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Abstract: Anthropogenic climate change has accelerated the intensification of the global hydrological cycle,
triggering a global ecological emergency for aquatic ecosystems. Irregular precipitation, severe droughts, and extreme
flooding have disrupted established thermal, chemical, and structural aquatic regimes, potentially threatening frail
aquatic ecosystems with critical ecological tipping points. Such physical disruptions are resulting in significant
biological repercussions such as massive losses in biodiversity, disruption of migration corridors through
fragmentation of flood pulses, and increases in hypolimnetic hypoxia due to pronounced thermal stratification.
Although many of these responses have been well documented individually in various published literature, a critical
knowledge gap exists in the integrated, predictive frameworks that directly associate multi-stressor effects with
specific ecological thresholds. To address this deficiency, this research uses a multi-scalar analytical framework
combining high-resolution EO with high-accuracy Spatiotemporal Geostatistical Modeling and machine learning
techniques. This research presents a novel index, the EHVI, used to measure and map high-risk aquatic habitats
susceptible to degradation by climate. The results indicate a decrease in ecosystem resilience due to synergistic effects,
specifically from interactions between hydrological variability and nutrient enrichment. Evidence-based approaches
to ecosystem management using ecosystem-based adaptation, such as wetland buffer zones, floodplain fragmentation,
and predictive modeling for adaptive water allocation, should be considered to address such system failures. Through
the effective implementation of such adaptive conservation and management approaches, the study highlights a
scalable tool for use by decision-makers to build long-term aquatic ecosystem resilience and continue providing key
ecosystem services at regional and global scales.
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I. Introduction

It is often stated that the hydrological cycle is the ultimate engine of life on Earth, governing the spatial
distribution, the quality, and the availability of water across terrestrial landscapes (Cramer et al., 2018).
Within this cycle, aquatic ecosystems, from the alpine headwaters down to the coastal estuary, function as
biodiversity reservoirs and provide important ecosystem services, such as nutrient cycling, carbon
sequestration, and water purification (Woodward et al., 2010; Ozbayram et al., 2022). And as water
represents the key carrier for a variety of impacts of the warming planet, the hydrological cycle itself is
undergoing dramatic changes at this moment (Ridoutt & Pfister, 2010). The knowledge of the stability of
the hydrological cycle is not only a geophysical requirement but also a key to the sustainability of aquatic
life, which ensures the life and local ecology (Ormerod et al., 2010).

Due to human impacts, it faces a more and more intense hydrological cycle characterized by highly
variable precipitation patterns, long-lasting droughts, and catastrophic floods (Arthington et al., 2016).
These changes physically impose heavy pressures on the health of aquatic ecosystems, because native
species adapted to a rather strict thermal, chemical, and structural regime may fail to tolerate
climate-induced changes (Jiang & Wang, 2024; Wang & Liu, 2023; Ziervogel et al., 2014). For instance,
thermal stratification in a freshwater ecosystem may prolong the development of hypolimnetic hypoxia and
can suffocate the benthic community. In addition, the disrupted flood pulse in a river may sever the
connection between channels and floodplains, leading to a lack of space for reproduction and the nursery
of migratory species. Climate-driven impacts often interact in a cumulative manner to induce ecosystem
tipping points.
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There is a gap in understanding the role of multi-stressor interaction (between hydrological stress and
biological tipping responses) in the long-term aquatic ecosystem resilience, even though individual climate
variables and their impacts were extensively researched. Previous studies typically adopted either only a
physical hydrological model or a local ecological investigation, which neither takes into consideration the
cross-disciplinary feedback and spatial variability in a holistic view nor proposes an integrated predictor
system for tipping points; thus, they have not provided sufficient guidance on potential mitigation strategies
for system failure at the local scale. This study will address this deficiency.

Objective
The primary objectives of this study are to:

e Quantify the correlation linking past climate-induced hydrological anomalies and
contemporary indices of aquatic ecosystem health (i.e., indicators of aquatic biodiversity, water
quality data).

e Develop a multi-dimensional model framework that will pinpoint water habitats that face the
highest threat of climate change-driven degradation in the coming 10 years.

o Evaluate the effectiveness of current riparian restoration practices in moderating the effects of
high-magnitude flows on nearby fish communities.

e Provide an actionable policy framework that is capable of enabling regional water managers to
implement climate-resilient conservation approaches.

The paper will proceed as follows: Section I: Introduction discusses the threats imposed by the climate
on aquatic systems. Section II: Methodology outlines the techniques, Remote Sensing, Geostatistical
modeling, and the EHVI. Section III: Results depict and assess EHVI trends and relationships to ecosystem
health. Section I'V: Discussion discusses the effects on the ecology of the region. Section V: Management
& Policy Implications recommends adjustment measures. Section VI: Conclusion summarizes all the
important points derived from this study and advises on resilience measures.

II. Methodology

Figure 1, the map representing the 'Historical Baseline (1980-2010)', provides a visualization of the
Eco-Hydrological Vulnerability Index (EHVI) within the region and shows the key environmental drivers
that are influential in the high-risk areas. Low EHVI values (green) cover most of the inland areas, which
is an indication of likely over-predominance of non-climatic driving forces. In high-risk areas (red), a more
localized concentration is observed on the coast, particularly in the south-east. The relationship between
these high-risk areas and a significant and localized driver of high 'Nutrient load' is represented through the
'Most Dominant Vulnerability Driver' legend, illustrating how these factors can vary spatially in their
importance during the baseline period.

To address these research objectives, an integrated, multi-scalar methodological framework is
developed, integrating remote sensing at high spatial resolution and complex spatial modeling approaches,
that captures the fine-scale nuances of the aquatic environment. Through Earth Observation (EO), it has
overcome the limitations of sparseness inherent in most terrestrial ground-based monitoring networks,
enabling a synoptic analysis of both hydrological and biological variables across the entire basin.
Multi - spectral satellite imagery (e.g., Sentinel-2 and Landsat-9) is used to calculate continuous time-series
data on water surface temperature, chlorophyll-a concentration, and turbidity. This remotely sensed
information is validated against ground-based historical gauge station data to ensure appropriate accuracy
for climate-sensitive analysis.

A Spatiotemporal Geostatistical Model (SGM) is developed and implemented using a Geographic
Information System (GIS) framework as the core analytical framework. This framework is then integrated
with climatic forcing data (e.g., CMIP6 downscaled climate projections) and morphological and
hydrological data to simulate plausible ecosystem responses under various climate forcing scenarios.
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Figure 1: Analysis of Eco-Hydrological Vulnerability Drivers for the Historical Baseline Period

Unlike many previous analyses that presented static risk mappings, using machine learning
(Random Forest Regression), the nonlinear relationship between extreme weather events and degradation
of aquatic habitats can be represented and modeled. Digitalization of complex river-floodplain networks
was performed in the GIS to calculate indices for the varying connectivity sensitive to flow regime changes.

A new metric, a combined index 'Eco-Hydrological Vulnerability Index' (EHVI), designed to quantify
the level of resistance of an ecosystem to threats by integrating biophysical drivers with human-induced
pressures, was also introduced. The EHVI is automatically calculated using a cloud-based Python
workflow, processing a significant amount of climate-related data, which significantly reduced calculation
time and improved the reproducibility of the research. Integration of spectral reflectance data at fine
resolution, and at larger scales, the climate change-related data, provides a powerful, efficient, and
scale-independent way of modeling and analyzing the effect of climate change on the aquatic environment,
and this approach can be applied to any other water body around the world.

III. Results

The increased hydrological cycle, as shown in figure 1, led to critical linkages between climate-driven
factors and the local environment, showing the critical influence of hydrological dynamics (temperature
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and flow anomalies) to accelerate the negative effect of other factors such as nutrient loading. Based on
integrating climate forcing, remote sensing, and anthropogenic pressure data, the negative changes in the
ecosystem resulted from the synergistic effect between climate and human-induced environmental changes,
which lowered the adaptive capacity of the aquatic system. The concentrated nutrient loads shown in the
high-risk EHVI regions suggest a significant failure of current management frameworks to address these
pressures, leading to low resistance and coping capability of the ecosystems.

Table 1: Correlation Between Hydrological Stressors and Aquatic Ecosystem Health Indicators

Parameter Coastal Zones | Inland Zones | Riverine Zones
Temperature Anomaly (°C) 1.8 1.2 1.5
Flow Variability Index 0.72 0.48 0.63
Nutrient Loading (mg/L) 4.5 2.1 3.3
Biodiversity Index (Shannon) 1.9 2.7 2.3
EHVI 0.78 0.46 0.62

Table 1 shows the general relation between hydrologic anomalies forced by climate and aquatic health
indices in all zones. A high value of EHVI at coastal zones goes along with a high positive value of anomaly
of temperature and nutrients, and a low value of biodiversity. So those sites were identified as a hotspot for
the conservation measures.

Temporal Trends in Eco-Hydrological Vulnerability Index (EHVI) Across the Study Area
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Figure 2: Temporal Trends in Eco-Hydrological Vulnerability Index (EHVI) Across the Study Area

Figure 2 shows the trend of EHVI over the years (1980-2023) in coastal, inland, and riverine areas,
respectively. The x-axis is the year, and the y-axis is EHVI. Different colored lines stand for vulnerability
change in different areas; the coastal area experienced an accelerated increase due to climate stresses and
nutrient input.

In addition to these findings, the synthesis suggests that, without mitigation action, the pathway from
historical baseline to future climate projections would increasingly escalate these habitat vulnerabilities
given the continued and expanding threat from thermal and hydrologic stressors. Such a transition signifies
the need to move beyond monitoring-only activities and embrace a truly interdisciplinary and adaptive
management framework based on solid empirical data. The established EHVI approach enables decision
makers to identify critical tipping points for a system collapse on a biological and chemical level, thereby
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allowing for the implementation of interventionist restoration methods such as riparian buffering and
nutrient removal. To counter these impacts effectively, a paradigm shift is needed, integrating real-time
satellite-derived diagnostics into long-term climate change adaptation planning to sustain aquatic
ecosystem services.

IV. Discussion

Intensification of the hydrological cycle undermines key biological cues and chemical processes
required for the survival of aquatic organisms (McDonald et al., 2011). The alteration of the natural flood
pulses, for example, disconnects the linkages between the channel and the floodplain, precluding migratory
fish access to essential spawning and nursery habitats, thereby limiting their success in population
recruitment. It also alters nutrient dynamics; high-flow events that formerly introduced pulsed inputs of
nutrients into highly productive floodplains are now replaced with longer periods of low-flow stagnation
that increase nutrient saturation and lead to harmful algal blooms, benthic hypoxia, and lower habitat quality
(Datry et al., 2014). This change also has effects that go beyond ecology, placing local livelihoods at risk.
Reduced aquatic health (indicated by the expanding high-risk vulnerability zones) compromises fisheries,
which depend on the pulsing nature of the hydrological cycle for the sustenance of stocks. Furthermore,
reduced water quality from increasing nutrient loading and thermal stress places local water resources under
pressure and makes municipal drinking water provision and treatment increasingly expensive. The
integration of biological, chemical, and social-human elements into the situation highlights the inextricable
link between sound resource management and combating the destabilization of the hydrological cycle by
climate change (Borrelli et al., 2020).

V. Management & Policy Implications
Ecosystem-Based Adaptation (EbA)

To enhance the resilience of aquatic ecosystems to these predicted extremes in hydrology, it advocates
for the aggressive implementation of an ecosystem-based adaptation plan. Wetland restoration and riparian
corridor buffer establishment are vital components, acting as "sponges" that reduce the severity of flood
events and help to filter nutrient loads from the system before they enter sensitive ecosystems.
Disconnection and floodplain restriction, identified in the EHVI risk maps, also need to be addressed,
restoring longitudinal connectivity for fish migration and nutrient transport. By implementing these natural
systems, it will address systemic flow variability and stratification without the prohibitive costs of rigid
grey infrastructure solutions.

Policy Recommendations for Water Management

Moving toward the long-term viability of the system, need to transition toward climate-adaptive
governance that uses real-time monitoring and predictive models:

e Water allocation policy must shift from static water rights to dynamic policies that incorporate
seasonal water predictions and real-time EHVI vulnerability indices to ensure that environmental
flows are maintained through extreme floods and droughts.

e Regional governments need to operationalize cross-sectoral coordination between agricultural,
urban, and environmental sectors to control point-source pollution and reduce the nutrient loading
that drives the system's ecological decline (based on the analysis of system drivers).

o Future infrastructure decisions must integrate climate projections (i.e., CMIP6) to reduce future
habitat degradation and maintain ecological connectivity, instead of creating new water
management infrastructure that fragments the system further.
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e There should be financial incentives put into place for landowners who preserve buffers and
maintain best land use management practices, making economic decisions align with aquatic
ecosystem health, as shown in the vulnerability drivers.

V1. Conclusion

Finally, it concluded that an accelerated global hydrological cycle destabilizes aquatic ecosystem health,
with climate-forced hydrological and thermal variability as the direct driving mechanisms of ecosystem
degradation. By combining remote sensing with an advanced spatiotemporal geostatistical model, it
successfully integrated purely hydrological modeling with biological threshold response. The unique
development of the Eco-Hydrological Vulnerability Index (EHVI) established a scalable and powerful
platform which assists decision makers in precisely identifying the drivers of critical vulnerabilities-the
coupling of volatile climates and nutrient inputs-with high spatial resolution. It concluded that the
conservation of aquatic ecosystem services represents a challenge not only for regions but also for the global
environment, shifting from a reactive to a proactive, evidence-based management style. Providing
recommendations for adaptation strategies (e.g., wetland restoration and floodplain fragmentation) along
with water management strategies based on dynamic predictive diagnostic tools, the results propose
effective methods to maintain long-term habitat stability and resilience. In brief, it proposed a highly
effective integrated system that enables regional authorities to address the interaction and compounding of
various stressors on aquatic ecosystem integrity and achieve greater ecosystem resilience in the
climate-changing world. In summary, it proposes a new vision of a synergistic combination between
innovative technology and integrating governance, which would benefit aquatic biodiversity and ecosystem
services against the intensifying impacts of the Anthropocene.
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