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Abstract

Using a quantile-frequency connectedness framework, this study analyzes the regime-
contingent and horizon-specific transmission of shocks among Al assets, FinTech markets,
and Blue Economy financial instruments. The empirical results reveal a distinctly asymmet-
ric connectedness structure, whereby high-frequency spillovers intensify in upper-quantile
states associated with liquidity stress and sentiment-driven trading, while low-frequency
connectedness remains comparatively muted, thereby preserving cross-segment diversifi-
cation potential. Al assets emerge as dominant net transmitters in short-horizon dynamics,
reflecting rapid innovation cycles and speculative adjustments. FinTech markets exhibit
stabilizing properties under median regimes but transition into net propagation roles when
risk conditions escalate. Blue finance instruments act as conditional net absorbers, atten-
uating volatility originating from digital innovation-driven markets, particularly during
adverse market states. By decomposing spillover intensities across quantiles and spectral
bands, the analysis highlights a structural differentiation between innovation-sensitive
digital assets and the comparatively stable behavior of blue-themed financial assets. These
findings advance the understanding of nonlinear dependence, asymmetric contagion, and
state-dependent co-movements in emerging financial ecosystems. The results provide
actionable insights for systemic-risk measurement, cross-market shock diagnostics, and
multi-asset portfolio construction in an increasingly interconnected global financial system.

Keywords: sustainable finance; blue economy; artificial intelligence; FinTech; quantile
frequency connectedness; spillover dynamics

1. Introduction

Digital innovation has become one of the most powerful forces reshaping the architec-
ture of global financial systems. The proliferation of financial technology (FinTech) and
artificial intelligence (AI) has transformed how value, risk, and information are created,
transmitted, and priced. Through algorithmic trading, decentralized finance, and Al-based
analytics, digital technologies have improved market efficiency, expanded financial inclu-
sion, and accelerated the diffusion of information. However, they have also introduced new
systemic vulnerabilities. Al-driven trading algorithms and automated liquidity platforms
amplify feedback loops that synchronize investor behavior and propagate shocks across
markets (Ma et al., 2025). These mechanisms have redefined the boundaries of diversifica-
tion and contagion, suggesting that technological progress can simultaneously enhance
efficiency and magnify systemic fragility.

As financial innovation deepens, its intersection with sustainability has become a
defining feature of modern finance. The growing integration of digital infrastructures
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into sustainable investment frameworks reflects a broader transition toward a “smart-
sustainable” economy. Digital technologies facilitate transparency in environmental re-
porting, automate sustainable investment screening, and accelerate capital allocation to
sustainability-oriented assets. At the same time, the digitalization of sustainable finance
creates feedback mechanisms through which technological shocks affect the performance
of environmental investments. This interplay aligns with the principles of complex adap-
tive systems and network-based finance, where interlinked agents continuously adjust
to technological and ecological signals, generating nonlinear dynamics of risk and re-
silience (Haldane & May, 2011; Battiston et al., 2017). This convergence highlights an
emerging research frontier where efficiency, innovation, and sustainability jointly shape
financial stability.

Within this paradigm, the Blue Economy has emerged as a strategic extension of
sustainable finance (Botoroga et al., 2025). In real-economy terms, it encompasses the
sustainable development of ocean- and coastal-based activities, ranging from marine biodi-
versity protection to climate-resilient coastal infrastructure, while prioritizing ecological
preservation. Blue finance, the financial market dimension of the Blue Economy, translates
these sustainability aims into tradable instruments, including blue bonds, ocean-focused
exchange-traded funds (ETFs), and blended finance structures (OECD, 2025). In capital
markets, blue finance instruments embed priced exposure to ocean sustainability, thereby
providing high-frequency signals of risk transmission and portfolio reallocation within
sustainability-linked investments. By internalizing ecological value and directing capital to-
ward marine transition projects, blue finance supports the global sustainability agenda and
contributes to achieving Sustainable Development Goal 14 (Life Below Water). However, as
these markets become increasingly digitalized, they also inherit exposure to the volatility
and spillover dynamics of technology-based financial sectors. Digital infrastructures that
enhance access to blue capital flows can equally transmit systemic disturbances originating
from FinTech and Al ecosystems. The resulting interaction creates a bidirectional mecha-
nism in which technological turbulence influences sustainability-linked assets, while blue
investments may provide stabilizing feedback during periods of digital stress. This complex
interplay reveals the emergence of a new systemic layer within global finance, where tech-
nological innovation and environmental sustainability are no longer parallel trajectories
but dynamically interdependent forces. Understanding how these domains co-move and
transmit shocks across quantiles and investment horizons requires a framework capable of
disentangling their asymmetric behaviors and long-run feedback structures.

Despite this apparent convergence, the economic nature of the relationship between
digital innovation and blue finance remains conceptually unresolved. While Al- and
FinTech-driven markets are characterized by rapid information diffusion, algorithmic
trading, and short-term liquidity cycles, blue finance instruments embed longer-horizon
expectations linked to environmental regulation, climate commitments, and sustainable
capital allocation. The key economic puzzle, therefore, lies in whether these fundamentally
different temporal and risk structures interact in a stabilizing or destabilizing manner
when they coexist within the same digital market infrastructure. In particular, it remains
unclear whether blue finance assets merely co-move with innovation-driven markets due
to common equity exposure or whether they play a distinct systemic role by absorbing,
redistributing, or amplifying technology-induced shocks across market regimes and in-
vestment horizons. Resolving this question is essential for understanding diversification,
systemic risk transmission, and the resilience of sustainability-oriented portfolios in an
increasingly digitalized financial system.

However, the existing empirical literature has not yet provided a systematic assessment
of these interactions. Most existing studies examine FinTech, Al, and sustainability-oriented
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assets in isolation, overlooking the channels through which innovation-driven efficiency
and blue finance interact to shape systemic stability. The absence of an integrated ana-
lytical perspective represents a critical gap, particularly as financial ecosystems become
increasingly characterized by digital interconnectivity and ecological transition. Bridging
this shortfall is essential to understanding how digital and ecological marine assets jointly
influence systemic risk dynamics, offering actionable insights for portfolio diversification,
financial stability, and coordinated sustainability strategies. This gap is especially important
because these assets operate under different economic mechanisms and horizons. Al and
FinTech markets are largely driven by innovation cycles, rapid information diffusion, and
episodic speculative repricing, which tend to generate short-horizon and state-contingent
spillovers, especially under stress. In contrast, blue finance instruments embed longer-
horizon valuation components linked to sustainability regulation, climate commitments,
and capital allocation toward marine transition projects. These differences imply that
connectedness is unlikely to remain stable across market states or investment horizons.

Accordingly, this study investigates the dynamic connectedness among FinTech inno-
vation, Al-driven technologies, and blue finance instruments using the quantile-frequency
connectedness framework developed by Chatziantoniou et al. (2022). This approach allows
spillovers to vary across downside, normal, and upside conditions while distinguishing
short-run contagion from longer-run structural interdependence, beyond what mean-
based connectedness measures can capture. Within this setting, the analysis advances
the literature by explicitly modeling the innovation-blue finance nexus as a source of
regime-dependent spillover and diversification dynamics that are not captured by studies
that examine digital assets or ESG markets in isolation.

The contribution of this study is threefold. First, it addresses a fundamental economic
question concerning the interaction between technology-driven financial innovation and
blue finance within digitally integrated markets. In doing so, it expands connectedness
research by examining cross-market linkages among FinTech, Al and tradable blue-themed
equity proxies benchmarked against global and mainstream ESG indices within inter-
connected financial systems. Second, it deepens the theoretical understanding of the
digital-sustainability nexus by identifying the channels through which technology-driven
efficiency interacts with sustainability-based resilience to shape systemic interdependence
and financial stability. Third, it strengthens methodological innovation by applying the
quantile—frequency connectedness framework, which captures asymmetric, tail-dependent,
and frequency-specific spillovers that traditional mean-based models overlook. Collectively,
these contributions advance the discourse on how digital and ecological forces jointly shape
systemic financial resilience and guide sustainable portfolio and policy design in an era of
intelligent finance.

The remainder of this paper is organized as follows. Section 2 reviews the theoretical
background and literature; Section 3 presents the data and methodology; Section 4 reports
the results; Section 5 discusses the findings; and Section 6 concludes with key insights and
policy implications.

2. Theoretical Background and Literature Review
2.1. Theoretical Background

This study builds on complementary theoretical pillars integrating sustainable finance,
environmental economics, technological innovation, modern portfolio theory, market
efficiency, and systemic interconnectedness. Together, these perspectives highlight the eco-
nomic mechanisms through which digital innovation and blue finance become interlinked
within integrated financial markets, forming an integrated framework for understanding
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how digital and ecological forces co-evolve within financial systems and how FinTech, Al,
and Blue Economy assets interact across market regimes and investment horizons.

Sustainable finance theory provides the normative foundation by emphasizing that
financial performance and environmental stewardship can be jointly optimized (Scholtens,
2006). Within this paradigm, Blue Finance and ESG-oriented digital assets operate as
channels that direct capital toward ocean-related activities while supporting SDG 14 (Life
Below Water). From environmental economics, the framework incorporates the principle
of internalizing ecological externalities (Battiston et al., 2017; Pearce & Turner, 1994). When
sustainability regulation and environmental disclosure requirements intensify, adjustment
pressures affect asset valuations and propagate through cross-market spillovers, linking
ecological stress to financial contagion. In financial markets, these mechanisms are reflected
in portfolio allocation and capital rebalancing processes that increasingly incorporate digital
and data-driven investment frameworks.

Technological innovation and the FinTech framework (Gomber et al., 2018) explain
how blockchain, Al, and decentralized financial architectures reshape financial interme-
diation and accelerate information diffusion across markets. These technologies enhance
transparency, liquidity, and market participation, but they also synchronize trading be-
havior and amplify short-term volatility. Within digitally mediated financial markets,
sustainability-oriented blue finance instruments are integrated into the same trading ar-
chitectures and liquidity intermediation processes as technology-intensive assets, which
facilitates the rapid transmission of shocks across market segments. From a portfolio
perspective, Modern Portfolio Theory (Markowitz, 1991) supports the evaluation of diver-
sification and hedging properties associated with thematic digital assets and Blue Economy
instruments. Market Efficiency and the Adaptive Market Hypothesis (Fama, 1970; Lo, 2004)
provide a behavioral foundation for understanding how information, liquidity, and risk
perceptions evolve across different market conditions, especially when innovation-driven
sentiment interacts with sustainability-oriented expectations.

Together, these theoretical perspectives help assess whether FinTech, Al, and Blue
Economy assets function as stabilizers or transmitters of risk under normal and stressed
environments. Systemic interconnectedness and network theory (Diebold & Yilmaz, 2012)
further establish the structural basis for analyzing contagion, feedback mechanisms, and
cross-market co-movements in adaptive financial ecosystems. By embedding digital trans-
formation and sustainability-driven blue finance within a unified network perspective,
the framework explains how technological innovation, financial digitalization, and ocean-
linked investment channels jointly shape systemic stability and the overall architecture of
modern financial systems.

2.2. Literature Review
2.2.1. Dynamics of Al and FinTech Markets

Digital innovation has profoundly reshaped the architecture of financial markets by
automating the flow of information, risk, and value across interconnected systems. The
synergy between financial technology (FinTech) and artificial intelligence (AI) reflects a
structural transformation toward data-driven, decentralized, and algorithmic finance (De-
wasiri et al., 2024; Gomber et al., 2018). These technologies improve transparency, liquidity,
and market efficiency, but they also introduce systemic vulnerabilities as automated infras-
tructure synchronizes investor behavior and amplifies volatility across financial assets.

Recent empirical evidence reveals that FinTech—Al interactions exhibit nonlinear,
asymmetric, and regime-dependent dynamics. Quantile-based connectedness studies
demonstrate that contagion intensifies during stress periods when liquidity evaporates,
and information asymmetry widens (Abakah et al., 2023). Ma et al. (2025) using a TVP-VAR
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framework, show that FinTech reacts more rapidly to macro-financial shocks, while Al
transmits longer-lasting volatility, illustrating asymmetric adaptability between technol-
ogy sub-sectors. Similarly, Si Mohammed et al. (2024) find that Al serves as a persistent
transmitter of systemic shocks, whereas FinTech intermittently stabilizes technology-driven
markets. Jellouli (2025a) identifies a temporal duality in which Al amplifies short-term
volatility induced by innovation while FinTech moderates long-run fluctuations. Collec-
tively, these studies characterize digital markets as adaptive yet reflexive ecosystems whose
stability depends on algorithmic interdependence and cross-market information flows,
which are particularly relevant for sustainability-oriented finance.

2.2.2. Scaling Sustainable Blue Finance

Blue Finance has emerged as a key pillar of the sustainable transition agenda, channel-
ing capital toward clean maritime transport and climate-resilient ecosystems (Menzel, 2024;
Jellouli, 2025b). In capital markets, the Blue Economy is increasingly represented through
blue finance instruments that provide market-priced exposure to ocean-sustainability
themes. Through blue bonds, marine equities, and blended finance instruments, this seg-
ment internalizes ecological objectives into financial intermediation (Bosmans & De Mariz,
2023; Rogge, 2025). Blue bonds finance marine biodiversity and decarbonized shipping
projects, while blue equity indices stimulate private innovation in water infrastructure
(D. Wang et al., 2024; Nefzi et al., 2025). Blended-finance models combining concessional
and commercial capital have enhanced bankability and mobilized institutional investment
toward ocean-based assets (Schutter et al., 2024).

Nevertheless, scaling blue finance faces persistent bottlenecks. Fragmented standards,
limited risk-sharing mechanisms, and shallow secondary markets constrain liquidity and
investor confidence (Nguyen, 2024; Sumaila et al., 2021). Market depth remains limited,
with heterogeneous pricing and weak benchmarking capacity. Scholars emphasize the need
for harmonized taxonomies, verifiable impact metrics, and dynamic evaluation frameworks
to mainstream blue finance and embed it within the sustainable transition architecture
(Botoroga et al., 2025; Shiiba et al., 2022).

2.2.3. The Digital-Sustainability Nexus

The convergence of digital transformation and sustainability-linked finance is re-
shaping systemic interdependence across financial domains. Digital assets, including
FinTech equities, Al-based technologies, and blockchain instruments, interact dynamically
with sustainability-oriented financial assets, forming a multilayered network that links
technological efficiency with ecological resilience (Campana et al., 2021; Rowan, 2023;
Ibrahim et al., 2024).

Empirical studies reveal that this relationship is nonlinear, asymmetric, and regime
dependent. Evidence from time-varying and quantile-based frameworks indicates that
FinTech and Al markets act as short-term transmitters of volatility through liquidity and
information channels. At the same time, sustainable assets absorb shocks and preserve
long-horizon stability (Abakah et al., 2023; Peng et al., 2025; Si Mohammed et al., 2024). Re-
search employing time—frequency decomposition further shows that contagion intensifies
during turbulent regimes but weakens in recovery, suggesting that sustainable instruments
maintain conditional diversification capacity (Ma et al., 2025). Collectively, these studies
highlight an asymmetric interplay where technological exuberance amplifies short-run
contagion, while sustainability-oriented assets anchor market equilibrium.

Despite the growing body of literature on FinTech, Al, and the Blue Economy, the
empirical landscape remains fragmented. Most studies isolate technological assets and
blue-sector instruments, overlooking the cross-domain transmission channels and policy
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implications that link them. The absence of an integrated quantile—frequency framework
limits our understanding of how digital efficiency and ecological resilience co-evolve. This
study addresses this gap by modeling dynamic spillovers across quantiles and frequencies,
uncovering the asymmetric interplay that characterizes the digital-Blue Economy nexus
and its implications for portfolio design and macroprudential policy in sustainable finance.

3. Data and Methodology
3.1. Data

This study aims to examine the dynamic effects of FinTech and artificial intelligence
(AI) stocks on Blue Economy assets, providing insights into how technological innovation
and sustainable finance interact within the global financial ecosystem. The KBW NAS-
DAQ Financial Technology Index (KFTX) provides exposure to FinTech, tracking 48 U.S.
firms engaged in digital financial services across eight segments, including transactions,
networks, software, and online banking. Launched on 18 July 2016, the index reflects
the performance of firms driving financial digitalization. The NASDAQ CTA Artificial
Intelligence & Robotics Index (NQROBO) serves as the Al benchmark. Established on 18
December 2017, it tracks global leaders in Al and robotics across technological, industrial,
and healthcare domains. To represent Blue Economy assets, two ocean-focused ETFs are
incorporated: the BNP Paribas Easy ECPI Global ESG Blue Economy ETF (BJLE), which
offers diversified exposure to sustainable marine industries, and the IQ Clean Oceans ETF
(OCEN), which focuses on marine conservation and ocean-friendly technologies. Their un-
derlying constituents are diversified across ocean-sustainability activities, while exposure
to conventional energy, shipping, and transportation sectors remains marginal due to ESG
screening and thematic investment constraints. These ETFs therefore provide market-based
exposure to blue finance themes in listed equities. To situate these instruments within
broader market conditions, the MSCI World Index (MSCI) is included as a global equity
benchmark. In addition, to disentangle blue-specific effects from general ESG co-movement,
we incorporate the STOXX Global ESG Leaders Index (ESG_Index) as a mainstream ESG
equity benchmark. This benchmark enables us to assess whether the spillover patterns
associated with blue-themed ETFs are distinct from broader ESG-related behavior.

Daily closing prices were retrieved from Refinitiv Datastream for the period 22 October
2021 to 21 February 2025, providing a robust foundation for analyzing the connectedness
between digital innovation, and blue finance instruments. This window captures key global
events, including regulatory and market shocks in digital finance during 20212022, the
Russia-Ukraine conflict, the technological acceleration and Al boom from 2023 to 2024, and
the COP27 and COP28 climate summits, which collectively shaped the evolving connected-
ness between FinTech, Al and blue finance instruments. All price data were transformed
into logarithmic returns to ensure statistical stability and comparability across series. As
illustrated in Figure 1, the return dynamics exhibit pronounced volatility clustering and
asymmetric behavior, evidencing heterogeneous shock transmission across asset classes.
Blue equity ETFs (BJLE, OCEN), robotics (NQROBO), and global equities (MSCI) display
heightened volatility post-2022 amid tightening liquidity and geopolitical stress, whereas
FinTech (KFTX) shows an abrupt escalation in volatility in early 2025, driven by accelerated
Al diffusion and speculative repricing. Table 1 further substantiates these stylized facts,
revealing significant skewness, leptokurtosis, and volatility persistence, consistent with
non-Gaussian and conditionally heteroskedastic processes. The ERS test confirms station-
arity, while Ljung-Box and ARCH diagnostics highlight autocorrelation and clustering
in higher-order moments. These empirical regularities point to strong nonlinearities and
time-varying dependencies across markets. The correlation patterns in Table 2 indicate
strong co-movement between blue finance instruments and global equities, contrasted
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with weaker linkages for FinTech assets, which sustain diversification margins. Given the
value-weighted construction of the portfolios and their exposure to large-cap equities, this
co-movement partly reflects shared market dynamics rather than asset-specific interactions.
In this context, adopting a quantile—frequency connectedness framework provides a more
suitable approach to disentangling regime-dependent and tail-risk spillovers among Blue
Economy finance and technology-oriented assets.

— BILE

OCEN
‘ ‘ : —— KFTX
"" | 1" [l ‘W"“f‘”ll‘ MY noroso
' —— MsCI
2022 2023 2024 2025 2022 2023 2024 2025
0.2 0.05
0 0
-0.2
0.05
2022 2023 2024 2025 2022 2023 2024 2025
0.04
0.02
0
-0.02
-0.04
2022 2023 2024 2025
Figure 1. Plots of the sample returns.
Table 1. Summary statistics.
BJLE OCEN KFTX NQROBO MSCI
Mean 0.017 —0.020 0.017 —0.019 0.025
Variance 0.721 1.406 15.666 1.997 0.856
Skewness —0.240 *** 0.234 *** —0.035 —0.007 —0.139 *
Ex. Kurtosis ~ 1.553 *** 1.938 *** 33.340 *** 1.035 *** 2.088 ***
JB 95.657 ***  143.848 ***  40247.533 *** 38.806 *** 160.679 ***
ERS —8.131 ***  —11.328 *** —15.174 *** —10.000 ***  —13.040 ***
Q(10) 12.490 ** 7.545 178.844 *** 29.075 *** 17.420 ***

Q?(10) 62.795 *** 45.608 *** 211.581 *** 49.895 *** 87.960 ***

Notes: Significance levels: *** 1%, ** 5%, and * 10%. Returns are in percentage points (log-returns x 100).

Table 2. Pairwise Pearson correlations.

BJLE OCEN KFTX NQROBO MSCI
BJLE 1.000 0.607 *** 0.155 *** 0.476 *** 0.594 ***
OCEN 1.000 0.215 *** 0.692 *** 0.900 ***
KFTX 1.000 0.317 *** 0.254 ***
NQROBO 1.000 0.731 ***
MSCI 1.000

Notes: Entries report Pearson correlation coefficients. The null hypothesis is zero correlation (Hp: p = 0). *** denotes
significance at the 1% level.

3.2. Methodology

This study employs the quantile—frequency connectedness (QF-C) framework pro-
posed by Chatziantoniou et al. (2022), which extends the Diebold—-Yilmaz connectedness
methodology by incorporating quantile dependence and frequency-domain decomposition.
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Connectedness measures are derived from a Quantile Vector Autoregressive model of
order p, QVAR(p), specified as:

T) 4+ Y b @(T) Y+ ur(T) 1)

where Y; is an N x 1 vector of endogenous variables, T € (0,1) denotes the quantile of
interest, y(7) is the conditional mean vector, ®;(7) are quantile-dependent coefficient
matrices, and u(T) is an error vector with variance—covariance matrix (7).

Using Wold’s theorem, the QVAR(p) admits the infinite-order representation:

)+ Yo Tn(T)u- (1) )

Based on this representation, the Generalized Forecast Error Variance Decomposition
(GFEVD) of Koop et al. (1996) and Pesaran and Shin (1998) is computed to quantify the
contribution of shocks in series j to the H-step-ahead forecast error variance of series i:

(Z(1)); T (T (D) 2(7)) )2

0;i(H) = (3)
’ LI (Tn(0) ()T (7))
Since the rows of 6;;(H) do not sum to one, variance shares are normalized as:
~ 6;i(H)
0;j(H) = =y 4)
Yi—1 Oix (H)

To capture horizon-dependent spillovers, the QVAR representation is transformed
into the frequency domain. The frequency response function is defined as ¥ (e=¢) =
Y2 o Tn(t)e ™", w € [0, 7r], which yields the spectral density matrix:

Sy(w) =¥(e ™) (1) ¥/ (™) ®)

Frequency—specific variance shares are aggregated over a frequency band d = (a,b) C
(0, 7r): f 911
Followmg Barunik and Krehlik (2018), frequency—domain connectedness is scaled by

its relative contribution to total system variance: I'(d) = N~y Z]-lil 0ii(d).
Finally, connectedness measures are defined as follows. Net Pairwise Directional
Connectedness is given by:

~

NPDC;j(d) = gij(d) —0i(d) (6)

Total directional connectedness “to others” and ‘from others” are:

~

Toz(d) = Z]'I\il,j#i Gji(d)/ )
FROM;(d) = Y, ., 04(d) )

The net total directional connectedness is defined as:
NET;(d) = TO;(d) — FROM;(d) 9)

Overall system-wide interconnectedness is summarized by the Total Connectedness
Index:
-1 N1 N
TCI(d Zl L TOi( N~'y .~ FROM;(d) (10)
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4. Results
4.1. Static Quantile-Frequency Connectedness Analysis

The static quantile-frequency connectedness measures are derived within the quantile—
frequency connectedness (QF-C) framework, following Chatziantoniou et al. (2022). Con-
nectedness is evaluated over total, short-, and long-run frequency horizons to characterize
spillover transmission within the digital-blue finance system. As presented in Tables 3-5,
the Total Connectedness Index (TCI) increases sharply from 55.92 under stable conditions
to 73.30 and 74.06 in bearish and bullish regimes, respectively. This 18-point increase
(approximately +32%) highlights a symmetric rise in systemic intensity, showing that both
downturns and speculative market upswings occur within the digital-blue finance nexus.
The nonlinear evolution of connectedness across quantiles underscores the conditional,
state-dependent nature of systemic risk, as volatility transmission intensifies not only dur-
ing crises but also during periods of financial exuberance. Short-term spillovers dominate,
accounting for nearly three-quarters of total transmission, indicating that information and
liquidity channels drive rapid yet transient spillover dynamics. Conversely, long-term
spillovers remain moderate, indicating persistent structural diversification opportunities for
long-horizon investors as markets gradually re-segment beyond transient shocks. Together,
these patterns reveal a macro-financial symmetry of contagion within the digital-blue asset
system, in which both pessimism and optimism give rise to comparable forms of systemic
coupling and volatility clustering.

Table 3. Median-based quantile—frequency connectedness (t = 0.5).

BJLE OCEN KFTX NQROBO MSCI FROM
BILE 48.39 16.87 5.41 15.36 13.97 51.61
(38.47; 9.92) (11.94; 4.93) (3.67; 1.74) (10.85; 4.52) 9.77;4.19)  (36.23;15.37)
OCEN 10.60 32.10 7.93 26.98 22.40 67.90
(8.17; 2.43) (25.93; 6.17) (6.16; 1.77) (20.89;6.09)  (17.96;4.44)  (53.18;14.72)
KETX 4.24 9.63 61.92 12.80 11.41 38.08
(3.19; 1.05) (7.26; 2.36) (52.06; 9.87) (9.74; 3.06) (8.74; 2.66) (28.94; 9.14)
NOROBO 7.09 16.48 10.28 4891 17.25 51.09
(5.05; 2.04) (12.02; 4.46) (7.45;2.83)  (36.63;12.28)  (12.64;4.61)  (37.16;13.93)
MSCT 8.47 21.58 8.90 31.97 29.08 70.92
(6.14; 2.33) (16.09; 5.49) (6.61; 2.29) (23.56;841)  (22.06;7.02)  (52.40; 18.52)
0 30.40 64.55 32,51 87.12 65.02
(22.55; 7.85) (47.32;17.23)  (23.89;8.62)  (65.04;22.08)  (49.12; 15.90)
Net —21.20 —335 —5.56 36.02 ~5.90 55.92
(—13.68; —7.52)  (—5.87;2.52) (—5.05;—0.52) (27.88;8.14)  (—3.29; —2.62)  (41.58;14.34)

During normal market conditions (T = 0.50), digital innovation assets and blue finance
ETFs maintain a balanced yet asymmetric interaction structure. Within the innovation
segment, NQROBO emerges as the leading net transmitter within the system, underscoring
Al and robotics” prominent position within cross-sector spillover dynamics. KFTX functions
as an adaptive receiver, absorbing volatility spillovers through FinTech intermediation, and
supporting liquidity flows. On the blue finance front, BJLE emerges as the primary net
receiver of spillovers, while OCEN provides secondary diversification benefits. MSCI acts
as a stabilizing global benchmark that preserves systemic coherence. This configuration
depicts a functional diversification regime in which innovation-oriented assets contribute
more strongly to volatility transmission, and blue finance ETFs predominantly absorb them,
maintaining portfolio efficiency and moderate risk exposure.
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Table 4. Extreme lower quantile-based frequency connectedness (t = 0.05).
BJLE OCEN KFTX NQROBO MSCI FROM

BJLE 25.36 20.04 15.59 19.31 19.70 74.64
(16.91; 8.45) (13.06; 6.97) (11.22; 4.37) (12.14;7.17) (12.59; 7.11) (49.02; 25.62)

OCEN 18.44 23.02 16.73 20.86 20.96 76.98
(12.70; 5.73) (16.38; 6.64) (12.76; 3.96) (14.14; 6.72) (14.85; 6.11) (54.45; 22.53)

KFTX 14.08 15.45 36.95 17.48 16.04 63.05
(11.84; 2.25) (12.95; 2.49) (32.23; 4.72) (14.49; 2.99) (13.44; 2.60) (52.72; 10.33)

NQROBO 17.73 19.81 16.90 25.97 19.59 74.03
(12.56; 5.17) (14.25; 5.56) (12.70; 4.20) (18.28; 7.69) (14.21; 5.38) (63.71; 20.31)

MSCI 18.12 20.52 16.94 22.24 22.18 77.82
(11.40; 6.71) (13.35;7.17) (11.93; 5.01) (13.93; 8.31) (14.35; 7.83) (50.62; 27.20)

TO 68.36 75.81 66.15 79.89 76.29
(48.50; 19.86) (53.62; 22.20) (48.61; 17.54) (54.70; 25.19) (55.09; 21.20)

Net —6.28 -1.17 3.11 5.87 —1.53 73.30

N (—0.52; -5.76) (—0.84;, —0.33) (—4.10;7.21) (0.99; 4.88) (4.47; —6.00) (52.11; 21.20)
Table 5. Extreme upper quantile-based frequency connectedness (t = 0.95).
BJLE OCEN KFTX NQROBO MSCI FROM

BJLE 26.48 20.09 15.37 18.81 19.24 73.52
(19.35; 7.13) (14.33; 5.76) (11.04; 4.33) (13.01; 5.80) (13.55; 5.69) (561.93; 21.59)

OCEN 18.15 23.67 16.34 20.78 21.07 76.33
(14.11; 4.04) (18.52;5.15) (12.94; 3.40) (16.26; 4.51) (16.47; 4.61) (59.77; 16.56)

KETX 15.67 17.00 30.90 18.98 17.45 69.10
(12.50; 3.17) (13.69; 3.31) (26.59; 4.31) (15.41; 3.57) (14.03; 3.42) (55.63; 13.47)

NQROBO 17.73 19.40 17.40 26.33 19.39 73.67
(11.94; 5.55) (13.41; 5.99) (12.30; 5.10) (18.76; 7.57) (13.26; 6.13) (50.92; 22.76)

MSCI 17.68 20.84 16.82 2231 22.34 77.66
(12.90; 4.78) (15.45; 5.39) (12.75; 4.08) (16.63; 5.68) (16.48; 5.87) (57.73; 19.93)

TO 68.98 77.33 65.94 80.88 77.16
(51.44; 17.54) (56.88; 20.45) (49.03; 16.91) (61.31; 19.57) (57.32;19.84)

Net —4.54 0.99 —3.16 7.21 —0.50 74.06

N (—0.49; —4.05) (—2.89;3.89) (—6.60; 3.44) (10.40; —3.19) (—0.42; —0.09)  (55.20; 18.86)

Notes: Values above parentheses represent total connectedness, whereas those in parentheses indicate its short-
and long-term components, whose sum equals the total measure.

When market stress intensifies (T = 0.05), the structure reveals a distinct inversion of
roles. NQROBO remains the most influential transmitter within this asset basket, reflect-
ing heightened short-term volatility spillovers through technology-driven channels. At
the same time, KFTX shifts from stabilizer to net transmitter, consistent with increased
interconnectedness under liquidity stress. BJLE exhibits defensive, hedging-like behav-
ior in the connectedness network, in the sense that it predominantly absorbs rather than
transmits spillovers during stress (Net = —6.28), whereas OCEN retains a more limited
shock-absorption capacity. MSCI continues to buffer innovation shocks with restricted
transmission, suggesting a partial decoupling of global benchmarks from sector-specific
turbulence. Economically, this pattern represents a phase of volatility concentration in
which digital innovation accounts for a larger share of spillover transmission relative to blue
finance instruments, while blue finance ETFs partially absorb spillovers but cannot fully
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contain cross-market fragility. The system thus shifts from equilibrium interdependence to
technology-centered spillover diffusion, capturing the procyclicality of innovation under
tight liquidity conditions.

Under bullish conditions (T = 0.95), the system shifts from defensive to speculative
synchronization. NQROBO remains the principal net transmitter, coinciding with Al-
and robotics-driven optimism, while KFTX stabilizes through valuation maturity. OCEN
transitions from receiver to transmitter, coinciding with stronger spillover intensity during
ESG-oriented market expansions, consistent with a more procyclical connectedness profile
in speculative phases. In contrast, BJLE preserves its defensive receiver role, absorbing
fluctuations through long-term capital and policy-anchored stability. MSCI weakens amid
an intensifying risk appetite and cross-market correlations. Overall, this regime reveals a
procyclical phase in which blue finance ETFs increasingly co-move with innovation-led
rallies, suggesting a temporary weakening of diversification benefits even in expansionary
markets within this specific digital-blue configuration.

From a macro-financial standpoint, these results expose a dual regime of systemic
interdependence. In contraction phases, technological volatility spillovers dominate volatil-
ity transmission while blue assets offer partial insulation. During expansions, speculative
capital flows are associated with synchronized innovation and blue finance dynamics,
transforming diversification into co-movement. This cyclical symmetry challenges the
assumption of blue finance instruments, as unconditional risk buffers and underscores
their regime- and asset-specific behavior. Strategically, the findings emphasize the need for
regime-aware portfolio design and stress-sensitive asset allocation to preserve resilience
within an increasingly integrated digital-blue financial system.

4.2. Network Analysis of Quantile-Frequency Connectedness

The network of net pairwise connectedness displayed in Figure 2 visualizes how
systemic linkages are observed to materialize and evolve across quantiles. The node size
reflects each asset’s systemic importance, while the edge thickness measures the intensity
of bilateral spillovers. This visual mapping transforms numerical evidence into a structural
representation of financial interdependence, revealing how innovation and blue finance
interact within this specific digital-blue asset system across regimes and frequencies.

Across quantiles, the topology progresses from a balanced configuration to a highly
synchronized structure, visually translating the escalation in systemic interdependence as
markets move from stability to stress and speculation. Under normal conditions (T = 0.50),
the system maintains a moderate level of connectivity, with innovation-led assets, par-
ticularly AI (NQROBO), acting as net transmitters of short-run volatility to blue-themed
ETFs and global segments. Distinct clusters indicate an operational equilibrium between
technological leadership and blue finance resilience. Volatility remains compartmentalized,
and portfolio adjustments operate efficiently, suggesting that innovation and blue finance
interact without evidence of strong structural coupling. When downside stress emerges
(T =0.05), the network becomes denser and more directional. Expanding nodes and thicken-
ing connections reveal a concentration of spillover intensity centered on technology-driven
assets, particularly AI (NQROBO) and FinTech (KFTX). This configuration signals the
collapse of market segmentation, as volatility spillovers become increasingly synchronized
across digital and blue domains. Liquidity contractions and correlated withdrawals are
associated with a transition from efficiency to fragility, generating a self-reinforcing pattern
of volatility diffusion. Economically, this regime represents a phase of contagion concentra-
tion in which innovation assets account for a larger share of systemic transmission within
the digital-blue network, while blue assets absorb turbulence without fully isolating it.
The digital core thus becomes the central hub of volatility spillovers, reflecting the speed
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and sensitivity of technology-intensive markets under liquidity constraints. At the upper
quantile (T = 0.95), the structure retains its density but shifts from defensive clustering
to speculative synchronization. The symmetry of connections and the reduced polarity
between transmitters and receivers illustrate the weakening of diversification as optimism
spreads. AI (NQROBO) and the blue finance ETF segment (OCEN) jointly emerge as net
transmitters, coinciding with a synchronized expansion across digital and blue finance
domains. Digital and blue markets thus exhibit stronger co-movement in liquidity- and
sentiment-driven phases, beyond what is observed under median conditions, mirroring the
transition from defensive interdependence to collective speculation. Instead of mitigating
shocks, blue finance ETFs increasingly participate in spillover transmission through co-
movement, signaling a regime of procyclical amplification in which valuation momentum
overrides traditional risk-sharing dynamics.

Total Median quantile 0.05 quantile 0.95 quantile

Short-term Median quantile 0.05 quantile 0.95 quantile

OCEN

Long-term Median quantile 0.05 quantile 0.95 quantile

Figure 2. Quantile—frequency networks of net pairwise connectedness. Notes: Figures in the first row
show net pairwise directional connectedness at median and extreme quantiles, while those in the
second and third rows represent the corresponding short- and long-term components, respectively.
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The frequency-layer decomposition deepens this interpretation. In the short term,
spillover diffusion is driven by innovation impulses, confirming that Al and FinTech cycles
are closely associated with the tempo of systemic volatility within this asset configuration.
In the long-term layer, AI (NQROBO), FinTech (KFTX), and blue finance (OCEN) emerge
as persistent net transmitters, generating enduring yet adaptive linkages that are reflected
in sustained cross-sector connectedness. These slower interactions translate transitory
volatility into more persistent interdependencies, embedding innovation and blue finance
within the longer-horizon architecture of systemic connectedness.

From a macro-financial standpoint, the network analysis reveals a digital-blue para-
dox. Financial innovation is associated with enhanced liquidity and efficiency, yet also
coincides with deeper systemic coupling across regimes. Crises and expansions alike foster
synchronization, as blue finance ETFs act as partial buffers within a technology-driven
ecosystem. Innovation thus occupies a dual position within the system that combines
efficiency gains with heightened interconnectedness. This underscores the need for regime-
aware portfolio design and adaptive policy frameworks to sustain resilience in an integrated
digital innovation-blue finance nexus.

4.3. Dynamic Quantile—Frequency Connectedness Analysis

The static full-sample estimates are extended to a dynamic setting to account for the
time-varying evolution of quantile—frequency connectedness obtained from rolling-window
estimations, allowing spillover measures to adjust over time.

4.3.1. Dynamic Total Connectedness Across Time and Quantiles

The evolution of dynamic connectedness across short-term (1-5 days) and long-term
(5—00 days) horizons, illustrated in Figure 3, traces how systemic integration within the
digital-blue finance nexus varies conditionally in association with shifting macro-financial
and geopolitical regimes. Between mid-2022 and mid-2023, both horizons move within a
narrow band, reflecting balanced volatility transmission amid lingering uncertainty from
the Russia—Ukraine conflict and the associated energy and commodity market disruptions.
This phase is consistent with an efficient post-pandemic equilibrium characterized by
stable liquidity conditions and sustained policy coordination. From mid-2023 onward,
total connectedness declines markedly, coinciding primarily with a sharper contraction in
short-term spillovers (approximately twice the rate of long-term moderation). The cooling
of speculative activity in Al and FinTech assets, combined with global monetary tightening,
is associated with reduced high-frequency contagion and a re-emergence of asset-specific
dynamics within the digital-blue system. In contrast, long-term connectedness remains
broadly stable, indicating resilience in blue-finance-related capital allocation, and the
continued salience of COP28 and ongoing ESG policy commitments. This dual-frequency
pattern highlights a form of adaptive decoupling where markets reduce short-term co-
movement without losing long-term alignment. Economically, it marks a transition from
liquidity-driven synchronization to selective interdependence, signaling that systemic risk
cycles are entering a phase of normalization rather than fragmentation. The decline in the
Total Connectedness Index thus reflects a recalibration of systemic integration, rather than
a uniform weakening of interdependence, where innovation momentum softens but blue
finance linkages persist, preserving resilience within the digital-blue financial ecosystem.
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B Total

2023-01 2023-07 2024-01 2024-07 2025-01

Figure 3. Frequency-based dynamic connectedness. Notes: The black area depicts total TCI, whereas
the red and green areas illustrate the short- and long-term components, respectively.

The analysis is further deepened in Figure 4, which integrates the quantile dimension
to capture how systemic connectedness evolves across both market states and frequency
horizons. During the 2022 to mid-2023 stabilization phase, high connectedness values clus-
ter around the median quantiles, reflecting balanced volatility transmission and efficient
information diffusion within this asset configuration. This configuration indicates a regime
of functional integration, where risk interdependence remains contained, and diversifica-
tion operates effectively under moderate uncertainty. From mid-2023 onward, the heatmaps
reveal a pronounced asymmetry between short- and long-run propagation across quantiles.
Short-term connectedness weakens markedly at the tails (T = 0.05 and T = 0.95), suggesting
that both bearish and bullish extremes experienced a partial decoupling of high-frequency
shocks relative to median states. This attenuation is associated with the combined effects
of global monetary tightening and speculative fatigue in Al and FinTech-linked assets,
which coincide with reduced liquidity-driven volatility clustering. Conversely, long-run
connectedness persists across all quantiles, indicating that sustainability-oriented capital
flows and policy continuity surrounding COP28 continued to anchor financial integration
despite short-term contractions. This divergence between horizons captures a structural
shift from synchronized volatility to selective interdependence. Short-term co-movement
diminishes as risk-sensitive segments normalize, while long-term linkages remain under-
pinned by the durability of sustainable finance commitments and the strategic positioning
of blue finance instruments. The system thus evolves toward an adaptive equilibrium
in which innovation cycles adjust dynamically around a stable blue finance core. From
a macro-financial perspective, these dynamics demonstrate that systemic connectedness
is both state-dependent and frequency-contingent. The quantile dimension uncovers be-
havioral asymmetries associated with investor sentiment and liquidity cycles, whereas
the frequency perspective isolates persistence in transmission mechanisms. Together, they
depict the digital-blue finance nexus as a dual-speed financial ecosystem that is reflexive
and innovation-driven in the short term yet cohesive and policy-anchored over longer
horizons. In sum, the temporal and quantile-based evidence reveals that the digital-blue
financial system exhibits a resilient yet adaptive architecture, capable of absorbing cyclical
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shocks without losing structural cohesion. The coexistence of short-term reflexivity and
long-term stability marks a defining feature of the sustainable finance transition in the
contemporary global regime.

Total TCI

80

2024 2025

Short-Run TCI Long-Run TCI
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Quantiles
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Figure 4. Total, short-term, and long-term TClIs across time and quantiles. Notes: The heatmaps
illustrate the temporal and quantile dynamics of total, short-run, and long-run TCIs. Warmer colors
denote higher connectedness.

4.3.2. Dynamic Net Directional Connectedness Across Time and Quantiles

The analysis is extended in Figure 5, which maps the net directional connectedness
across quantiles and horizons, uncovering how digital and blue finance assets alternately
act as transmitters or receivers of volatility under shifting systemic regimes. This mul-
tidimensional depiction captures both the tempo and persistence of spillover influence,
translating how market sentiment, policy cycles, and liquidity conditions are reflected in
the structure of interdependence within the digital-blue finance nexus.

NQROBO (Al and robotics) consistently emerges as the primary net transmitter across
total and short-term horizons, with its influence peaking in early 2024 during the Al-driven
surge of market optimism. This phase coincides with heightened innovation sentiment
and capital reallocation into technology sectors following advances in global artificial
intelligence applications. The prevalence of short-run spillovers, which account for nearly
two-thirds of the total transmission, indicates that Al-induced euphoria is associated with
intensified high-frequency volatility across both the digital and blue finance segments.
Economically, this dynamic is consistent with a reflexive contagion pattern in which techno-
logical exuberance coincides with accelerated information diffusion and risk synchroniza-
tion, while long-run stability remains intact. KFTX (FinTech), by contrast, operates mainly
as a systemic receiver throughout most of the sample, punctuated by brief transmission
bursts in late 2024 and late 2025. These episodes align with phases of monetary tightening
and funding reallocation during which FinTech valuations adjusted to changing liquidity
conditions. Its transmission is primarily short-term, underscoring FinTech’s high sensitivity
to transient innovation and funding shocks. Over longer horizons, however, KFTX regains
neutrality, highlighting its relative resilience once speculative pressures dissipate. This
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Total Net: BJLE

behavior positions FinTech as a conduit that absorbs volatility spillovers while preserving
liquidity continuity within the digital-blue finance architecture.
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Figure 5. Net directional connectedness across quantiles and horizons (total, short-term, and long-
term spillovers).

BJLE (Blue Economy ETF) remains a persistent receiver across quantiles and horizons,
reinforcing its function as a diversification vehicle rather than a source of contagion. Its
weak propagation capacity is associated with ESG repricing, marine-related regulatory
news, and investor reallocation toward sustainability themes. Similarly, OCEN (Clean
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Oceans ETF) transitions from neutrality in 2023 to a pronounced receiver regime in 2024,
indicating increased integration into global ESG-driven financial networks. The intensifi-
cation of receiver roles suggests that blue finance ETFs increasingly internalize volatility
spillovers transmitted from digital and global benchmarks. Finally, MSCI (global bench-
mark) shifts from low transmission to pronounced receiver orientation from 2024 onward,
absorbing corrections in Al and FinTech markets while maintaining global equilibrium.
This underscores its role as the anchor of macro-financial stability, facilitating volatility
absorption and systemic coherence, when digital and sustainable sectors face turbulence.
Together, these dynamics reveal a dual-speed systemic architecture in which digital as-
sets account for a larger share of short-run spillover transmission through innovation cycles.
In contrast, blue finance ETFs and global equities, are associated with long-run resilience
through policy and sustainability linkages. This interaction suggests that the digital-blue
finance nexus operates simultaneously as an engine of technological dynamism and a stabi-
lizer of systemic resilience, underscoring the need for regime-aware portfolio design and
adaptive macroprudential frameworks in the evolving architecture of sustainable finance.

4.3.3. Dynamic Net Pairwise Connectedness Across Time and Quantiles

The dynamic structure of bilateral spillovers within the digital-blue financial nexus is
further examined through Figures 6-8, which depict the time-varying evolution of net pair-
wise connectedness across the median, lower, and upper quantiles. The frequency dimension
captures short-term (1-5 days) and long-term (5—-co days) spillover components derived from
the spectral decomposition of the Quantile VAR model. These multidimensional perspec-
tives reveal how systemic influence circulates among Al, FinTech, and blue finance assets
across market regimes and frequency horizons, thereby characterizing the mechanisms
through which interconnectedness evolves between innovation and sustainability.

BJLE - OCEN OCEN - KFTX KFTX - MSCI
60| m Total 601 m Total 60 | m Total
20 g 15 0] 3 12 | 2013
-20 -20 -20
-60 -60 -60
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Figure 6. Pairwise directional connectedness by frequency at the median quantile. Notes: The black
area denotes total net spillovers, while the red and green areas represent short-term (1-5 days) and
long-term (5-c0 days) frequency components.
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Figure 7. Pairwise directional connectedness by frequency at the extreme lower quantile (t = 0.05).
Notes: The black area denotes total net spillovers, while the red and green areas represent short-term
(1-5 days) and long-term (5—co days) frequency components.
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Figure 8. Pairwise directional connectedness by frequency at the extreme upper quantile (T = 0.95).
Notes: The black area denotes total net spillovers, while the red and green areas represent short-term
(1-5 days) and long-term (5—co days) frequency components.
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At the median quantile, the configuration portrays an equilibrium regime charac-
terized by balanced volatility transmission and informational efficiency. Al and robotics
(NQROBO) emerge as the primary net transmitter of systemic influence, accounting for
short-term spillovers toward both blue ETFs and global markets. Its influence on MSCI,
OCEN, and BJLE intensifies from mid-2024 onward, coinciding with the diffusion of
technology-driven valuation cycles and liquidity realignments across the financial system.
These interactions are associated with Al-related sentiment, which acts as a synchronizing
force that aligns expectations between innovation and sustainability. Economically, this
dynamic is consistent with a transition of technological momentum from a sectoral impulse
to a system-wide co-movement pattern.

FinTech (KFTX) maintains a largely neutral stance toward NQROBO, MSCI, BJLE, and
OCEN. Rather than amplifying shocks, it is characterized by an adaptive liquidity conduit
role, transforming short-lived digital turbulence into more stable market adjustments.
This behavior positions FinTech as a relative buffer that supports coherence within the
digital-blue finance ecosystem. MSC], in turn, maintains a mild receiver profile vis-a-
vis BJLE and a neutral relation with OCEN. This receiver status is consistent with its
broad diversification and deep liquidity base, which enable volatility absorption without
substantial retransmission. Its behavior underscores benchmark inertia, an intrinsic capacity
of global indices to internalize systemic shifts while preserving portfolio stability. The
overall hierarchy positions Al as the core transmitter, FinTech as a liquidity mediator, and
blue ETFs as absorptive stabilizers anchoring systemic balance.

Under the lower quantile, corresponding to bearish and high-stress conditions, con-
nectedness becomes asymmetric and horizon-dependent. Al and robotics remain the main
source of short-term volatility transmission vis-a-vis BJLE and OCEN from 2024 onward,
as blue finance channels are associated with temporary stabilizing spillovers amid tech-
nological corrections. Over longer horizons, NQROBO re-emerges as a net transmitter
toward MSCI, BJLE, and OCEN, indicating the diffusion of Al-induced repricing through
blue finance and global segments. Its temporary spillovers to KFTX coincide with rapid
feedback loops within the digital domain, where FinTech momentarily exhibits increased
spillover intensity before systemic equilibrium is restored.

FinTech exhibits a dual, time-contingent profile. In the short run, it acts as a receiver
from BJLE, OCEN, and MSCI, suggesting that blue ETFs and diversified markets temporar-
ily counterbalance liquidity shocks. Over longer horizons, it transitions into a transmitter,
reflecting the re-emergence of technological and financial impulses back toward these
assets. This cyclical adjustment demonstrates FinTech’s hybrid nature as both a shock
absorber and a connecting node, linking innovation and sustainability. BJLE and OCEN
remain primarily defensive, absorbing digital volatility while occasionally exhibiting weak
stabilizing spillovers. MSCI consolidates its long-horizon receiver role, reaffirming its
position as a global sink that contains innovation-led volatility through diversification
and depth.

At the upper quantile, representing speculative and expansionary conditions rather
than liquidity stress, systemic linkages exhibit a reconfiguration. Until mid-2024, Al and
robotics account for the bulk of short-term transmissions toward BJLE, OCEN, and MSCI,
demonstrating how optimism in innovation coincides with spillover propagation through
sentiment-sensitive channels. Beyond mid-2024, NQROBO becomes a long-term transmitter
and short-term receiver, signaling the maturation of Al as a persistent contributor to
systemic integration. FinTech follows a similar trajectory, shifting from an initial receiver
position to a long-term transmitter as liquidity cycles renew and digital sustainability
linkages strengthen. Blue finance assets remain largely absorptive but occasionally emit
weak positive spillovers, consistent with ESG-driven reallocations during speculative
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expansions. MSCI begins as a stabilizing receiver before progressively internalizing digital
exuberance, aligning global equity dynamics with innovation-led valuation cycles.

Across quantiles, these patterns converge into a consistent systemic hierarchy. From
equilibrium to stress and exuberance, Al accounts for the largest share of short-run spillover
reflexivity, FinTech medjiates liquidity-related adjustments, and blue finance assets support
longer-horizon stability. The amplitude of influence compresses across regimes, revealing
that while contagion intensity fluctuates, the directional structure endures. The digital-blue
nexus thus evolves as an adaptive architecture where innovation and sustainability jointly
shape systemic coherence under shifting macro-financial conditions.

4.4. Robustness Check

To verify the robustness of the QF-C connectedness estimates, the analysis was
re-executed using alternative rolling windows of 75, 100, and 150 days. As shown in
Figures 9-11, the Total Connectedness Indices preserve the same dynamic patterns ob-
served under the 200-day benchmark in Figure 4, confirming the stability of the results
across window-length specifications. The net and pairwise directional connectedness
measures also display comparable patterns across specifications', indicating that asset-
level transmission mechanisms are not sensitive to the choice of rolling window. Table 6
summarizes the net transmitter/receiver roles of each asset across lower, median, and
upper quantiles, based on net directional connectedness measures, consistently observed
across different rolling window specifications. This coherence indicates that the inter-
connectedness among technology, blue finance, and global equity markets is robust to
methodological variation, reflecting the systemic persistence and robustness of the digital—-
blue finance nexus.
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Figure 9. Total, short-term, and long-term connectedness over time and quantiles with a rolling
window size of 75.
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Figure 10. Total, short-term, and long-term connectedness over time and quantiles with a rolling

window size of 100.
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Figure 11. Total, short-term, and long-term connectedness over time and quantiles with a rolling

window size of 150.
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Table 6. Net transmitter and receiver roles across quantiles.

Asset Lower Quantile (t=0.05) Median Quantile (t=0.50) Upper Quantile (T = 0.95)
BJLE Net Receiver Net Receiver Net Receiver
OCEN Net Receiver Net Receiver Net Transmitter
KFTX Net Transmitter Net Receiver Net Receiver
NQROBO Net Transmitter Net Transmitter Net Transmitter
MSCI Net Receiver Net Receiver Net Receiver

To evaluate whether the spillover patterns attributed to blue-themed ETFs merely
reflect generic ESG equity dynamics, we augmented the baseline system with the STOXX
Global ESG Leaders Index under the same estimation settings as in the baseline model.
The extended model confirms the robustness of the main hierarchy. NQROBO remains the
primary net transmitter across quantiles, whereas BJLE continues to act as a net receiver,
consistent with a comparatively absorptive profile. The ESG benchmark is predominantly
a net receiver, suggesting that mainstream ESG co-movement absorbs a non-trivial share
of spillovers without subsuming the blue-finance-specific transmission structure. OCEN
displays a more procyclical role in the tails, indicating heterogeneity among blue-themed
equity proxies. Overall, the benchmark inclusion refines the core interpretations by disen-
tangling blue-specific spillover effects from broader ESG equity dynamics, thereby high-
lighting the distinctive composition and directionality of the digital-blue finance nexus.
Detailed static connectedness matrices for the extended system are reported in Appendix A,
Tables A1-A3.

5. Discussion

This study uncovers the evolving systemic architecture linking FinTech innovation,
artificial intelligence (AI), and blue finance instruments, through a quantile-frequency con-
nectedness framework. The results reveal a multi-regime, asymmetric, and adaptive inter-
dependence within the digital-blue finance nexus, which is characterized by structured and
persistent interactions between innovation-driven markets and blue finance instruments
embedded in digitally mediated financial systems. The surge in connectedness during
both downturns and rallies demonstrates that risk aversion and speculative sentiment are
associated with compressed diversification and synchronized systemic risk, indicating a
cyclical symmetry of contagion (Chatziantoniou et al., 2022; Liu et al., 2024; Mensi et al.,
2024). Short-term connectedness dominates, while long-run spillovers remain limited,
suggesting that long-horizon investors retain structural diversification opportunities in
blue finance assets. Such findings align with recent contributions, emphasizing frequency-
contingent connectedness and ESG-driven resilience in financial markets (Abakah et al.,
2023; Jiang et al., 2023). Volatility spillovers are transmitted primarily through liquidity
imbalances, herding, and sentiment-driven capital reallocations, with digital innovation co-
inciding with synchronized trading behaviors. Institutional stability and ESG commitments
are associated with countervailing forces, gradually restoring equilibrium and supporting
systemic resilience in sustainability-linked markets (X. Wang et al., 2024). These results
confirm the empirical advantage of the quantile-frequency connectedness framework,
which extends beyond traditional variance decomposition and network models (Barunik &
Krehlik, 2018; Diebold & Yilmaz, 2012) by exposing regime- and horizon-specific spillovers,
often masked in mean-based approaches. By integrating quantile and frequency domains,
this framework captures tail amplification and horizon-dependent contagion, provid-
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ing a granular representation of systemic dynamics specific to the digital-blue finance
asset configuration.

Within this configuration, Al accounts for a central share of volatility transmission
through innovation-led cycles associated with reflexive information diffusion and algo-
rithmic coordination. This dominance reflects the intrinsic nature of Al-related assets as
expectation-driven instruments, whose valuations are highly sensitive to high-frequency
information flows, rapid belief updating, and algorithmic trading mechanisms. As a result,
Al assets disproportionately amplify short-term spillovers, particularly during periods of
intensified speculative activity and rapid capital rotation. FinTech intermediaries exhibit
alternating transmission and absorption roles depending on liquidity and leverage condi-
tions, consistent with the asymmetric transmission mechanisms identified by Abakah et al.
(2023). In contrast, blue finance ETFs function as stabilizing anchors, supported by ESG
mandates and long-horizon capital flows. This role reflects their institutional and policy-
oriented nature, which prioritizes strategic sustainability objectives over short-term trading
incentives. Their defensive capacity varies with market conditions, as shifts in investor risk
perception and ESG inflows generate volatility clustering and trading surges mainly during
speculative phases rather than liquidity stress. Benchmark comparisons further indicate
that this behavior is not driven by generic ESG equity co-movement, as mainstream ESG
indices primarily absorb market-wide spillovers without shaping their direction. Rather
than acting as unconditional hedges, blue finance ETFs operate as state-contingent defen-
sive assets, absorbing innovation-driven shocks during stress while partially synchronizing
with broader market optimism during expansions.

These findings extend prior evidence from the digital and sustainability literature
(Abhilash et al., 2022; Ozkan et al., 2024) by revealing that blue finance instruments,
while functionally similar to green or ESG-linked instruments, exhibit a distinctive state-
dependent stabilization role within innovation-driven systems, particularly under high-
frequency innovation shocks. Unlike earlier studies emphasizing short-run asymmetry
(Abakah et al., 2023; Ma et al., 2025; Si Mohammed et al., 2024), the results demonstrate
that the interaction between innovation-led assets and blue finance instruments generates
distinct, regime-dependent spillover and diversification patterns, reflecting a persistent
adaptive balance between Al-induced volatility and blue-finance-based resilience.

The theoretical implications are substantial. The results support the Adaptive Market
Hypothesis (Lo, 2004), showing that efficiency evolves adaptively as markets learn and
adjust to sentiment and regulation. Tail-driven fragility illustrates how extreme shocks act
as stress tests, prompting systemic reorganization. This aligns with the complex systems
perspective (Battiston et al., 2017), which views finance as an interconnected network
balancing efficiency and resilience.

Ultimately, the digital-blue nexus can be interpreted as an adaptive financial system in
which innovation, market intermediation, and sustainability-oriented capital jointly shape
observed patterns of risk transmission. Liquidity conditions and information flows are
associated with intensified short-term contagion, while the stabilizing role of sustainability-
linked assets contributes to moderating systemic pressures over longer horizons. These
dynamics carry direct implications for portfolio construction, state-dependent diversifica-
tion performance, and the monitoring of cross-market transmission channels in increasingly
technology-driven financial environments.

6. Conclusions, Implications, and Limitations
6.1. Conclusions

This study investigates the systemic linkages among artificial intelligence, FinTech in-
novation, and blue finance instruments using the quantile-frequency connectedness frame-
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work. The empirical evidence reveals a multi-regime and asymmetric interdependence in
which shifts in risk aversion and speculative sentiment are associated with compressed di-
versification benefits and synchronized systemic risk across digital and sustainability-linked
market segments. Short-term spillovers dominate the transmission structure, whereas long-
run effects remain comparatively moderate, preserving diversification opportunities for
long-horizon investors.

Al and FinTech account for a central share of volatility transmission with liquidity
cycles, leverage dynamics, and information reflexivity. In contrast, blue finance instru-
ments function as state-contingent defensive assets, absorbing technology-related volatility
spillovers during turbulent phases while partially aligning with speculative dynamics
rather than liquidity stress in expansive regimes. This asymmetry highlights a structural
trade-off between innovation-induced efficiency gains and the stabilizing properties of
sustainability-linked assets.

Beyond these findings, this study advances the literature in three key respects. First, it
extends research on digital assets by explicitly incorporating Blue Economy instruments
into the connectedness analysis of Al and FinTech markets. Second, it moves beyond
the ESG literature by showing that sustainability-linked assets interact dynamically with
innovation-driven financial systems, rather than operating as a separate or purely defensive
segment. Third, it reveals regime-dependent spillover and diversification effects that remain
obscured in mean-based or single-domain analyses.

Overall, the results contribute to a clearer understanding of how digital innovation
and blue finance jointly shape systemic risk and diversification in modern financial markets,
with direct implications for portfolio allocation, risk management, and the design of resilient
financial systems in an increasingly digital and sustainability-oriented environment.

6.2. Implications for Research, Practice, and Policy

The findings advance the literature on systemic risk and sustainable finance by intro-
ducing a Digital-Blue Resilience Paradigm in which financial stability is understood to
emerge from the adaptive interaction between technological innovation and sustainability-
oriented market stability. This paradigm illustrates how Al-driven efficiency and ESG-
focused financial systems jointly shape observed patterns of robustness in contemporary
financial markets. The quantile—frequency connectedness framework offers a dynamic
analytical lens for identifying asymmetric and regime-dependent spillovers, providing a
granular understanding of how digital shocks are transmitted within sustainability-linked
financial networks, a dimension often overlooked in conventional approaches.

For investors, the results support the design of regime-aware and horizon-sensitive
portfolios that limit short-term contagion while benefiting from the long-term stabilizing
properties of blue finance instruments, and sustainability-linked assets. Blue-themed
ETFs, Al-enhanced ESG portfolios, and blue-focused FinTech instruments enhance regime-
dependent diversification benefits, and align investment performance with sustainability-
driven mandates. This evolution from traditional return-based allocation to resilience-
oriented portfolio construction reflects the growing importance of integrating sustainability-
related risks and opportunities into capital allocation decisions.

For policymakers, the implications are significant. The results underscore the need
to integrate digital and environmental spillovers into macroprudential oversight to safe-
guard financial stability in an increasingly interconnected financial system. Regulatory
coordination across digital and sustainable finance domains, supported by frameworks
from the EU AI Act, IOSCO sustainability guidelines, and ISSB disclosure standards, is
relevant for ensuring algorithmic transparency, ESG verifiability, and cross-sector account-
ability. Beyond compliance, this alignment may serve as a strategic lever for strengthening
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financial system resilience and guiding the evolution of digital and sustainability-linked
market infrastructures.

Collectively, these insights position sustainable digital finance as both a catalyst for
technological progress and a stabilizing component of financial governance. Strengthening
the interaction among innovation, regulation, and sustainability can support the trans-
formation of technological disruption into systemic resilience and foster a more robust,
financially stable global economy:.

6.3. Limitations and Future Research

While this study captures macro-level interdependence among FinTech, artificial
intelligence, and blue finance instruments, it does not fully address sectoral heterogene-
ity, behavioral asymmetries, or policy shocks that influence the broader architecture of
sustainable finance. The sample period, shaped by post-pandemic adjustments and geopo-
litical volatility, may only partially reflect the long-term structural evolution of digital and
sustainability-linked financial markets. Identifying structural long-run cycles requires a
substantially longer time span.

Future research should examine more specific categories of blue finance instruments,
including conservation bonds, coastal infrastructure financing instruments, and blue in-
frastructure equities, which represent important components of the expanding sustainable
finance landscape. Integrating Al-driven ESG analytics would enhance the detection of
sustainability signals and clarify how digital innovation interacts with environmental per-
formance and market stability. Combining connectedness modeling, network topology;,
and machine learning could reveal deeper mechanisms of contagion linking technological
innovation, financial intermediation, and sustainability-related risks. Including additional
indicators, such as carbon-market dynamics, policy uncertainty indices, and climate-related
financial metrics, would improve our understanding of how technological efficiency and
ecological resilience contribute to systemic stability.

Advancing this line of inquiry will refine empirical insights into the ways digital
transformation and sustainability-linked assets co-evolve across different market regimes.
Deeper investigation of these mechanisms will support more accurate financial modeling
and more informed decisions for portfolio managers and regulators operating within
increasingly interconnected financial systems.
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Appendix A. Benchmark Sensitivity (Mainstream ESG Benchmark)

Table Al. Median-based quantile-frequency connectedness (t = 0.50) in the extended system,
including ESG_Index.

BJLE OCEN KFTX NQROBO  ESG_Index MSCI FROM
BILE 39.36 13.68 460 12.64 18.06 11.66 60.64
(31.33; 8.03) (9.91;3.77) (3.11; 1.49) (9.04;3.60)  (13.96;4.10) (8.24;3.42)  (44.25;16.40)
OCEN 9.18 28.42 6.98 24.22 11.62 19.59 71.58
(7.09; 2.09) (23.02;5.40)  (5.46;1.53)  (18.88;5.34)  (9.00;2.61) (15.74;3.85)  (56.17; 15.42)

https:/ /doi.org/10.3390/1jfs14020032


https://doi.org/10.3390/ijfs14020032

Int. ]. Financial Stud. 2026, 14, 32 26 of 28
Table A1. Cont.
BJLE OCEN KFTX NQROBO ESG_Index MSCI FROM
KETX 3.90 8.95 59.93 11.84 4.71 10.67 40.07
(2.95; 0.95) (6.78;2.17)  (50.46;9.47)  (9.03;2.82) (3.55; 1.15) (8.19; 2.48) (30.49; 9.57)
NOROBO 6.25 14.83 9.19 4591 8.36 15.46 54.09
(4.50; 1.75) (10.93; 3.90) (6.70; 2.49) (34.62;11.29) (6.12; 2.24) (11.40; 4.07) (39.65; 14.44)
ESG Index 14.45 17.87 5.15 16.41 31.07 15.06 68.93
- (10.83; 3.62) (12.01; 5.86) (3.38; 1.77) (10.59; 5.82) (22.96; 8.11) (10.17; 4.89) (46.98; 21.95)
MSCI 7.40 19.12 7.88 29.30 10.19 26.11 73.89
(5.37;2.03) (14.33;478)  (5.84;2.04)  (21.71;7.60)  (7.42;2.77) (19.82;629)  (54.67;19.22)
TO 41.18 74.44 33.80 94.42 52.93 72.45 369.21
(30.74; 10.44) (53.95; 20.49) (24.48;9.31) (69.24;25.18)  (40.05; 12.87) (53.74;18.71)  (272.21;97.00)
Net ~19.46 2.86 —6.27 40.33 ~16.01 —145 61.54
(—13.50; —=5.96) (—2.22;5.07) (—6.01; —0.26) (29.59;10.74) (—6.93; —9.08) (—0.93; —0.52) (45.37;16.17)
Table A2. Extreme lower quantile-based frequency connectedness (t = 0.05) in the extended system,
including ESG_Index.
BJLE OCEN KFTX NQROBO ESG_Index MSCI FROM
BJLE 20.91 16.77 12.92 15.87 17.25 16.28 79.09
(14.41; 6.50) (11.31;5.47) (9.38; 3.53) (10.37; 5.50) (11.50; 5.75) (10.80; 5.48) (53.35; 25.74)
OCEN 15.52 19.51 14.06 17.34 15.91 17.66 80.49
(10.84; 4.68) (13.93; 5.58) (10.56; 3.50) (11.73; 5.61) (10.89; 5.02) (12.54;5.12) (56.55; 23.94)
KETX 12.89 14.25 30.42 15.24 12.75 14.44 69.58
(11.25; 1.64) (12.33; 1.92) (27.24;3.17) (13.02; 2.22) (10.98; 1.77) (12.53;1.91) (60.11; 9.47)
NQROBO 14.79 16.78 14.67 21.57 15.64 16.55 78.43
(10.57; 4.22) (12.08; 4.70) (11.00; 3.67) (15.18; 6.39) (11.05; 4.59) (12.02; 4.52) (56.73; 21.70)
ESG Index 16.03 17.13 13.87 17.38 18.99 16.60 81.01
- (9.56; 6.47) (10.12;7.01) (9.07;4.79) (9.93; 7.45) (11.24;7.76) (9.87; 6.73) (48.55; 32.46)
MSCI 15.13 17.48 14.29 18.54 15.86 18.70 81.30
(9.93; 5.20) (11.69; 5.79) (10.15; 4.14) (11.88; 6.67) (10.26; 5.60) (12.53; 6.17) (53.92; 27.38)
TO 74.36 82.42 69.80 84.38 77.40 81.53 469.89
(52.15; 22.21) (57.53;24.89)  (50.17;19.64)  (56.93;27.45) (54.67;22.73) (57.77;23.77)  (329.21; 140.68)
Net —4.73 1.93 0.22 5.95 —3.60 0.24 78.32
(—1.21; —3.52) (0.98; 0.95) (—9.94; 10.16) (0.20; 5.75) (6.12; —9.73) (3.85; —3.62) (54.87; 23.45)
Table A3. Extreme upper quantile-based frequency connectedness (T = 0.95) in the extended system,
including ESG_Index.
BJLE OCEN KFTX NQROBO ESG_Index MSCI FROM
BJLE 21.98 16.49 12.56 15.50 17.55 15.92 78.02
(16.14; 5.84) (11.87; 4.62) (9.08; 3.48) (10.73; 4.77) (12.79; 4.76) (11.29; 4.63) (55.77; 22.25)
OCEN 15.23 19.99 13.68 17.46 15.90 17.73 80.01
(11.83; 3.40) (15.58; 4.41) (10.81; 2.87) (13.63; 3.83) (12.35; 3.56) (13.81; 3.92) (62.43; 17.58)
KETX 13.59 14.65 26.78 16.24 13.84 14.89 73.22
(10.95; 2.64) (11.89; 2.76) (23.13; 3.65) (13.24; 3.00) (11.21; 2.63) (12.05; 2.85) (59.35; 13.87)
NQROBO 14.79 16.40 14.62 22.46 15.24 16.49 77.54
(10.18; 4.61) (11.49; 4.91) (10.35; 4.27) (16.08; 6.39) (10.67; 4.56) (11.40; 5.09) (54.09; 23.45)
ESG Index 16.57 17.23 12.99 16.08 20.41 16.70 79.59
- (11.17; 5.40) (11.36; 5.87) (8.70; 4.29) (10.41; 5.67) (13.77; 6.65) (10.97;5.74) (52.61; 26.97)
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Table A3. Cont.
BJLE OCEN KFTX NQROBO ESG_Index MSCI FROM
MSCI 14.87 17.55 14.17 18.86 15.61 18.93 81.07
(10.82; 4.05) (12.94; 4.61) (10.68; 3.49) (13.99; 4.87) (11.42; 4.19) (13.90; 5.03) (59.85; 21.22)
TO 75.06 82.32 68.02 84.15 78.15 81.74 469.44
(54.95; 20.11) (59.55;22.77)  (49.62;18.40)  (62.01;22.14) (58.45;19.70)  (59.51;22.23)  (344.10; 125.34)
Net —2.96 2.32 —5.20 6.61 —1.44 0.67 78.24
(—0.81; —2.15) (—2.88;5.19) (—9.72; 4.53) (7.92;, —1.31) (5.83;, —7.27) (—0.34;1.01) (57.35; 20.89)
Note

! Detailed estimation outputs are available from the corresponding author upon request.
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