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Abstract

Achieving sustainable development requires moving beyond pollution metrics to holistic
measures, such as the load capacity factor (LCF), which balances ecological demand and
supply. While recent studies have provided important insights into the determinants of LCF
in OECD countries, further research is needed to incorporate additional determinants and
updated estimation approaches. This study addresses this gap by examining the impacts of
financial innovation, forestry, urbanization, population, and economic growth on the LCF
in Organization for Economic Cooperation and Development (OECD) economies from 1990
to 2023. Using second-generation panel econometric methods, including tests for cross-
sectional dependence, slope heterogeneity, second-generation unit roots, and cointegration
techniques, this paper confirms a stable long-run relationship among the variables. The core
analysis applies the method of moments quantile regression to uncover the heterogeneous
effects across the LCF distribution. The results indicate that financial innovation consistently
enhances the ratio of biocapacity to ecological footprint. In contrast, economic growth
and urbanization exert significant negative pressure on the LCF, whereas population size
shows a uniformly detrimental effect. Forestry has a positive but less pronounced influence.
Robustness checks using fully modified ordinary least squares, dynamic ordinary least
squares, and panel-corrected standard errors confirm these results. The present study
concludes that targeted financial innovation and stringent urban demographic policies
support OECD nations in improving ecological balance and reducing ecological deficits.

Keywords: load capacity factor; financial innovation; forestry; urbanization; economic
growth; OECD; ecological sustainability

1. Introduction

For the world’s most advanced economies, the defining environmental challenge has
evolved from mitigating discrete pollutants to addressing the systemic imperative of restor-
ing the ecological equilibrium. While metrics such as greenhouse gas emissions remain
vital, they offer a demand-side narrative that focuses on anthropogenic pressures while
neglecting nature’s regenerative capacity [1]. A comprehensive assessment of sustainability
requires an indicator that reconciles economic and environmental dimensions. The load
capacity factor (LCF), defined as the ratio of a nation’s biocapacity to its ecological footprint,
plays a critical role in balancing the supply of natural resources and human consump-
tion [2]. An LCF value below unity indicates ecological overshoot, a condition pervasive
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among affluent nations of the Organization for Economic Cooperation and Development
(OECD) [3]. These economies face a profound paradox in leveraging their advanced tech-
nological and institutional capabilities to address environmental degradation, which has
historically been intertwined with economic progress. Therefore, identifying the precise
determinants of the LCF within this influential bloc is essential for informing effective
global environmental governance and shaping credible pathways for sustainable develop-
ment [4]. Understanding these determinants has direct political implications. By revealing
how financial innovation, urbanization, and forestry management affect ecological capacity,
policymakers in OECD countries can design targeted fiscal, regulatory, and investment
strategies that promote sustainable development and strengthen national resilience to
ecological deficits. Such insights are particularly relevant for coordinating transnational
policies, setting binding environmental targets, and prioritizing sectors for green invest-
ment. Figure 1 shows the LCF for 18 OECD countries using country-wise averages from
1990 to 2023. The LCEF, sourced from the Global Footprint Network [5], measures the ratio
of a nation’s biocapacity to its ecological footprint, indicating whether a nation has an
ecological surplus or deficit. The x- and y-axes list the countries and LCF values, respec-
tively. All nations exhibit ecological deficits, with varying severity. Sweden and Finland
show the largest deficits, while Australia and Poland are closer to sustainability thresholds,
highlighting heterogeneous ecological pressures across advanced economies [6].
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Figure 1. Country-wise average load capacity factor (LCF) across 18 OECD countries (1990-2023).
Source of data: Global Footprint Network [5]; figure constructed by the authors based on the literature.

The existing empirical literature has made important progress in identifying the
determinants of LCF; however, further extensions are required to incorporate additional
variables and alternative estimation approaches. In particular, analyzing the determinants
of the LCF in OECD countries provides a benchmark quantile-based analysis, which
the present study builds upon and extends [7]. The influence of financial systems, for
instance, is ambiguously characterized as either a catalyst for green investment or a driver
of resource-intensive consumption [8]. Similarly, the environmental impact of urbanization
remains contested, viewed alternately as a source of agglomeration efficiencies or as a
catalyst for land-use change and habitat fragmentation [9]. These inconsistencies often stem
from methodological limitations, including the aggregation of nations at disparate stages of
development and the reliance on broad indicators that obscure substantive socio-economic
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variations. This study seeks to resolve these ambiguities by focusing on a panel of OECD
economies. OECD countries were specifically selected because they share comparable
high-income, post-industrial characteristics, possess reliable and consistent ecological and
financial data, and face common challenges associated with reconciling economic growth
and environmental sustainability. Focusing on this relatively homogeneous set of nations
allows for a clearer assessment of the policy and socio-economic levers that influence
the ratio of biocapacity to ecological footprint, making the results highly relevant for
governments aiming to implement evidence-based environmental interventions.

The selection of explanatory variables is theoretically anchored in the dual nature of
the LCF, which reflects the stock of natural capital and the intensity of human demand for
it [10]. To advance beyond conventional financial depth metrics, we introduce financial
sector research and development (R&D) expenditure intensity as a novel proxy for financial
innovation, capturing strategic investment in tools and platforms that could steer capital
toward sustainability transitions [11]. Forest area is incorporated as a direct measure of a
core component of biocapacity, recognizing the indispensable role of forests as carbon sinks
and biodiversity reservoirs [12]. Urbanization is examined to assess the net environmental
impact of concentrated human settlements, testing whether the hypothesized efficiencies
of urban density materialize or are offset by increased consumption [13]. Finally, the roles
of population and economic growth are analyzed to determine whether within mature,
slow-growing demographic contexts, environmental pressures are driven more by per
capita consumption patterns than by aggregate population size, and to investigate the
potential for absolute decoupling of economic activity from ecological degradation [14].

The primary objective of this investigation is to build on recent empirical advances
by providing a robust, methodologically rigorous analysis of the drivers of the ratio of
biocapacity to ecological footprint in advanced economies. This paper contributes to the
OECD focused LCF literature by building on the framework of analyzing the determinants
of the LCF in OECD countries and extending it in several important ways. First, it provides
a variable-level extension by incorporating additional determinants, including financial
innovation, forestry, and population dynamics, thereby broadening the set of factors
influencing the ratio of biocapacity to ecological footprint in advanced economies. Second,
it offers an estimator-level extension by employing the method of moments quantile
regression (MMQR), which allows for a more flexible examination of heterogeneous effects
across the conditional distribution of LCFE. This approach enables a deeper understanding
of how the impacts of key variables differ between countries with ecological deficits and
those with relatively stronger ecological reserves. Third, this study updates the empirical
evidence using a more recent dataset covering the period 1990-2023, thereby providing
contemporary insights into the evolving dynamics of environmental sustainability in OECD
countries. Finally, the present study extends the existing OECD-LCF-quantile literature by
integrating additional variables, applying an alternative estimation approach, and offering
updated empirical evidence to inform sustainable policy design.

The remainder of this paper is organized as follows: Section 2 reviews the relevant
theoretical and empirical literature. Section 3 outlines the data and details econometric
methods. Section 4 presents and interprets the empirical findings. Section 5 concludes
by synthesizing the core insights, deriving targeted policy implications, and suggesting
avenues for future research.

2. Literature Review

The climate crisis prompted a shift from singular environmental metrics, such as
carbon dioxide (CO,) emissions, to holistic indicators that balance ecological demand and
supply. The LCF, defined as the ratio of biocapacity to ecological footprint, represents such
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an advancement and provides a more integrated measure of sustainability [15]. For OECD
economies characterized by high ecological deficits, understanding the determinants of LCF
is crucial for transitioning from emission reduction to genuine ecological restoration [16].
This literature review synthesizes existing research on key determinants, including financial
innovation, forestry, urbanization, population, and economic development. However, the
relationship between financial innovation and environmental outcomes remains unclear.
The scale effect suggests that increased capital access leads to higher resource consump-
tion, thereby increasing ecological pressure. Conversely, the composition/efficiency effect
suggests that sophisticated financial tools redirect investments toward cleaner technolo-
gies [17,18].

However, the empirical evidence remains mixed. While studies using traditional finan-
cial proxies often report a negative association with LCF, emerging research indicates that
financial sector R&D intensity is a measure that supports cutting-edge innovation, fostering
ecological capacity in advanced economies by promoting green finance and enhancing ESG
transparency [19]. The overall impact appears to depend on the type of financial variable,
regulatory context, and institutional maturity, underscoring the need for a more precise
measurement [20]. Figure 2 illustrates the evolution of financial innovation across the
18 OECD countries as year-wise averages from 1990 to 2023. The x-axis represents years,
and the y-axis shows financial innovation, measured as financial sector R&D expenditure
intensity, sourced from the OECD’s Analytical Business Enterprise Research and Devel-
opment database [21]. The figure shows an upward trajectory, reflecting a steady increase
in investment in financial sector R&D and highlighting the growing emphasis on techno-
logical advancement and innovation in finance. This trend underscores the importance of
R&D-driven financial innovation, a key independent variable in this study, as a potential
driver of ecological sustainability [22].
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Figure 2. Year-wise average financial innovation (FINI) in 18 OECD countries (1990-2023). Source of
data: OECD [21]; figure constructed by the authors based on the literature.

Forests are a core component of biocapacity, serving as carbon sinks and stabilizing
ecosystems [23]. The literature robustly confirms a positive relationship between forest
area and LCF in diverse contexts [24]. Sustainable forest management enhances biocapacity
and reduces the ecological footprint by providing renewable resources and regulating mi-
croclimate [25]. However, a critical distinction exists between forest stock (beneficial) and
extractive forest rents, which, if mismanaged, exacerbate environmental degradation [26].
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For OECD nations, this underscores the importance of conservation and active reforestation
as part of broader environmental strategies. The impact of urbanization on LCF is dualistic.
Unplanned expansion drives habitat loss, energy demand, and soil sealing, thereby reduc-
ing biocapacity [27]. Conversely, well-planned compact cities generate efficiency gains
through economies of scale [28]. Empirical findings reflect this tension, showing significant
heterogeneity across regions. While some studies report neutral or positive links in contexts
with strong green planning [29], others consistently find negative effects when urbanization
outpaces sustainable infrastructure development [30,31]. This suggests that urbanization’s
net effect is conditional on governance, urban form, and environmental policy factors,
which are often more favorable in OECD countries. Rooted in the IPAT/STIRPAT frame-
work, population growth is traditionally viewed as a multiplier of environmental impact,
increasing the aggregate demand for biocapacity [32].

Empirical studies predominantly confirm a negative association between population
and LCF across income groups [33]. However, in slow-growing, aging OECD societies,
this relationship becomes more nuanced. Here, environmental pressure is driven less
by population size and more by consumption intensity and demographic structure [34].
A strong consensus across diverse economies indicates a significant negative correlation
between gross domestic product (GDP) growth and LCE, challenging the optimistic later
stage of the environmental Kuznets curve for this metric [35,36]. Studies employing
advanced panel estimators consistently find that economic expansion reduces load capacity,
as scale effects overwhelm efficiency gains [37]. While some conditional, non-linear patterns
exist (e.g., in China), the prevailing evidence suggests that in the absence of deliberate
structural and policy shifts, growth continues to undermine the ratio of biocapacity to
ecological footprint, even in high-income contexts [38]. Recent studies also emphasize
the importance of policy frameworks and institutional quality in shaping the impact of
these determinants on ecological outcomes. For instance, OECD countries with proactive
environmental regulations, green finance incentives, and robust urban planning have
demonstrated that financial innovation and urbanization can be harnessed to enhance
ecological capacity rather than exacerbate deficits [16,39,40]. Moreover, cross-country
comparisons reveal that differences in governance, regulatory enforcement, and strategic
resource management substantially mediate the effects of population growth, economic
expansion, and forestry practices on LCF [41]. These insights highlight that achieving
ecological balance is not solely a function of economic or demographic factors, but is
critically shaped by the political and institutional context in which they operate. By
synthesizing these findings in the literature, this study underscores the need for studies
that combine precise measures of financial innovation with socio-political and demographic
considerations to guide policy interventions in high-income economies. Despite important
contributions to the OECD-LCF literature, including analyses of the determinants of LCF in
OECD countries, several extensions remain relevant. First, the role of financial innovation
remains underexplored, particularly when measured using R&D intensity. Second, limited
attention has been paid to the combined effects of forestry and population dynamics. Third,
this paper is further extended by employing alternative estimation techniques to better
capture distributional heterogeneity. This study addresses these aspects by extending the
existing frameworks.

3. Materials and Methods
3.1. Data and Variables

This present study investigates the determinants of ratio of biocapacity to ecological
footprint for a panel of 18 OECD economies, namely, Australia, Austria, Canada, the
Czech Republic, Finland, France, Germany, Italy, Japan, Poland, Portugal, the Slovak
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Republic, Spain, Sweden, Switzerland, Tiirkiye, the United Kingdom, and the United
States, over the period 1990 to 2023. The empirical analysis uses a comprehensive panel
dataset to examine the impacts of financial innovation, forestry, urbanization, population,
and economic growth on LCF, employing established panel econometric techniques. The
dependent variable is LCEF, sourced from the Global Footprint Network, which measures
the ratio of a nation’s biocapacity to its ecological footprint and serves as a holistic indicator
of the ecological surplus or deficit [5]. The independent variable, financial innovation,
measured as financial sector R&D expenditure intensity, is defined as the ratio of R&D
expenditure of financial intermediaries (banking and insurance sectors) to the total value
added of the financial intermediary industry (lagged by one year). R&D data are obtained
from the OECD Analytical Business Enterprise Research and Development (ANBERD)
database [21], following the Frascati Manual definition, while value-added data come from
the OECD Statistics Database [42]. Forestry is measured by the total forest area in square
kilometers; urbanization is measured as the urban share of the total population; population
is measured as the total population; and economic growth is measured by gross domestic
product, expressed in constant 2015 US dollars. All socio-economic and forestry variables
were sourced from the World Bank’s World Development Indicators [43].

3.2. Theoretical Framework and Model Specification

The theoretical foundation of this analysis is the concept of the ratio of biocapacity
to ecological footprint, which integrates the supply of natural capital (biocapacity) with
demand (ecological footprint) [44]. To examine the drivers of this holistic metric, we speci-
fied an empirical model that draws on established literature linking economic activity, land
use, demographic pressures, and technological innovation to environmental outcomes [45].
The model posits that the LCF is influenced by the scale of economic output (GDP), the
extent of natural carbon sinks (forest area), the intensity of financial innovation, the degree
of urbanization, and the size of the population. The baseline functional form of the model
is specified as follows:

LCF = f(FINI, FOR, URB, POP, GDP) 1)

where LCF is the load capacity factor; GDP stands for gross domestic product; FOR
represents forest; FINI denotes financial innovation URB denotes urbanization; and POP is
the total population. For estimation, all variables were transformed into natural logarithms
to normalize the data, mitigate potential heteroscedasticity, and facilitate the interpretation
of the coefficients as elasticities [46]. It yields the following panel econometric specification:

In(LCFy) = Bo + B1ln(FINI) + Baln(FORy) +B3ln(URB ) + Baln(POPy) + Bsln(GDPy) + e )

In this equation, i denotes the country, ¢ denotes the year, B is the constant, 51 to 5
are the parameters to be estimated, and ¢;; is the error term. This model enables an analysis
of how proportional changes in the independent variables are associated with proportional
changes in LCF across OECD economies.

3.3. Econometric Approaches

In an increasingly globalized economy, cross-sectional dependence (CD) is a common
feature of panel data owing to shared economic shocks, international trade, and financial
linkages. Failure to account for CD leads to biased and inconsistent estimates [47]. There-
fore, the first step in the empirical analysis was to test for CD across OECD economies.
Following the established econometric literature, this analysis employs the Breusch-Pagan
LM test and the bias-corrected LM test proposed by Pesaran [48] to test the null hypothesis
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of cross-sectional independence. The assumption of homogeneous slopes across cross-
sectional units is often untenable in panel data analysis, particularly in diverse economies.
Ignoring slope heterogeneity leads to inconsistent results [49]. This study applies the slope
homogeneity test developed by Pesaran and Yamagata [50] to test this assumption. This
paper applies the second-generation cross-sectionally augmented IPS (CIPS) test proposed
by Pesaran [51] to test for stationarity while accounting for CD. The CIPS test is based on
individual cross-sectionally augmented Dickey—Fuller (CADF) regressions for each panel
unit. The CIPS statistics are calculated as the cross-sectional average of the individual
CADF t-statistics, providing a robust unit root test in the presence of common factors and
interdependence across economies. We employed Westerlund’s error-correction-based
panel cointegration test to test for a long-run equilibrium relationship among the variables
under CD [52].

This study applies the MMQR method introduced by Machado and Santos Silva [53]
to capture the heterogeneous and conditional effects of the independent variables across
the full distribution of the LCF. Conventional panel estimators, such as fixed effects or
the generalized method of moments, primarily capture mean effects, whereas quantile
regression is robust to outliers. It enables the analysis of relationships at various points
(e.g., low, median, and high) along with the conditional distribution of the dependent
variable. It is particularly relevant for environmental analysis, as the impact of determinants
such as financial innovation or forestry differs substantially between countries with an
ecological surplus (high LCF) and those with a severe deficit (low LCF). The MMQR
approach is preferred because it accommodates panel data structures with unobserved
individual heterogeneity while estimating conditional quantile functions without imposing
the often-restrictive assumption of a pure location shift. The MMQR estimations include
country-specific fixed effects to control for unobserved heterogeneity. Because MMOR is
distribution-free and robust to non-normality, heteroskedasticity, and outliers, conventional
diagnostic tests (e.g., the Shapiro-Wilk test) are not required. These features are inherent
to the MMQR framework. The model specifies the conditional quantile Q, (7 | Xj;) for
quantile T as follows:

Qy(T | Xit) = (a; + (7)) + Xjp + Wiy (7) 3)

where «; and é; denote country-specific fixed effects that are allowed to vary across the
quantiles 7. Xj; is a vector of the core independent variables. W;; represents known
differentiable transformations of the elements of Xj;. f and -y are parameter vectors to be
estimated, and q(7) is the 7-th sample quantile. The estimation is achieved by solving
an optimization problem based on a check function that weights positive and negative
residuals asymmetrically depending on the quantile T, whereas MMQR does not require
strict distributional assumptions and is robust to heterogeneity and outliers.

The present study employs three established long-run panel estimators to verify the
robustness of the primary MMQR findings: fully modified ordinary least squares (FM-OLS),
dynamic ordinary least squares (D-OLS), and panel-corrected standard errors (PCSE). FM-
OLS corrects for endogeneity and serial correlation through semiparametric adjustments,
making it suitable for heterogeneous cointegrated panels [54]. D-OLS addresses endo-
geneity by including the leads and lags of the differenced regressors, providing consistent
estimates for finite samples [55]. The PCSE approach by Beck and Katz [56] is employed to
account for heteroskedasticity and contemporaneous correlation across panel units. This
approach provides more reliable standard error estimates in panels with CD. The use of
these methods ensures the reliability and stability of the estimated long-term relationships.
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4. Results and Discussion

Table 1 presents the descriptive statistics of the variables used in the analysis. These
statistics provide a summary of the central tendency, dispersion, and shape of each variable
distribution. The LCF shows considerable variation, with a mean of 74.58 and a range of
25.12 to 98.05, reflecting the diverse ecological states across the panel. Financial innovation
and forest areas also exhibit notable ranges, indicating differing levels of financial R&D in-
tensity and forest endowments among countries. Urbanization is consistently high (90.40%)
on average, with a negative skew, confirming that most OECD nations are highly urbanized.
GDP and population display the expected variability across the sample. The skewness and
kurtosis statistics indicate that most variables approximate a normal distribution, although
urbanization exhibits a pronounced left skew and higher kurtosis than the other variables.

Table 1. Descriptive statistics of variables.

Variable Mean Std. Dev. Minimum Maximum Skewness Kurtosis
LCF 74.581 17.187 25.117 98.053 —1.021 3.135
FINI 118.455 6.256 101.054 134.386 0.017 2.733
FOR 10.150 3.119 1.760 24.620 0.490 3.707
URB 90.401 6.586 60.795 98.144 —1.639 6.331
POP 6.535 2.122 1.642 10.000 —0.410 2.087
GDP 2.312 1.060 0.167 4.889 —0.080 2.144

Note: The total number of observations (N x T) is 612. Std. Dev. = standard deviation.

The variance inflation factor (VIF) results in Table 2 indicate that multicollinearity is
not a concern, as all VIF values range between 1.32 and 2.40 and remain well below the
conventional threshold of 10. The mean VIF of 1.87 further confirms the robustness and
reliability of the estimated model. The results of the CD tests are presented in Table 3. For
all variables, the Breusch-Pagan LM and bias-corrected LM tests reject the null hypoth-
esis of cross-sectional independence at the 1% significance level [57]. The test statistics
are highly significant (p = 0.000), providing strong evidence of interdependence across
OECD economies. This finding confirms the presence of shared shocks, spatial spillovers,
or unobserved common factors in the panel, validating the use of second-generation
econometric techniques that account for such dependence in the subsequent unit root and
cointegration analyses.

Table 2. Variance inflation factor (VIF) results.

Variable VIF Tolerance (1/VIF)
LCF 1.49 0.67
FINI 2.40 0.41
FOR 1.32 0.75
URB 1.71 0.58
POP 2.22 0.44
GDP 2.07 0.48
Mean VIF 1.87 —

The results of the slope homogeneity test are presented in Table 4. Both the delta and
adjusted delta test statistics are highly significant (p = 0.000), leading to a firm rejection of the
null hypothesis that slopes are homogeneous across cross-sectional units [58]. This indicates
that the relationship between the explanatory variables and LCF differs significantly across
OECD economies. The presence of slope heterogeneity justifies the application of estimation
methods, such as the MMOQR, that can capture these differing marginal effects and avoid
the problems that arise from imposing a standard slope structure.
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Table 3. Findings of the CD tests.

Variable Breusch-Pagan LM p-Value Bias-Corrected LM p-Value

LCF 1427.231 *** 0.000 19.340 *** 0.000
FINI 777.721 *** 0.000 34.840 *** 0.000
FOR 939.713 *** 0.000 67.450 *** 0.000
URB 1696.157 *** 0.000 18.930 *** 0.000
pPOP 1289.806 *** 0.000 106.260 *** 0.000
GDP 594.358 *** 0.000 93.570 *** 0.000

Note: *** indicates significance at the 1% level.

Table 4. Testing for slope heterogeneity.

Test Statistic Value p-Value
Delta (A) 19.436 *** 0.000
Adjusted delta (Ad) 21.810 *** 0.000

Note: *** indicates significance at the 1% level.

Second-generation unit root tests (CIPS and CADF) are employed, given the confirmed
presence of CD. The results presented in Table 5 indicate a mixed order of integration.
The CIPS fails to reject the null hypothesis of a unit root at the level of most variables
(LCE FOR, POP, and GDP). However, all variables become stationary after the first dif-
ferencing, as shown by the highly significant CIPS and CADF statistics at the 1% level in
Column (A). Specifically, financial innovation and urbanization are stationary at the level
(I(0)) according to the CIPS test, while the others are integrated of order one (I (1)). This
mix of I (0) and I (1) variables necessitates a cointegration analysis to establish long-run
equilibrium relationships.

Table 5. Findings of the unit root tests.

Variable CIPS (L) CIPS (A) CADF (L) CADF (A)
LCF —2.551 —5.718 *** —2.350 ** —4.402 ***
FINI —3.522 *** —5.92] *** —3.030 *** —5.307 ***
FOR —2.047 —4.290 *** —2.206 ** —3.363 ***
URB —3.991 *** —5.850 *** —2.913 *** —4.731 ***
pPOP —2.502 —5.887 *** —2.152 ** —4.328 ***
GDP —2.823 —5.445 *** —2.758 *** —4.423 ***

Note: **p <0.01, ** p < 0.05, L =level, and A = first difference.

We employed Westerlund'’s error-correction-based panel cointegration test to test for
a long-run equilibrium relationship among the variables [52]. The results presented in
Table 6 provide robust evidence of cointegration. The group-mean statistics (G; and Gj)
and panel statistics (P and P,) are all statistically significant at the 1% level, as indicated by
their robust p-values of 0.000. The significance of these statistics, particularly the robust
results, leads to a decisive rejection of the null hypothesis of cointegration. This confirms
the existence of a stable long-run relationship between LCF and its determinants within the
panel of OECD economies. This finding validates the estimation of long-run coefficients
using the MMQR, FM-OLS, D-OLS, and PCSE methodologies.
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Table 6. Westerlund ECM panel cointegration test results.

Statistic Value Z-Value p-Value Robust p-Value
Gt. —2.635 *** —1.810 0.035 0.000
Ga —6.038 *** 2.973 0.999 0.000
P —7.832 ¥ 0.300 0.618 0.000
P, —3.792 ¥ 2.373 0.991 0.000

Note: *** indicates significance at the 1% level.

Table 7 presents the MMOR results, revealing the heterogeneous impact of the inde-
pendent variables across the LCF distribution. The estimates demonstrate that the effects
of the key determinants vary substantially between economies with a low biocapacity-to-
ecological footprint ratio (lower quantiles) and those with higher capacity (upper quantiles).
Financial innovation exhibits a consistent, positive, and statistically significant coefficient
across all quantiles (from the 10th to 90th quantiles). This indicates that an increase in finan-
cial sector R&D intensity is associated with an improvement in LCF across the entire distri-
bution [59]. The positive effect is most pronounced at the 10th quantile (coefficient: 1.677),
suggesting that financial innovation is particularly beneficial for countries with the most
severe ecological deficits, potentially by directing capital toward green technologies and
sustainable projects that enhance biocapacity and reduce the ecological footprint [60].
Forestry shows a positive coefficient across the distribution, but it is not statistically sig-
nificant at conventional levels. This shows that, while the direction of the relationship
is as theoretically expected (more forest area improves LCF), its marginal impact in this
OECD panel, once other factors are controlled for, is not consistently distinguishable from
zero [61]. This indicates that forest areas are relatively stable in these economies, with
marginal changes having a limited effect on the overall LCF compared to more dynamic
drivers [62].

Table 7. Findings of the MMOR test.

Variable Location Scale 10th 20th 30th 40th 50th 60th 70th 80th 90th
FINI 1.595 *** —0.051 1.677 *** 1.651 *** 1.632 *** 1.613 *** 1.588 *** 1.568 *** 1.551 *** 1.537 #** 1.524 ***
(0.115) (0.062) (0.177) (0.153) (0.138) (0.125) (0.113) (0.108) (0.109) (0.112) (0.117)
FOR 0.301 0.016 0.275 0.283 0.289 0.295 0.303 0.310 0.315 0.319 0.323
(0.216) (0.116) (0.332) (0.287) (0.258) (0.233) (0.211) (0.203) (0.204) (0.210) (0.220)
URB —0.830 *** 0.177 *** —1.115**  —1.024**  —0.958**  —0.891**  —0.804**  —0.734**  —0.677**  —0.626*** = —0.584 ***
(0.099) (0.053) (0.152) (0.131) (0.119) (0.108) (0.098) (0.094) (0.094) (0.096) (0.100)
POP —1.730 *** —0.403 ** —1.082* —1.289 ***  —1.438**  —1.591**  —1.791**  —1.949** 2079 ** = _—2196** = —2292**
(0.370) (0.199) (0.568) (0.491) (0.442) (0.401) (0.362) (0.348) (0.349) (0.360) (0.376)
—12.885 " —15.667 —14.778 —14.138 —13.481 —12.622 —11.945 —11.386 —10.885 —10.471
GDP 22l 1'731 ** kK E2 23 L L2 E2 23 L EEid E2 23 L2
(0.988) (0.531) (1.521) (1.311) (1.182) (1.076) (0.976) (0.934) (0.934) (0.961) (1.001)

Note: *, **, and *** indicate significance at the 10%, 5%, and 1% levels, respectively. The parentheses report
standard errors.

Urbanization has a negative, statistically significant coefficient across all quantiles,
confirming its detrimental effect on the ratio of biocapacity to ecological footprint. The
negative impact is most substantial at the lowest quantile (coefficient: —1.115), indicating
that further urban expansion incurs a particularly high environmental cost for countries
already in a severe ecological deficit, likely due to land-use change and increased resource
demand [63]. The effect attenuates but remains negative in the higher quantiles. The
population exerts a strong, negative, and statistically significant influence on all quantiles.
The coefficient becomes increasingly negative as it moves from the lower to the upper
quantiles (from —1.082 at Q0.10 to —2.292 at Q0.90). This suggests that population pres-
sure is a fundamental constraint on LCF, and that its marginal negative impact is most
acutely felt in countries with higher carrying capacities, possibly due to higher per capita
consumption associated with more developed economies [64]. Economic growth shows a
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large, negative, and highly significant coefficient across all quantiles. The detrimental effect
is most severe at the lowest quantile (coefficient: —15.667), indicating that for nations with
the poorest ecological health, economic growth drastically worsens their load capacities.
The effect, although still strongly negative, diminishes at higher quantiles. This robust
finding challenges the optimistic latter stage of the environmental Kuznets curve for this
OECD sample, suggesting that the scale effect of economic activity continues to dominate,
depleting biocapacity faster than it can be restored [65].

The long-run coefficients from the FM-OLS, D-OLS, and PCSE estimators reported in
Table 8 corroborate the core findings of the MMQR analysis and confirm the robustness
of the primary relationships. Financial innovation exhibits a consistently positive and
statistically significant coefficient across all three estimators. The D-OLS (0.93) and PCSE
(1.53) estimates are larger than the FM-OLS (0.42) estimate, but all results consistently
indicate that R&D-driven financial innovation enhances LCF, likely through efficiency gains
and environmentally oriented capital allocation [66]. Forestry also shows a positive and
statistically significant coefficient across all robustness estimations. While the magnitude
varies across estimators, the results consistently support the beneficial role of forest areas
in strengthening biocapacity and improving ecological balance in OECD economies [67].
Urbanization maintains a negative and highly significant coefficient across the FM-OLS, D-
OLS, and PCSE models. This consistent finding reinforces the MMQR results and suggests
that urban expansion continues to exert considerable pressure on the ratio of biocapacity
to ecological footprint within the sampled OECD countries [68]. The population shows
a negative coefficient across all models. Although statistically significant in the FM-OLS
and PCSE estimations, it becomes marginally insignificant in the D-OLS specification.
This pattern indicates a generally adverse yet somewhat less stable relationship between
population dynamics and LCF [69].

Table 8. Robustness test findings.

Variable FM-OLS Coeff. t-Stat D-OLS Coeff. t-Stat PCSE Coeff. t-Stat
FINI 0.42 *** 6.57 0.93 *** 8.00 1.53 *** 17.90
FOR 0.05 *** 7.60 0.29 ** 2.49 0.79 *** 3.04
URB —0.36 *** —18.51 —0.39 *** —10.98 —0.68 *** —7.44
POP —0.01 *** -3.91 —0.08 -1.92 —1.38 *** —4.99
GDP —1.03 *** —36.37 —0.47 *** —4.50 —6.52 *** —7.94

Notes: ** and ** indicate statistical significance at the 1% and 5% levels, respectively. FM-OLS, fully modified
ordinary least squares; D-OLS, dynamic ordinary least squares; PCSE, panel-corrected standard errors.

Economic growth exhibits a strong, negative, and statistically significant effect in
all three estimators, with the PCSE results confirming the magnitude and direction of
the relationship. These findings robustly support the MMQR results, indicating that
economic expansion continues to exert downward pressure on the ratio of biocapacity to
ecological footprint in OECD economies, thereby challenging the assumption that higher
income levels automatically lead to environmental improvements [70]. The convergence of
results across the four methodological approaches, MMQR, FM-OLS, D-OLS, and PCSE,
demonstrates the stability and reliability of the estimated long-run relationships. Figure 3
further synthesizes the estimated impacts of the key determinants of LCE. The bars display
the heterogeneous elasticities from the MMQR across quantiles (10th to 90th), while the
FM-OLS, D-OLS, and PCSE estimators provide mean-based long-run coefficients. Financial
innovation consistently shows a positive effect, whereas economic growth and urbanization
exert strong negative influences. The population demonstrates a predominantly negative
relationship, while forestry contributes positively, although with comparatively smaller
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magnitudes. The alignment between the MMQR patterns and robustness results confirms
the stability of the core relationships.
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Figure 3. MMQR, FM-OLS, D-OLS, and PCSE results.

5. Conclusions

This study empirically examines the determinants of the ratio of biocapacity to eco-
logical footprint, measured by LCF, in OECD economies using a robust panel framework
that accounts for CD, slope heterogeneity, and distributional asymmetries. By employing
MMQR as the primary estimator and using FM-OLS, D-OLS, and PCSE as robustness
checks, the analysis provides consistent and reliable evidence of both average and heteroge-
neous effects across different ecological conditions. The results demonstrate that financial
innovation is positively associated with the ratio of biocapacity to ecological footprint
across all quantiles of the LCF distribution. In contrast, economic growth, urbanization,
and population pressure exert significant negative effects, indicating that scale and struc-
tural effects continue to dominate efficiency gains in advanced economies. Forestry has
a positive but comparatively weaker influence, reflecting the relative stability of forest
endowments in OECD countries. These findings highlight a central policy challenge for
high-income economies: sustaining economic activity while reversing persistent ecological
deficits. The robust role of financial innovation suggests that directing financial sector
R&D toward green technologies, sustainable finance instruments, and environmental risk
assessment can meaningfully support ecological restoration. Accordingly, policymakers
should prioritize regulatory and fiscal incentives that align financial innovation with sus-
tainability objectives. The evidence underscores that improving the ratio of biocapacity
to ecological footprint in OECD economies requires a coordinated strategy that integrates
financial innovation with growth management and urban planning, rather than relying
solely on economic expansion.
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Conversely, the robust and negative relationship between GDP growth and LCF
presents a fundamental challenge to conventional growth paradigms within the OECD. The
results robustly indicate that the scale and composition effects of economic activity continue
to degrade the ratio of biocapacity to ecological footprint, challenging the optimistic latter
stage of the environmental Kuznets curve for this region. This necessitates a policy shift
from relative decoupling (reducing environmental intensity per unit of GDP) to absolute
decoupling (reducing total environmental impact). The key to this is integrating stringent
environmental constraints into core economic governance. Implementing comprehensive
and rising carbon pricing, phasing out subsidies for fossil fuels and ecologically harmful
activities, and embedding mandatory nature-related financial disclosures are essential steps
to ensure that economic signals promote a regenerative, rather than extractive, relationship
with natural capital. The detrimental impacts of urbanization and population pressure fur-
ther delineate critical areas for intervention. Policies must aggressively promote compact,
transit-oriented development integrated with green infrastructure. Mandating green build-
ing standards, preserving and creating urban green spaces, and investing in zero-emission
public transportation are crucial for mitigating the environmental footprints of highly
urbanized OECD societies. Regarding the population, the focus for these largely slow-
growing economies should pivot from aggregate numbers to the structure and patterns of
consumption. Policies aimed at promoting sustainable diets, extending product lifespans
through right-to-repair legislation, and shifting tax burdens from labor to resource use are
essential for reducing the per capita ecological footprint of affluent aging populations.

Therefore, improving LCF in OECD economies requires a systemic and integrated
policy approach that goes beyond siloed environmental measures. It requires the strategic
harnessing of financial innovation for ecological ends, a decisive reorientation of economic
governance to prioritize well-being within planetary boundaries, and the intelligent design
of urban spaces and consumption systems. Empirical evidence suggests that incremental
change is insufficient. A transformative agenda that aligns financial, economic, and urban
systems with the biophysical realities of the ratio of biocapacity to ecological footprint is im-
perative for these nations to achieve genuine, measurable sustainability and transition from
an ecological deficit to a surplus. This paper has limitations that provide avenues for future
research. While using secondary data and R&D intensity as proxies for financial innovation
is robust, it may not capture all aspects of green fintech development. The national-level
analysis may overlook subnational heterogeneity, and the model could benefit from ad-
ditional controls, such as the energy mix, technological development, and environmental
policy stringency, to reduce omitted-variable bias. Future research could construct multi-
dimensional indices of financial innovation, incorporate metrics such as green bond market
depth or ESG-aligned digital finance, and extend the analysis to sub-national or sectoral
data to uncover localized drivers of ecological balance. Including additional explanatory
variables, such as material consumption, circular economy indicators, or social capital, and
employing advanced methods, such as non-linear causality tests or spatial econometrics,
could further refine the understanding of these complex relationships. Finally, applying
this framework to other regions, including emerging economies, would provide valuable
comparative insights into pathways toward ecological sustainability.
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