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ABSTRACT

Understanding the complex dynamics of ecosystems and evaluating the long-term impacts of
human activities is a significant and challenging task. Recent advancements in mathematical
modelling have led to the development of more complex and accurate ecological models, which
have the potential to revolutionize our understanding of ecosystems. Remote sensing technologies
have improved to provide high-resolution data on ecosystem changes, offering unprecedented
insights. Data analytics techniques have advanced to handle large and complex environmental
datasets, opening up new possibilities for understanding and managing our environment. This
paper reviews these and other recent advancements in 39 research papers from 2014 to 2024,
highlighting their potential to impact ecological and environmental research profoundly. By
integrating these techniques, researchers can enhance predictions of ecological changes and inform
more effective conservation strategies, thereby shaping the future of our planet.

Keywords: Ecosystems, Mathematical Modelling, Remote Sensing, Data Analytics,
Environmental Impact.

1. INTRODUCTION

Ecosystems are intricate networks of interactions among living organisms and their physical
environment, making it challenging to predict the outcomes of human activities in these systems.
Traditional ecological research methods often lack the sophistication to fully understand and
predict these interactions (Henderson & Loreau, 2023; Mumby et al., 2014; Strauss, 2014). As
human activities such as deforestation, pollution, and climate change continue to impact
ecosystems globally, the urgency for advanced mathematical and scientific techniques to
understand these complex systems better and assess long-term environmental impacts cannot be
overstated (Krapivin et al., 2015; King et al., 2014; O’Neill et al. et al., 2014).

Recent developments in mathematical modelling, remote sensing, and data analytics offer
promising new tools for addressing these challenges. Mathematical models have become
increasingly sophisticated, incorporating various variables and interactions (Vink et al., 2021;
Heymans et al., 2016; Villa et al., 2014). Remote sensing technologies have advanced, providing
high-resolution data that can track environmental changes with greater accuracy (Zhao et al., 2020;
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Wang et al., 2020; Manfreda et al. et al., 2018). Data analytics, particularly machine learning, has
transformed how we interpret large datasets and predict future ecological trends (Zhong et al.,
2021; Christin et al., 2019; Thessen, 2016). This implies a need to implement mathematical
modelling, remote sensing, and data analytic tools to predict and track environmental changes for
the benefit of the human community.

This paper explores the necessity of these advanced techniques, reviews recent advancements, and
discusses their application in understanding ecological dynamics and assessing human impacts on
the environment.

2. LITERATURE REVIEW

2.1 Mathematical Modelling

Mathematical modelling has seen significant advancements in recent years, providing more
detailed and accurate representations of ecological systems. Dynamic systems models, which
simulate ecosystem changes over time, have incorporated more complex variables and interactions
(Vink et al., 2021; Kéry & Royle, 2020; Liquete et al., 2016). These models help predict how
ecosystems respond to various stressors, such as climate change and habitat loss (Heymans et al.,
2016; Yin et al., 2017; Ernakovich et al., 2014).

Network analysis, a method used to study the relationships between different species within an
ecosystem, has also advanced. Mantyka-Pringle et al. (2017) highlight network analysis to map
species interactions and energy flows, which provides insights into ecosystem stability and
resilience. These techniques are crucial for understanding how disruptions in one part of the
network can affect the entire ecosystem (Liu et al., 2022; Aarikka-Stenroos & Ritala, 2017; Bairey
et al., 2016).

2.2 Remote Sensing

Remote sensing technologies have rapidly evolved, offering new capabilities for monitoring
environmental changes. High-resolution satellite imagery and advanced sensors now provide
detailed data on land use, vegetation cover, and other critical ecological parameters (Zhao et al.,
2020; Wang et al., 2020; Manfreda et al., 2018). These technologies allow researchers to track
deforestation, habitat fragmentation, and other changes in real time, providing valuable
information for environmental management (Harris et al., 2021; Pajares, 2015; Lu et al., 2014).
Innovations in remote sensing also include using drones and unmanned aerial vehicles (UAVs) for
high-resolution, localised monitoring (Mangewa et al., 2019; Deng et al., 2018; Gallacher, 2016).
These tools offer fine-scale data that complement satellite observations and enhance human
understanding of ecosystem dynamics (Lyu et al., 2022; Bhatnagar et al., 2021; Ivosevic et al.,
2015).

2.3 Data Analytics

The application of data analytics, particularly machine learning and big data techniques, has
revolutionised ecological research. Machine learning algorithms can analyse vast datasets to
identify patterns, predict trends, and assess ecological impacts with high precision (Zhong et al.,
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2021; Christin et al., 2019; Thessen, 2016). These techniques are beneficial for modelling complex
interactions and predicting the effects of various stressors on ecosystems (Lucas, 2020;
Huntingford et al., 2019).

Big data analytics also allows for integrating diverse data sources, such as satellite imagery, field
observations, and environmental data, providing a comprehensive view of ecological systems
(Ustin & Middleton, 2021; Ullo & Sinha, 2020; Chi et al., 2016). This holistic approach enhances
our ability to understand and manage ecological dynamics in the face of human-induced changes
(Sun & Scanlon, 2019; Sharma et al., 2018; Yang et al., 2017).

3. METHODOLOGY

This conceptual paper is based on a comprehensive literature review from 2014 to 2024. The
methodology involved synthesising findings from peer-reviewed journals, conference papers, and
other scholarly sources related to advancements in mathematical modelling, remote sensing, and
data analytics. Key sources were selected based on their relevance to the topic and contribution to
advancing these techniques in ecological research.

The review focused on identifying recent developments in each area, assessing their applications
in understanding ecological dynamics, and evaluating the long-term impacts of human activities.
The analysis included theoretical advancements and practical applications, providing a
comprehensive overview of how these techniques address current environmental science
challenges. To synthesise literature from 2014 to 2024, a desktop review was done in journals,
books, and graduates’ theses. The literature search was conducted on Google Scholar and the
Research Gate. The search for literature to address the title was based on the following criteria:
e Publication dates were considered to range from 2014 to 2024.
e Application: The articles were assessed whether they demonstrate the application of these
advancements in ecological modelling or environmental impact assessment.
e Influence: The selection also reviewed the number of citations the article received, as
highly cited papers often indicate influential research. The selected articles’ citations range
from 51 to 1343.
e Results and discussions: The researcher ensured that the results and discussion of every
article selected highlight the advancements' significance and practical applications.
e Integration: The articles were assessed whether they integrate mathematical modelling and
remote sensing techniques with ecological and environmental impact assessments, often
providing a comprehensive view of advancements.

Table 1 below summarises the types of journals searched for this paper's relevant literature.

Source of articles Number of articles
Journals 32
Books

Monographs 1
Systematics review

Conference Proceedings 1
Total 39
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4. DISCUSSION

4.1 Enhancements in Mathematical Modelling

Recent advancements in mathematical modelling have provided new tools for understanding
complex ecological interactions. Dynamic systems models, which simulate the behaviour of
ecosystems over time, have become more sophisticated, incorporating a more comprehensive
range of variables and interactions (Vink et al., 2021; Kéry & Royle, 2020; Liquete et al., 2016).
These models help predict how ecosystems respond to various stressors, such as climate change
and habitat loss, by simulating different scenarios and assessing their potential impacts (Heymans
et al., 2016; Segan et al., 2016; Ernakovich et al., 2014).).

Network analysis has also advanced, offering insights into the structure and function of ecological
networks. Recent studies have used network analysis to map species interactions and energy flows
within ecosystems, providing a better understanding of ecosystem stability and resilience
(Mantyka-Pringle et al., 2017; Aarikka-Stenroos & Ritala, 2017). These insights are crucial for
identifying key species and interactions that are critical for ecosystem health and for developing
strategies to mitigate the impacts of environmental changes (Liu et al., 2022; Yang et al., 2017;
O’Neill et al., 2014).

4.2 Innovations in Remote Sensing

Advancements in remote sensing technologies have revolutionised the monitoring of
environmental changes. High-resolution satellite imagery and advanced sensors provide detailed
data on land use, vegetation cover, and other ecological parameters (Ustin & Middleton, 2021;
Wang et al., 2020; Manfreda et al., 2018). These technologies enable researchers to track
deforestation, habitat fragmentation, and other changes with greater accuracy, providing valuable
information for environmental management (Harris et al., 2021; Pajares, 2015; Lu et al., 2014).

Using drones and UAVs has further enhanced remote sensing capabilities, offering high-
resolution, localised monitoring that complements satellite observations (Mangewa et al., 2019;
Deng et al., 2018; Gallacher, 2016). These tools provide fine-scale data that improves our
understanding of ecological dynamics and allows for more precise assessments of environmental
changes (Lyu, Li et al., 2022; Bhatnagar et al., 2021; Ivosevic et al., 2015). Integrating drone data
with satellite imagery and field observations provides a comprehensive view of ecosystem
changes, enabling more effective management and conservation strategies.

4.3 Advances in Data Analytics

Integrating machine learning and big data analytics into ecological research has transformed how
we analyse and interpret large datasets. Machine learning algorithms can identify patterns, predict
trends and highly assess ecological impacts, offering new insights into complex ecological
interactions (Zhong et al., 2021; Christin et al., 2019; Thessen, 2016). These techniques are
beneficial for modelling various stressors' effects on ecosystems and predicting future ecological
states (Lucas, 2020; Huntingford et al., 2019).
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Big data analytics enables the integration of diverse data sources, such as satellite imagery, field
observations, and environmental data, providing a comprehensive view of ecological systems
(Ullo & Sinha, 2020; Chi et al., 2016). This holistic approach enhances our ability to understand
and manage ecological dynamics, allowing for more informed decision-making and better
management of environmental resources (Sun & Scanlon, 2019; Sharma et al., 2018; Yang et al.,
2017). The application of big data analytics also facilitates real-time monitoring and rapid response
to environmental changes, improving the effectiveness of conservation and management efforts.

5. RECOMMENDATIONS
To fully leverage the advancements in mathematical modelling, remote sensing, and data analytics,
the following recommendations are proposed:

Integration of Techniques: Combine mathematical modelling, remote sensing, and data analytics
to create comprehensive ecological assessment and management frameworks. Integrating these
techniques can provide a more complete understanding of ecosystem dynamics and improve the
accuracy of predictions (Vink et al., 2021; Ustin & Middleton, 2021; Christin et al., 2019).
Enhanced Collaboration: Foster interdisciplinary collaboration among ecologists, data scientists,
and remote sensing experts. Collaborative efforts can enhance the development and application of
advanced techniques, leading to more effective solutions for addressing ecological challenges
(Gallacher, 2016; Chi et al., 2016).

Investment in Technology: Nations must increase funding for research and development of
advanced technologies. Supporting the continued advancement of mathematical modelling, remote
sensing, and data analytics will improve their accessibility and applicability in ecological research
and environmental management (Fulford et al., 2020; Thessen, 2016; Lu et al., 2014).

Training and Education: Provide training and education for researchers and practitioners in
advanced analytical techniques and technologies. Enhancing the skills and knowledge of those
working in ecological and environmental research will improve the effective use of these tools and
techniques (Bhatnagar et al., 2021; Yang et al., 2017; Ivosevic et al., 2015).

6. CONCLUSION

Integrating advanced mathematical and scientific techniques is essential for unravelling the
complex relationships within ecosystems and assessing the long-term impacts of human activities.
Recent advancements in mathematical modelling, remote sensing, and data analytics offer
powerful tools for enhancing our understanding of ecological dynamics and improving
environmental management. By adopting these advanced techniques, researchers can provide
more accurate predictions and develop more effective strategies for conservation and
sustainability. Continued investment in these technologies and increased collaboration and training
will further enhance our ability to address the challenges facing ecosystems and the environment.
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