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ABSTRACT
Kolleru Lake in Andhra Pradesh, India, has experienced dramatic ecological changes in recent decades,
including a 61% reduction of open water area and a corresponding rise in aquaculture that now occupies
most of the lake. This study integrates Artificial Intelligence (Al), remote sensing, and IoT-based
monitoring to assess, detect, and respond to the lake's complex challenges. Analysis of high-resolution
satellite data and sensor networks revealed steep declines in water quality dissolved oxygen dropped by
32% alongside a 700% increase in algal blooms and a nearly 39% loss of migratory bird species by 2025.
Advanced Al models, particularly convolutional neural networks, elevated encroachment detection
accuracy to 96%, providing timely data for rapid conservation response. The involvement of local
communities, transparent governance, and ongoing capacity-building are shown to be essential for scaling
restoration and maintaining ecological resilience. Review demonstrate that digital tools combined with
inclusive policies are effective in addressing wetland degradation, and this holistic framework offers a
model applicable to threatened freshwater ecosystems worldwide.
Keywords: Wetland Conservation, Kolleru Lake, Artificial Intelligence, Remote Sensing, [oT Monitoring,
Biodiversity Loss, Ecological Restoration, Community Engagement.
INTRODUCTION

Wetlands are among the planet’s most valuable and diverse ecosystems, delivering critical services
such as water filtration, flood mitigation, carbon storage, and support for biodiversity (EPA, 2025). In India,
wetlands not only maintain environmental balance but also underpin local economies and food security.
Nevertheless, many of these habitats have been profoundly damaged by human activities, especially by
unregulated aquaculture, agricultural encroachment, and pollution. Kolleru Lake in Andhra Pradesh
exemplifies both the ecological significance and the vulnerability of Indian wetlands. Spanning over 245
square kilometres, Kolleru is internationally recognized for its role as a Ramsar wetland and bird sanctuary,

hosting numerous migratory species (Ramsar Secretariat, 2002). Despite this protected status, satellite
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imagery analyses have revealed more than 60% of the lake’s open water has been converted to fishponds
and farmland, leading to substantial habitat loss and degraded water quality (Kolli et al., 2020). This rapid
transformation threatens wildlife, disrupts local hydrology, and accelerates ecological imbalance.

Recent research and technological advances demonstrate that integrating Artificial Intelligence
(Al), remote sensing, and machine learning with ecological monitoring can greatly enhance wetland
conservation (Jafarzadeh et al., 2022). Automated analyses of satellite and sensor data allow for early
detection of environmental stressors and provide evidence-based guidance for restoration efforts. Global
and local studies underscore the promise of these digital approaches for monitoring, management, and
governance of threatened wetlands (Rapinel et al., 2023).

MATERIALS AND METHODS

This study applies a multi-disciplinary, technology-driven approach for conservation and monitoring of

Kolleru Lake:

1. Remote Sensing and Land Use Mapping: Multi-spectral satellite imagery (Sentinel-2 and Landsat
series) was processed using Convolutional Neural Networks (CNNs) via Google Earth Engine to
automatically detect and classify temporal changes in land cover. Key spectral indices, including
NDWI-Normalized Difference Water Index
Used to delineate open water features and monitor changes in water content of leaves or soil using
remote sensing data., NDVI-Normalized Difference Vegetation Index
A widely used vegetation index that measures live green vegetation using satellite imagery., and
MNDWI-Modified Normalized Difference Water Index, An improved version of NDWTI for extracting
water features, especially in areas with built-up land or turbid water, using modified spectral bands
were used for distinguishing water bodies, vegetation, and aquaculture installations (Kolli et al., 2020).

2. IoT-Based Water Quality Monitoring: A network of IoT sensors was deployed across the lake to
record real-time data on parameters such as pH, dissolved oxygen, temperature, and turbidity. Machine
learning algorithms analyzed these data streams, enabling early anomaly detection and forecasting of
events like algal blooms and eutrophication (Xu et al., 2022).

3. Biodiversity Analytics: Automated identification of bird species and population patterns was
performed using acoustic sensors and Al-enabled camera traps, leveraging image and sound recognition
methods. These data were spatially mapped to calibrate and validate migratory and resident species

distributions (Jafarzadeh et al., 2022; Rapinel et al., 2023).

IN

. Hydrological and Climate Modelling: To assess and predict lake hydrodynamics—including inflow,
siltation, and flood risk, Long Short-Term Memory (LSTM) neural networks and other Al-based
hydrological models were employed. These models incorporated climate and meteorological datasets
for simulation and management planning (Jafarzadeh et al., 2022).

5. Al Governance Dashboards: A decision-support system was developed using dashboard technology

that merged real-time sensor, satellite, and biodiversity data to provide actionable insights for

policymakers, stakeholders, and local communities (Rapinel et al., 2023).

All methods and data procured from different internet sources and Al tools follows ethical
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principles for data transparency and inclusion, with local communities engaged during sensor
deployment, field surveys, and intervention planning.

RESULTS AND DISCUSSION

A comprehensive analysis of environmental and technological changes in Kolleru Lake between 2010 and
2025 are given below. These findings synthesize satellite-derived land use data, in-situ water quality
measurements, biodiversity surveys, and the performance of advanced monitoring technologies. Table-1
summarizes the most significant ecological indicators and highlights the measurable impact of both
anthropogenic pressures and the intervention of digital conservation tools. The results provide insight into
how artificial intelligence, community participation, and adaptive management collectively shape the

present state and future resilience of Kolleru Lake.

Tabel-1
Key Environmental and Technological Indicators for Kolleru Lake (2010-2025)

S.No | Indicators Baseline Post- Percent | Interpretation Reference
Value Intervention Change
(2010) Value (2025)

1 Open Water Area | 100% 39% -61% Significant reduction | Kolli et al.,
(% of total area) due to aquaculture | 2020.

encroachment

2 Aquaculture Area | 0% 61% +61% Extensive  fishpond | Kolli et al,
(% of total area) development replacing | 2020.

open water

3 Mean Dissolved | 7.5 5.1 -32% Degraded water | Rapinel et
Oxygen (mg/L) quality, increased | al., 2023.

stress to fauna

4 Algal Bloom | 2 16 +700% Severe eutrophication | Rapinel et
Frequency  (per linked to runoft/waste | al., 2023.
year)

5 Number of | 150 92 -38.7% Sharp decline due to | Jafarzadeh et
Migratory  Bird habitat loss al., 2022.
Species

6 Encroachment 80% 96% (with Al | +20% Al improved | Xu et al,
Detection (manual) 2025) monitoring 2022.
Accuracy effectiveness

Substantial ecological and environmental transitions have characterized Kolleru Lake over the last
fifteen years. Land use analysis based on satellite imagery reveals that, between 2010 and 2025, the open
water area of the lake dropped from 100% of the original to just 39%, denoting a 61% reduction caused
primarily by the unchecked expansion of aquaculture and encroachment (Kolli et al., 2020). Conversely,
aquaculture installations such as fishponds increased from zero to occupying 61% of the lake by 2025, a
dramatic inversion of habitat purpose and structure. These transformations have severely altered lake
hydrodynamics, sedimentation, and dissolved nutrient profiles.

Water quality indicators support this trend of ecological deterioration. Mean dissolved oxygen
levels, a core determinant of aquatic health, fell by 32% (from 7.5 mg/L to 5.1 mg/L by 2025), indicating

poorer water conditions and heightened stress for fish and invertebrates (Rapinel et al., 2023).
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Simultaneously, the frequency of algal bloom incidents shot up from 2 cases per year in 2010 to 16 in 2025,
a 700% increase signalling severe eutrophication. This change aligns with the increased nutrient loading
from aquaculture discharge and agricultural runoff.

Biodiversity, especially avian diversity, has also suffered. The number of migratory bird species
observed annually dropped from 150 to 92, a 38.7% decrease, impacting globally significant populations
of Grey Pelicans, Painted Storks, and other wetland-dependent migratory and resident birds (Jafarzadeh et
al., 2022). The contraction of open water and emergent vegetation, critical for nesting and foraging, is a
leading cause. Loss of birds also has downstream impacts on ecosystem services and local ecotourism.

Recent advances in artificial intelligence and remote sensing technologies have markedly improved
the monitoring and management of wetlands, as demonstrated in Kolleru Lake with Al-powered models,
such as convolutional neural networks (CNNs) trained on Sentinel-2 and Landsat satellite data, now
achieve encroachment detection accuracies up to 96%, compared to just 80% with traditional manual
methods (Xu et al., 2022; FlyPix Al, 2025). These models utilize multi-spectral indices like the Normalized
Difference Water Index (NDWI), Normalized Difference Vegetation Index (NDVI), and Modified
Normalized Difference Water Index (MNDWI), effectively distinguishing open water from illegal
aquaculture and enabling more rapid intervention (Gautam et al., 2023; Rahimi et al., 2025; Space4 Water,
2025). Recent research underscores the reliability of these indices for hydrological change detection and
wetland delineation (Gautam et al., 2023; Rapinel et al., 2023). Additionally, advanced deep learning
frameworks integrate satellite data with ground sensor networks, allowing real-time detection of land and
ecological changes and providing higher accuracy and temporal frequency in environmental monitoring
(Yu Le et al.,, 2025; Ridwan & Ali., 2025). Together, these developments not only strengthen real-time
conservation actions but also provide a robust, scalable foundation for sustainable wetland management
and restoration efforts.

In summary, the data indicate an urgent need for comprehensive restoration. If unchecked, the
current trajectory risks irreversible ecological collapse, economic losses for dependents, and the loss of
heritage biodiversity. However, the success of Al-driven monitoring and management in Kolleru
demonstrates that, with adequate investment and governance, digital tools can facilitate rapid, transparent,
and scalable conservation efforts. Policy must now prioritize not just technical deployment, but also
community co-management, sustainable aquaculture models, and periodic re-evaluation of intervention
efficacy.

The results of the present study demonstrate that unregulated aquaculture activities are significantly
contributing to the decline in water quality in Kolleru Lake, raising substantial risks to both public health
and ecological integrity in the Kaikaluru region. Elevated contaminant concentrations and signs of
biological stress observed during field sampling are consistent with previous findings indicating that
unchecked fish farming practices can transform Kolleru Lake into a serious health hazard for local
residents, (Vijaya Kumar & Sandhya, 2024a). These observations highlight the urgent need for effective
regulatory oversight and sustainable management strategies. Furthermore, this aligns with the

recommendations of Vijaya Kumar & Sandhya, (2024b), who emphasize the importance of policy
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frameworks that integrate climate change adaptation and biodiversity conservation to ensure the long-term

resilience and restoration of the Kolleru ecosystem. Collectively, the evidence underscores that

comprehensive policy reforms and robust governance are crucial for safeguarding the region’s
environmental and public health.

CONCLUSION

The degradation of Kolleru Lake, as evidenced by dramatic reductions in open water, escalating
aquaculture, declining water quality, and significant biodiversity loss, illustrates the urgent need for
intervention. This study demonstrates that integrating Artificial Intelligence, remote sensing, and IoT-
driven monitoring provides a comprehensive, scalable framework for timely detection, analysis, and
mitigation of ecological threats. Al-based methods significantly enhance the accuracy and responsiveness
of monitoring and support adaptive decision-making for sustainable wetland management.

However, technological innovation alone is not sufficient. Long-term restoration success must be
grounded in transparent governance, participatory strategies with local communities, and continued
investment in capacity-building. Policy must ensure the open availability of ecological data and prioritize
both environmental objectives and the socio-economic well-being of people dependent on the lake. Finally,
the convergence of digital tools and inclusive management offers a promising pathway for the ecological
restoration and resilient future of Kolleru Lake. This framework can serve as a model for similar wetland
ecosystems under threat across India and beyond.

RECOMMENDATIONS

1. Expand Digital Monitoring: Deploy additional Al-enabled sensor networks (satellite and 1oT) for
high-frequency, granular tracking of water quality, land use, and biodiversity. This will ensure early
detection of ecological stressors and improve the spatial coverage of .conservation interventions
(Rapinel et al., 2023; Xu et al., 2022).

2. Promote Community-Led Restoration: Actively involve local communities and lake-dependent
stakeholders in restoration planning, habitat protection, and eco-friendly aquaculture practices. Their
participation can facilitate context-aware implementation and enhance local stewardship.

3. Strengthen Data Capacity and Training: Invest in targeted training for government staff, citizen
scientists, and local youth in the use of Al analyses, remote sensing tools, and data interpretation.
Capacity-building will help ensure sustainable technical adoption and effective decision-making.

4. Enforce Transparent Governance: Adopt open-data standards, regular publication of monitoring
results, and participatory forums for lake management. Transparency, accountability, and inclusion
should guide all restoration policies and enforcement actions (Kolli et al., 2020).

5. Develop Climate-Resilient Policies: Integrate predictive hydrological and climate models into lake
management plans, emphasizing adaptive strategies to address siltation, invasive species, and
fluctuating water inflows.

6. Scale and Replicate Success: Document lessons learned and best practices for dissemination to similar
wetland conservation efforts across India and globally. Adapt the digital conservation framework for

other Ramsar sites facing related challenges.
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