growth led to increased environmental degradation.

Liu et al. [50] analyzed the effects of economic growth, energy productivity, and glo-
balization on CO, emissions in Southern European countries from 1990 to 2018. Their
results confirmed that rising GDP intensifies environmental pollution in the region.
Likewise, Adebayo [3] found that economic growth, alongside coal consumption and
natural resource use, reduces environmental quality in China. In the South American
context, Ali et al. [9, 10] concluded that declines in economic growth are associated with
deteriorating environmental quality. These findings are consistent with a broad body of
literature, including studies by Pan et al. [60] for Pakistan, Ahmad et al. [6] for G-11
countries, and Yang and Usman [89] for the top ten healthcare-expenditure economies,
all of which report a negative environmental impact of economic expansion. Recently,
using sectoral-level data, Bagci et al. [20] found that economic growth significantly con-
tributes to rising carbon emissions in the agricultural sector. Furthermore, Destek et
al. [31] applied a machine learning—based Kernel Regularized Least Squares technique
to the longest available data interval (1945-2020) for the United States. The authors
found that GDP growth has a discernible impact on emissions. Degirmenci & Aydin [30]
emphasized that economic growth reduces environmental quality for a group of panel
data.

2.4 Foreign investment and environmental quality

FDI has sparked a lively debate in the environmental sustainability discourse, especially
in developing countries. On the one hand, a considerable number of analysts criti-
cized FDI due to its contribution to environmental pollution. Empirical research on the
impact of FDI on environmental quality has produced mixed findings, often influenced
by the econometric methods used and the specific countries studied [68]. The environ-
mental effects of FDI can be either positive or negative. For example, Wang et al. [82, 83]
employed a dynamic ARDL model to examine the effects of foreign investment, finan-
cial development, urbanization, and innovation on CO, emissions in China from 1970
to 2021, finding that FDI improves environmental quality. Similarly, Saqib et al. [65]
used the AMG approach to test the pollution halo hypothesis across 16 European coun-
tries (1990-2020), validating the pollution halo hypothesis in the region. Naseem et al.
[57] analyzed the relationship between FDI and greenhouse gas emissions in the G-8
economies from 2000 to 2021 using DOLS, concluding that FDI reduces pollution lev-
els. Xu et al. [87, 88], applying System-GMM, reported that foreign firms contribute to
lower pollution levels in 48 Belt and Road Initiative economies. Similar studies include
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investigations by Uddin et al. [73] for BRICS, Ali et al. [9, 10] for Saudi Arabia, and Xu et
al. [87, 88], for the E-7 economies.

In contrast, some studies find that FDI worsens environmental quality. Amoah et
al. [12] found that FDI has a negative environmental impact in 30 Sub-Saharan Afri-
can countries. Balsalobre-Lorente et al. [22] confirmed the pollution haven hypothesis
in APEC countries. Ozturk et al. [59] also found that FDI increases pollution in South
Asian economies. These contrasting results highlight the complex and context-depen-
dent nature of the FDI-environment relationship.

2.5 Natural resources and environmental quality

Shedding light on the nexus between environmental quality and natural resources
dependence, the available literature has yielded mixed results, highlighting the dual role
these resources can play in either mitigating or exacerbating environmental degradation.
For example, Jahanger et al. [43] investigated the effects of natural resources, globaliza-
tion, and institutional quality on environmental outcomes in 73 emerging economies
from 1990 to 2018, finding through panel threshold methods that natural resources neg-
atively affect environmental quality. Similarly, Mehmood [53] found that reductions in
natural resource use were associated with decreased environmental pollution. Zhou et
al. [89] also reported that natural resources contributed to environmental improvement
in Pakistan from 1980 to 2018. Supporting this positive perspective, studies by Dada et
al. [28] for Nigeria, Ulucak et al. [77] for BRICS countries, and Zafar et al. [86] for the
United States indicate that natural resources can enhance environmental quality.

On the other hand, some research shows that natural resource exploitation leads to
increased pollution. Ahmad et al. [7], employing a CS-ARDL model, found that natural
resources contribute to higher environmental pollution in developing economies. Ibra-
him et al. [42] also used CS-ARDL methods to demonstrate that natural resource use
reduces environmental quality in the top five carbon-emitting African countries. Fur-
thermore, Jahanger et al. [44] revealed that natural resources intensify environmental
contamination in BRICS nations. Likewise, Ullah et al. [75] utilized the ARDL approach
to show that natural resource use increases pollution levels across 48 economies, includ-
ing Turkey. These contrasting findings underscore the complex and context-specific rela-
tionship between natural resources and environmental sustainability.

3 Research gaps

Despite Saudi Arabia’s prominence as a leading natural resource-driven economy,
empirical evidence exploring the relationship between EPU and environmental quality
within its unique socio-economic and geopolitical context remains scarce. This gap is
particularly significant given the country’s ambitious Vision 2030 agenda, which seeks to
balance economic diversification with environmental sustainability, yet few studies have
examined how EPU influences ecological outcomes in this setting.

Additionally, prior research has predominantly relied on CO, emissions as a proxy
for environmental sustainability, which primarily captures air pollution and overlooks
broader ecological impacts such as land use, water consumption, and biodiversity loss.
The ecological footprint, a more comprehensive indicator, has been underutilized in the
context of Saudi Arabia, limiting the understanding of the holistic environmental conse-
quences of economic activities. Moreover, much of the existing literature employs linear
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estimation techniques, which fail to account for the asymmetric and nonlinear dynamics
between EPU, economic growth, foreign direct investment, natural resources, and envi-
ronmental outcomes.

Finally, most studies utilize the EPU index developed by Baker et al. [21], which focuses
primarily on economic uncertainty and does not fully capture the interplay of political
and economic uncertainties prevalent in Saudi Arabia’s policy landscape. In contrast,
the World Uncertainty Index (WUI) by Ahir et al. [5] integrates both dimensions, offer-
ing a more robust measure for analyzing uncertainty’s impact on environmental perfor-
mance. This study addresses these gaps by employing the NARDL model to investigate
the asymmetric effects of EPU, GDP, FDI, and NR on the ecological footprint in Saudi
Arabia, providing a nuanced contribution to the literature and informing targeted policy
interventions.

4 Data and methodological strategy

4.1 Data

This study analyzes data for Saudi Arabia spanning 1995-2024. The dependent variable,
environmental quality, is proxied by the ecological footprint, measured in global hect-
ares per person (Gha/person) [35]. The primary independent variable is economic policy
uncertainty (EPU), represented by the World Uncertainty Index (WUI) [86], which has
been effectively applied to MENA countries [18]. The WUI is selected over the Baker
et al. [21] EPU index due to its broader coverage of both economic and political uncer-
tainty, which is particularly relevant for Saudi Arabia given its unique socio-political
context and ongoing economic diversification under Vision 2030. Political uncertainty,
such as shifts in governance or policy reforms, can influence environmental outcomes by
affecting investor confidence and the prioritization of sustainable policies. For instance,
heightened political uncertainty may deter long-term green investments while encour-
aging short-term resource exploitation, aligning with the Treadmill of Production The-
ory [66]. This dual capture of economic and political dimensions makes the WUI a more
suitable measure for examining how uncertainty impacts ecological sustainability in
Saudi Arabia’s resource-driven economy.

The study also includes several control variables: economic growth (annual GDP
growth rate, %), foreign direct investment (net inflows as a percentage of GDP), and nat-
ural resources (total natural resource rents as a percentage of GDP). Since the WUI data
is available quarterly, the annual values used here are computed as the average of the
four quarters for each year. Ecological footprint data is sourced from the Global Foot-
print Network [35], economic policy uncertainty data from the World Uncertainty Index
(WUI, 20,225), and data for economic growth, foreign investment, and natural resources
are obtained from the World Development Indicators [84]. Table 1 summarizes the vari-
ables along with their descriptions and data sources.

4.2 Econometric model and methodology
This study attempts to inspect the impact of EPU, GDP, FDI, and NR on EFP from 1995
to 2024. The functional form of this study can be discovered as follows in Eq. (1):

EPF, = f (EPU,,GDP,, FDI,, NR,) 1)
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Table 1 Variables' description and sources

Abbreviation Variable Description Source Literature
source
EFP Ecological footprint Gha per person [35] Saqgib et al. [65]
EPU Economic policy World Uncertainty Index [86] Ayad et al.[18]
uncertainty

GDP Economic growth GDP growth (annual %) [84] Farooq et al. [34]

FDI Foreign direct investment  Foreign direct investment, net [84] Naseem et al.
inflows (% of GDP) [57]

NR Natural resources Total natural resources rents (% [84] Ullah et al. [75]
of GDP)

This study foresees a nonlinear model to scrutinize the asymmetric impacts of EPU,
GDP, FDI, and NR on Saudi Arabian EFP. The impacts can be positive or negative shocks
succeeding the concept of hidden cointegration established by Granger and Yoon [36].
Thus, to examine asymmetric effects, the study uses the NARDL method [71] by follow-
ing Wang et al. [81]. Whereas the functional form of the nonlinear model through posi-
tive and negative shocks can be assumed as Eq. (2):

EFPt:f{(EPU):r,(EPU); (GDP)j,(GDP);,(FDI)j,(FD]);7(NR)j,(NR);} 2)

In Eq. (2), the functional form specifies the asymmetric shocks in economic policy
uncertainty [(EPU)S ,(EPU); ], economic growth [(GDP);,(GDP);], foreign
direct investment [(FDI); , (NR); ], and natural resources [(NR)," , (NR); ] to asym-
metrically affect the ecological footprint of Saudi Arabia. To avoid the chances of serial
correlation, heteroscedasticity, and data spikiness, the study transforms the regres-
sors into the logarithmic form. Equation (3) shows the transformation of regressors as
follows:

INEFP; = ag + eqln (EPU); + ag (EPU); + a3 (GDP)] 4+ a4 (GDP);

_ - 3)
+ a5 (FDI)} 4+ a6 (FDI); + a7 (NR)] +as (NR); +

Before inspecting cointegration among the regressors, it is crucial to first create the
integration procedure with empirical evidence of a unit root. This study uses the Aug-
mented Dickey-Fuller (ADF) unit root test [32] to estimate the association of stationary
variables.

To rule out the potential that merely one-order integration in a time series, the Phil-
lips and Perron [62] unit root test is applied. ADF and PP stationarity tests do not allow
structural breaks. Once the stationary alternative is countable and the structural break
is discounted, the ability to reject a unit root is presented by Perron. Zivot and Andrews
[90] introduced the Perron unit root test that reflects the endogenous breakpoint.

Primarily, the NARDL bound method assesses the cointegration amongst EFP, EPU,
GDP, FDI, and NR for possible cointegration amongst indicators. Though Eq. (4)
assumes the equation for estimation of cointegration as follows:



Haseeb et al. Discover Sustainability (2026) 7:391 Page 10 of 26

AlnEFP; = g + 01 InEFP,_1 + d}glnEPUttl + Y3inEPU,_ | + 1/)4lnGDPtt1

+ sInGDPL | + elnF DI | + rlnF DI, + glnNRF | + olnNR;,
k k k
+) GAIMEFP, i+ ¢2AInEPU  + " ¢3AInEPU,,
i=1 =0 =0
+ Y GaAIGDP + > ¢sAInGDP_, + Y ¢sAlnFDI},
i=0

i=0 i=0

+ zk: ¢7AlnF DI, + zk: dsAlnNR,, + zk: GoAINN R, + iy
=0 =0 =0

Equation (4) is associated with assessing the cointegration amongst EFP, EPU, GDP, FD],
and NR to confirm the prospect of long-run asymmetric effects. The NARDL bound
approach is employed the positive—negative shocks of indicators, to specify the coin-
tegration in circumstances of nonlinear. Though the cointegration amongst the indica-
tors is feasible on the confirmation of both hypotheses (null and alternative hypotheses)
based on F-statistics, critical values of the lower and upper bounds. Considering the
condition, the value of the F-statistic greater than the bounds critical values supports
to alternative hypothesis for the existence of cointegration, otherwise pointing toward
acceptance of the null hypothesis that shows the non-existence of cointegration [61, 71].
Following both circumstances of null and alternative hypotheses are present as below:

Null hypothesis (Hg) = 3+ = 3~ = 0 Alternative hypothesis (H;) # 3+ # 3~ # 0.

Once cointegration was confirmed, further analysis continued to estimate the asym-
metric impacts in long and short periods. Hence, this study employs the NARDL tech-
nique introduced by Shin et al. [71] to detect the asymmetric effects, which are ignored
by a simple linear method. This nonlinear ARDL approach is estimated to scrutinize the
asymmetric impacts of EPU, GDP, FDI, and NR on EFP, throughout both shocks (posi-
tive and negative) in the short and long run, following Wang et al. [82, 83]. For the posi-
tive—negative effect of the estimated variables, parameters are displayed from Eq. (5) to
Eq. (12) as follows:

t t
InEPU =" AlnEPU;" =Y " maz(AlnEPU,0) (5)
n=1 n=1
t t
InEPU; = AlnEPU; = min(AlnEPU;,0) (6)
n=1 n=1
t t
InGDP;} = " AlnGDP; = maxz(AlnGDP;",0) 7)
n=1 n=1
t t
InGDP; =Y AlnGDP; =Y min(AlnGDP;,0) (8)
n=1 n=1
t t
InFDI} = AlnFDI} =Y maz(AlnF DI, 0) (9)

n=1 n=1
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t t
InFDI; =Y AlnFDI; =Y min(AlnFDI;,0) (10)
n=1 n=1
t t
InNR}f = Z AlnNR} = Z maz(AlnNR;,0) (11)
n=1 n=1
t t
InNR; = AlnNR; = min(AlnNR; ,0) (12)
n=1 n=1

Nevertheless, it is essential to estimate the short-run impacts, and this study expresses
the short-run or error correction equation as below:

q q q
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i=1 i=1 i=1
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q
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The above equation of the short-term asymmetric effect displays the short-term
effects > g asymmetry for the dynamic multiplier graphs, with long-period positive—neg-
ative variations in ecological footprint, is developed. The dynamic multiplier plots for
EPU, GDP, FD], and NR are derived after the positive and negative variations of the new
equilibrium equation. Furthermore, all the analysis steps, which are used in this estima-
tion displayed in the following Fig. 1.

5 Results and discussion

5.1 Descriptive statistics and correlation analysis

The discussion begins with a statistical overview, including descriptive statistics and cor-
relation analysis. Table 2 presents the descriptive statistics, highlighting the variability
of the key variables. All variables show variation around their means, as indicated by
their standard deviations. Additionally, EFP, EPU, FDI, and NR exhibit negative skew-
ness, whereas GDP shows positive skewness. In terms of kurtosis, EFP, GDP, and NR are
platykurtic (flatter distributions), while EPU and FDI are leptokurtic (more peaked). The
Jarque—Bera test and its corresponding p-values suggest that none of the variables (EFP,
EPU, GDP, FDI, and NR) significantly deviate from normality, making them suitable for
further nonlinear econometric analysis.

Following this, the correlation matrix (Table 3) reveals that EPU and GDP have cor-
relation coefficients with EFP above the threshold value of 0.30, indicating a moderate
correlation. Conversely, FDI and NR have correlations below 0.30 with EFP, implying a
weak relationship. Overall, these statistical findings provide a sound foundation for sub-
sequent empirical estimation as there are no multicollinearity® issues in this dataset.

LVIF values for LnEPU, LnGDP, LNFDI, and LnNR are 2.321, 3.012, 2.114, and 2.587.
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Table 2 Descriptive statistics

LnEFP LnEPU LnGDP LnFDI LnNR

Mean 1.54328 —2.521638 26.92696 —0.125547 3.564197
Median 1612544 —2321811 26.89012 0.078273 3.560474
Maximum 1.93479 —1.402401 27.29797 2.159637 4.107777
Minimum 0.85782 —4.193587 26.54593 —4.540699 2851771
Std. Dev 0.29580 0.721612 0.270738 1622514 0.314712
Skewness —0.79961 —0.863565 0.072837 —0.896211 —0.390409
Kurtosis 2.82831 3.370782 1.480092 3.625182 2.198196
Jarque-Bera 2.74748 3.380496 2.525620 3.903930 1.356947
Probability 0.26447 0.184474 0.282858 0.141995 0.507391
Sum 39.96593 —62.70258 699.5810 —2.744229 92.14911

Sum Sq. Dev 202835 13.01809 1.832476 65.81383 2476094

5.2 BDS testresults

This study also examines the linearity of the selected variables using the Brock-Dechert-
Scheinkman (BDS) test, developed by Brock et al. (1996). The BDS test is a nonparamet-
ric method that does not require specifying the underlying data-generating process or
higher-order moments, making it robust for detecting nonlinearity [51]. It tests whether

Page 12 of 26
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Table 3 Correlation analysis

Variables LnEFP LnEPU LnGDP LnFDI LnNR
LnEFP 1.000000
LnEPU 0.450628** 1.000000
(2.36747) -
LnGDP 0.786232%** 0.375335%* 1.000000
(9.46207) (1.96765) -
LnFDI 0.153492** —0.268863*** 0.235138* 1.000000
(0.76646) (—1.36751) (1.17984) -
LnNR 0.061964* —0.173316** —0.187755 0.281470** 1.000000
(0.29622) (—0.86699) (—0.96129) (1.46147) -

"indicates 1%, **shows 5%, and *presents a 10% significance level

Table 4 BDS test results

Series LnEFP LnEPU LnGDP LnFDI LnNR
Dimensions BDS Statistics

2 0.1579*** —0.0116%** 0.1885*** 0.0684*** —0.0341%%*
3 0.2689*** —0.0240** 0.2849%** 0.07371%** —0.0348***
4 0.2673*** —0.0410%%* 0.3744%** 0.1230%** —0.0368%**
5 0.35171%** —0.0439** 0.4168*** 0.1284*** —0.0362**
6 0.3538*** —0.0093** 043747 0.1514%** —0.1523%*

““indicates 1% and **shows 5% significance level

Table 5 Results of unit root analysis

First difference with constant First difference with Trend

Test ADF PP Z-A’s test (with SB)

Series t-stats Prob t-stats Prob t-stats Prob Breaks
LnEFP —3.5576%* 0.0154 —5.6390%* 0.0241 —3.8083** 0.0148 2016
LnEPU —4.87271%** 0.0012 —7.3435%** 0.0000 —5.8503** 0.0376 2008
LnGDP —2.9079* 0.0630 —3.9743%* 0.0058 —2.1439%** 0.0007 2016
LnFDI —3.0474%* 0.0446 —3.0798%* 0.0418 —3.3633%** 0.0052 2010
LnNR —4.8842%%* 0.0008 —4.1393%%* 0.0050 —34712%* 0.0142 2009

"indicates 1%, **shows 5%, and *presents a 10% significance level

a time series is independently and identically distributed (i.i.d.) based on the correlation
integral concept introduced by Grassberger and Procaccia [37]. The BDS test statistics
are reported in Table 4, which indicates that the assumption of linearity is violated for all
variables, confirming their nonlinear nature. Accordingly, this study adopts the NARDL
approach to investigate the asymmetric effects of the regressors on Saudi Arabia’s eco-
logical footprint.

5.3 Unit root results
To assess the stationarity of the variables, this study employs several unit root tests,
primarily the ADF and PP tests. The results of these conventional tests, presented in
Table 5, show that all variables contain unit roots at their levels. However, after first dif-
ferencing, EPU and NR become stationary at the 1% significance level, while EFP and
FDI are stationary at the 5% level according to both tests. GDP is stationary at the 10%
significance level in the ADF test and at 1% in the PP test.

Traditional unit root tests, however, often fail to account for structural breaks in the
data, which are common in time series and can lead to misleading results if ignored. To
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address this, the Zivot—Andrews (Z-A) test, which allows for an endogenous structural
break, is applied. Table 5 also shows the Z—A test outcomes, indicating that all variables
are stationary after first differencing. The identified breakpoints correspond to events
such as economic recessions, fluctuations in global oil demand, or geopolitical shocks.
Based on these findings, the study concludes that the variables are suitable for cointegra-
tion analysis.

5.4 Nonlinear bounds cointegration

To examine the cointegrating relationship among the selected variables, this study
applies the nonlinear bounds testing approach. Table 6 presents the results of the non-
linear bounds test for cointegration among EFP, EPU*, EPU"~, GDP*, GDP~, FDI*, FDI,
NR*, and NR". The estimated F-statistic value of 4.8462 is statistically significant at the
1% level and exceeds both the lower and upper critical bounds, confirming the existence
of a long-run cointegrating relationship among the variables. The significance and mag-
nitude of the F-statistic further justify the use of an asymmetric modeling framework.
These findings suggest the need to evaluate the long- and short-run effects of both posi-
tive and negative shocks across the included variables.

5.5 NARDL long and short run results

The results of the nonlinear ARDL model are presented in Table 7, providing valuable
insights into the asymmetric impact of EPU on Saudi Arabia’s environmental quality, as
proxied by the ecological footprint (EFP). The findings reveal that rising economic policy
uncertainty has a complex and mixed effect on the environment.

Specifically, a 1% positive shock in EPU, representing a sharp increase in uncertainty,
results in a 0.1847% rise in the EFP in the long run and a 0.0176% increase in the short
run. This suggests that heightened uncertainty adversely impacts environmental qual-
ity, likely due to firms prioritizing cost-cutting production methods, reduced environ-
mental compliance, and delays in green investments. During periods of elevated EPU,
businesses and policymakers may defer environmentally sustainable actions, increasing
the ecological burden. Conversely, a 1% negative shock in EPU, indicating reduced pol-
icy uncertainty, leads to a 0.1048% decrease in EFP in the long run, reflecting improved
environmental outcomes driven by stable policy environments that encourage sustain-
able investments and regulatory adherence. However, in the short run, this negative
EPU shock results in a 0.1051% increase in EFP, a divergence that can be attributed to
a temporary surge in industrial and investment activities spurred by renewed policy
confidence. This short-term increase likely stems from accelerated economic activity,
such as expanded resource extraction or industrial output, which temporarily elevates

Table 6 NARDL bounds cointegration results

Test statistics Value K
F-statistic [EFP=f(EPU*, EPU~, GDP*, GDP~, FDI*, FDI~, NR*, NR7)] 4.8462%%* 8

Critical Value Bounds

Significance 1 (0) Bound I (1) Bound
10% 1.85 2.85

5% 211 3.15

2.5% 233 342

1% 262 3.77

"indicates significance level at 1%
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Table 7 Nonlinear ARDL Bound testing results [NARDL (1,1,1,1,1,1,1,1, 1)]

Variable Coefficient Std. Error t-Statistic Prob
Long-run coefficients

LnEPU_POS 0.1847%*** 0.0179 10.3184 0.0001
LnEPU_NEG —0.1048*** 0.0198 —5.2929 0.0000
LnGDP_POS 0.7896*** 0.1410 5.6000 0.0000
LnGDP_NEG 0.4124%** 0.1363 3.0256 0.0000
LnFDI_POS —04501** 0.1872 —2.4043 0.0530
LnFDI_NEG —0.2155%** 0.0152 —-14.1776 0.0000
LnNR_POS —0.0124%** 0.0041 —3.0244 0.0005
LnNR_NEG 0.02727%** 0.0012 226667 0.0000
C 1.2173%%* 0.0229 53.0181 0.0000
Short-run coefficients

D(LnEPU_POS) 0.0176 0.0237 0.7480 0.4827
D(LNEPU_NEG) 0.1057%** 0.0330 3.1848 0.0016
D(LnGDP_POS) —0.0513%** 0.0048 —10.6875 0.0000
D(LnGDP_NEG) 0.0401%*** 0.0063 6.3492 0.0000
D(LnFDI_POS) 0.0230 0.0208 1.1004 03133
D(LnFDI_NEG) —0.0277%* 0.0199 —1.3908 0.0137
D(LnNR_POS) —0.0361** 0.1596 —-0.2258 0.0288
D(LNNR_NEG) —-0.1289 0.0665 —1.9369 0.1009
ECT(=1)* —0.8564*** 0.2156 —3.9722 0.0000

Pre

indicates 1% and **shows 5% significance level

The optimal lag length was determined using the Akaike Information Criterion

environmental pressure before long-term sustainability measures take effect. The asym-
metric and nonlinear framework of the NARDL model effectively captures these diver-
gent dynamics, highlighting the time-varying impact of EPU shocks. These findings
align with Assamoi and Wang [15], who observed similar short- and long-run dynamics
in China and the United States, and Adams et al. [2], who noted comparable patterns in
resource-rich economies.

In the long run, both positive and negative shocks to GDP are found to increase the
EFP. Specifically, a 1% positive shock in GDP, representing economic expansion, raises
the EFP by 0.7896%. This suggests that long-term economic growth in Saudi Arabia
leads to increased environmental degradation, likely due to higher energy consumption,
intensified industrial activity, infrastructure expansion, and greater demand for natural
resources. Such a result aligns with the EKC literature that highlights how early stages
of economic growth often come at the cost of environmental quality [13, 55]. Inter-
estingly, a 1% negative shock in GDP, indicating economic contraction, also leads to a
0.4142% increase in EFP in the long run. This counterintuitive result may reflect struc-
tural inefficiencies in the Saudi economy, where downturns could reduce investments in
environmental protection, delay sustainable development projects, or shift focus toward
high-emission industries to recover growth. This finding suggests that economic decline
does not necessarily lead to environmental relief in the Saudi context.

In the short run, the results reveal an asymmetric relationship between GDP shocks
and the EFP. A 1% positive shock in GDP reduces EFP by 0.0513%, suggesting that
short-term economic growth may enhance environmental efficiency. This effect can be
attributed to targeted policy measures under Saudi Arabia’s Vision 2030, which empha-
size investments in cleaner technologies and stricter environmental regulations. For
instance, initiatives like the Saudi Green Initiative promote renewable energy adoption
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and energy-efficient practices, which likely contribute to reduced ecological pressure
during periods of economic expansion. Supporting evidence from Alzahrany et al. [11]
highlights that recent investments in solar and wind energy projects in Saudi Arabia have
improved resource efficiency, aligning with these findings. Conversely, a 1% negative
GDP shock increases EFP by 0.0401%, indicating that economic downturns exacerbate
environmental degradation, possibly due to relaxed regulatory enforcement or reliance
on cheaper, pollution-intensive production methods during economic stress. In the long
run, however, positive GDP shocks tend to increase EFP, reflecting the environmental
cost of sustained economic expansion driven by resource-intensive industries. These
nonlinear and asymmetric dynamics underscore the complex growth-environment
nexus in Saudi Arabia. While short-term growth, supported by policy-driven techno-
logical advancements, may yield environmental benefits, negative GDP shocks consis-
tently worsen ecological outcomes across both time frames. These findings emphasize
the need for resilient economic strategies that integrate sustainable practices to mitigate
environmental degradation, regardless of economic cycles.

Saudi Arabia is strategically positioning itself to become a global hub for FDI as part of
its Vision 2030 development plan. However, the FDI inflow may have detrimental effects
on the environment. Table 7 also presents the empirical findings regarding the relation-
ship between FDI and Saudi Arabia’s EFP. The results indicate that foreign investment
plays a constructive role in improving environmental quality in the long run. Specifi-
cally, a 1% positive shock in FDI leads to a 0.4501% reduction in the EFP, suggesting
that increased FDI inflows may be linked to the transfer of cleaner technologies, bet-
ter environmental standards, and more efficient production practices. This supports the
“pollution halo” hypothesis, which argues that foreign firms often bring advanced, envi-
ronmentally friendly technologies and management practices to host countries.

In the short run, however, the effect of a positive FDI shock on the EFP is statisti-
cally insignificant. This might reflect the time lag between investment inflows and their
environmental impact, as many green technologies or sustainability projects require
long-term planning and implementation. On the other hand, a 1% negative shock in
FDI, indicating a reduction in foreign investment, leads to a 0.2155% increase in envi-
ronmental quality in the long term and a smaller 0.0277% improvement in the short
term. These counterintuitive results may imply that when foreign investment declines,
domestic industries potentially scale down production, thereby temporarily reducing
resource consumption and emissions. However, such environmental gains may not be
sustainable or intentional and may come at the cost of economic development. Overall,
the findings highlight the nuanced and asymmetric role of FDI in shaping environmen-
tal outcomes in Saudi Arabia. The long-run benefits of increased FDI affirm that foster-
ing an investment-friendly climate—particularly one that emphasizes green innovation
and environmental governance—can support the Kingdom’s efforts to balance economic
growth with ecological sustainability. These results are in line with previous studies such
as Saqib et al. [65] and Ali et al. (2023b, a), who also observed that FDI contributes posi-
tively to environmental performance in various regional and national contexts.

For a resource-rich country like Saudi Arabia, where oil and mineral extraction play a
central role in the economy, assessing the environmental implications of natural resource
utilization is especially critical. In the long run, the findings reveal that a 1% positive
shock in natural resources, indicating increased resource availability or utilization, leads
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to a modest 0.0124% improvement in environmental quality. This suggests that resource
wealth, when managed responsibly, may contribute positively to sustainability, poten-
tially through reinvestment in cleaner technologies, diversification efforts, or environ-
mental restoration programs. Conversely, a 1% negative shock in natural resources
results in a 0.0272% increase in the EFP, signifying a deterioration in environmental
quality. This may reflect disruptions in resource revenue or production that force a reli-
ance on more environmentally damaging alternatives or reduce environmental oversight
during economic stress.

In the short term, the results present a different picture. The coefficient for NR* is
statistically significant at the 5% level, indicating that a short-term positive shock in
resource utilization leads to a 0.0361% increase in the EFP, implying short-run environ-
mental degradation despite long-run improvements. This may be due to the immediate
environmental costs associated with resource extraction activities such as oil drilling or
mining, which can generate pollution and land degradation before any offsetting sustain-
ability measures take effect. Meanwhile, the NR™ coefficient is statistically insignificant
in the short run, suggesting that reductions in resource extraction or availability do not
have a meaningful immediate effect on environmental quality. This could be because the
short-run environmental response to declining resource use is muted, or because other
compensatory factors—such as increased industrial emissions from alternative sectors—
counteract any immediate environmental gains. These asymmetric and time-dependent
dynamics underscore the complexity of the resource-environment nexus in Saudi Ara-
bia. While natural resource endowments can be leveraged to support long-term sustain-
ability, they also pose risks when poorly managed or subject to economic volatility. The
findings are consistent with prior studies such as Mehmood [53] and Ulucak et al. [77],
which also observed mixed and context-specific outcomes regarding natural resource
exploitation and environmental impacts.

Moreover, the error correction term (ECT;_;) has a coefficient of - 0.8564, which is
negative and statistically significant at the 1% level. This indicates a strong adjustment
speed toward long-run equilibrium, with approximately 86% of any short-term deviation
from the long-run relationship being corrected within one period. Such a high magni-
tude reflects a robust level of stability in the model. Additionally, the actual, estimated,
and fitted values of the dependent variable, ecological footprint, over the long term
are illustrated in Fig. 2, further confirming the model’s goodness of fit and explanatory

power.

5.6 Diagnostic test results

To ensure the robustness, reliability, and correct specification of the estimated model,
several diagnostic tests were conducted in this study. These tests confirm that the model
performs well in terms of statistical adequacy and methodological soundness. Table 8
summarizes the results of the diagnostic tests. The ARCH x> and Breusch—Pagan—God-
frey heteroskedasticity tests indicate that the model does not suffer from heteroskedas-
ticity, affirming homoscedastic error variance. Additionally, both the Durbin-Watson
statistic and the Breusch-Godfrey LM test reveal no evidence of serial correlation, sug-
gesting that the residuals are independently distributed. The Ramsey RESET test results
further confirm that the model is correctly specified, with no indication of omit-
ted variable bias. Moreover, the structural stability of the model is assessed using the
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Table 8 Diagnostic analysis
Tests F-statistic Prob
Breusch-Godfrey LM test for serial correlation 1.5321 0.2983
Breusch-Pagan-Godfrey test for heteroskedasticity 0.8635 0.6421
ARCH test for heteroskedasticity 0.6983 04321
Jarque-Bera test for normality 1.1091 0.5931
Model Specification test: Ramsey RESET 3.0921 0.2391
Durbin-Watson stat 2.0053
8 16
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Fig. 3 NARDL-CUSUM and CUSUM Squares graphs

NARDL-based CUSUM and CUSUMSQ tests. As illustrated in Fig. 3, the plotted lines
(blue) lie entirely within the 95% confidence bounds (red dotted lines), verifying that the
model remains stable throughout the sample period.

Additionally, this study assessed the presence of long-run asymmetries by applying
the Wald test, aiming to uncover the nonlinear behavior of the examined variables. The
results, presented in Table 9, confirm the existence of significant asymmetries for all
variables: EPU*, EPU~, GDP*, GDP~, FDI*, FDI", NR*, and NR". These findings indicate
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Table 9 Wald Test results

Variables F-statistic Prob Decision
LnEPU 0.0177** 0.0148 Yes
LnGDP 0.0775%** 0.0065 Yes
LnFDI 0.1251** 0.0156 Yes
LnNR 0.0040%* 0.0100 Yes

"indicates 1% and **shows 5% significance level
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Fig. 4 LnEPU dynamic multiplier graph

that positive and negative shocks exert differing effects on the ecological footprint,
either through changes in the magnitude of coefficients or through opposite directional
impacts. The significance of these asymmetric relationships underscores the suitabil-
ity and strength of using a nonlinear model such as the NARDL framework. The Wald
test results further validate the robustness of the empirical analysis and confirm that
accounting for asymmetry is both methodologically appropriate and necessary for draw-
ing meaningful policy conclusions.

Lastly, this study investigates the dynamic adjustment path of the ecological footprint
(EFP) in response to positive and negative shocks through the estimation of dynamic
multipliers. The results are illustrated in Figs. 4, 5, 6 and 7. These figures depict how EFP
gradually converges to its long-run equilibrium following asymmetric shocks in EPU,
GDP, FDI, and natural resources (NR).

The dynamic multiplier plots clearly highlight the asymmetric behavior of the vari-
ables. Specifically, positive shocks in GDP and FDI have a more pronounced and per-
sistent impact on increasing EFP compared to their negative counterparts, suggesting
that expansions in economic activity and investment exert stronger environmental pres-
sures than contractions alleviate. In contrast, negative shocks in EPU and NR demon-
strate greater influence than positive shocks, indicating that increased uncertainty and
resource depletion have more substantial environmental consequences than improve-
ments in these areas.
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These asymmetries further reinforce the need for nuanced, direction-sensitive policy

responses aimed at mitigating environmental impacts, especially in the context of eco-

nomic volatility and natural resource management.

6 Conclusion and policy implications

6.1 Conclusion

This study investigates the asymmetric effects of EPU, economic growth, FDI, and

natural resource abundance on environmental quality in Saudi Arabia over the period

1995 to 2022. Prior to conducting the empirical analysis, the study examines the data

characteristics. The results of these preliminary assessments confirm that the data are

appropriate for further econometric modeling. To test for stationarity, the study applies
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multiple unit root tests, including the ADF, PP, and Zivot—Andrews (ZA) tests. The find-
ings reveal that all variables are stationary after first differencing. Given this, the study
employs the NARDL bounds testing approach, which confirms the existence of a long-
run cointegration relationship among the variables.

The results of the NARDL analysis reveal that rising EPU contributes negatively to
environmental sustainability by increasing the ecological footprint (EFP) in the long run.
Both positive and negative shocks to EPU are associated with a higher EFP in the short
run, indicating that uncertainty has a detrimental impact on environmental quality.
Regarding economic growth, the findings show that positive and negative shocks to GDP
result in increased environmental degradation in the long run, while positive shocks are
associated with reductions in the EFP in the short run. FDI, on the other hand, consis-
tently shows a beneficial long-run impact on environmental quality. Both positive and
negative FDI shocks lead to reduced EFP in the long term. However, in the short run, a
negative shock in FDI slightly decreases the EFP. In the case of natural resources, a posi-
tive shock contributes to environmental improvement.

6.2 Policy implications

The findings of this study offer several policy implications tailored to Saudi Arabia’s cur-
rent economic landscape and its commitment to Vision 2030. First, the results highlight
that positive shocks in EPU exacerbate environmental degradation by increasing the
ecological footprint. To mitigate this, Saudi policymakers should prioritize stable, trans-
parent, and predictable economic and environmental policies. In the context of Saudi
Arabia’s ongoing economic diversification efforts, reducing policy volatility through con-
sistent regulatory frameworks and clear communication can bolster investor confidence
and encourage long-term investments in sustainable infrastructure, such as renewable
energy projects under the Saudi Green Initiative. International commitments, such as
those aligned with the Paris Agreement, can further reinforce policy credibility and
environmental accountability.
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Second, the study reveals that positive GDP shocks reduce EFP in the short run but
increase it in the long run, reflecting the environmental cost of sustained economic
growth in a resource-dependent economy. Given Saudi Arabia’s push for economic
diversification in 2025, policymakers should integrate green growth strategies into the
national development agenda. This includes scaling up investments in energy-efficient
technologies, enforcing stringent environmental regulations, and expanding renewable
energy capacity, such as solar and wind projects, which have already shown promise in
reducing ecological pressure. These measures align with Vision 2030’s goal of balancing
economic growth with environmental sustainability while addressing SDG 13 on climate
action.

Third, the positive long-run impact of FDI on environmental quality underscores the
potential of FDI to drive sustainable development. However, negative FDI shocks were
found to improve EFP, suggesting that unrestricted FDI inflows in high-emission sectors
could counteract environmental gains. In light of Saudi Arabia’s efforts to attract global
investment in 2025, policymakers should strategically channel FDI into environmentally
sustainable sectors, such as clean technology, green manufacturing, and circular econ-
omy initiatives, while tightening oversight of pollution-intensive industries. Incentives
like tax breaks for green investments and adherence to global environmental standards
can ensure that FDI supports Saudi Arabia’s sustainability objectives without compro-
mising economic growth.

Finally, the asymmetric effects of natural resource rents indicate that positive shocks
improve environmental quality, while negative shocks exacerbate degradation. As Saudi
Arabia remains heavily reliant on oil revenues in 2025, policymakers should accelerate
diversification efforts to reduce dependence on resource extraction. Investments in sus-
tainable resource management, such as carbon capture and storage technologies, and
policies promoting resource efficiency, can mitigate the environmental impact of nat-
ural resource exploitation. By aligning these strategies with Vision 2030, Saudi Arabia
can achieve a balance between leveraging its natural wealth and advancing ecological
sustainability.

6.3 Limitations of this research
This study has several limitations that warrant consideration. The analysis is constrained
by a relatively small sample size, spanning 1995-2024, which may limit the statistical
power and generalizability of the findings. Additionally, the period includes potential
structural breaks, notably the introduction of Saudi Arabia’s Vision 2030 in 2016, which
initiated significant economic and environmental policy reforms. These structural shifts
may introduce instability in the relationships between economic policy uncertainty, eco-
nomic growth, foreign direct investment, natural resources, and the ecological footprint,
potentially affecting the robustness of the results. Data quality issues, such as inconsis-
tencies in ecological footprint measurements or the World Uncertainty Index’s aggrega-
tion of economic and political uncertainty, may further influence the precision of the
estimates. The potential effects of converting the WUI index from quarterly to annual
data using averages may smooth short-term fluctuations and reduce variability.

To address these limitations, future research could incorporate more recent data as
they become available to extend the time series and enhance reliability. Moreover,
employing advanced methodologies, such as quantile regression, could capture the
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heterogeneous and asymmetric impacts of these variables across different ecological
and economic conditions. Including interaction terms in the model could also provide
deeper insights into the complex interplay of these factors. By addressing these limita-
tions, future studies can refine empirical evaluations and inform targeted policies to pro-
mote environmental sustainability in Saudi Arabia.
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