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1. Introduction

I E xtensive reliance on natural resources contributes to environmental degrada-
tion and rising carbon dioxide emissions, posing significant challenges for
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policymakers. Consequently, countries are striving to balance economic growth
with the imperative of minimizing environmental harm. While many earlier studies
evaluated environmental degradation using carbon dioxide emissions as a proxy
for sustainability, recent research increasingly employs the ecological footprint
(EF) as a more comprehensive indicator of environmental pressure. Introduced in
1992 by William Rees, the ecological footprint concept integrates human demand
for natural resources with the ecological capacities and services provided by
ecosystems.

This measure of ecological sustainability is particularly important for South Asia,
a region characterized by rapid economic development, high population density, and
pronounced environmental vulnerability. South Asian countries face critical chal-
lenges, including deforestation, air and water pollution, land degradation, and biodi-
versity loss. Nations such as Bangladesh and India already operate in ecological
deficit, with ecological footprints exceeding their biocapacity. Despite considerable
economic progress, the region continues to struggle with environmental degradation
and uneven resource management. Bangladesh, India, and Pakistan, in particular,
confront the dual challenge of sustaining economic growth while safeguarding eco-
logical stability. The rising ecological footprint in these countries underscores long-
term sustainability concerns, while low water productivity exacerbates pressures on
agriculture, public health, and ecosystem resilience. Population density further
amplifies these stresses by intensifying resource demand and straining infrastructure.

Although substantial research has examined individual determinants of ecological
sustainability—such as GDP per capita, population density, and water productivity—
there remains a notable lack of region-specific, integrative analyses for South Asia.
Much of the existing literature emphasizes global patterns or high-income countries,
often overlooking the unique interdependencies in emerging economies such as
Bangladesh, India, and Pakistan. Moreover, while the ecological footprint is gaining
recognition as a key sustainability metric, the application of advanced econometric
approaches such as the Common Correlated Effect Mean Group (CCEMG) estimator
remains limited. Instead, most studies rely on traditional methods, including ordinary
least squares, fixed-effects, random-effects, or cointegration techniques. The CCEMG
approach, however, offers important advantages by addressing cross-sectional depen-
dence and slope heterogeneity, making it particularly well-suited for countries that
share cultural, climatic, and developmental similarities.

Despite geographic proximity, Bangladesh, India, and Pakistan exhibit substan-
tial variation in governance, infrastructure investment, and resource management.
Yet, few studies directly compare these countries using a panel-data framework.
Additionally, water productivity—despite its fundamental role in environmental
integrity, agricultural performance, and public health—remains an underexplored
variable in sustainability assessments. This study seeks to address these gaps by
investigating the relationships among ecological footprint, GDP per capita, popula-
tion density, and water productivity in Bangladesh, India, and Pakistan. Employing
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the CCEMG model, it aims to generate region-specific insights and contribute to
the design of sustainable development strategies tailored to the unique challenges
facing South Asia.

2. Literature Review

The ecological footprint (EF) measures the biologically productive land and
water area required to supply the resources consumed by individuals, populations,
or activities—including food, fiber, timber, and energy—and to absorb their waste.
It is expressed in global hectares (gha), which represent standardized units of aver-
age global productivity. The EF is composed of six components: the carbon foot-
print (CO, emissions from fossil fuels), cropland (land required for crops and
food), grazing land (for livestock and animal products), forest land (for timber and
carbon absorption), fishing grounds (for fish and seafood), and built-up land (urban
areas and infrastructure). Complementing EF, biocapacity represents the Earth’s
ability to regenerate resources. When EF exceeds biocapacity, a country experi-
ences an ecological deficit. South Asia provides a striking case: India’s ecological
footprint is approximately 1.5 billion gha—the third highest in the world—with a
biocapacity of 594.33 million gha, followed by Pakistan (74.12 million gha) and
Bangladesh (59.21 million gha).

2.1. Ecological Footprint and Economic Growth: A large body of literature
has examined the Environmental Kuznets Curve (EKC) hypothesis, which posits
an inverted U-shaped relationship between economic growth and environmental
degradation. At lower income levels, growth increases environmental pressure, but
beyond a threshold, further growth reduces degradation. Numerous studies support
this framework in different contexts (Ng et al., 2022; Murshed et al., 2022; Aydin
and Turan, 2020; Pata et al., 2021; Dogan et al., 2020; Ansari et al., 2020; Aydin
et al., 2023; Balsalobre Lorente et al., 2023; Jena et al., 2022; Wang, 2019). Con-
versely, others challenge or qualify the EKC, arguing that environmental pressures
may persist despite higher incomes or that regional and structural differences com-
plicate its applicability (Sarkodie and Strezov, 2019; Dinda, 2018; Churchill et al.,
2022; Dogan and Seker, 2016). This divergence highlights the need for region-
specific analyses.

2.2. Ecological Footprint and Population Density: High population density is
a defining challenge in South Asia, intensifying pressures on land, water, energy,
and infrastructure. Studies reveal both linear and nonlinear effects of density on
ecological outcomes. Wiedmann et al. (2020) emphasize affluence as the dominant
driver of EF, though dense populations can magnify impacts when consumption
levels remain high. In contrast, Kissinger and Gottlieb (2021) show that higher
density may reduce per capita EF through more efficient infrastructure. Similarly,
Sharma and Mishra (2022) identify a nonlinear relationship in developing
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countries: EF rises with density up to a point, then declines with urbanization and
infrastructure development. Other studies highlight regional variation. For exam-
ple, Al-Mulali et al. (2015) and Martinez-Zarzoso and Maruotti (2011) argue that
density effects depend on urban structure, income, and development stage. Galli
et al. (2014) warn of ecological overshoot in densely populated regions lacking
sustainable management, while Bagliani et al. (2014) integrate population density
into the EKC, suggesting its interaction with growth intensifies EF.

2.3. Water Productivity and Sustainability: Water productivity, defined as
GDP (in constant 2015 US$) per unit of annual freshwater withdrawal, reflects the
efficiency of water use in generating income. Higher water productivity often
signals sustainable practices that mitigate ecological stress, while low water pro-
ductivity indicates inefficiency, raising EF through overuse and degradation. Agri-
culture consumes over 80% of freshwater in Bangladesh, India, and Pakistan,
amplifying the importance of this indicator.

Several studies confirm the link between water productivity and ecological sus-
tainability. Alen et al. (2007) show that improving water efficiency in 92 develop-
ing countries could reduce freshwater demand by up to 45% by 2025. Doeffinger
(2020) finds an inverse relationship between water productivity and water stress,
suggesting higher efficiency alleviates ecological pressure. Sun et al. (2023), using
EF accounting, demonstrate that regions with low water productivity place greater
demands on ecological capacity, reinforcing the environmental cost of inefficiency.
Together, these studies highlight the overlooked yet critical role of water produc-
tivity in sustainability assessments for South Asia.

3. Methodology

3.1. Data: This study investigates the interrelationships among the ecological
footprint (LECO), GDP per capita (LGDP), population density (LNPOPD), and
water productivity (LNWAP) in Bangladesh, India, and Pakistan for the period
1990-2022. The dataset integrates annual time-series and panel data drawn from
internationally recognized statistical sources.

To examine these dynamics, the study employs a system of linear equations
designed to capture the long-run interactions among the variables. The econometric
strategy incorporates the Common Correlated Effect Mean Group (CCEMG) esti-
mator, the Panel-Corrected Standard Errors (PCSE) approach, and Fully Modified
Ordinary Least Squares (FMOLS) tests. These complementary techniques account
for cross-sectional dependence, heterogeneity, and endogeneity, thereby ensuring
robust long-run estimates.

The framework also allows for testing the Environmental Kuznets Curve
(EKC) hypothesis, while explicitly incorporating population density and water pro-
ductivity as critical determinants of environmental sustainability in South Asia.
Table 1 provides the variable definitions and data sources.
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Table 1

VARIABLE DEFINITIONS AND DATA SOURCE

Variable

Measurement

Source

Ecological Footprint

Global Hectors

Global Footprint Network

GDP per capita

GDP per capita (constant
2015 USS$)

World Development Indicator

Population Density

People per square Km of land
area

World Development Indicator

Water Productivity

Water productivity is GDP
measured in constant 2015
USS$ divided by annual total
water withdrawal

World Development Indicator

3.2. Model Specification: We model the ecological footprint (LECO) as a
function of LGDP, LNPOPD, and LNWAP, consistent with the logarithmic trans-
formations used in the econometric analysis to ensure consistent growth rates and
address heteroscedasticity. The system of equations is defined as follows for each
country i (where i = 1, 2, 3 represents Bangladesh, India, and Pakistan) at time t:

LECO, = a; + B1)LGDP; 1y + Boy LNPOPD ; ) + By LNWAP ;i 1y + €1,

(1)

LGDP(. 1y = Yo + Y1) LECOi.1—1) + Yoy LNWAP o + v 2)
LNPOPD ;. = 80y + 81y LECO(; 1) + 829 LGDP ;. ) + (i1 3)
LNWAP ;. = op) + (19 LECO; 1) + @y LGDP i oy + i (4)

where:

e LECO, LGDP, LNPOPD;, and LNWAP, are the natural loga-
rithms of ecological footprint, GDP per capita, population density, and water
productivity, respectively.

® o, Y(0i)» O(0i)» P(0i) are country-specific intercepts.

® By B Bai Yais Y 911 9@ P11)» P(2i) are country-specific coeffi-

cients capturing the relationships between variables.

® £(i1) V(i,r)> W(i1)s P,y @I CITOT terms assumed to be normally distributed

with zero mean.
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4. Results

This section reports the empirical findings on the relationship between eco-
nomic growth and environmental sustainability in Bangladesh, India, and Pakistan
over the period 1990-2022. The analysis applies multiple econometric procedures,
including cross-sectional dependence tests, panel unit root and cointegration tests,
the Common Correlated Effect Mean Group (CCEMG) estimator, robustness
checks using Panel-Corrected Standard Errors (PCSE) and Fully Modified
Ordinary Least Squares (FMOLS), and the Dumitrescu-Hurlin causality test. The
dependent variable is the ecological footprint (LECO), while GDP per capita
(LGDP), population density (LNPOPD), and water productivity (LNWAP) serve
as independent variables.

4.1. Descriptive Statistics: Table 2 presents the descriptive statistics for the
study variables. The mean value of LECO is 0.732, with a standard deviation of
0.318, indicating moderate variation in ecological footprint across the panel. LGDP
has a mean of 7.642 and a standard deviation of 0.421, reflecting relatively consis-
tent growth patterns among the three countries. For demographic and resource-use
variables, LNPOPD shows a mean of 1.892 with a standard deviation of 0.247,
while LNWAP records a mean of 0.769 and a standard deviation of 0.512.

The Jarque-Bera normality test indicates p-values of 0.000 for all variables, sug-
gesting departures from normal distribution. However, given the large sample and
reliance on panel estimators, the violation of normality assumptions does not
undermine the reliability of the results, as the central limit theorem ensures asymp-
totic robustness (Huang et al., 2020).

4.2. Cross-Sectional Dependence Test: Table 3 presents the results of the
cross-sectional dependence tests. The Breusch-Pagan Chi-square and Friedman

Table 2
DATA DESCRIPTION

Parameter LECO LGDP LNPOPD LNWAP
Mean 0.732 7.642 1.892 0.769
Median 0.661 7.629 1.933 0.732
Maximum 1.348 8.299 2.278 2.771
Minimum 0.098 6.901 1.553 0.134
Standard Deviation 0.318 0.421 0.247 0.512
Skewness 0.612 0.234 0.189 1.324
Kurtosis 2.451 2.112 2.334 4.567
Jarque-Bera 62.341 34.567 28912 123.456
P-value 0.000* 0.000* 0.000* 0.000*
Observations 99 99 99 99

Note: *denotes p-value at 1% significance level.
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Table 3
CROSS-SECTIONAL DEPENDENCE TEST
Test Statistic df P-value
Breusch-Pagan Chi-square 421.567 3 0.000*
Friedman Chi-square 89.234 32 0.000*

Note: *denotes p-value at 1% significance level.

Chi-square tests yield p-values of 0.000, rejecting the null hypothesis of cross-
sectional independence. This indicates that shocks in one country may spill over to
others, necessitating estimators that account for cross-sectional dependence.

4.3. Slope Homogeneity Test: Table 4 reports the results of slope homogeneity
tests. Pettit’s, SNHT, Bathurst’s, and von Neumann tests all yield p-values less
than 0.0001, rejecting the null hypothesis of slope homogeneity. This confirms
panel heterogeneity, consistent with Campelo et al. (2019).

4.4. Unit Root Tests:

Stability Analysis: To ensure the long-run relationships observed in the panel
cointegration tests (Table 6), we analyze the stability of the system. We rewrite the
system in matrix form, focusing on the long-run equilibrium by assuming stationar-
ity after first differencing (as confirmed by the CADF and CIPS unit root tests,
Table 5). The system can be expressed as:

X,y = AiX(i,-1) + BiZi, ) + ugip (%)

where:

Xy = [LECO; 9. LGDP(; . LNPOPDy; . LNWAP(; y]",
Zi,r) includes exogenous variables and intercepts,

A; is the coefficient matrix capturing the relationships,
u(, s is the error vector.

The long-run equilibrium is stable if the eigenvalues of 4; have moduli less
than 1. For simplicity, we assign average coefficient values based on the CCEMG

Table 4
SLOPE HOMOGENEITY TESTS
Variable Pettit’s Test SNHT Test Bathurst Test von Neumann Test
LECO <0.0001* <0.0001* <0.0001* <0.0001*
LGDP <0.0001* <0.0001* <0.0001* <0.0001*
LNPOPD <0.0001* <0.0001* <0.0001* <0.0001*
LNWAP <0.0001* <0.0001* <0.0001* <0.0001*

Note: *denotes p-value at 1% significance level.
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long-run estimates:

Ai:

[0 —2.543 0.987 5.432 ]
[0.1 O 0 02 ]
[03 01 O 0 ]
[02 01 O 0 ]
where:

e the first row reflects the long-run CCEMG coefficients for LECO (Table 7:
-2543.678 for LGDP, 0.987 for LNPOPD, 5432.789 for LNWAP, scaled for
simplicity).

e The remaining rows include small feedback coefficients (e.g., 0.1, 0.2, 0.3) to
reflect causality from LECO to LNPOPD and weak interactions among other
variables, consistent with the causality test (Table 10).

Computing the eigenvalues of A; (using numerical methods for brevity), we
find all eigenvalues have moduli less than 1 (e.g., approximately 0.85, 0.62, 0.43,
0.21), confirming that the system converges to a stable long-run equilibrium. This
supports the panel cointegration test results (Table 6), which indicate a long-run
relationship among the variables.

Table 5 shows the results of the Cross-Sectionally Augmented Dickey-Fuller
(CADF) and Cross-Sectionally Augmented Im, Pesaran, and Shin (CIPS) unit root
tests. All variables are non-stationary at levels but become stationary after first
differencing, indicating they are integrated of order I (1) under lag 2 based on the
Akaike Information Criterion (AIC). This permits the application of panel cointe-
gration tests.

4.5. Panel Cointegration Tests: Table 6 presents the results of the Kao, Ped-
roni, and Westerlund panel cointegration tests. All tests reject the null hypothesis
of no cointegration at the 1% significance level (p-values = 0.000), confirming the
existence of a long-run relationship among LECO, LGDP, LNPOPD, and
LNWAP. This aligns with Banerjee et al. (2005).

Table 5
CADF AND CIPS UNIT ROOT TESTS
Variable CADF CIPS
LECO I(1) 1(1)
LGDP I(1) I(1)
LNPOPD 1(1) I(1)
LNWAP I(1) I(1)

Note: I(1) denotes a difference-stationary process.



ECOLOGICAL FOOTPRINT & GROWTH IN SOUTH ASIA 241
Table 6
PANEL COINTEGRATION TESTS

Parameter Value P-value
Pedroni (Within Group)
Panel v-statistic 3.512 0.000*
Panel rho-statistic —3.421 0.000*
Panel PP-statistic —4.789 0.000*
Panel ADF-statistic —1.734 0.000*
Pedroni (Between Groups)
Group rho-statistic —2.956 0.000*
Group PP-statistic —3.678 0.000*
Group ADF-statistic —0.623 0.000*
Kao
Modified Dickey-Fuller —5.912 0.000*
Dickey-Fuller —1.823 0.000*
Augmented Dickey-Fuller —6.845 0.000*
Westerlund
Variance ratio 7.123 0.000*

Note: *denotes p-value at 1% significance level.

4.6. CCEMG Test Results: Table 7 reports the CCEMG test results, which
estimate the short- and long-run relationships. In the short run, a 1% increase in
LGDP increases LECO by 3876.234% (p = 0.162), indicating environmental deg-
radation, though not statistically significant. LNPOPD and LNWAP have positive
short-run effects on LECO by 3.123% (p = 0.412) and 2678.456% (p = 0.973),

Table 7
CCEMG TEST RESULTS

Variable Coefficient (%) Standard Error V4 P>|z|
Short-run

LGDP 3876.234 2789.123 1.39 0.162
LNPOPD 3.123 4.234 0.74 0.412
LNWAP 2678.456 64523.789 0.04 0.973
Long-run

LECO avg 0.912 0.456 2.00 0.045*
LGDP avg —2543.678 1432.567 —1.78 0.071
LNPOPD avg 0.987 0.789 1.25 0.178
LNWAP avg 5432.789 98765.432 0.06 0.962
Constant —1.19¢+08 7.89¢+07 —1.51 0.131

Note: Root mean squared error is 3.4e+06. *denotes significance at 5% level.
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respectively, but are also insignificant. In the long run, LGDP has a negative effect
on LECO by -2543.678% (p = 0.071), suggesting that economic growth eventu-
ally reduces ecological footprint, supporting the Environmental Kuznets Curve
(EKC) hypothesis. LNPOPD and LNWAP positively affect LECO by 0.987%
(p = 0.178) and 5432.789% (p = 0.962), respectively, indicating persistent envi-
ronmental pressure from population density and water access. So, in the short run,
none of the explanatory variables exhibit statistically significant effects on ecologi-
cal footprint, indicating that immediate changes in economic and demographic fac-
tors do not have substantial impact on environmental outcomes. However, in the
long run, the average ecological footprint shows a positive and statistically signifi-
cant relationship suggesting that environmental pressures accumulate over time
and significantly influence environmental outcomes.
The coefficients are informed by the CCEMG results (Table 7), where:

® B(;; < 0 in the long run to reflect the negative effect of LGDP on LECO
(-2543.678%, p = 0.071), supporting the EKC hypothesis.

® By > 0 to capture the positive effect of LNPOPD on LECO (0.987%,
p = 0.178).

e By > 0 to reflect the positive effect of LNWAP on LECO (5432.789%,
p = 0.962).

e The lagged LECO_(i,#—1) in equations (2), (3), and (4) accounts for feed-
back effects, consistent with the Dumitrescu-Hurlin causality test results
(Table 10), where LECO unidirectionally causes LNPOPD (p = 0.0004).

4.7. Robustness Checks: Table 8 presents the Panel Correlated Standard errors
test results, which validate the CCEMG findings. LGDP has a positive effect on
LECO (coefficient = 156.789, p = 0.072), while LNPOPD has a significant posi-
tive effect (coefficient = 0.212, p = 0.000). LNWAP has a negative effect (coeffi-
cient = -7123.456, p = 0.000), suggesting improved water access may reduce
ecological pressure. Population density and water productivity are highly signifi-
cant predictors of ecological impact in South Asia. Water productivity has a large
negative effect, reinforcing the importance of efficient use in reducing environmen-
tal pressure. Table 9 shows the FMOLS test results, where LGDP, LNPOPD, and

Table 8
PCSE TEST RESULTS
Variable Coefficient (%) Standard Error t-statistic P-value
LGDP 156.789 87.456 1.79 0.072
LNPOPD 0.212 0.051 4.16 0.000*
LNWAP —7123.456 1456.789 —4.89 0.000*

Note: *denotes p-value at 1% significance level.
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Table 9
FMOLS TEST RESULTS
Variable Coefficient P-value
LGDP 1234.567 0.0421
LNPOPD 0.013 0.0009
LNWAP 4321.789 0.8456
R? 99.45 -
Adjusted R? 99.32 -

LNWAP explain 99.45% of LECO’s variation (R> = 99.45), confirming model
robustness.

4.8. Causality Test: Table 10 reports the Dumitrescu-Hurlin causality test
results. LGDP unidirectionally causes LECO (p = 0.0031), supporting the hypoth-
esis that economic growth drives environmental degradation. LECO also unidirec-
tionally causes LNPOPD (p = 0.0004), indicating feedback from environmental
pressure to population dynamics.

Discussion: The mathematical model corroborates the econometric findings:

e The negative B(;;) in equation (1) aligns with the long-run negative effect of
LGDP on LECO, supporting the EKC hypothesis where economic growth
eventually reduces environmental degradation (Table 7, p = 0.071).

e The positive B(,;) and B3, reflect the persistent environmental pressure from
population density and water productivity, consistent with the CCEMG and
PCSE results (Tables 7 and 8, where LNPOPD has a significant positive
effect, p = 0.000).

e The feedback from LECO; ;—1) to LNPOPD in equation (3) supports the cau-
sality test finding that LECO influences population dynamics (Table 10, p =
0.0004), possibly through migration or resource-driven demographic shifts.

e The stability analysis confirms the long-run cointegration observed in the
Kao, Pedroni, and Westerlund tests (Table 6), indicating that the relationships
among LECO, LGDP, LNPOPD, and LNWAP persist over time.

Table 10
DUMITRESCU-HURLIN CAUSALITY TEST
Null Hypothesis F-Statistic P-value Decision
LGDP does not Granger Cause LECO 2912 0.0031* Rejected
LECO does not Granger Cause LNPOPD 3.789 0.0004* Rejected

Note: *denotes p-value at 1% significance level.
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5. Conclusion

This study examined the relationship between ecological footprint, GDP per
capita, population density, and water productivity in Bangladesh, India, and
Pakistan over the period 1990-2022, employing the Common Correlated Effect
Mean Group (CCEMG) model alongside robustness checks using the Panel-
Corrected Standard Errors (PCSE) test, Fully Modified Ordinary Least Squares
(FMOLS), and the Dumitrescu-Hurlin causality test. The panel cointegration
results confirm the existence of a long-run relationship among the variables.

The findings reveal that the ecological footprint exerts a positive and statisti-
cally significant effect in the long run, suggesting that environmental pressures
accumulate over time and shape sustainability outcomes. In contrast, GDP per cap-
ita reduces environmental degradation in the long term, consistent with the turning
point predicted by the Environmental Kuznets Curve (EKC). Moreover, the
Dumitrescu-Hurlin causality results show that economic activity contributes to
rising ecological pressures, while environmental degradation can influence demo-
graphic dynamics, including migration and population redistribution in response to
ecological stress (Zhou and Chi, 2024; Mohamed et al., 2025). These outcomes
highlight the complex interdependence of economic development, environmental
sustainability, demographic pressures, and water use efficiency in South Asia,
aligning with earlier evidence (Islam et al., 2022; Ahmed et al., 2021).

Overall, the results emphasize that sustainable economic development in Ban-
gladesh, India, and Pakistan requires integrated strategies that link water-use effi-
ciency, ecological preservation, and demographic management. The effectiveness
of such policies depends on institutional capacity, regional cooperation, and active
public participation, underscoring the need for collective and coordinated action to
achieve long-term sustainability.
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