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Abstract

This study empirically examines the determinants of ecological sustainability in Somalia by analysing the
relationships among globalization, water stress, institutional quality, and human capital using annual data from
1990 to 2020. The Load Capacity Factor (LCF), which captures the balance between biocapacity and eco-
logical demand, is employed as the principal measure of ecological sustainability. ARDL bounds testing is
used to assess cointegration, while Fully Modified Ordinary Least Squares (FMOLS) and Dynamic Ordinary
Least Squares (DOLS) validate the long-run estimates, and the Toda—Yamamoto procedure examines predic-
tive causality. The results indicate that globalization reduces Somalia’s LCF in both the short and long run,
whereas water stress has a significant adverse effect in the long run. Conversely, institutional quality, proxied
by the ICRG Government Stability indicator, and human capital, represented by the population of official
secondary-school age for both sexes, have positive and statistically significant long-run associations with the
LCF. The causality results further show that globalization, water stress, institutional quality, and human capital
predict changes in the LCF, while feedback from the LCF is primarily observed toward globalization. Overall,
Somalia’s ecological sustainability is constrained by water stress, institutional fragility, and environmentally
unsustainable forms of global integration. The findings support a sequenced policy agenda that reconciles
globalization with environmental stewardship, strengthens water-resource governance, promotes institutional
development, and expands investment in human-capital formation.
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Introduction
Recurrent droughts, hydroclimatic variability, rapid urbanization, rising energy demand, and limited natural-

resource buffers are placing increasing pressure on Somalia’s environmental sustainability. Persistent soil-mois-
ture deficits and inadequate rooting-zone water storage reduce vegetation recovery, weaken land productivity,
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and constrain ecosystem regeneration' . These ecological pressures are intensified by globalization, which can
expand production, imports, transport, and resource-intensive consumption, although it may also support cleaner
production through technology transfer, foreign investment, and efficiency-enhancing innovation*®. The envi-
ronmental outcome therefore depends on how external finance and economic integration are managed. Invest-
ment in renewable energy and green technologies may strengthen ecological capacity, whereas capital directed
toward fossil-fuel-intensive and resource-depleting activities may worsen environmental degradation’'°. Remit-
tance inflows and broader globalization may also produce uneven environmental effects where economic expan-
sion is not supported by effective regulation, cleaner technologies, and sustainable resource management!®!%,
This concern is particularly relevant to Somalia, where import dependence, infrastructure constraints, rapid urban
expansion, and weak regulatory enforcement may limit the environmental benefits of globalization. Stronger
institutions and greater human capital can help offset these pressures by improving land and water governance,
strengthening compliance, increasing energy efficiency, and supporting the adoption of sustainable technolo-
gies'* 16, Accordingly, examining water stress, globalization, institutional quality, and human capital together
provides a suitable framework for assessing Somalia’s ecological capacity'”'®.

Water stress alters environmental capacity on both the supply and demand sides. On the supply side, deficits
in rooting-zone water reduce photosynthesis, vegetation cover, and crop—livestock productivity, as soil-moisture
thresholds for evapotranspiration are crossed and recovery slows>>. Additional constraints arise where infiltration
is limited during intense rainfall, subsurface storage is small, or salinity raises osmotic stress, each narrowing
plant-available water and weakening biocapacity'®>’. On the demand side, drought elevates the energy and logis-
tics required to secure water—pumping, transfers, emergency deliveries—which enlarges the human footprint
in places with seasonal and spatial scarcity, while river ecosystems under low flows exhibit metabolic shifts and
biodiversity losses that further diminish ecological services'*'**2. Management and climate feedback modulate
these outcomes as reservoir operations and plant physiological responses alter low-flow regimes, evapotranspira-
tion, and runoff under warming®>?*. Consistent with this evidence, credible assessments of carrying capacity in
drylands require joint attention to blue-water deficits and green-water (soil-moisture) limits'”-%,

Institutional quality converts environmental intentions into measurable outcomes through credible rules,
secure property rights, routine monitoring, and transparent allocation of land and water”>. Where corruption
control, the rule of law, and political stability are stronger, agencies enforce grazing and land-use limits, police
resource extraction, and coordinate drought and flood responses with neighboring jurisdictions'*!°. Governance
also guides finance because effective permitting and oversight channel capital toward efficiency upgrades and
cleaner technologies rather than fossil- and resource-intensive projects>®. Integrity thresholds matter since basic
administrative capacity increases compliance and raises the likelihood that investment funds water- and energy-
saving uses, whereas corruption weakens these channels’. Digital public services and environmental information
systems further reduce enforcement costs and improve planning in resource-intensive economies>®. Consistent
with this framing, countries with stronger governance exhibit lighter ecological pressure and more resilient envi-
ronmental capacity even at comparable income levels'*?’.

Education and skills are a primary lever for environmental capacity in drylands. Better-educated households
and firms conserve energy more effectively and switch toward cleaner sources, which lowers total demand and
reduces “dirty” energy use'®*’. Schooling also speeds the uptake of water-saving irrigation, sustainable pastoral
and cropping practices, and renewable technologies’' . Human capital strengthens environmental stewardship
more broadly by improving ecosystem management and biodiversity outcomes, which is visible in cross-country
performance indices®*. The effects are often nonlinear because environmental improvements tend to accelerate
once educational attainment crosses key thresholds, and they are stronger in more advanced economies than in
emerging ones>’. Education also moderates the environmental costs of finance and growth by improving proj-
ect appraisal, compliance, and the diffusion of efficiency-enhancing technologies®. In drought-exposed nations,
these channels work together with disaster preparedness and risk literacy to reduce the footprint of emergency
responses and to preserve biocapacity during shocks™.
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Somalia’s environmental condition is precarious even by regional standards. The country has run a sustained
ecological deficit since roughly 2014, which indicates that domestic demand on ecosystems exceeds regenerative
capacity and leaves little buffer against shocks*. Reliance on traditional biomass remains pervasive, with about
82% of household energy derived from firewood and charcoal, and forest cover has fallen from around 13% of
land area in 1990 to about 9.5% in 2020°°. Rapid urbanization has compounded these stresses, as the urban share
reached roughly 47% in 2021 after decades of in-migration that raised energy demand, waste generation, and
exposure to heat and flood risks (World Bank 2023). Recurrent droughts and episodic floods further erode land
and livelihoods, while weak enforcement enables overgrazing and charcoal production to persist**. External
economic ties are deep and most goods are imported, which heightens exposure to global price swings. At the
same time, substantial untapped solar, wind, and small-hydro potential could reduce the footprint if mobilized*’.
Institutional effectiveness remains uneven, and recent evidence from Somalia suggests limited near-term influ-
ence of governance indicators on the ecological footprint>>*. The country’s human capital remains a practical
lever, since higher educational attainment is associated with smaller ecological footprints and can accelerate
efficiency practices, renewable uptake, and risk literacy in drought-prone settings®.

Despite the expansion of research on ecological sustainability, three important gaps remain. First, much of the
existing literature concentrates on energy consumption, trade openness, economic growth, and emissions, while
water stress receives comparatively limited attention as a direct constraint on ecological capacity. This omission
is particularly important in Somalia, where recurrent droughts, declining soil moisture, and increasing pressure
on renewable water resources directly affect biocapacity and livelihood systems. Second, Somalia-specific stud-
ies generally examine factors such as globalization, governance, energy use, and human capital separately rather
than evaluating their combined influence on the Load Capacity Factor. Consequently, the interaction between
hydrological constraints and socio-economic conditions remains insufficiently understood. Third, relatively little
empirical evidence applies time-series methods that can estimate both short- and long-run relationships in small,
fragile, and data-constrained economies. To the best of our knowledge, this study provides the first systematic
country-specific empirical assessment of how water stress, globalization, institutional quality, and human capital
collectively influence Somalia’s Load Capacity Factor over the period 1990-2020. Its empirical contribution
lies in estimating the short- and long-run relationships among these determinants within a single time-series
framework. Conceptually, the study advances the ecological-sustainability literature by positioning water stress
as a core biophysical constraint that interacts with socio-economic and institutional conditions, rather than treat-
ing hydrological pressure as an isolated environmental factor. Methodologically, the analysis combines ARDL
bounds testing and an error-correction model with FMOLS, DOLS, and Toda—Yamamoto causality procedures
to assess cointegration, dynamic adjustment, robustness, and predictive directionality. Together, these contribu-
tions provide a more integrated explanation of ecological capacity in drought-prone and institutionally fragile
economies and offer policy-relevant evidence for sequencing interventions in water governance, institutional
development, human-capital formation, and environmentally responsible globalization.

The rest of this paper proceeds as follows. Section Two summarizes the available empirical literature. Section
3 describes the data architecture, variable formulation, and econometric approach that underpins the study. Sec-
tion Four summarizes and evaluates the empirical findings, combining short- and long-run dynamics with contex-
tual information. Finally, Section Five summarizes the important findings and offers policy-oriented suggestions
for improving ecological resilience and sustainable resource management in unstable economies.

Literature review
Globalization and load capacity factor

Evidence on how globalization affects the Load Capacity Factor remains divided. In some settings, globalization
appears to strengthen ecological capacity by widening access to cleaner technologies, renewable energy, and
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efficiency-enhancing investment. Studies from South Africa, Brazil, Mexico, and Japan report that globalization
or trade integration can improve the LCF, particularly when it is accompanied by technological innovation and
greater use of renewable energy™®'%*!. Jin et al.” reached a similar conclusion, showing that investment in green
and energy-efficiency research can raise ecological capacity. These findings suggest that the environmental gains
from globalization depend heavily on the way international finance, technology, and investment are directed. A
different body of evidence points to adverse effects. In Somalia, Warsame et al.> found that globalization weak-
ens environmental quality in the long run, while Abdi et al.* reported that trade openness has harmful effects in
both the short and long run. Similar patterns have been observed in E7 and BRICS economies, where globaliza-
tion, industrial expansion, and economic growth reduce ecological capacity unless their effects are moderated
by cleaner technologies and more responsible resource management'>*?. Jahanger et al.** also found that glo-
balization can weaken the LCF in leading Sustainable Development Goal countries under certain environmen-
tal conditions. Related evidence from developing economies indicates that the environmental consequences of
globalization are conditioned by technological capacity, renewable-energy use, urbanization, and the structure of
industrial production. Rasool* found that the technology sector, renewable energy, and urbanization jointly influ-
ence environmental sustainability in developing economies, while Zaman et al.** showed that traditional energy
dependence and industrial production can intensify ecological pressure. These findings reinforce the view that the
effects of globalization depend on countries’ productive, technological, and energy structures.

Taken together, these studies indicate that globalization does not have a uniform environmental effect. Political
globalization may improve the LCF, whereas financial or aggregate globalization may reduce it, and the effect of
trade openness often depends on the energy mix, institutional quality, technological capacity, fiscal governance,
and the direction of investment®’**#”_ This variation makes country-specific analysis especially important for
Somalia, where heavy import dependence, weak environmental enforcement, limited technological capacity, and
recurring water stress may shape the environmental consequences of globalization in ways that differ from other
economies. Examining globalization together with water stress, institutional quality, and human capital therefore
offers a more grounded explanation of Somalia’s ecological capacity.

Institutional quality and load capacity factor

Research from developing and emerging economies generally shows that stronger institutions improve envi-
ronmental performance by reinforcing regulatory enforcement, controlling corruption, and directing resources
toward cleaner activities. Institutional quality has been associated with higher environmental load capacity and
lower ecological footprints and carbon emissions across E7 economies, South Asia, Southeast Asia, and Middle
Eastern and African contexts'®!'>*-! Institutions also shape the environmental consequences of finance, trade,
and natural-resource use. Stronger governance and human capital can reduce finance-related ecological pressure
and redirect investment toward efficiency-enhancing activities, although corruption weakens these gains?®273%,
Likewise, corruption control and responsible resource-rent management can improve the environmental effects
of trade openness, while institutional impacts vary across governance levels and environmental conditions'!%%,
In resource-intensive economies, digitalization and good governance further strengthen the LCF by improving
planning and regulatory effectiveness®®. The environmental contribution of institutions also depends on their
capacity to implement and coordinate sustainability policies. Zaman et al., (2022) found that supportive leader-
ship, stakeholder engagement, and institutional coordination improve the sustainable performance of renewable-
energy projects. Similarly, Wang et al.>* showed that government effectiveness, technological innovation, and
natural-resource protection significantly influence environmental performance. These findings indicate that insti-
tutional quality affects ecological sustainability through both policy formulation and effective implementation.
Findings from advanced and regional economies broadly support these mechanisms, although the results are
not uniform. Institutional quality has been linked to lower emissions and stronger environmental performance
in APEC, G20, EU, and OECD countries’ . However, studies using the inverted LCF suggest that institu-
tional improvement may not automatically enhance sustainability unless it is accompanied by renewable-energy
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adoption and effective green-growth policies®®>. Overall, institutions influence ecological capacity through
enforcement, financial allocation, trade governance, and resource management. Nevertheless, the limited evi-
dence from fragile states makes a Somalia-specific assessment necessary, given the country’s weak administra-
tive capacity, dependence on natural resources, and recurrent exposure to water stress.

Human capital and load capacity factor

Studies from developing and emerging economies generally indicate that human capital can improve environmen-
tal performance, although the relationship is often weaker and more context-dependent than in advanced econo-
mies. Evidence from India shows that higher human capital reduces the ecological footprint, while findings for
China suggest that it raises the Load Capacity Factor by promoting environmental awareness and more efficient
resource use'>%°. Similar outcomes have been reported in Tiirkiye, ASEAN countries, and BRICS-T economies,
where human capital and renewable energy jointly contribute to greater ecological sustainability®' >>°!>. In Soma-
lia, education has also been associated with a lower ecological footprint, although rising energy consumption and
population pressure continue to undermine environmental quality®. These benefits may not emerge immediately.
Nathaniel et al.*® found that human capital lowers ecological pressure in BRICS countries, but its effect remains
weak at existing levels of educational development. Likewise, Khan®® showed that environmental gains become
more evident only after human capital passes a certain threshold. Ahmad et al.*® further demonstrated that these
gains are stronger when human capital is supported by effective institutions, especially in reducing the ecologi-
cal costs of financial development. Related evidence shows that the environmental benefits of human capital are
strengthened when education and employment are supported by renewable-energy development. Zaman et al.®>
found that education expenditure, female employment, and renewable-energy consumption significantly influ-
ence environmental outcomes in China. Zaman et al.®*%* similarly reported that female employment, agricultural
production, and renewable energy jointly shape environmental quality in developing economies. These findings
suggest that human capital contributes more effectively to ecological sustainability when knowledge and labor
participation are connected to cleaner energy systems and sustainable production.

The evidence is generally more consistent in developed economies. Research covering G7 and OECD countries
shows that human capital lowers ecological pressure, reduces energy use and carbon emissions, and encourages
the adoption of cleaner energy sources'®29¢_ In the EU-28, education also contributes to better environmental
outcomes when combined with strong institutions, renewable energy, and financial development®’. Nevertheless,
the relationship remains sensitive to structural conditions. Cakar et al.%” found that human capital reduces emis-
sions where institutional capacity is strong and growth is moderate, but its influence becomes less favourable
when rapid expansion coincides with weak financial development. The difference between developed and emerg-
ing economies is particularly clear in the G20, where human capital significantly reduces ecological footprints in
advanced members but has no significant effect in emerging countries®’. This contrast is important for Somalia,
where low secondary-school participation, weak institutional capacity, and limited access to environmental tech-
nologies may constrain the ecological returns to human-capital development. Assessing human capital together
with institutional quality, globalization, and water stress is therefore necessary for understanding its role in shap-
ing Somalia’s Load Capacity Factor.

Water-stress and load capacity factor

Water stress influences the Load Capacity Factor through both biocapacity and ecological demand. Because the
LCEF represents the ratio of biocapacity to ecological demand, declining water availability can lower the LCF by
weakening ecosystems’ regenerative capacity while simultaneously increasing the resources required to obtain
and manage water. Stocker® indicated that rooting-zone plant-available water follows rooting depth and water-
deficit extremes, which sets ecosystem sensitivity to drought and constrains the biocapacity side of the LCF.
Groenevelt et al.*® integrated conductivity, aeration, and penetration resistance into an “integral water capacity,”
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while Groenevelt et al.'” incorporated salinity’s osmotic effects to bound plant-available water. Moreover, Grant

and Groenevelt® revealed that drying-induced conductivity loss sharply curtails availability. Process theory links
these controls to timing and persistence, as Ridolfi et al.? derived closed-form expressions for the frequency and
duration of vegetation water-stress periods. By reducing vegetation growth, agricultural productivity, soil func-
tioning, and ecosystem recovery, these hydrological constraints weaken biocapacity and reduce the numerator of
the LCF.

At a broader scale, hydrologic scarcity and operations alter ecological flows and the services that underpin
biocapacity. Hoekstra et al." mapped monthly blue-water scarcity after reserving environmental flows and found
severe seasonal stress for billions of people, while Vorosmarty et al.”” projected near-term vulnerability dominated
by demand growth. Reservoirs and allocation rules modulate outcomes. Beek et al.>* improved global low-flow
realism with a prognostic reservoir scheme, Eldardiry et al.?! located seasonal stress hotspots within an ostensi-
bly water-abundant region, Garcia et al.”' showed that operating rules stabilize environmental flows beyond the
buffering from storage size, and Mehran et al.”* projected southeastern Australia’s stress meeting or exceeding
Millennium-Drought levels without adaptive operations. Environment-first allocation metrics reveal stronger
dry-season stress when ecological requirements are deducted from supply’>. Water scarcity can also raise the
ecological-demand component of the LCF because pumping, storage, irrigation, water transfers, and emergency
delivery require additional energy, infrastructure, and transport resources. Water stress therefore reduces the LCF
through a dual pathway by lowering ecosystem biocapacity and increasing the ecological demand associated with
securing scarce water resources.

Data and methods

This study utilizes annual time-series data for Somalia from 1990 to 2020 to examine the key factors affecting
Somalia’s ecological sustainability, evaluated through the Load Capacity Factor (LCF). The explanatory vari-
ables consist of globalization, water stress, institutional quality, and education, all of which are theoretically
associated with ecological performance’*’¢. Globalization (GLO) is quantified through the KOF Globalization
Index, which encompasses the economic, social, and political aspects of global integration. Water stress (WS) is
represented by agricultural water withdrawal as a percentage of total renewable water resources, reflecting the
pressure on freshwater ecosystems. Institutional quality (IQ) is proxied by the Government Stability indicator
from the International Country Risk Guide (ICRG). This indicator reflects the government’s ability to implement
its declared programmes and remain in office and is constructed from government unity, legislative strength, and
popular support (PRS Group, 2022). Education (EDU) is proxied by the population of official secondary-school
age, both sexes, measured as a number. Although it does not capture actual enrollment, it provides an indirect
measure of potential human-capital formation and was selected because more direct education indicators lack
consistent annual data for Somalia over 1990-2020. Given Somalia’s conflict-affected statistical environment,
the final dataset was checked for completeness, contained 31 annual observations for each variable, required no
interpolation by the authors, and may still reflect provider-generated estimates where original administrative
records were unavailable. Table 1 presents a concise summary of the study variables, outlining their symbols,
operational definitions, and corresponding data sources. In continuation, Fig. 1 illustrates the temporal evolu-
tion of these variables, demonstrating their respective tendencies from 1990 to 2020. This provides preliminary
insights into their long-term trajectories and dynamic interactions.

Model specification
Consistent with the theoretical and empirical foundations established in previous studies?®"7"8, this study

employs a log-linear functional model to examine the determinants of environmental sustainability, measured by
the Load Capacity Factor:
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Table 1 Data and variables Variable Symbol Measurement Source
description. Explained variable
Load capacity factor LCF LCF=BiocapPerCap/EFConsPerCap GFN
Explanatory variable
Globalization GLO KOF Globalization index KOF
Water Stress WS Agricultural water withdrawal as % of total FAO
renewable water resources AQUASTAT
Institutional Quality 1Q Government Stability ICRG
Education EDU School age population, secondary education, UNESCO

both sexes (number)

Fig. 1 Trend of the variables. e nee
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Within this framework, LCFrepresents the Load Capacity Factor, GLOdenotes the globalization index, WS
measures water stress, /Qrepresents institutional quality, and EDUdenotes the population of official secondary-
school age, both sexes, which is used as a proxy for potential human-capital formation. The coefficients v, — v,
represent the long-run elasticities, while ¢, denotes the stochastic error term.

Building on Eq. (1), the unrestricted error-correction representation of the ARDL model used for the bounds
test is specified as follows:

Aln LCFt =ao + )\1 In LCFt_l + AQ In GLOt_l + /\3 In WSt—l + A4 In IQt—l + )\5 In EDUt_l
n Zf;l Aln LCF;_; + Z;D:BIGUAIH GLO:_; + ZgiBIGQJAln WS, Q)

—|— Z?iBIGSjAIn ]Qt,j + 234:61(94]‘A1n EDUt,j + €t

In Eq. (2), a0 denotes the intercept, while A, — X 5 are the coefficients of the lagged-level variables used to test
for a long-run relationship. The parameters ¢, and 6 ,; capture the short-run dynamics. The lag orders p, ¢1, ¢
, g3, and qa correspond to the selected lag lengths of the dependent and explanatory variables. The optimal lag
structure was selected using the Akaike Information Criterion, with the specification producing the lowest AIC
value retained for estimation.

The existence of cointegration is examined through the joint significance of the lagged-level variables using
the following hypotheses:

Ho: A1 =Xo=A3=A4=A5=0

H,:3ke {1,2,34,5} : A # 0
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The null hypothesis indicates the absence of a long-run relationship, whereas its rejection supports cointegration.
An F-statistic exceeding the upper critical bound, I (1), confirms cointegration, while a value below the lower
critical bound, 7 (0), indicates no cointegration. A statistic falling between the two bounds produces an inconclu-
sive result.

Once cointegration is established, the lagged error-correction term is generated from the residuals of the esti-
mated long-run relationship in Eq. (1):

ECTi:_1 =InLCF;_1 — (’3/0 + 41 In GLO;_1 + ’3/2 InWS;_1+ 43 In IQtfl + 44 In EDUtfl) (3)

The corresponding restricted short-run error-correction model is then specified as:

AlnLCF, =fo + Zf;f AInLCF,_; + Z 119 AlnGLO,_; + Z ©2 10, AInWS,_;

j=0 J

4)
n Z?gle;ﬁA InIQi_; + Z 15 05 Al EDU,; + pECT, 1 + &

In Eq. (4), » denotes the speed-of-adjustment coefficient and is expected to be negative and statistically signifi-
cant. Its magnitude indicates the proportion of the previous period’s disequilibrium corrected within one year.
The operator A represents first differences and therefore captures short-run changes in the variables.

Empirical results and discussion
Descriptive and correlation statistics

Table 2 provides a statistical summary of the study variables. Among them, Education demonstrates the highest
mean value (6.0199), signifying its greater magnitude in comparison to the other indicators. Conversely, institu-
tional quality exhibits the lowest mean (0.0185), indicating relatively weaker governance performance over the
study period. In terms of dispersion, institutional quality exhibits the highest standard deviation (0.1768), indi-
cating significant variability in governance effectiveness across time periods. In contrast, globalization exhibits
the lowest standard deviation (0.0325), indicating that the degree of global integration has been relatively stable
throughout the sample period. The normality tests indicate that water stress and institutional quality exhibit sig-
nificant deviations from a normal distribution, while the remaining variables approximate normality.

Furthermore, the correlation results shown in Table 3 reveal clear patterns in the associations between the inde-
pendent variables and the load capacity factor. Specifically, globalization exhibits a strong negative correlation
with the load capacity factor (—0.8877), indicating that increased global integration corresponds with a decline in
ecological sustainability. Likewise, education also shows a strong negative association (—0.9021). Furthermore,
water stress exhibits a negative correlation of —0.6740, indicating that increased agricultural water withdrawals
in relation to renewable resources disrupt ecological balance. On the other hand, the quality of institutions shows
a positive correlation with the load capacity factor (0.6029), indicating that better governance is associated with
advancements in ecological sustainability.

Table 2 Descriptive result. LNLCF LNGLO LNWS LNIQ LNEDU
Mean 0.0363 1.4177 1.3310 0.0185 6.0199
Maximum 0.1286 1.4836 1.3897 0.6021 6.2237
Minimum -0.0939 1.3857 1.0120 -0.3010 5.7308
Std. Dev. 0.0712 0.0325 0.1074 0.1768 0.1013
Probability 0.4039 0.0578 0.0000 0.0000 0.6221
Observations 31 31 31 31 31
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Table 3 Correlation matrix. LNLCFE LNGLO LNWS LNIQ LNEDU
LNLCF 1 -0.88767 -0.673955 0.602883 -0.902062
LNGLO -0.88767 1 0.465503 -0.503938 0.85129
LNWS -0.673955 0.465503 1 -0.774708 0.662751
LNIQ 0.602883 -0.503938 -0.774708 1 -0.737246
LNEDU -0.902062 0.85129 0.662751 -0.737246 1
Table 4 Variance inflation Variable Centered VIF
factor. LNGLO 4.156
LNWS 2.634
LNIQ 3.452
LNEDU 6.985
Table 5 unit root result. Variable ADF PP
Level 1st Diff Level Ist Diff
LNLCF 0.8757 -5.4373%%* 0.9588 -5.4369%**
LNGLO 0.2859 -4.5214%%* -0.0844 -4.6474%**
Notes: *** denotes 1% signifi- LNWS -2.7228%* -2.7920* -8.628%** -2.934%*
cance, ** indicates 5%, and * LNIQ 0.067 -3.8807*** -3.4835%* -3.8808***
represents 10%. LNEDU -2.3604 -19.5270%** -2.2936 -11.9577%%+

Given the comparatively strong pairwise correlations among some of the explanatory variables, particularly
between LNGLO and LNEDU, variance inflation factor diagnostics were undertaken to assess whether multicol-
linearity might affect the precision and stability of the estimated coefficients. As presented in Table 4, the centered
VIF values range from 2.634 to 6.985. Although these values remain below the conventional threshold of 10,
thereby indicating the absence of severe multicollinearity, the VIF for LNEDU exceeds the more conservative
benchmark of 5. Accordingly, this result points to a moderate degree of multicollinearity involving the education
variable. Nevertheless, the magnitude of the reported VIF values does not warrant the exclusion of any explana-
tory variable from the model. Therefore, all variables were retained, while the estimated coefficient of LNEDU
was interpreted with appropriate caution.

Stationarity Tests

Prior to engaging in any time series analysis, it is crucial to assess the integration properties of the variables
to guarantee the accuracy of regression outcomes’>**®2. The Augmented Dickey-Fuller (ADF) and Phillips-
Perron (PP) unit root tests were utilized to evaluate the stationarity of the variables in the study. The ADF test
incorporates lagged difference terms to address autocorrelation, whereas the PP test provides a non-parametric
adjustment for serial correlation and heteroskedasticity. The findings shown in Table 5 reveal that the load capac-
ity factor, globalization, institutional quality, and education exhibit non-stationarity at levels, as evidenced by
their ADF and PP statistics not reaching significance at conventional thresholds. Nonetheless, all these variables
achieve stationarity following first differencing, demonstrating significance at the 1% level, thereby confirming
their integration of order one, I(1). Water stress presents mixed evidence, demonstrating weak significance at the
10% level in the ADF test, yet it attains stationarity following first differencing. The results support the use of
econometric methods capable of handling variables integrated at different orders. The autoregressive distributed
lag (ARDL) methodology is well suited for this research, since it adeptly handles a combination of 1(0) and I(1)
variables, providing consistent estimates of both long-term and short-term associations®¢,
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Table 6 Bounds testing Bounds test critical values
result. k=4
Model F-statistic 1(0) 1(1) Decision

Notes: *** denotes 1% signifi-

cance, ** indicates 5%, and * InLCF=f(InGLO, InWS, InlQ, InEDU) 5.642981 3.276%* 4.63%* Cointegration
represents 10%. 2.696* 3.898%
Table 7 Long run and short Variable Coefficient  Std. Error  t-Statistic  Prob.
run result. Long run InGLO,_, -0.3403 0.1135 -2.9979 0.0085
InWS, -0.0657 0.0287 -2.2920 0.0358
InIQ,_, 0.0654 0.0248 2.6360 0.0180
InEDU__, 0.0976 0.0293 3.3321 0.0042
Short run Constant -0.0017 0.0036 -0.4560 0.6539
ALnGLO -0.4377 0.1978 -2.2126 0.0401
AlnGLO, , -0.4445 0.1985 -2.2396 0.0380
AlnWS, 0.3123 0.3467 0.9007 0.3796
AlnWS,_, -0.5622 0.4468 -1.2583 0.2244
AlnWS_, 0.5773 0.3340 1.7286 0.1010
AlnlQ, 0.0927 0.0445 2.0838 0.0517
AInEDU, -0.4928 0.3212 -1.5342 0.1424
AInEDU , 0.1250 0.0674 1.8547 0.0801
ECTI -0.1577 0.0716 -2.2036 0.0408
ARDL(1,2,3,1,2) R-squared 0.7388
Adjusted R-squared 0.5592

ARDL bounds testing

The bounds testing results for the autoregressive distributed lag (ARDL) model are presented in Table 6. Notably,
the F-statistic for the model, which investigates the relationship between the load capacity factor and its determi-
nants—globalization, water stress, institutional quality, and education—is 5.643. This value exceeds the upper
bound critical values at both the 5% (4.63) and 10% (3.898) significance levels, thereby indicating the existence
of a long-run equilibrium relationship among the variables. Consequently, the null hypothesis of no cointegration
is rejected, confirming that the selected explanatory variables are jointly associated with the load capacity factor
in the long term.

Long run and short run ARDL result

The long-run estimates of the ARDL model in Table 7 reveal both negative and positive impacts of the explanatory
variables on the load capacity factor, highlighting their varied contributions to ecological sustainability. Global-
ization has a detrimental long-term effect, as a 1% rise in globalization is associated with a 0.34% decrease in the
load capacity factor. This indicates that increased integration into the global economy may intensify ecological
pressures and diminish environmental carrying capacity over time. Water stress has a negative effect, with a 1%
rise leading to a 0.07% reduction in the load capacity factor, highlighting the ecological vulnerability associated
with increased agricultural water use. On the other hand, institutional quality has a positive long-term impact;
for example, a 1% improvement in governance effectiveness leads to a 0.07% rise in load capacity factor. This
underscores the critical role that strong institutions play in fostering environmentally sustainable management.
Education has a beneficial impact, as a 1% increase in the load capacity factor leads to a 0.10% increase. This
implies that the cultivation of human capital fosters ecological resilience and sustainable resource utilization.
Moreover, the short-run dynamics of the ARDL model demonstrate that globalization and institutional quality
have a significant impact on the load capacity factor. Globalization has a detrimental short-term impact, as a 1%

scientific reports Scientific Reports



https://doi.org/10.1038/541598-026-69829-0 Article in Press

increase in both current and lagged period’s results in a reduction of the load capacity factor by roughly 0.44%.
This highlights the immediate and delayed ecological challenges associated with increased global integration.
Institutional quality has a positive short-run impact, with a 1% improvement in governance resulting in a pro-
portionate increase in the load capacity factor, underscoring the significance of effective institutions in mitigat-
ing environmental stresses and promoting stability. The second lag of education has a positive and substantial
short-term impact, implying that previous advances in human capital may increase ecological sustainability with
a temporal lag in response. Other short-term coefficients, such as water stress and the first lag of education, lack
statistical significance, indicating that their effects are predominantly observed in the long term. In particular,
the positive but insignificant short-run coefficient of water stress should not be interpreted as evidence of an
immediate improvement in the Load Capacity Factor. Rather, it may reflect a temporary adjustment process in
which households, farmers, and institutions respond to short-term water shortages through changes in water use,
emergency coping mechanisms, or seasonal adaptation. However, these responses may only delay the ecological
consequences of water scarcity.

On the other hand, the negative and significant error-correction term, with a coefficient of —0.1577, indicates
the existence of a self-correcting mechanism that adjusts deviations from the long-run equilibrium over time.
More specifically, approximately 15.77% of any disequilibrium is corrected within one year, implying that a
complete return to equilibrium may require roughly six to seven years. Although this adjustment process appears
relatively slow, it is plausible in the Somali context, where weak institutional capacity, fragmented environmen-
tal and water governance, inadequate infrastructure, and recurrent climatic and political shocks can delay policy
implementation and ecological recovery. Furthermore, processes such as soil restoration, vegetation regenera-
tion, water-resource rehabilitation, and institutional reform generally require sustained interventions over several
years. Therefore, the relatively low adjustment speed reflects the structural and institutional constraints that limit
Somalia’s capacity to restore ecological equilibrium rapidly. The model demonstrates significant explanatory
power, evidenced by an R-squared value of 0.7388 and an adjusted R-squared of 0.5592, indicating the ability of
the chosen variables to explain considerable short-term variation in the load capacity factor.

Diagnostic tests

The diagnostic results reported in Table 8 support the adequacy and reliability of the estimated ARDL model.
The Breusch—Godfrey LM test fails to reject the null hypothesis of no serial correlation, as its probability value
exceeds the 5% significance level. Similarly, the Ramsey RESET test provides no evidence of functional-form
misspecification. The Breusch—Pagan—Godfrey test also indicates that the residuals are homoscedastic, suggest-
ing that heteroskedasticity does not materially affect the estimated coefficients. In addition, the Jarque—Bera nor-
mality test confirms that the residuals are approximately normally distributed. The stability of the model is further
supported by the CUSUM and CUSUM of squares plots, which remain within the 5% critical bounds throughout
the sample period, as illustrated in Fig. 2. Overall, these findings provide no evidence of serial correlation, hetero-
skedasticity, non-normal residuals, functional-form misspecification, or parameter instability, thereby supporting
the interpretation of the long-run and short-run estimates.

Table 8 Diagnostic results. Test Statistic (p-value)
Breusch-Godfrey LM(1) 2.526 (0.112)
Ramsey RESET 2.056 (0.165)
Breusch-Pagan-Godfrey (heteroskedasticity) 13.688 (0.321)
J-B normality 0.600(0.740)
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Fig. 2 Stability diagnostic tests. The left panel presents the CUSUM test, while the right panel presents the CUSUM-of-
squares test.

Table 9 Sensitivity result. Dependent variable: LNLCF
Variable Coeflicient Std. Error t-Statistic Prob.
Fully Modified Least Squares (FMOLS)
InGLO -1.3655 0.6047 -2.2582 0.0326
InWS -0.1684 0.1431 -1.1767 0.2500
InIQ 0.2487 0.0850 2.9263 0.0070
InEDU 0.3647 0.1463 2.4937 0.0193
R-squared 0.5589
Adjusted R-squared 0.5080
Dynamic Least Squares (DOLS)
InGLO -0.3662 0.2135 -1.7152 0.1120
InWS -0.1286 0.0918 -1.4013 0.1865
InIQ 0.3555 0.0390 9.1222 0.0000
InEDU 0.1246 0.0564 2.2093 0.0473
R-squared 0.9882
Adjusted R-squared 0.9734

Sensitivity tests

The ARDL findings are reinforced by robustness tests using Dynamic Ordinary Least Squares (DOLS) and Fully
Modified Ordinary Least Squares (FMOLS) in Table 9 which confirm the long-term relationships observed in the
primary analysis. The load capacity factor is positively influenced by institutional quality and education, while
the negative effects of globalization and water stress are confirmed by both estimators. Specifically, globalization
tends to adversely impact ecological sustainability, while the quality of institutions and education contribute posi-
tively to environmental resilience. Although water stress continues to be a negative factor, its importance appears
to be diminished, indicating a less severe influence. The significance of the chosen variables is highlighted by the
FMOLS model, which elucidates around 56% of the variation in the load capacity factor, while the DOLS model
captures nearly 99% of the variation. Although the DOLS estimates broadly support the long-run findings, the
model’s high R?of 0.9882 should be interpreted cautiously. Given the small sample and the inclusion of leads
and lags, the specification may be vulnerable to overfitting. Therefore, the DOLS results are used primarily as a
robustness check, with greater emphasis placed on their consistency with the ARDL and FMOLS estimates.

The FMOLS and DOLS results provide partial robustness for the long-run ARDL estimates. Institutional qual-
ity and education are the most robust determinants because both remain positive and statistically significant under
the two estimators. Globalization retains a negative coefficient in both models, but it is statistically significant
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Table 10 Results of Dependent variable LNLCF LNGLO LNWS LNIQ LNEDU
Toda-Yamamoto Granger LNLCF 0.286%** 12.642%*%* 6.864%* 10.814%**
Causallty. LNGLO 8.934%* 6.973%* 1.306 14.843**
Notes: *** denotes 1% sienifi LNWS 3.334 3.057 2.64 2.853
otes: enotes o signifi- *
cance, ** indicates 5%, and * LNIQ 0.45 3.692 2404 0.027
LNEDU 2.501 20.976%** 3.054 15.960%**

represents 10%.

only under FMOLS. Water stress also remains negative across the estimators, although its effect is statistically
insignificant in both cases. Therefore, the sensitivity analysis confirms the directional consistency of all coef-
ficients but provides stronger statistical support for institutional quality and education than for globalization and
water stress. The DOLS R?of 0.9882 indicates a very strong model fit; however, this result should be viewed with
caution because the limited sample size and the use of leads and lags may inflate the model’s explanatory power.

Toda-Yamamoto granger causality test

The Toda—Yamamoto causality results reported in Table 10 reveal important predictive relationships among the
Load Capacity Factor, globalization, water stress, institutional quality, and education. Globalization, water stress,
institutional quality, and education significantly Granger-cause the Load Capacity Factor, indicating that these
variables contain useful information for predicting changes in Somalia’s ecological capacity. Among them, glo-
balization and education exhibit comparatively strong predictive effects, underscoring the relevance of economic
integration and potential human-capital formation to environmental outcomes. Water stress and institutional qual-
ity also significantly predict the Load Capacity Factor, reflecting the importance of freshwater pressure and gov-
ernance conditions in shaping ecological sustainability. However, the reverse relationships are not uniform. The
Load Capacity Factor significantly Granger-causes globalization, indicating bidirectional causality between these
two variables. By contrast, no significant reverse causality is found from the Load Capacity Factor to water stress,
institutional quality, or education. Therefore, the results indicate bidirectional predictive causality only between
the Load Capacity Factor and globalization, whereas unidirectional causality runs from water stress, institutional
quality, and education to the Load Capacity Factor.

Discussion of the findings

The long-term ARDL estimates underscore the substantial detrimental impact of globalization on the ecological
sustainability of Somalia, as quantified by the load capacity factor (LCF). This suggests that increasing trade
openness, industrialization, and global integration place additional pressure on already fragile ecosystems. Ear-
lier research reinforces this result, indicating that globalization tends to aggravate ecological degradation in
Somalia and other developing countries, primarily because of inadequate environmental regulation and acceler-
ated urban growth**’°. These results are consistent with broader cross-country evidence, which demonstrates
that unless economic integration is coupled with strong governance, globalization exacerbates ecological burdens
rather than alleviates them®'.

Water stress exhibits a negative long-term correlation with the LCF. This illustrates the effects of repeated
droughts, excessive agricultural extractions, and ineffective irrigation systems on the ecosystems of Somalia.
Water scarcity undermines soil fertility, reduces vegetation cover, and threatens food security and ecological bal-
ance’>”. The findings indicate that climate variability and inadequate water management significantly contribute
to ecological degradation in vulnerable regions, especially in Somalia, where persistent droughts and desertifica-
tion exacerbate ecological stress. Conversely, institutional quality demonstrates a beneficial effect on ecological
sustainability. This finding highlights the significance of efficient governance, environmental regulation, and
strategic long-term planning in alleviating the negative impacts of globalization and demographic challenges.
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Research indicates that robust institutions contribute to greater adherence to environmental regulations and
enhance resource governance, as evidenced by findings from Somalia and other developing regions*-8!4%5.
Some studies indicate that although institutional reforms in Somalia are present, their effectiveness is potentially
constrained by inadequate enforcement capacity, underscoring the necessity for more comprehensive governance
reforms.

Finally, Education is demonstrated to have a positive impact on the LCF, highlighting the importance of human
capital in enhancing ecological resilience. Education promotes environmental awareness, facilitates sustainable
practices, and enhances innovation in tackling ecological challenges. Recent evidence indicates that elevated
education levels contribute to reduced ecological footprints in Somalia by fostering pro-environmental behav-
ior and enhancing public support for sustainability policies’®®’. In addition to influencing individual behavior,
education strengthens institutional capacity by cultivating a more knowledgeable workforce that can engage in
policymaking, environmental monitoring, and the execution of sustainability initiatives. In rural regions char-
acterized by a reliance on agriculture and natural resources, literacy and environmental education enhance com-
munity engagement in climate adaptation practices and water conservation strategies.

Conclusion and policy implication

Grasping the fundamental factors that influence ecological sustainability is a crucial focus, especially for nations
that are developing and vulnerable to climate change. This study examines the factors influencing Somalia’s envi-
ronmental capacity by utilizing the Load Capacity Factor. It incorporates essential elements such as globalization,
water stress, institutional quality, and human capital within a dynamic econometric framework. Employing the
ARDL bounds testing method, causality analysis, and robustness estimators, this study highlights the intricate
socio-ecological interconnections that influence sustainability results in a highly drought-prone and institution-
ally vulnerable economy.

The empirical evidence reveals four key findings. Initially, globalization has a persistent and negative impact
on the ecological sustainability of Somalia throughout various timeframes. The findings suggest that the nation’s
approach to global integration—marked by reliance on imports, insufficient regulatory frameworks, and restricted
technological uptake—has intensified environmental degradation instead of alleviating it. Secondly, water stress
stands out as a significant limitation on ecological capacity, highlighting that repeated droughts, unsustainable
irrigation methods, and the overuse of limited water resources have gradually diminished the nation’s biocapac-
ity, consequently increasing its ecological deficit. Third, the quality of institutions shows a positive and statisti-
cally significant impact, highlighting governance as a crucial mechanism for attaining ecological stability. Robust
institutions enable efficient enforcement, clear resource management, and synchronized adaptation strategies, all
of which are crucial for environmental resilience. Fourth, educational attainment serves as a significant indica-
tor of human capital, positively impacting long-term outcomes. This reinforces the idea that education increases
awareness, drives innovation, and facilitates the spread of sustainable technologies and practices.

From a policy perspective, Somalia’s environmental trajectory depends on shifting towards eco-structural
transformation. Policymakers should promote green globalization through sustainable trade, clean-technology
transfer, and environmental certification in livestock, fisheries, hides and skins, sesame, bananas, and other agri-
cultural exports. Livestock certification should incorporate traceability, sustainable rangeland management, and
responsible water use, while fisheries require catch monitoring, licensing controls, and measures against illegal
fishing. The charcoal sector instead requires stricter monitoring of production and export routes, enforcement
against illegal trade, and support for alternative energy and livelihoods. Water resilience should also become a
national development priority through watershed management, groundwater recharge, and efficient irrigation.
Groundwater over-abstraction in Mogadishu and Hargeisa should be addressed through borehole registration,
abstraction monitoring, recharge-zone protection, and rainwater harvesting. Somalia should also strengthen
cooperation over the Juba and Shabelle rivers through hydrological data sharing and coordinated drought and
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flood management. These measures require a national water-policy framework that clearly defines federal, fed-
eral member state, and local responsibilities.

Institutional modernization should focus on stronger environmental regulation, data transparency, ecological
accounting, and anti-corruption safeguards. Capacity-building should prioritize the Ministry of Environment and
Climate Change and related institutions responsible for water, agriculture, livestock, fisheries, energy, trade, and
planning. Federal and federal member state coordination should be improved through clearer mandates, harmo-
nized standards, and shared environmental information systems. Education and professional training in renew-
able energy, water management, climate-resilient agriculture, and environmental monitoring should support this
transition. Somalia also requires a National Ecological Transition Framework integrating economic diversifica-
tion, water security, and green innovation. Implementation should proceed in phases: institutional coordination
and baseline assessments within one to two years, sectoral programmes and monitoring systems within three to
five years, and large-scale ecosystem restoration beyond five years. Funding could be mobilized from national
budgets, the Green Climate Fund, the Adaptation Fund, development partners, and responsible private invest-
ment, supported by transparent monitoring and reporting.

This study recognizes several limitations despite its contributions. The analysis focuses on selected macro-
structural determinants and therefore excludes other potentially important factors, including renewable energy
adoption, conflict dynamics, and land-use change. Human capital is proxied by the population of official second-
ary-school age, both sexes, measured as a number. Because this indicator is influenced by population size and
does not capture actual enrollment or completed educational attainment, it may represent potential rather than
realized human-capital formation. The use of the aggregate KOF Globalization Index is another limitation, as
its economic, social, and political dimensions may influence the Load Capacity Factor through different or even
opposing channels. Moreover, the water-stress indicator, measured as agricultural water withdrawal relative to
total renewable water resources, captures aggregate pressure on freshwater availability but does not account for
irrigation efficiency, water-distribution losses, drought frequency, seasonal scarcity, groundwater depletion, or
regional differences in water demand and availability. The analysis also does not capture ecological heterogene-
ity across Somali regions. In addition, the Toda—Yamamoto results indicate reverse predictive causality from
the Load Capacity Factor to some of its determinants, particularly globalization. This raises a potential endo-
geneity concern because the ARDL framework treats the explanatory variables as weakly exogenous. Conse-
quently, the estimated coefficients should be interpreted as conditional long-run associations rather than definitive
causal effects. Future studies should therefore employ more direct human-capital indicators when consistent data
become available, disaggregate the dimensions of globalization, combine withdrawal-based water indicators with
measures of drought and water-use efficiency, incorporate additional environmental and political variables, and
apply instrumental-variable, simultaneous-equation, or structural VAR methods to address potential endogeneity.
Region-specific, nonlinear, and machine-learning approaches may also help capture more complex interactions
between ecological and socioeconomic systems.
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