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Abstract: Rapid urbanization has intensified environmental degradation, habitat fragmentation, biodiversity loss,
and declining ecosystem services, making accurate assessment of ecological sustainability a major challenge for
modern cities. Existing urban sustainability assessment frameworks often emphasize socio-economic and
infrastructural indicators while providing limited integration of biodiversity, ecological health, and real-time
environmental monitoring. This study proposes an integrated ecological indicator framework for measuring
sustainability and biodiversity performance in urban areas by combining standardized ecological metrics with
Geographic Information Systems (GIS), remote sensing, Internet of Things (IoT) technologies, Artificial
Intelligence (AI), and machine learning. The proposed methodology consists of environmental data acquisition,
ecological indicator computation, biodiversity performance assessment, Al-driven spatial analysis, and intelligent
decision support to provide continuous and data-driven evaluation of urban ecosystems. Performance evaluation
was conducted using comparative ecological indicators, biodiversity indices, sustainability scores, and sensitivity
analysis across metropolitan, suburban, and smart sustainable cities. The proposed framework achieved an overall
performance score of 95%, compared with 75% for conventional assessment methods, while improving the overall
sustainability score from 72% to 94% and increasing biodiversity performance from 74% to 91%. Sensitivity
analysis further identified biodiversity conservation, green-space coverage, and habitat connectivity as the most
influential ecological indicators affecting long-term sustainability. The proposed framework offers a scalable,
standardized, and intelligent decision-support system that assists urban planners and policymakers in promoting
biodiversity conservation, ecological resilience, climate adaptation, and evidence-based sustainable urban
development.

Keywords: Urban Sustainability, Ecological Indicators, Biodiversity Assessment, Smart Cities, Artificial
Intelligence, Geographic Information Systems (GIS), Internet of Things (IoT), Remote Sensing, Environmental
Monitoring, Sustainable Development Goals (SDGs).

I. Introduction opportunities, it has also created substantial

environmental challenges, including habitat

Rapid urbanization has transformed cities into the
primary centers of human population, economic
development, and technological innovation. More
than half of the world's population currently lives in
urban areas, and this percentage is expected to
increase significantly over the coming decades.
Although urbanization has improved infrastructure,
healthcare, transportation, and economic
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fragmentation, biodiversity loss, air and water
pollution, urban heat islands, and declining
ecosystem services. Natural landscapes are
increasingly being replaced by roads, buildings, and
other impervious surfaces, reducing the availability
of habitats for birds, mammals, insects, and native
vegetation. These environmental changes weaken
ecosystem resilience, increase climate vulnerability,
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and negatively affect the quality of life in cities.
Consequently, sustainable urban development has
become a global priority, emphasizing the need to
balance economic growth with environmental
conservation and biodiversity protection. Recent
studies have highlighted that ecological indicators
play a critical role in evaluating environmental
quality and supporting sustainable urban planning
by providing measurable evidence of ecosystem
health and biodiversity trends [1], [3]. Furthermore,
the integration of ecological assessment with urban
planning is increasingly recognized as an essential
component for achieving resilient and sustainable
cities [5].

Despite growing awareness of urban sustainability,
accurately measuring ecological performance and
biodiversity remains a significant challenge. Most
existing urban sustainability assessment frameworks
primarily focus on socio-economic indicators such
as transportation efficiency, energy consumption,
waste management, carbon emissions, and
infrastructure development, while ecological health
and biodiversity are often treated as secondary
considerations  [3].  Similarly,  biodiversity
assessments are generally conducted independently
of sustainability evaluations, resulting in fragmented
approaches that fail to capture the complex
relationships among ecological, environmental, and
urban systems. Furthermore, rapid urban expansion
continuously alters land use, vegetation cover,
habitat connectivity, and species distribution,
making  conventional  assessment  methods
inadequate for providing timely and comprehensive
ecological information. The absence of standardized
ecological indicators that simultaneously measure
biodiversity conservation, ecosystem health, and
sustainability performance represents a major
research gap in urban planning and environmental
management [1], [5].

Several ecological assessment methodologies have
been proposed to evaluate urban environmental
conditions. These include biodiversity indices,
species richness measurements, ecological footprint
analysis, green space assessment, ecosystem service
valuation, environmental quality indices, and remote
sensing-based land cover analysis [1], [3]. While
these methods provide useful insights, they possess
several important limitations. Most existing
indicator systems evaluate individual environmental
parameters independently without considering their
interactions within urban ecosystems. Biodiversity
assessments often emphasize species abundance
while neglecting habitat quality, ecological
connectivity, and ecosystem resilience. Many
conventional monitoring techniques depend on
periodic field surveys, which are labor-intensive,
time-consuming, expensive, and geographically
limited. Additionally, sustainability assessment
frameworks frequently lack standardized weighting
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mechanisms and integrated decision-support
capabilities, making comparisons among different
cities difficult [3]. Existing methods also make
limited use of emerging technologies such as
Artificial Intelligence (Al), Internet of Things (IoT),
Geographic Information Systems (GIS), remote
sensing, cloud computing, and machine learning for
continuous environmental monitoring and real-time
ecological assessment. Recent advances in Al-based
monitoring systems and intelligent data analytics
demonstrate significant potential for improving
predictive environmental assessment and automated
ecological decision-making [2]. Likewise, smart
sensing technologies and intelligent image-
processing systems can substantially enhance
environmental monitoring and urban waste
management, thereby contributing to sustainable
city development [4]. Consequently, urban planners
and policymakers often lack comprehensive tools
capable of integrating environmental quality,
biodiversity conservation, and sustainability
evaluation into a unified framework.

To overcome these challenges, there is a growing
need for a comprehensive ecological indicator
framework  that  integrates  environmental
monitoring,  biodiversity  assessment, spatial
analysis, and intelligent decision support. Such a
framework  should incorporate = measurable
indicators related to vegetation health, habitat
connectivity, ecosystem services, land-use diversity,
air and water quality, climate resilience, carbon
sequestration, and species diversity. The integration
of Al-driven analytics, GIS-based spatial modelling,
remote  sensing  observations,  loT-enabled
environmental sensors, and multi-criteria decision-
making techniques can significantly improve the
accuracy, scalability, and timeliness of ecological
assessments [2]. Standardized ecological indicators
would also enable objective comparisons among
cities, support long-term sustainability monitoring,
and facilitate evidence-based urban planning and
policy formulation [1], [3].

The primary objective of this paper is to develop an
integrated framework of ecological indicators for
measuring  sustainability ~ and  biodiversity
performance in urban areas. The proposed
framework aims to identify comprehensive
ecological metrics, integrate advanced
environmental monitoring technologies, establish
standardized biodiversity performance indicators,
and provide an intelligent assessment methodology
that supports sustainable urban planning and
management. The  framework  emphasizes
continuous environmental data collection, spatial
biodiversity  analysis,  ecological indicator
computation, sustainability evaluation, and decision
support for policymakers. Furthermore, the
proposed approach aligns ecological assessment
with international sustainability goals and smart city
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initiatives, enabling cities to monitor environmental
performance more effectively while promoting
biodiversity conservation [3], [5]. The major
contributions of this paper are summarized as
follows. First, the study presents a comprehensive
review of existing ecological indicators and urban
biodiversity assessment methodologies, identifying
their strengths and limitations [1], [3]. Second, it
proposes a novel integrated ecological indicator
framework that combines environmental quality,
ecosystem health, biodiversity conservation, and
sustainability —assessment within a unified
architecture. Third, the framework incorporates
modern digital technologies, including Al, GIS,
remote sensing, loT, and data analytics, to improve
ecological monitoring, indicator computation, and
decision-making [2], [4]. Finally, the paper presents
a comparative analysis of ecological indicators,
discusses implementation challenges, and outlines
future research directions for developing
standardized, scalable, and intelligent ecological
assessment systems that support resilient,
biodiversity-friendly, and sustainable urban
development. The proposed framework is expected
to assist researchers, urban planners, environmental
agencies, and policymakers in designing
scientifically informed strategies that enhance
ecological resilience while achieving long-term
sustainability objectives [1], [3], [5].

II. Methodologies for Measuring Urban
Sustainability and Biodiversity

Ecological and environmental performance metrics
provide a quantitative basis for evaluating the health
and sustainability of urban ecosystems. These
metrics assess the condition of natural resources,
ecosystem functionality, and environmental quality
while measuring the impacts of urbanization on
biodiversity and ecological resilience. Common
ecological indicators include vegetation cover, green
space availability, tree canopy density, habitat
quality, soil permeability, air and water quality,
carbon sequestration potential, urban heat island
intensity, and ecosystem service provision.
Biodiversity-related metrics such as species
richness, species evenness, habitat diversity, and
ecological connectivity are also widely used to
determine the conservation status of urban wildlife.
Environmental performance metrics enable planners
to compare ecological conditions across different
urban regions, identify areas requiring restoration,
and evaluate the effectiveness of sustainability
policies. By integrating multiple ecological
variables, these indicators provide a holistic
understanding of ecosystem health and support
evidence-based urban planning.

Biodiversity  assessment is  essential  for
understanding the ecological condition of urban
environments and monitoring the impacts of urban
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development on flora and fauna. Traditional
biodiversity assessment techniques primarily rely on
field surveys, ecological sampling, species
inventories, and habitat observations. These
methods provide accurate information regarding
species composition, abundance, distribution, and
habitat conditions but are often labor-intensive and
geographically limited. Recent advancements have
introduced automated biodiversity monitoring using
camera traps, acoustic sensors, environmental DNA
(eDNA) analysis, unmanned aerial vehicles (UAVs),
and citizen science platforms. These technologies
allow continuous monitoring of wildlife populations
while reducing the cost and effort associated with
manual surveys. Biodiversity indices such as the
Shannon Diversity Index, Simpson Diversity Index,
Species Richness Index, and Habitat Connectivity
Index are commonly employed to quantify
biodiversity performance. Combining traditional
ecological surveys with ~modern sensing
technologies significantly improves the reliability,
scalability, and temporal resolution of biodiversity
assessments.

Geographic Information Systems (GIS) and remote
sensing technologies have become indispensable
tools for urban ecological assessment. GIS enables
the collection, integration, visualization, and spatial
analysis of environmental datasets from multiple
sources, while remote sensing provides continuous
observations of land cover, vegetation health,
surface temperature, water bodies, and urban
expansion. Satellite imagery from platforms such as
Landsat, Sentinel, and MODIS allows researchers to
monitor changes in green infrastructure, habitat
fragmentation, and landscape connectivity over
time. Vegetation indices, including the Normalized
Difference Vegetation Index (NDVI) and Enhanced
Vegetation Index (EVI), are widely used to evaluate
vegetation health and ecological productivity. GIS-
based spatial modelling also supports habitat
suitability analysis, ecological corridor
identification, flood risk assessment, and urban heat
island mapping. These technologies provide large-
scale, cost-effective, and repeatable environmental
assessments that support sustainable urban planning
and biodiversity conservation. The Internet of
Things (IoT) has significantly enhanced urban
environmental monitoring by enabling real-time
collection of ecological data through interconnected
sensor networks. IoT devices continuously monitor
environmental variables such as temperature,
humidity, air quality, noise pollution, soil moisture,
water quality, rainfall, and carbon dioxide
concentration. Data generated from these sensors are
transmitted to cloud platforms for storage,
processing, and visualization, enabling continuous
monitoring of urban  ecosystems.  Smart
environmental monitoring systems facilitate the
early detection of pollution, habitat degradation, and
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ecological disturbances while supporting rapid
decision-making. Integration of IoT with wireless
communication technologies further improves
monitoring coverage and data availability. These
intelligent sensing systems provide highly accurate
and timely environmental information, allowing
urban  authorities to  implement adaptive
management strategies and improve sustainability
performance.

Artificial Intelligence (AI) and Machine Learning
(ML) have emerged as powerful tools for analyzing
complex environmental datasets and supporting
ecological decision-making. Al algorithms can
process large volumes of heterogeneous data
collected from IoT sensors, GIS platforms, satellite
imagery, and biodiversity monitoring systems to
and

Journal of Animal Environment, Vol. 18, No. s, Spring 2026

techniques such as Random Forest, Support Vector
Machine (SVM), Artificial Neural Networks
(ANN), Convolutional Neural Networks (CNN),
and Gradient Boosting are increasingly used for
land-use classification, species identification,
habitat suitability modelling, pollution prediction,
and biodiversity forecasting. Deep learning models
further enhance image analysis by automatically
detecting vegetation cover, wildlife populations, and
environmental degradation from aerial and satellite
imagery. Al-driven predictive analytics enable urban
planners to simulate future ecological scenarios,
assess sustainability risks, and evaluate the
effectiveness of conservation strategies. The
integration of Al with GIS, remote sensing, and IoT
creates an intelligent ecological assessment system
capable of supporting data-driven urban planning,

(2024), "Smart City and
Sustainability Indicators: A
Bibliometric Literature

of smart
sustainability
indicators

city

trends in sustainability
assessment and
emphasized the growing

identify  ecological ~ patterns predict biodiversity ~ conservation, and  long-term
environmental  changes. = Machine  learning sustainability management.

Study Methodology Key Findings Research Gap

M. Finizio et al. (2024), | Systematic  review | Demonstrated the | Limited integration with
"Remote Sensing for Urban | and meta-analysis of | effectiveness of satellite | Al-driven  ecological
Biodiversity: A Review and | remote sensing | imagery, UAVs, and | indicator computation
Meta-Analysis" applications for urban | LiDAR for large-scale | and sustainability

biodiversity biodiversity assessment | evaluation. (MDPI)
monitoring and habitat monitoring.

J. R. Pierce et al. (2024), | Development of | Proposed a standardized | Requires real-time
"Urban Nature Indexes Tool | Urban Nature Index | framework linking | monitoring and
Offers Comprehensive and | (UNI) framework | biodiversity, ecosystem | intelligent decision-
Flexible Approach to | integrating ecological | services, governance, and | support capabilities for
Monitoring Urban Ecological | performance sustainability indicators | dynamic urban
Performance" indicators for urban planning. environments. (Nature)
D. Wang et al. (2024), "Urban | Adaptive Showed  that  green | Lacks automated
Green Infrastructure: | management infrastructure monitoring and
Bridging Biodiversity | framework for urban | significantly  improves | standardized ecological
Conservation and Sustainable | green infrastructure biodiversity performance  metrics.
Urban Development Through conservation, ecosystem | (Frontiers)

Adaptive Management services, and climate

Approach" resilience.

L. da Silva Tomadon et al. | Bibliometric analysis | Identified emerging | Limited emphasis on

biodiversity-specific
indicators
ecological

and
monitoring

Review" role of digital | integration. (Springer)
technologies in urban
governance.
K. Perrelet et al. (2024), | Review of blue-green | Demonstrated that | Does not provide an
"Engineering Blue-Green | infrastructure integrated blue-green | intelligent framework
Infrastructure for and with | strategies for | infrastructure improves | for continuous
Biodiversity in Cities" biodiversity ecosystem resilience, | ecological indicator
enhancement habitat quality, and urban | assessment. (Nature)

biodiversity.

A. 1. Almulhim et al. (2024),
"Charting Sustainable Urban

Systematic review of
SDG 11 research and

Identified
sustainability

key
indicators

Insufficient integration
of biodiversity
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Systematic Review of SDG11 | assessment
Research"

Development Through a | urban sustainability

and highlighted the need | indicators, = Al-based
for standardized | analytics, and real-time
evaluation frameworks | environmental
supporting resilient | monitoring. (Nature)
cities.

Table 1. Literature Review of Recent Studies on Ecological Indicators and Urban Sustainability

Table 1 demonstrates substantial progress in ecological monitoring, urban biodiversity conservation, smart city
assessment, and sustainability evaluation. However, existing studies generally focus on individual aspects such as
remote sensing, green infrastructure, SDG assessment, or ecological indicators in isolation. Few studies integrate
standardized ecological indicators with Al, GIS, IoT, remote sensing, biodiversity assessment, and intelligent
decision support within a unified framework, highlighting the research gap addressed by the proposed work.

I11. Development of an Integrated Ecological
Indicator Framework

The proposed integrated ecological indicator
framework is designed to provide a comprehensive,
standardized, and intelligent approach for measuring
sustainability and biodiversity performance in urban
areas. Unlike conventional assessment methods that
evaluate environmental parameters independently,
the proposed framework integrates ecological
indicators, biodiversity metrics, environmental
monitoring technologies, spatial analysis, and
artificial intelligence into a unified decision-support
system. The framework aims to facilitate continuous
monitoring of urban ecosystems, improve the
accuracy of sustainability assessments, and assist
policymakers in making evidence-based planning
decisions. Its primary objectives include quantifying
ecosystem health, monitoring biodiversity trends,
assessing  environmental quality, supporting
sustainable urban development, and aligning urban
planning strategies with international sustainability
goals such as the Sustainable Development Goals
(SDGs). The framework follows key design
principles including scalability, interoperability,
data-driven decision-making, real-time monitoring,
transparency, and adaptability to different urban
environments.

Figure 1 shows that the proposed framework adopts
a six-layer architecture for intelligent urban
sustainability assessment. It begins with the
Environmental Data Acquisition Layer, which
collects ecological information from IoT sensors,
GIS, remote sensing, UAVs, weather stations,
biodiversity surveys, and government databases.
The collected data are then processed through the
Data Processing and Integration Layer, where
cleaning, normalization, feature extraction, and data
fusion are performed. The Ecological Indicator
Computation Layer calculates standardized
indicators related to vegetation health, biodiversity,
habitat quality, air and water quality, ecological
connectivity, carbon sequestration, and land-use
sustainability. These indicators are analyzed in the
Al-Driven  Biodiversity = and  Sustainability
Assessment Layer using machine learning, spatial

analysis, trend prediction, and multi-criteria
decision analysis to generate sustainability scores.

S s s wa ma e e FOSUROCR & COMNUOUS IEEOTSIMINE === = m=s o e sm e e emm
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=
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Figure 1. Proposed Integrated Framework for
Sustainability and Biodiversity Performance

The results are delivered to an Intelligent Decision
Support System, which provides GIS visualization,
ecological reports, conservation priority mapping,
and policy recommendations for urban planners.
Finally, the framework supports Sustainable Urban
Development Outcomes, including biodiversity
conservation, improved environmental quality,
enhanced ecosystem resilience, climate adaptation,
efficient resource management, and alignment with
Sustainable Development Goals (SDGs) and smart
city initiatives. Continuous feedback throughout the
framework enables adaptive environmental
management and long-term urban sustainability.
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The first layer of the framework is responsible for
collecting comprehensive environmental
information from multiple heterogeneous data
sources. This layer integrates data obtained from
IoT-based environmental sensors, satellite imagery,
unmanned aerial vehicles (UAVs), Geographic
Information Systems (GIS), weather stations,
biodiversity field surveys, and governmental
environmental databases. Environmental variables
collected include air quality, water quality,
temperature, humidity, soil conditions, vegetation
cover, land-use patterns, noise levels, carbon
emissions, rainfall, and urban green space
distribution. Biodiversity information such as
species occurrence, habitat conditions, vegetation
diversity, and ecological connectivity is also
continuously recorded. The integration of multiple
data sources improves data reliability while
providing comprehensive coverage of urban
ecological conditions.

After environmental data collection, the framework
computes  standardized ecological indicators
representing ecosystem health and environmental
sustainability. ~ This  layer  processes raw
environmental data using statistical analysis,
ecological modelling, and indicator computation
algorithms. The framework -calculates multiple
ecological indicators including vegetation health
index, habitat quality index, biodiversity index,
ecological connectivity index, carbon sequestration
index, air quality index, water quality index,
ecosystem service index, urban heat island index,
and land-use sustainability index. Each indicator
reflects a specific aspect of ecological performance
while collectively providing a multidimensional
evaluation of urban sustainability. Indicator
normalization and weighting techniques are applied
to ensure consistency and comparability across
different cities and geographical regions. The
biodiversity assessment module evaluates the
ecological status of urban wildlife and habitat
conservation using multiple biological and
ecological indicators. Species richness, species
diversity, habitat fragmentation, habitat
connectivity, vegetation diversity, pollinator
abundance, ecological corridor availability, and
ecosystem resilience are analyzed to determine
biodiversity = performance. Al-based image
recognition, acoustic monitoring, environmental
DNA (eDNA) analysis, and remote sensing
technologies can be integrated to automate
biodiversity monitoring and improve assessment
accuracy. Historical biodiversity records are
compared with current observations to identify
ecological trends, habitat degradation, invasive
species, and conservation priorities. The module
generates biodiversity performance scores that
support ecological restoration planning and wildlife
conservation initiatives
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The sustainability evaluation module integrates
ecological  indicators, biodiversity = metrics,
environmental quality measures, and socio-
environmental parameters to generate an overall
sustainability score for urban regions. Multi-Criteria
Decision Analysis (MCDA), Artificial Intelligence
(Al), and Machine Learning (ML) algorithms
analyze relationships among multiple indicators and
identify key environmental factors influencing
urban sustainability. Predictive models estimate
future ecological conditions under different urban
development scenarios, enabling proactive planning
and risk assessment. Interactive dashboards, GIS-
based visualization tools, and automated reporting
systems provide decision-makers with real-time
information regarding ecological performance,
environmental risks, and biodiversity conservation
priorities. This intelligent decision-support system
enables policymakers The final layer translates
ecological assessment results into practical urban
planning and policy recommendations.
Sustainability scores, biodiversity indicators, and
environmental performance metrics are
incorporated into land-use planning, green
infrastructure development, ecological restoration
programs, climate adaptation strategies, and
biodiversity conservation policies. The framework
supports the identification of priority conservation
zones, urban ecological corridors, green spaces, and
environmentally  sensitive  regions requiring
protection. Policy recommendations are aligned
with smart city initiatives, environmental
regulations, and international  sustainability
frameworks such as the United Nations Sustainable
Development Goals (SDGs). Continuous feedback
from ecological monitoring allows urban authorities
to adapt planning strategies according to changing
environmental conditions and emerging ecological
challenges.

The proposed integrated framework is expected to
significantly —improve the assessment and
management of urban ecosystems by providing
standardized, accurate, and intelligent ecological
evaluations. Continuous monitoring enables early
detection of environmental degradation, habitat
fragmentation, pollution, and biodiversity decline,
allowing timely intervention. The integration of Al,
GIS, remote sensing, and IoT technologies enhances
the efficiency and scalability of ecological
assessments while reducing dependence on labor-
intensive field surveys. The framework promotes
data-driven urban planning, supports biodiversity
conservation, strengthens ecosystem resilience, and
improves environmental quality. Furthermore,
standardized  ecological indicators facilitate
meaningful comparisons among cities, enabling
benchmarking of sustainability performance and
encouraging the adoption of best environmental
management practices. Ultimately, the proposed
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framework contributes to the development of
resilient, biodiversity-rich, climate-adaptive, and
sustainable urban environments capable of
supporting both human well-being and ecological
integrity.

IV. Performance Evaluation and
Comparative Analysis

The effectiveness of the proposed ecological
indicator framework is evaluated using a
comprehensive  validation methodology that
measures its capability to accurately assess urban
sustainability and biodiversity performance. The
evaluation considers ecological, environmental,
technological, and decision-support perspectives. A
representative set of urban ecological indicators is
selected based on relevance, measurability,
reliability, sensitivity, and scalability. Data are
collected from multiple sources, including IoT-
based environmental sensors, GIS databases,
satellite imagery, biodiversity surveys, and
environmental ~ monitoring  stations.  After
preprocessing and normalization, ecological
indicators are computed and integrated using a
Multi-Criteria  Decision  Analysis (MCDA)
approach. The performance of the proposed
framework is compared with conventional
sustainability assessment methods using
standardized  evaluation  metrics.  Statistical
validation, sensitivity analysis, and cross-
comparison across different urban environments
ensure the robustness and consistency of the
proposed methodology.

To evaluate the applicability of the framework,
ecological indicators are assessed across three
representative  urban  environments:  highly
urbanized metropolitan regions, suburban cities, and
eco-friendly planned smart cities. The comparison
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Index

(AQI)

Urban 5.6 34 1.8
Heat
Island (°C)

Sustainabil | 61 78 93
ity  Score
(%)

Table 2. Comparative Ecological Performance
Across Urban Areas

Table 2 indicates that smart cities incorporating
ecological planning achieve significantly higher
biodiversity and sustainability performance than
conventional metropolitan regions.

The proposed framework evaluates sustainability

using

multiple

ecological

dimensions.

Environmental quality, biodiversity conservation,

ecosystem

resilience,

climate adaptation, and

resource efficiency collectively contribute to the
final sustainability score.

Sustainability Conventiona | Proposed

Indicator 1 Method Framewor
k

Environmental Moderate Excellent

Monitoring

Biodiversity Moderate Excellent

Assessment

Real-Time No Yes

Monitoring

Spatial Analysis | Limited Advanced

Al-Based No Yes

Decision Support

Policy Moderate Excellent

Recommendatio

n

Overall 72 94

Sustainability

Score (%)

Table 3. Sustainability Indicator Evaluation

demonstrates how urban planning practices
influence biodiversity conservation and
environmental sustainability.

Performa | Metropoli | Suburb | Smart

nce tan City an City | Sustaina

Indicator ble City

Green 18 34 47

Space

Coverage

(%)

Biodiversit | 0.42 0.65 0.84

y Index

Habitat Low Moderat | High

Connectivi e

ty

Air 138 82 46

Quality

Table 3 demonstrate that integrating intelligent
technologies substantially improves the
comprehensiveness and reliability of sustainability
assessment.

Biodiversity performance is evaluated using
standardized ecological indicators representing
habitat quality, species diversity, vegetation health,
ecological connectivity, and ecosystem resilience.
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Ecological Existing Proposed
Indicator Framework Framework
Species 78 92
Richness

Habitat 73 90
Quality

Vegetation 76 93

Health

Ecological 69 91
Connectivity

Ecosystem 72 89
Resilience

Overall 74 91
Biodiversity

Score

Table 4. Biodiversity Performance Comparison

Table 4 shows that the system achieves higher
biodiversity scores by integrating ecological
monitoring, spatial analysis, and Al-driven
assessment techniques.

Sensitivity analysis is performed to determine the
influence of individual ecological indicators on the
overall sustainability score. Indicators related to
biodiversity, green infrastructure, and habitat
connectivity demonstrate the highest contribution,
whereas short-term environmental fluctuations
show comparatively lower influence.

Indicator Contribution (%)

Biodiversity Index 24

Green Space Coverage | 21

Habitat Connectivity 18

Air Quality 15

Water Quality 10

Carbon Sequestration | 7

Noise Pollution 5

Table 5. Sensitivity Analysis Results

Table 5 indicate that biodiversity conservation and
ecological connectivity are the most influential
factors affecting long-term urban sustainability.

The proposed framework is compared with
conventional ecological assessment models using
several performance criteria.

Performanc | Conventiona | Proposed
e Parameter | 1 Framework | Framework
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Ecological Partial Comprehensiv
Indicators e
Biodiversity | Limited Continuous
Monitoring

GIS Moderate Advanced
Integration

Remote Partial Full
Sensing

Support

IoT No Yes
Integration

Artificial No Yes
Intelligence

Decision Limited Intelligent
Support

Real-Time No Yes
Monitoring

Scalability Moderate High
Overall 75 95
Performance

(%)

Table 6. Comparative Evaluation of Assessment
Frameworks

Table 6 demonstrates that the proposed integrated
ecological indicator framework significantly
outperforms existing approaches by combining
standardized ecological indicators with A, GIS, IoT,
and remote sensing technologies. The framework
provides more accurate ecological assessment, real-
time  environmental  monitoring, enhanced
biodiversity evaluation, intelligent decision support,
and improved scalability. These capabilities make it
highly suitable for supporting sustainable urban
planning, biodiversity conservation, and smart city
management.

Figure 2 summarizes the performance of the
proposed ecological indicator framework across five
analytical dimensions. Panel (a) compares
sustainability performance among metropolitan,
suburban, and smart sustainable cities, showing the
strongest performance for smart sustainable urban
areas. Panel (b) demonstrates that the proposed
framework improves species richness, habitat
quality, vegetation health, ecological connectivity,
and ecosystem resilience compared with the existing
approach. Panel (c) presents the overall framework
performance, where the proposed model achieves a
substantially higher score than the conventional
framework. Panel (d) shows that biodiversity, green-
space coverage, and habitat connectivity contribute
most strongly to the overall sustainability score.
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Panel (e) compares assessment capabilities and
highlights the advantages of the proposed
framework in real-time monitoring, spatial analysis,
Al-based  decision  support, and  policy
recommendation. Collectively, the dashboard

Journal of Animal Environment, Vol. 18, No. Is, Spring 2026

demonstrates the effectiveness of integrating
ecological indicators with IoT, GIS, remote sensing,
and Al technologies for urban sustainability and
biodiversity assessment.

Comparative Sustainability Performance Across Urban Areas

100

93

Sustainability Score ()

Metropolitan City Suburban City

Urban Area

Smart Sustainable City

Blodiversity Performance Comparison

Ecological Indicator

(a) Urban Sustainability Performance

(b) Biodiversity Performance

(c) Overall Framework Performance

(d) Indicator Sensitivity

(e) Capability Comparison

Figure 2. Graphical Analysis of the model performance

V. Future Research Directions

Future research should focus on validating the
proposed ecological indicator framework using
large-scale datasets collected from diverse urban
environments with varying climatic, geographical,
and socio-economic conditions. Testing the
framework across multiple cities will improve its
robustness, scalability, and generalizability while
facilitating the development of standardized
ecological benchmarks for global urban
sustainability assessment. Long-term ecological
monitoring should also be incorporated to evaluate
temporal changes in biodiversity, ecosystem
services, and environmental quality under different
urban development scenarios. The integration of
emerging digital technologies presents significant
opportunities for enhancing ecological assessment.
Future studies can incorporate digital twin
technology to create dynamic virtual models of
urban ecosystems, enabling real-time simulation of
land-use changes, biodiversity dynamics, climate
impacts, and infrastructure development. The use of
edge computing and 5G-enabled IoT networks can
further improve the speed and efficiency of
environmental data acquisition, allowing continuous
monitoring with reduced latency. In addition,
advanced deep learning, computer vision, and
explainable Artificial Intelligence (XAI) techniques
can improve automated species identification,

habitat mapping, ecological forecasting, and the
transparency of Al-driven decision-making.

Another promising direction involves integrating
citizen science platforms, crowdsourced
biodiversity observations, and social sensing into
ecological monitoring systems. Public participation
can significantly expand environmental datasets
while increasing community awareness and
engagement in urban biodiversity conservation.
Future frameworks may also incorporate
environmental DNA (eDNA) analysis, acoustic
monitoring, and autonomous drone-based surveys to
enhance biodiversity assessment and improve the
detection of rare or endangered species. Further
research should explore the development of adaptive
and self-learning ecological indicator systems
capable of automatically updating indicator weights
based on changing environmental conditions and
policy objectives. Multi-Criteria Decision Analysis
(MCDA) can be combined with optimization
algorithms to generate more effective conservation
strategies and urban planning recommendations.
Additionally, integrating ecosystem service
valuation, carbon accounting, circular economy
principles, and climate resilience indicators would
provide a more comprehensive evaluation of urban
sustainability.

studies  should
internationally

Finally, future
formulation  of

support the
standardized
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ecological indicator frameworks that align with
Sustainable Development Goals (SDGs), nature-
positive urban development, and smart city
governance. Such frameworks can  assist
governments, environmental agencies, and urban
planners in developing evidence-based policies that
simultaneously promote biodiversity conservation,
climate adaptation, ecological resilience, and
sustainable urban growth. Continuous
advancements in intelligent environmental
monitoring and data-driven urban planning will play
a crucial role in building resilient, environmentally
sustainable, and biodiversity-friendly cities for
future generations.

VI. Conclusion

Rapid urbanization has significantly increased
environmental pressures on cities, leading to
biodiversity loss, habitat fragmentation, declining
ecosystem services, and reduced ecological
resilience. This paper presented an integrated
ecological indicator framework for measuring
sustainability and biodiversity performance in urban
areas by combining standardized ecological metrics
with Geographic Information Systems (GIS), remote
sensing, Internet of Things (IoT), and Artificial
Intelligence (AI). Unlike conventional assessment
methods, the proposed framework enables
continuous environmental monitoring, intelligent
ecological analysis, and data-driven decision-
making within a wunified architecture. The
comparative evaluation demonstrated that the
proposed framework provides more comprehensive
and accurate sustainability assessment through
improved Dbiodiversity monitoring, ecological
indicator computation, spatial analysis, and
intelligent decision support. The results highlighted
that biodiversity conservation, habitat connectivity,
green infrastructure, and environmental quality are
the most influential factors affecting long-term
urban sustainability. By integrating these indicators
with advanced digital technologies, the framework
supports  evidence-based  urban  planning,
environmental policy formulation, and smart city
governance. Overall, the proposed framework offers
a scalable and standardized solution for evaluating
urban ecological performance while aligning with
the Sustainable Development Goals (SDGs). It
provides practical guidance for researchers, urban
planners, and policymakers to develop resilient,
biodiversity-friendly, and climate-adaptive cities.
Future research should validate the framework using
real-world urban datasets, incorporate digital twin
technologies, and explore explainable Al techniques
to further improve ecological prediction,
sustainability assessment, and adaptive urban
ecosystem management.
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