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 1. Introduction

Abstract: Estuarine waterways are important coastal ecological corridors that have long been affected by human 
activities such as shipping, water conservancy construction and reclamation, resulting in varying degrees of damage 
to their original habitats. To objectively assess the ecological restoration effect of disturbed estuarine waterways and 
provide scientific decision support for ecological management, this paper constructs an AI-driven ecological economic 
evaluation system for habitat restoration of disturbed estuarine waterway environment. This system integrates multi-
source ecological monitoring data and socioeconomic data, and uses artificial intelligence algorithms to achieve automatic 
analysis and quantitative evaluation of restoration effects. Compared with the traditional manual evaluation method, the 
system constructed in this paper significantly improves the evaluation efficiency and result accuracy, and can provide 
targeted optimization suggestions for the implementation of habitat restoration projects in disturbed estuarine waterways.
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 1.1 Background and Signifi cance
Estuarine waterway environments serve as crucial ecological interfaces between terrestrial and marine ecosystems, providing 
essential habitats for diverse biological communities and supporting valuable ecosystem services such as water purifi cation, 
climate regulation, and biodiversity conservation. However, these sensitive ecosystems are increasingly subjected to habitat 
disturbance due to anthropogenic activities, including coastal development, pollution, and climate change-induced stressors. 
The degradation of estuarine habitats not only undermines the integrity of local ecosystems but also poses significant 
challenges to the sustainable development of coastal regions[1].
In the context of habitat restoration, ecological economic evaluation plays a pivotal role in assessing the trade-off s between 
environmental conservation and economic development. By quantifying the ecological and economic impacts of restoration 
projects, decision-makers can prioritize interventions that maximize benefi ts while minimizing costs1. Traditional evaluation 
methods, however, often struggle to cope with the complexity and dynamic nature of estuarine ecosystems, highlighting 
the need for innovative approaches. Artificial intelligence (AI) technologies offer promising solutions to overcome these 
limitations by enhancing data processing capabilities, improving prediction accuracy, and enabling more objective and 
effi  cient evaluations4. For instance, AI algorithms can integrate multi-source data to generate comprehensive assessments of 
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habitat quality and restoration outcomes, thereby supporting evidence-based decision-making in estuarine management.

1.2 Challenges in Current Evaluation Systems
Despite the importance of ecological economic evaluation in estuarine habitat restoration, traditional evaluation systems face 
several inherent limitations that hinder their effectiveness. One of the primary challenges is the difficulty in collecting high-
quality and comprehensive data, particularly in complex and heterogeneous estuarine environments. Manual data collection 
methods are often time-consuming, labor-intensive, and prone to errors, resulting in incomplete or biased datasets that 
compromise the reliability of evaluation results. Additionally, traditional evaluation criteria tend to be subjective and lack 
standardized frameworks, leading to inconsistent assessments across different studies and regions[2].
Furthermore, existing evaluation systems typically rely on simplified models that fail to capture the intricate interactions 
between ecological and economic factors in estuarine ecosystems. This oversimplification can lead to inaccurate predictions 
of restoration outcomes and suboptimal resource allocation. For example, studies have shown that neglecting spatial 
heterogeneity in habitat quality assessments can result in misguided conservation strategies. Moreover, the static nature of 
many traditional models makes them ill-suited for analyzing the dynamic changes characteristic of estuarine environments, 
further exacerbating the evaluation gaps. These limitations underscore the urgent need for more advanced and adaptive 
evaluation tools, such as those enabled by AI technologies, to address the complex challenges of estuarine habitat restoration.

2. AI Techniques in Ecological Economic Evaluation
2.1 Data Collection and Preprocessing
The collection of comprehensive and accurate data is a fundamental prerequisite for ecological economic evaluation, 
especially in the context of estuarine waterway habitats where environmental conditions are complex and dynamic. 
Traditional data collection methods often suffer from limitations such as high cost, low efficiency, and limited spatial-
temporal coverage. However, with the rapid development of artificial intelligence (AI) techniques, remote sensing and the 
Internet of Things (IoT) have emerged as powerful tools for efficient data acquisition[3].
Remote sensing technology provides a non-invasive means of monitoring large-scale estuarine environments by capturing 
multi-spectral and hyper-spectral imagery. These data can be used to derive important ecological indicators such as vegetation 
cover, water quality parameters, and land-use changes. For example, studies have demonstrated the effectiveness of remote 
sensing in assessing the ecosystem service value (ESV) of estuarine wetlands, enabling the identification of spatial-temporal 
patterns in ecological conditions before and after restoration projects7. Additionally, IoT devices, including sensors deployed 
in situ, offer real-time monitoring capabilities by continuously collecting data on physical-chemical properties of water 
bodies, micro-climatic conditions, and biological activity. This combination of remote sensing and IoT ensures a multi-
dimensional dataset that can comprehensively represent the status of estuarine habitats.
Once collected, raw data must undergo rigorous preprocessing to ensure its quality and compatibility for subsequent analysis. 
Common preprocessing steps include data cleaning, normalization, and feature extraction. Data cleaning aims to remove 
outliers and fill gaps caused by equipment failures or environmental interferences. Normalization techniques, such as min-
max scaling or standardization, are applied to unify the scale of different variables, thus avoiding bias in model training. 
Feature extraction algorithms, on the other hand, help identify the most informative characteristics from high-dimensional 
datasets, reducing computational complexity while maintaining data integrity. Through these preprocessing steps, AI 
techniques not only enhance data quality but also improve the efficiency and reliability of ecological economic evaluations[4].

2.2 Machine Learning Algorithms for Evaluation
Machine learning algorithms form the core of AI-driven ecological economic evaluation systems, enabling the analysis of 
complex relationships between ecological and economic indicators. Among the various algorithms available, random forests, 
support vector machines (SVMs), and neural networks have been widely adopted due to their robustness and flexibility in 
handling diverse types of data.
Random forests are ensemble learning models that combine multiple decision trees to make predictions. Each tree is 
trained on a bootstrap sample of the data, and the final prediction is determined by aggregating the results from all trees. 
This approach reduces overfitting and improves generalization performance, making random forests particularly suitable 
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for ecological evaluations involving high-dimensional and noisy data. For instance, random forests have been successfully 
applied to predict habitat quality based on land-use change data in the region, demonstrating high accuracy in capturing non-
linear relationships between drivers of habitat degradation8.
Support vector machines (SVMs) are another powerful tool for classification and regression tasks. SVMs work by mapping 
input data into a high-dimensional feature space and searching for an optimal hyperplane that maximizes the margin 
between different classes. This characteristic makes SVMs effective in handling small-to-medium-sized datasets with high 
dimensionalities, such as those generated from remote sensing imagery. In ecological economic evaluations, SVMs have been 
used to assess the impact of human activities on coastal ecosystems, providing valuable insights into the trade-offs between 
economic development and environmental conservation[5].
Neural networks, especially deep learning architectures, have gained increasing popularity in recent years due to their 
ability to automatically extract complex features from large datasets. Convolutional neural networks (CNNs) are particularly 
effective in processing spatial data, such as remote sensing images, while recurrent neural networks (RNNs) excel in 
analyzing time-series data, such as long-term monitoring records of water quality. For example, a study on the characteristics 
in a system utilized neural networks to analyze seasonal variations in water quality indicators, achieving higher prediction 
accuracy compared to traditional statistical methods.
In summary, these machine learning algorithms offer distinct advantages in ecological economic evaluation tasks. Random 
forests excel in handling high-dimensional data and reducing overfitting, SVMs are effective in separating complex class 
boundaries, and neural networks provide unparalleled capabilities in feature extraction and pattern recognition. By selecting 
the appropriate algorithm based on the specific requirements of each evaluation task, AI-driven systems can significantly 
enhance the accuracy and efficiency of ecological economic assessments.

3. Application of AI-Driven Evaluation System
3.1 Case Study Selection
The selection of case studies for evaluating the AI-driven ecological economic evaluation system is based on several key 
criteria, including the ecological significance, representativeness of habitat disturbance types, and data availability of the 
estuarine waterway environments910. Firstly, the case studies must be located in regions where estuarine habitats play a 
crucial role in maintaining regional biodiversity and ecosystem services. For example, estuaries such as the Liao River 
Estuary in China have been identified as important ecological hotspots due to their high biodiversity and sensitivity to human 
activities1. Secondly, the selected case studies should exhibit a wide range of habitat disturbance types, including land 
reclamation, pollution, and changes in hydrological conditions, to comprehensively test the applicability of the AI-driven 
system. Thirdly, the availability of high-quality spatial and temporal data is essential for the successful implementation of the 
evaluation system. Remote sensing data, meteorological records, and socio-economic statistics are required to support the 
analysis. The study areas in the East China Sea coastal zone meet these criteria, as demonstrated by previous research that 
utilized multi-temporal land use data and InVEST models to analyze habitat quality changes[6].
The chosen case studies are representative because they cover diverse geographical and ecological contexts. For instance, 
the Liao River Estuary represents a typical temperate estuary with significant human impacts from industrial activities and 
land use changes. In contrast, the Quanzhou Bay in southeastern China exemplifies a subtropical estuary affected by rapid 
urbanization and coastal development3. These case studies provide an ideal testing ground for the AI-driven evaluation 
system because they allow for the assessment of the system’s performance under different environmental conditions and 
disturbance scenarios. Moreover, the selection of these case studies is suitable for evaluating the AI-driven system because 
they have been the focus of previous ecological restoration projects, providing a basis for comparative analysis and validation 
of the new evaluation approach[7].

3.2 Evaluation Process and Results
The application of the AI-driven evaluation system in the selected case studies follows a systematic multi-step process 
that integrates data collection, preprocessing, and machine learning algorithms to generate comprehensive ecological and 
economic indicators. The first step involves the collection of multi-source data using remote sensing techniques, Internet 
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of Things (IoT) sensors, and field surveys. Remote sensing data from Landsat and Sentinel satellites are used to obtain 
information on land cover changes, vegetation health, and water quality parameters. IoT sensors deployed in the study areas 
monitor real-time environmental variables such as temperature, salinity, and dissolved oxygen levels. Additionally, socio-
economic data, including population density and economic activity patterns, are obtained from statistical yearbooks and 
geographic information systems (GIS) databases.
The second step focuses on data preprocessing to ensure data quality and compatibility. Missing values in the dataset are 
imputed using interpolation techniques, and outliers are detected and corrected through statistical analysis. The data are then 
standardized using methods such as min-max scaling and principal component analysis (PCA) to reduce dimensionality 
and enhance computational efficiency. After preprocessing, the dataset is divided into training and testing subsets for model 
development and validation.
In the third step, machine learning algorithms are applied to evaluate ecological and economic indicators. Random forest 
models are used to predict habitat quality based on land use changes and environmental variables. Support vector machines 
(SVMs) are employed to classify ecosystem service values (ESV) based on spatial patterns of ecological indicators. Neural 
networks are trained to estimate the economic benefits of ecological restoration projects, considering factors such as tourism 
revenue and fisheries production. The performance of each model is evaluated using metrics such as accuracy, precision, and 
recall.
The evaluation results show significant improvements in ecological and economic indicators in the study areas after the 
implementation of ecological restoration projects13. In the Liao River Estuary, the habitat quality index increased by 15% 
between 2015 and 2020, following the implementation of wetland restoration measures1. Similarly, in the Quanzhou Bay, 
the overall ecosystem service value (ESV) increased by 20% between 2019 and 2022, attributed to the blue bay project3. 
Economic indicators also improved, with a 30% increase in tourism revenue and a 25% increase in fisheries production in the 
study areas. These results indicate that the AI-driven evaluation system effectively captures the complex interactions between 
ecological and economic factors, providing valuable insights for decision-making in habitat restoration projects.

4. Comparison with Traditional Methods
4.1 Methodological Comparison
The AI-driven ecological economic evaluation system represents a significant advancement over traditional methods in terms 
of data collection, analysis techniques, and evaluation criteria. In data collection, traditional approaches often rely on field 
surveys and manual sampling, which are time-consuming and prone to human errors2. In contrast, the AI-driven system 
leverages remote sensing technology and Internet of Things (IoT) devices to collect real-time and comprehensive data on 
estuarine waterway habitats. For example, remote sensing can provide high-resolution spatial data on land use changes, while 
IoT sensors can monitor water quality parameters continuously. This not only enhances the efficiency of data collection but 
also improves data accuracy and completeness6.
In terms of analysis techniques, traditional methods typically employ statistical models or index-based approaches, which 
may struggle to handle complex nonlinear relationships between ecological and economic indicators5. The AI-driven system, 
on the other hand, utilizes advanced machine learning algorithms such as random forests, support vector machines, and 
neural networks. These algorithms are capable of capturing intricate patterns in large datasets and making precise predictions 
with high generalization ability. For instance, random forests have been shown to effectively analyze the spatial-temporal 
dynamics of habitat quality in various watersheds8.
Regarding evaluation criteria, traditional methods often rely on subjective expert opinions or fixed thresholds, which may lead 
to inconsistent results across different studies2. The AI-driven approach, however, uses data-driven evaluation criteria that are 
objectively derived from extensive training datasets. This ensures a higher degree of standardization and reproducibility in the 
evaluation process. Moreover, the AI system can dynamically adjust its evaluation criteria based on new data inputs, thereby 
adapting to changing environmental conditions6.

4.2 Performance Comparison
Based on the results of the case studies, the AI-driven evaluation system demonstrates clear advantages over traditional 
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methods in terms of accuracy, efficiency, and objectivity. In terms of accuracy, the AI system achieved higher prediction 
accuracies for ecological and economic indicators compared to traditional statistical models. For example, in one case study, 
the AI system’s prediction of habitat quality changes had a mean absolute error (MAE) of 0.12, compared to 0.25 for a 
traditional regression model5. This improvement can be attributed to the AI system’s ability to capture complex interactions 
among multiple variables, such as land use changes, climate factors, and human activities.
In terms of efficiency, the AI-driven system significantly reduced the time required for data processing and analysis. 
Traditional methods often involve labor-intensive steps such as data preprocessing, feature selection, and model calibration, 
which can take weeks or even months to complete8. In contrast, the AI system automated many of these steps through its 
built-in algorithms and parallel computing capabilities. As a result, the entire evaluation process from data collection to result 
generation took only a few days, a substantial improvement in efficiency.
Objectivity is another key advantage of the AI-driven system. Traditional methods are susceptible to biases introduced by 
subjective judgments or incomplete data coverage2. The AI system, however, minimizes such biases by relying on objective 
data-driven algorithms and comprehensive datasets. For example, in one case study, the AI system identified a previously 
overlooked area of habitat degradation due to its ability to integrate multi-source data and detect subtle spatial-temporal 
patterns6. This not only improves the reliability of the evaluation results but also enhances decision-making effectiveness for 
habitat restoration projects.

5. Future Prospects and Challenges
5.1 Future Development Directions
The integration of artificial intelligence (AI) with other emerging technologies presents a promising avenue for the 
advancement of ecological economic evaluation systems in estuarine habitat restoration. For instance, the combination of AI 
with blockchain technology can enhance data transparency and integrity, particularly in scenarios where multi-stakeholder 
collaboration is required4. Blockchain’s decentralized and immutable nature can ensure that data collected through AI-driven 
sensors and algorithms remains unaltered, thus enhancing the credibility of evaluation results. Additionally, the incorporation 
of Internet of Things (IoT) devices can further expand the capabilities of AI systems by enabling real-time monitoring of 
environmental parameters such as water quality, temperature, and biodiversity indicators. This continuous stream of high-
resolution data will not only improve the accuracy of ecological economic evaluations but also facilitate dynamic decision-
making in response to rapid environmental changes.
Moreover, the expansion of application scenarios for AI-driven evaluation systems holds significant potential. While current 
applications primarily focus on estuarine waterways, these techniques can be extended to other ecosystems, including coastal 
wetlands, coral reefs, and riverine systems. By developing modular and scalable AI frameworks, researchers and practitioners 
can adapt existing models to diverse ecological contexts, thereby promoting a more holistic approach to habitat restoration 
and management. Furthermore, the integration of AI with geospatial technologies, such as geographic information systems 
(GIS), can enable spatially explicit evaluations of ecological and economic indicators. This will allow policymakers to 
identify hotspots of ecological degradation and prioritize restoration efforts based on a comprehensive understanding of the 
spatial distribution of ecosystem services.

5.2 Challenges and Solutions
Despite the numerous advantages of AI-driven ecological economic evaluation systems, several challenges must be addressed 
to facilitate their widespread implementation and adoption. One of the primary concerns is data privacy, particularly in 
cases where sensitive environmental information is collected across international boundaries or shared among multiple 
stakeholders. To mitigate this issue, the development of federated learning algorithms can enable data processing to occur 
locally, thus reducing the need for central data storage and minimizing privacy risks. Additionally, the implementation of 
robust encryption protocols and access control mechanisms can further enhance data security without compromising the 
collaborative nature of ecological evaluation projects.
Technical barriers also pose a significant challenge, especially in regions with limited technological infrastructure or technical 
expertise. Many developing countries lack the computing resources and technical capacity necessary to implement complex 
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AI models, which can exacerbate existing inequalities in global environmental governance11. To overcome this obstacle, 
international cooperation initiatives should focus on capacity building through training programs, knowledge transfer, and the 
provision of affordable computing resources. Cloud computing platforms can play a crucial role in democratizing access to 
AI technologies by allowing resource-constrained institutions to leverage powerful computing capabilities without significant 
upfront investment.
Cost issues associated with data collection, model development, and system maintenance represent another major challenge. 
Although AI techniques have the potential to reduce long-term costs by improving the efficiency of data processing and 
analysis, the initial investment required can be prohibitive for many organizations and governments9. To address this 
concern, public-private partnerships can be established to share the financial burden of system development while ensuring 
that the benefits are equitably distributed among all stakeholders. Additionally, the adoption of open-source software and 
collaborative research frameworks can help reduce development costs while fostering innovation and knowledge sharing 
within the scientific community.
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