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Abstract: Insect behaviour plays a fundamental role in maintaining ecosystem stability, biodiversity, pollination, 

pest regulation, and agricultural productivity. However, conventional ecological studies often rely on isolated 

observations and single-source datasets, limiting the understanding of complex behavioural responses to dynamic 

environmental conditions. This review presents a comprehensive overview of a multi-sensory bioinformatics 

framework for ecological modelling of insect behaviour by integrating biological knowledge, bioinformatics, 

smart sensor networks, and artificial intelligence. The review examines the major sensory modalities governing 

insect behaviour, including visual, olfactory, acoustic, vibrational, thermal, and environmental sensing, and 

discusses how these signals influence navigation, communication, foraging, reproduction, and ecological 

adaptation. Recent advances in genomics, transcriptomics, multi-omics integration, and bioinformatics are 

explored to demonstrate their role in uncovering the molecular mechanisms underlying behavioural responses. 

Furthermore, the review highlights the contributions of Internet of Things (IoT)-enabled wireless sensor networks, 

computer vision, environmental monitoring systems, and unmanned sensing platforms in facilitating continuous, 

real-time ecological observations. The integration of machine learning, deep learning, explainable artificial 

intelligence, and multimodal data fusion enables accurate behavioural prediction, ecological forecasting, and 

intelligent decision support. Finally, current challenges, including heterogeneous data integration, interoperability, 

scalability, and model interpretability, are discussed together with emerging research directions such as digital 

twins, edge intelligence, and autonomous ecological monitoring. The proposed framework provides a holistic 

foundation for advancing ecological informatics and supporting sustainable agriculture, biodiversity conservation, 

and ecosystem management. 

Keywords: Insect behaviour; Ecological modelling; Bioinformatics; Multi-sensory sensing; Internet of Things 

(IoT); Wireless sensor networks; Artificial intelligence; Machine learning; Deep learning; Multi-omics 

integration; Computer vision; Ecological monitoring. 
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I. Introduction 

Insects constitute the most diverse group of 

organisms on Earth, accounting for more than half 

of all described animal species and playing 

indispensable roles in maintaining ecosystem 

stability and functionality. They participate in 

numerous ecological processes, including 

pollination, herbivory, decomposition, nutrient 

cycling, biological pest regulation, and food-web 

interactions. The behavioural patterns exhibited by 

insects directly influence species survival, 

reproductive success, habitat selection, migration, 

and interactions with other organisms [1]. 

Consequently, understanding insect behaviour has 

become a fundamental objective in ecology, 

agriculture, biodiversity conservation, and 

environmental management. Advances in ecological 

modelling have further emphasized the need to 

characterize behavioural responses under changing 

environmental conditions, thereby enabling 

researchers to predict ecosystem dynamics and 

develop effective conservation and pest 

management strategies. 

Traditional investigations of insect behaviour have 

primarily relied on field observations, laboratory 

experiments, manual behavioural annotations, and 

isolated physiological measurements. While these 

approaches have significantly contributed to 

behavioural ecology, they often suffer from limited 

spatial and temporal coverage, observer bias, high 

labour requirements, and insufficient capability to 

capture complex interactions among multiple 

environmental stimuli. Furthermore, insect 

behaviour is inherently dynamic and is 

simultaneously influenced by visual, chemical, 

thermal, acoustic, vibrational, and environmental 

cues [2]. Conventional ecological models generally 

analyse these factors independently, thereby limiting 

their ability to represent the multidimensional nature 

of insect decision-making processes. As ecosystems 

become increasingly affected by climate change, 

habitat fragmentation, pollution, and agricultural 

intensification, more comprehensive analytical 

frameworks are required to understand behavioural 

adaptation under complex environmental 

conditions. 

Recent developments in sensing technologies have 

transformed ecological research by enabling 

continuous, high-resolution monitoring of insect 

activities across diverse habitats. Modern ecological 

monitoring systems integrate multiple sensing 

modalities, including computer vision, 

hyperspectral imaging, infrared cameras, acoustic 

microphones, vibration sensors, environmental 

monitoring devices, wearable miniature sensors, 

radar systems, and unmanned aerial vehicles. These 

technologies provide rich behavioural datasets that 

capture movement trajectories, feeding activities, 

communication patterns, migration behaviour, 

habitat preferences, and physiological responses in 

real time [3]. Wireless sensor networks (WSNs), 

Internet of Things (IoT) platforms, and edge 

computing architectures further facilitate distributed 

environmental monitoring by enabling autonomous 

data acquisition, processing, and communication 

over large geographical areas. The convergence of 

these technologies has established a new paradigm 

for ecological monitoring that is capable of 

generating continuous streams of heterogeneous 

behavioural and environmental data. 

Simultaneously, advances in bioinformatics have 

expanded opportunities for understanding insect 

behaviour at the molecular and systems levels. High-

throughput sequencing technologies, 

transcriptomics, proteomics, metabolomics, and 

microbiome analyses have enabled researchers to 

investigate the genetic and biochemical mechanisms 

underlying behavioural adaptation. Bioinformatics 

tools support the integration, annotation, 

visualization, and interpretation of large-scale 

biological datasets, allowing researchers to identify 

genes, signalling pathways, and molecular 

biomarkers associated with navigation, 

reproduction, host selection, stress responses, 

immunity, and social behaviour [4]. The integration 

of molecular information with ecological 

observations provides a deeper understanding of 

how internal biological processes interact with 

external environmental conditions to shape 

behavioural responses. 

Artificial intelligence (AI), machine learning (ML), 

and deep learning (DL) have emerged as powerful 

computational approaches for analysing the massive 

and heterogeneous datasets generated by ecological 

monitoring systems. Computer vision algorithms 

automatically identify insect species, estimate 

population abundance, track movement patterns, 

and classify behavioural activities from images and 

videos. Machine learning models facilitate 

behavioural prediction by learning complex 

relationships among environmental variables, 

physiological indicators, and behavioural outcomes, 

while deep neural networks improve feature 

extraction from multimodal datasets through 

hierarchical learning mechanisms. Recent advances 

in explainable artificial intelligence (XAI), graph 

neural networks (GNNs), transformer architectures, 

and multimodal learning have further enhanced the 

interpretability and predictive capability of 

ecological models, enabling more reliable decision 

support for ecological monitoring and precision 

agriculture. 

Although substantial progress has been achieved in 

sensing technologies, bioinformatics, and artificial 

intelligence, these domains are often investigated 

independently. Most existing studies focus on either 
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ecological observations, molecular biology, sensor 

technologies, or computational modelling without 

establishing a unified framework capable of 

integrating these complementary information 

sources [5]. Consequently, important relationships 

among behavioural observations, genetic 

mechanisms, environmental dynamics, and 

ecological processes remain insufficiently explored. 

Furthermore, challenges related to heterogeneous 

data integration, sensor interoperability, uncertainty 

modelling, real-time analytics, scalability, 

explainable predictions, and long-term ecological 

monitoring continue to limit the deployment of 

intelligent ecological systems in practical 

applications. 

The concept of a multi-sensory bioinformatics 

framework addresses these limitations by combining 

biological knowledge, environmental sensing, 

computational intelligence, and ecological 

modelling into a unified analytical ecosystem. Such 

a framework integrates multimodal sensory 

information with bioinformatics datasets to 

construct comprehensive representations of insect 

behaviour across multiple spatial, temporal, 

physiological, and ecological scales. Multi-sensory 

data fusion enables complementary information 

obtained from vision, chemical sensing, acoustic 

signals, environmental monitoring, and molecular 

analyses to improve behavioural prediction accuracy 

and ecological understanding. The incorporation of 

AI-driven analytics further supports automated 

feature extraction, behavioural classification, 

anomaly detection, ecological forecasting, and 

intelligent decision support. 

This review presents a comprehensive overview of 

the emerging interdisciplinary field of multi-sensory 

bioinformatics for ecological modelling of insect 

behaviour. The review first examines the biological 

foundations of insect sensory systems and 

behavioural ecology, followed by recent 

developments in bioinformatics approaches for 

behavioural analysis. It subsequently discusses 

advances in smart sensor networks, Internet of 

Things technologies, computer vision systems, and 

environmental monitoring platforms for ecological 

data acquisition. Finally, an integrated multi-sensory 

bioinformatics framework is presented together with 

its applications in precision agriculture, biodiversity 

conservation, ecosystem monitoring, and ecological 

forecasting, while highlighting current research 

challenges and future directions toward intelligent 

ecological monitoring systems. 

II. Multi-Sensory Biology of Insect 

Behavior 

A. Visual Perception 

Vision is one of the primary sensory modalities 

through which insects perceive and interact with 

their surrounding environment. Insect visual 

systems have evolved to support diverse ecological 

functions, including navigation, foraging, mate 

recognition, predator avoidance, host selection, and 

habitat identification. Unlike vertebrates, insects 

possess compound eyes composed of numerous 

ommatidia, each functioning as an individual 

photoreceptive unit. The number, arrangement, and 

optical characteristics of ommatidia vary 

considerably among species depending on 

ecological niche, activity period, and behavioural 

specialization. In addition to compound eyes, many 

insects possess ocelli that contribute to light 

intensity detection, flight stabilization, and circadian 

rhythm regulation [6]. These visual adaptations 

enable insects to detect colour, polarized light, 

ultraviolet radiation, motion, and spatial patterns 

with remarkable efficiency despite their relatively 

small nervous systems. 

Visual perception plays a critical role in insect 

navigation and orientation. Pollinating insects such 

as bees and butterflies rely on colour vision and 

ultraviolet floral patterns to identify nectar-rich 

flowers, while dragonflies and mantises utilize 

highly developed motion detection mechanisms for 

prey capture. Migratory insects employ celestial 

cues, polarized skylight, and landscape landmarks to 

maintain long-distance flight trajectories. Many 

species also use visual information for mate 

recognition through body coloration, wing patterns, 

courtship displays, and species-specific 

morphological characteristics [7]. In agricultural 

ecosystems, pest insects exploit visual signals 

emitted by host plants, whereas beneficial insects 

utilize similar cues to locate prey or oviposition 

sites. The integration of visual information with 

environmental stimuli allows insects to make rapid 

behavioural decisions that maximize survival and 

reproductive success. 

Recent advances in computer vision and imaging 

technologies have enabled researchers to investigate 

insect visual behaviour with unprecedented 

precision. High-speed cameras, hyperspectral 

imaging, infrared imaging, multispectral sensors, 

and three-dimensional reconstruction techniques 

facilitate the quantitative analysis of insect 

movement, flight dynamics, feeding behaviour, and 

social interactions [8]. Deep learning algorithms 

further automate species identification, behavioural 

classification, object tracking, and population 

monitoring from image and video datasets. These 

technologies provide objective and scalable 

approaches for analysing visual behaviour across 

laboratory and field environments, contributing 

significantly to ecological modelling and 

biodiversity assessment. 
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B. Olfactory and Chemical Communication 

Chemical sensing represents one of the most 

sophisticated sensory systems in insects and governs 

numerous behavioural processes essential for 

survival and reproduction. Insects detect volatile 

organic compounds, pheromones, plant secondary 

metabolites, and environmental odours through 

specialized olfactory receptor neurons located 

primarily on their antennae and mouthparts. These 

receptors transmit chemical information to the 

antennal lobes and higher neural centres, where 

complex signal processing enables the 

discrimination of thousands of chemical compounds 

with exceptional sensitivity. Olfactory perception 

influences host plant recognition, food localization, 

predator avoidance, social organization, mate 

attraction, colony communication, and oviposition 

behaviour. 

Pheromone-mediated communication is particularly 

important in many insect species. Sex pheromones 

facilitate mate attraction over long distances, 

aggregation pheromones coordinate collective 

behaviour, alarm pheromones initiate defensive 

responses, and trail pheromones guide foraging 

activities in eusocial insects such as ants and 

termites. Herbivorous insects utilize volatile 

compounds released by damaged plants to identify 

suitable hosts, whereas parasitoids and predators 

exploit herbivore-induced plant volatiles to locate 

prey. Chemical communication therefore forms the 

foundation of numerous ecological interactions 

among insects, plants, predators, parasites, and 

microorganisms. 

Advances in analytical chemistry, molecular 

biology, and sensor technologies have substantially 

improved the characterization of insect olfactory 

systems. Gas chromatography-mass spectrometry, 

electronic noses, volatile organic compound sensors, 

and biosensors enable precise identification of 

chemical signals involved in behavioural regulation. 

Bioinformatics analyses further facilitate the 

identification of olfactory receptor genes, odorant-

binding proteins, and signal transduction pathways 

responsible for chemical perception. The integration 

of chemical sensing with ecological monitoring 

provides valuable information for developing 

intelligent pest management systems, ecological 

forecasting models, and precision agriculture 

applications. 

C. Acoustic and Vibrational Signalling 

Many insects communicate using acoustic and 

substrate-borne vibrational signals that transmit 

information related to mating, territorial defence, 

alarm responses, social coordination, and species 

recognition. Acoustic communication is common 

among crickets, katydids, cicadas, grasshoppers, 

mosquitoes, and numerous other insect groups that 

produce sounds through mechanisms such as 

stridulation, tymbal vibration, wing beating, or air 

displacement [9]. These species-specific sounds 

serve as reliable behavioural indicators and often 

exhibit temporal and spectral characteristics that 

facilitate automatic recognition and ecological 

monitoring. 

Substrate vibrations constitute another important 

communication mechanism, particularly for insects 

inhabiting plants, soil, or social nests. Vibrational 

signals propagate through stems, leaves, branches, 

and ground surfaces, enabling communication over 

short and moderate distances even when visual or 

chemical cues are unavailable [10]. Leafhoppers, 

planthoppers, stink bugs, and many hemipteran 

insects rely extensively on vibrational signalling for 

courtship and mate localization. Social insects also 

employ vibrational communication to coordinate 

colony activities, regulate resource allocation, and 

respond to environmental disturbances. 

Recent developments in bioacoustic monitoring and 

vibration sensing technologies have significantly 

enhanced the study of insect communication. Digital 

microphones, piezoelectric sensors, laser 

vibrometers, accelerometers, and machine learning 

algorithms allow continuous recording and 

automated classification of insect sounds under 

natural environmental conditions. Spectrogram 

analysis, convolutional neural networks, recurrent 

neural networks, and transformer-based 

architectures have demonstrated remarkable success 

in identifying insect species, estimating population 

density, and detecting behavioural events from 

acoustic datasets. Consequently, acoustic ecology 

has become an increasingly valuable component of 

intelligent ecological monitoring systems. 

D. Thermal, Humidity, and Environmental 

Sensing 

Environmental conditions exert a profound 

influence on insect physiology, metabolism, 

distribution, and behavioural responses. 

Temperature, humidity, atmospheric pressure, solar 

radiation, wind velocity, soil moisture, and carbon 

dioxide concentration collectively determine insect 

development, survival, migration, reproduction, and 

seasonal activity patterns. Many insects possess 

specialized thermoceptors and hygroreceptors that 

continuously monitor environmental conditions and 

regulate behavioural adaptation accordingly [11]. 

These sensory mechanisms allow insects to optimize 

energy expenditure, avoid environmental stress, and 

select favourable microhabitats. 

Thermal perception is particularly important for 

ectothermic insects because body temperature 

directly influences locomotion, flight performance, 

feeding activity, and reproductive success. 

Honeybees regulate hive temperature through 
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coordinated colony behaviour, desert insects exhibit 

remarkable adaptations to extreme heat, while many 

agricultural pests synchronize emergence and 

migration with seasonal temperature fluctuations. 

Similarly, humidity influences egg development, 

desiccation resistance, pathogen susceptibility, and 

habitat selection. Environmental sensing therefore 

provides essential information for modelling 

population dynamics, climate adaptation, and 

ecosystem resilience. 

Modern ecological monitoring systems incorporate 

extensive environmental sensor networks capable of 

continuously measuring microclimatic conditions 

across agricultural fields, forests, wetlands, and 

natural ecosystems. Internet of Things devices 

equipped with temperature, humidity, rainfall, light 

intensity, wind speed, and soil moisture sensors 

provide real-time environmental observations that 

support ecological forecasting and behavioural 

prediction. Integration of these environmental 

variables with behavioural datasets enables more 

accurate ecological models capable of anticipating 

insect outbreaks, migration events, pollination 

activities, and biodiversity changes under varying 

climatic conditions. 

E. Behavioural Responses and Ecological 

Adaptation 

Insect behaviour emerges from the continuous 

integration of multiple sensory inputs rather than 

isolated responses to individual stimuli. Visual, 

olfactory, acoustic, vibrational, thermal, and 

environmental signals are processed simultaneously 

by the insect nervous system, enabling adaptive 

behavioural decisions that maximize survival and 

reproductive fitness [12]. This multisensory 

integration supports complex behaviours including 

foraging optimization, habitat selection, predator 

avoidance, migration, collective decision-making, 

and social organization. Behavioural plasticity 

allows insects to rapidly adjust their responses to 

dynamic environmental conditions, contributing to 

ecological resilience and evolutionary success. 

Ecological adaptation is influenced by both genetic 

inheritance and environmental experience. 

Molecular mechanisms regulate sensory receptor 

expression, neural plasticity, hormonal signalling, 

and metabolic pathways that collectively shape 

behavioural responses across different 

developmental stages and environmental contexts. 

The interaction between genotype, phenotype, and 

environmental conditions creates highly dynamic 

behavioural patterns that vary across species, 

populations, and ecosystems [13]. Consequently, 

ecological modelling requires the integration of 

behavioural observations with molecular, 

physiological, and environmental information to 

accurately represent insect adaptation under 

changing ecological conditions. 

III. Bioinformatics for Ecological Behaviour 

Modelling 

A. Behavioural Omics and Biological Data 

The rapid advancement of high-throughput 

sequencing technologies has transformed ecological 

research by enabling comprehensive investigation of 

the molecular mechanisms underlying insect 

behaviour. Behavioural omics integrates multiple 

biological disciplines—including genomics, 

transcriptomics, proteomics, metabolomics, 

epigenomics, and microbiomics—to understand 

how genetic, physiological, and biochemical 

processes regulate behavioural responses to 

environmental stimuli. Unlike traditional 

behavioural studies that rely primarily on direct 

observation, behavioural omics provides 

mechanistic insights into the internal biological 

processes responsible for navigation, host selection, 

communication, migration, feeding, reproduction, 

and social organization. The integration of 

molecular information with ecological observations 

has established a systems-level approach for 

understanding behavioural adaptation across 

different environmental conditions. 

Modern ecological studies generate enormous 

volumes of heterogeneous biological data 

originating from genome sequencing, RNA 

sequencing, protein expression analysis, metabolic 

profiling, microbiome characterization, and 

behavioural observations. These datasets exhibit 

high dimensionality, diverse data formats, and 

complex biological interactions that require 

sophisticated computational approaches for storage, 

preprocessing, annotation, integration, and analysis. 

Bioinformatics provides the computational 

infrastructure necessary to manage these complex 

datasets through sequence alignment, gene 

annotation, pathway enrichment, network analysis, 

statistical modelling, and visualization techniques. 

The availability of biological repositories such as 

NCBI, Ensembl Metazoa, VectorBase, UniProt, 

KEGG, Gene Ontology, and EMBL-EBI further 

supports comparative analyses across insect species, 

facilitating the discovery of conserved behavioural 

pathways and evolutionary adaptations. 

The integration of behavioural omics with 

ecological data enables researchers to establish 

relationships between molecular regulation and 

observable behavioural phenotypes. For example, 

gene expression profiles associated with olfactory 

receptors, circadian rhythms, stress tolerance, 

immune responses, and neural development can be 

correlated with behavioural responses recorded 

through environmental monitoring systems. Such 

multidisciplinary integration provides a 
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comprehensive understanding of insect ecology by 

linking molecular mechanisms with environmental 

interactions and behavioural adaptation. 

B. Genomics and Transcriptomics of 

Behaviour 

Genomics has become a fundamental component of 

behavioural ecology by providing insights into the 

genetic architecture that governs insect behaviour. 

Whole-genome sequencing has identified numerous 

genes associated with sensory perception, neural 

signalling, learning, memory, locomotion, 

reproduction, immunity, and environmental 

adaptation. Comparative genomic studies further 

reveal evolutionary conservation and divergence 

among insect species, allowing researchers to 

investigate how behavioural traits have evolved 

under different ecological pressures. These genomic 

investigations have contributed significantly to 

understanding host specialization, migration, caste 

differentiation, insecticide resistance, and social 

behaviour in economically and ecologically 

important insects. 

Transcriptomics complements genomic analysis by 

examining dynamic gene expression patterns under 

specific physiological and environmental 

conditions. RNA sequencing (RNA-Seq) 

technologies enable quantitative analysis of 

messenger RNA abundance, alternative splicing 

events, and regulatory RNA molecules involved in 

behavioural regulation. Differential gene expression 

analyses reveal molecular responses associated with 

feeding behaviour, pheromone perception, thermal 

adaptation, pathogen exposure, and behavioural 

plasticity. For instance, insects exposed to 

environmental stress often exhibit transcriptional 

changes affecting detoxification enzymes, heat 

shock proteins, antioxidant systems, and sensory 

receptors that facilitate adaptation to changing 

habitats. 

The integration of genomics and transcriptomics 

provides a dynamic perspective on behavioural 

regulation by distinguishing genetic potential from 

active molecular responses. Functional annotation, 

pathway enrichment analysis, gene co-expression 

networks, and comparative transcriptomics facilitate 

identification of candidate genes involved in 

ecological adaptation. Machine learning techniques 

are increasingly employed to classify behavioural 

states based on transcriptomic signatures, predict 

gene functions, and identify regulatory networks 

responsible for complex behavioural phenotypes. 

C. Multi-Omics Data Integration 

Although individual omics technologies provide 

valuable biological insights, behavioural processes 

are regulated through interactions among multiple 

molecular systems rather than isolated biological 

components. Multi-omics integration combines 

genomics, transcriptomics, proteomics, 

metabolomics, epigenomics, and microbiome 

datasets to generate comprehensive representations 

of biological function. This systems biology 

approach enables researchers to investigate complex 

regulatory networks governing sensory perception, 

neural communication, metabolism, hormonal 

regulation, and behavioural adaptation within 

ecological contexts. 

Integrating heterogeneous omics datasets presents 

significant computational challenges due to 

differences in data scale, measurement techniques, 

dimensionality, missing values, and biological 

variability. Bioinformatics addresses these 

challenges through data normalization, feature 

selection, dimensionality reduction, network 

modelling, Bayesian inference, matrix factorization, 

graph-based learning, and deep representation 

learning. Multi-view machine learning and 

multimodal deep learning architectures have further 

improved the integration of heterogeneous 

biological datasets by automatically extracting 

complementary information from multiple 

molecular layers. 

The integration of multi-omics data with 

environmental observations enables researchers to 

examine how external ecological factors influence 

molecular regulation and behavioural responses. For 

example, climate variability, host plant availability, 

pathogen exposure, pesticide application, and 

habitat disturbance can induce coordinated changes 

across gene expression, protein abundance, 

metabolic activity, and microbial communities. 

Such integrated analyses improve ecological 

modelling by providing mechanistic explanations 

for behavioural adaptation under dynamic 

environmental conditions. 

D. Machine Learning for Behaviour Prediction 

Artificial intelligence has become an indispensable 

component of modern bioinformatics by enabling 

automated analysis of large-scale biological datasets 

that exceed the capabilities of conventional 

statistical methods. Machine learning algorithms 

identify complex relationships among molecular, 

behavioural, and environmental variables, thereby 

facilitating behavioural prediction, ecological 

forecasting, and biological knowledge discovery. 

Supervised learning techniques such as Random 

Forest, Support Vector Machine, Gradient Boosting, 

XGBoost, LightGBM, and Artificial Neural 

Networks are widely employed for behavioural 

classification, species identification, disease 

diagnosis, and ecological risk assessment. 

Unsupervised learning methods, including 

clustering and dimensionality reduction algorithms, 
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support the discovery of hidden biological patterns, 

behavioural groups, and evolutionary relationships. 

Deep learning has significantly enhanced 

bioinformatics by enabling hierarchical feature 

extraction from high-dimensional genomic 

sequences, transcriptomic profiles, biological 

images, and multimodal datasets. Convolutional 

Neural Networks (CNNs) effectively analyse 

microscopic images, insect morphology, and 

histological data, whereas Recurrent Neural 

Networks (RNNs), Long Short-Term Memory 

(LSTM) networks, Gated Recurrent Units (GRUs), 

and Transformer architectures capture temporal 

dependencies within behavioural sequences and 

gene expression profiles. Graph Neural Networks 

(GNNs) further facilitate the analysis of protein 

interaction networks, gene regulatory networks, 

metabolic pathways, and ecological interaction 

networks. 

Explainable Artificial Intelligence (XAI) has 

recently gained importance in ecological 

bioinformatics because it improves transparency and 

interpretability of complex prediction models. 

Techniques such as SHAP, LIME, Grad-CAM, 

Integrated Gradients, and attention visualization 

enable researchers to identify the biological features 

contributing most significantly to behavioural 

predictions. Such interpretability increases 

confidence in AI-assisted ecological decision-

making and supports biological hypothesis 

generation. 

E. Behavioural Biomarker Discovery 

Behavioural biomarkers are measurable molecular, 

physiological, or biochemical indicators that reflect 

specific behavioural states, environmental 

adaptation, stress responses, or ecological 

conditions. Identifying reliable biomarkers has 

become an important objective in behavioural 

ecology because these indicators provide objective 

measurements that complement traditional 

behavioural observations. Biomarkers may include 

differentially expressed genes, regulatory RNAs, 

proteins, metabolites, microbial taxa, hormone 

concentrations, neural signalling molecules, or 

physiological parameters associated with 

behavioural responses. 

Bioinformatics plays a central role in behavioural 

biomarker discovery through statistical analysis, 

feature selection, differential expression analysis, 

network biology, pathway enrichment, and 

predictive modelling. Machine learning algorithms 

evaluate thousands of molecular variables 

simultaneously to identify the most informative 

features associated with behavioural phenotypes. 

Ensemble learning, recursive feature elimination, 

regularization methods, and evolutionary 

optimization techniques further improve biomarker 

selection by eliminating redundant variables while 

preserving biologically significant information. 

The integration of behavioural biomarkers with 

environmental sensor networks and ecological 

observations creates intelligent monitoring systems 

capable of detecting behavioural changes before 

they become visually apparent. Such systems 

support early pest outbreak prediction, biodiversity 

assessment, ecosystem health monitoring, 

conservation planning, and precision agriculture. 

Future developments in multimodal bioinformatics, 

explainable artificial intelligence, federated 

learning, and digital twin technologies are expected 

to further enhance behavioural biomarker discovery, 

enabling more accurate ecological modelling and 

adaptive environmental management strategies. 

IV. Smart Sensor Networks for Ecological 

Monitoring 
A. IoT and Wireless Sensor Networks 

The rapid evolution of the Internet of Things (IoT) 

and Wireless Sensor Networks (WSNs) has 

transformed ecological monitoring by enabling 

continuous, autonomous, and real-time observation 

of insect populations and their surrounding 

environments. Traditional ecological surveys often 

depend on periodic field sampling and manual 

observations, which are labour-intensive, time-

consuming, and limited in spatial and temporal 

coverage. In contrast, IoT-enabled ecological 

monitoring systems consist of distributed sensor 

nodes capable of continuously collecting 

environmental, biological, and behavioural 

information across large geographical regions. 

These sensor nodes communicate through wireless 

technologies such as ZigBee, LoRaWAN, NB-IoT, 

Wi-Fi, Bluetooth Low Energy (BLE), and cellular 

networks, enabling seamless data transmission to 

cloud-based analytical platforms. 

A typical ecological IoT architecture consists of 

sensing, communication, processing, storage, and 

application layers. The sensing layer incorporates 

multiple environmental and biological sensors, 

while the communication layer enables reliable data 

exchange between sensor nodes and gateway 

devices. The processing layer utilizes edge 

computing and cloud computing resources to 

preprocess and analyse collected data before 

generating ecological insights and decision-support 

information. Such distributed architectures facilitate 

long-term ecological monitoring while minimizing 

human intervention and operational costs. 

Wireless sensor networks are particularly valuable 

for monitoring agricultural ecosystems, forests, 

wetlands, grasslands, and protected biodiversity 
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reserves where continuous observations are essential 

for understanding insect population dynamics. 

Energy-efficient routing protocols, adaptive 

sampling strategies, and low-power communication 

technologies significantly extend network lifetime, 

allowing long-duration ecological studies with 

minimal maintenance requirements. Recent 

advances in energy harvesting using solar cells, 

wind energy, and environmental vibrations further 

enhance the sustainability of remote ecological 

monitoring systems. 

The integration of IoT with artificial intelligence 

enables intelligent ecological monitoring systems 

capable of automatically detecting abnormal 

behavioural patterns, predicting pest outbreaks, 

monitoring pollinator activities, and supporting 

biodiversity conservation. Consequently, IoT and 

wireless sensor networks have become fundamental 

technologies for next-generation ecological 

informatics and precision environmental 

management. 

B. Computer Vision and Imaging Systems 

Computer vision has emerged as one of the most 

influential technologies for automated insect 

monitoring due to its capability to analyse large 

volumes of image and video data with high accuracy 

and minimal human intervention. Unlike manual 

species identification and behavioural annotation, 

computer vision systems automatically recognize 

insect species, estimate population abundance, 

monitor movement trajectories, classify behavioural 

activities, and detect ecological interactions under 

both laboratory and field conditions. These systems 

provide objective, scalable, and non-invasive 

approaches for behavioural ecology research. 

Modern ecological imaging platforms employ a 

wide range of optical technologies, including RGB 

cameras, high-speed cameras, hyperspectral 

imaging, multispectral imaging, thermal cameras, 

fluorescence imaging, X-ray imaging, and three-

dimensional imaging systems. High-speed imaging 

enables detailed analysis of wing movement, flight 

dynamics, prey capture, and pollination behaviour, 

whereas hyperspectral imaging captures spectral 

signatures associated with species identification, 

physiological conditions, and plant-insect 

interactions. Thermal imaging further facilitates 

observation of insect thermoregulation, colony heat 

distribution, and behavioural responses to changing 

environmental temperatures. 

Artificial intelligence significantly enhances 

computer vision performance through automatic 

feature extraction and pattern recognition. 

Convolutional Neural Networks (CNNs), Vision 

Transformers (ViTs), object detection algorithms 

such as YOLO and Faster R-CNN, semantic 

segmentation networks, and multi-object tracking 

algorithms enable accurate insect detection even in 

highly cluttered natural environments. Recent 

developments in self-supervised learning, few-shot 

learning, and multimodal vision-language models 

further improve recognition accuracy for rare 

species and limited annotated datasets. 

The integration of imaging systems with ecological 

sensor networks enables continuous behavioural 

monitoring while simultaneously collecting 

environmental variables such as temperature, 

humidity, illumination, and vegetation conditions. 

Such multimodal imaging platforms provide 

comprehensive datasets for ecological modelling 

and intelligent biodiversity assessment. 

C. Environmental and Microclimate Sensors 

Environmental conditions strongly influence insect 

physiology, behaviour, migration, reproduction, and 

survival. Consequently, continuous measurement of 

microclimatic variables has become an essential 

component of ecological monitoring systems. 

Environmental sensor networks provide high-

resolution observations of temperature, relative 

humidity, atmospheric pressure, rainfall, wind 

speed, solar radiation, carbon dioxide concentration, 

soil moisture, soil temperature, pH, and other 

ecological parameters that directly or indirectly 

affect insect populations. 

Modern environmental monitoring platforms 

integrate multiple sensors into compact and 

autonomous field stations capable of operating 

continuously under diverse climatic conditions. 

These systems transmit environmental 

measurements in real time, enabling researchers to 

correlate behavioural observations with dynamic 

ecological variables. For example, fluctuations in 

temperature influence insect emergence, 

developmental rates, feeding activity, migration 

timing, and reproductive success, while humidity 

affects desiccation tolerance, egg development, 

pathogen transmission, and habitat selection. 

Similarly, rainfall patterns, wind direction, and solar 

radiation significantly influence insect dispersal, 

pollination efficiency, and seasonal population 

dynamics. 

Advances in sensor miniaturization, low-power 

electronics, and wireless communication have 

improved the accuracy, reliability, and affordability 

of environmental monitoring systems. Intelligent 

calibration algorithms, sensor fault detection 

methods, and adaptive sampling techniques further 

enhance measurement quality while reducing energy 
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consumption. Integration of environmental 

observations with behavioural datasets enables 

predictive ecological models capable of forecasting 

insect outbreaks, migration events, and ecosystem 

responses to climate variability. 

Environmental sensor networks therefore provide 

the contextual information required for interpreting 

behavioural patterns and understanding the 

ecological processes governing insect adaptation 

under changing environmental conditions. 

D. UAVs, Smart Traps, and Edge Computing 

Recent technological innovations have expanded 

ecological monitoring beyond fixed sensor networks 

through the incorporation of unmanned aerial 

vehicles (UAVs), intelligent trapping systems, and 

edge computing architectures. UAVs provide rapid, 

flexible, and large-scale monitoring capabilities that 

complement ground-based observations by 

acquiring high-resolution aerial imagery, vegetation 

indices, thermal maps, and multispectral data across 

extensive landscapes. These aerial observations 

facilitate habitat mapping, pollinator distribution 

analysis, pest infestation assessment, vegetation 

health monitoring, and ecological risk evaluation 

with significantly reduced survey time. 

Smart insect traps represent another important 

advancement in ecological monitoring. Unlike 

conventional traps that require manual inspection, 

intelligent traps integrate optical sensors, cameras, 

environmental sensors, pheromone dispensers, and 

embedded processors capable of automatically 

detecting, counting, identifying, and classifying 

captured insects. Artificial intelligence algorithms 

operating within these systems perform real-time 

image analysis and behavioural classification, 

transmitting summarized information to centralized 

monitoring platforms without requiring continuous 

human intervention. 

Edge computing further enhances ecological 

monitoring by processing sensor data near the point 

of acquisition rather than relying exclusively on 

remote cloud servers. Local processing reduces 

communication latency, minimizes network 

bandwidth requirements, improves privacy, and 

enables rapid ecological decision-making during 

critical events such as pest outbreaks or invasive 

species detection. Edge devices equipped with 

embedded AI accelerators execute machine learning 

models directly on sensor nodes, enabling real-time 

behavioural recognition, anomaly detection, and 

environmental assessment even in remote areas with 

limited network connectivity. 

The integration of UAVs, smart traps, and edge 

computing creates highly adaptive ecological 

monitoring systems capable of combining aerial 

surveillance, ground observations, and intelligent 

analytics into a unified environmental monitoring 

infrastructure. 

E. Multi-Sensor Data Fusion and Real-Time 

Monitoring 

Ecological systems generate highly heterogeneous 

data originating from imaging devices, acoustic 

sensors, environmental monitoring stations, 

chemical sensors, GPS receivers, bioinformatics 

databases, and behavioural observations. 

Individually, each sensing modality provides only 

partial information regarding insect ecology; 

however, integrating multiple data sources 

significantly improves the accuracy, robustness, and 

reliability of ecological models. Multi-sensor data 

fusion has therefore become a fundamental 

component of intelligent ecological monitoring 

systems. 

Data fusion can be performed at multiple levels, 

including sensor-level fusion, feature-level fusion, 

decision-level fusion, and knowledge-level 

integration. Sensor-level fusion combines raw 

measurements from multiple sensing devices to 

improve data completeness and reduce measurement 

uncertainty. Feature-level fusion integrates 

extracted characteristics such as movement 

trajectories, acoustic frequencies, thermal 

signatures, environmental variables, and molecular 

biomarkers before behavioural classification. 

Decision-level fusion combines predictions from 

multiple machine learning models to improve 

classification accuracy and system robustness. 

Knowledge-level fusion incorporates ecological 

expertise, biological rules, and environmental 

knowledge into intelligent decision-support 

systems. 

Artificial intelligence plays a central role in 

multimodal data fusion through machine learning, 

deep learning, probabilistic graphical models, 

Bayesian inference, graph neural networks, attention 

mechanisms, and transformer architectures. These 

computational techniques effectively learn complex 

relationships among heterogeneous datasets while 

handling uncertainty, missing values, and noisy 

observations commonly encountered in ecological 

environments. Explainable AI further enhances 

system transparency by identifying the most 

influential environmental and biological variables 

contributing to behavioural predictions. 

Real-time ecological monitoring enabled by multi-

sensor data fusion supports a wide range of 
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applications, including early pest outbreak 

detection, pollinator activity monitoring, 

biodiversity assessment, invasive species 

surveillance, ecosystem health evaluation, and 

climate adaptation studies. By integrating 

bioinformatics, environmental sensing, computer 

vision, and intelligent analytics into a unified 

framework, smart sensor networks provide 

comprehensive ecological intelligence capable of 

supporting sustainable agriculture, precision 

ecosystem management, and evidence-based 

environmental decision-making. 

V. Integrated Ecological Modelling 

Framework and Future Perspectives 

A. Multi-Sensory Bioinformatics Framework 

The increasing availability of heterogeneous 

ecological datasets has created the need for 

integrated analytical frameworks capable of 

combining biological, environmental, behavioural, 

and technological information into a unified 

ecological intelligence system. A multi-sensory 

bioinformatics framework addresses this need by 

integrating multimodal sensory observations, 

bioinformatics resources, environmental 

measurements, and artificial intelligence algorithms 

to model insect behaviour across multiple spatial 

and temporal scales. Unlike conventional ecological 

studies that analyse individual data sources 

independently, the proposed framework enables 

comprehensive understanding of insect behavioural 

responses by simultaneously considering molecular 

mechanisms, environmental conditions, sensory 

perception, and ecological interactions. 

 

Figure 5.1. Multi-Sensory Bioinformatics Framework for Ecological Modelling of Insect Behaviour 

The framework typically consists of several 

interconnected components. The first component is 

the data acquisition layer, which collects 

heterogeneous information from computer vision 

systems, environmental sensors, acoustic 

monitoring devices, vibration sensors, chemical 

sensing platforms, hyperspectral imaging systems, 

unmanned aerial vehicles, smart insect traps, and 

bioinformatics databases. These data sources 

generate complementary information describing 

insect morphology, movement, communication, 

physiology, habitat conditions, and molecular 

characteristics. 

The second component is the data preprocessing and 

integration layer, where raw datasets undergo 

quality assessment, noise removal, missing-value 

imputation, normalization, synchronization, and 

feature extraction. Since ecological data originate 

from multiple sensing modalities operating at 

different temporal and spatial resolutions, data 

harmonization is essential before subsequent 

analysis. Feature engineering techniques, 

dimensionality reduction algorithms, and 

multimodal data fusion methods are employed to 

construct unified representations that preserve 

biologically meaningful information while reducing 

redundancy. 

The third component comprises the intelligent 

analytical layer, where machine learning, deep 

learning, and bioinformatics algorithms analyse 

integrated datasets to identify behavioural patterns, 

classify insect species, predict ecological events, 

detect anomalies, and estimate population dynamics. 

Explainable Artificial Intelligence (XAI) techniques 

further improve model transparency by identifying 

influential environmental, molecular, and 

behavioural features responsible for ecological 

predictions. Finally, the decision-support layer 

transforms computational outputs into actionable 

ecological knowledge for researchers, conservation 

agencies, and agricultural practitioners through 

visualization dashboards, ecological forecasting, 

early-warning systems, and adaptive management 

recommendations. 
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B. AI-Driven Ecological Behaviour Prediction 

Artificial intelligence has become the computational 

foundation of modern ecological modelling due to 

its ability to analyse large-scale, heterogeneous, and 

nonlinear datasets. Ecological systems are 

characterized by highly complex interactions among 

environmental variables, biological processes, and 

behavioural responses that cannot be adequately 

represented using traditional statistical models 

alone. AI algorithms provide adaptive learning 

capabilities that automatically discover hidden 

relationships within multimodal ecological datasets, 

thereby improving behavioural prediction accuracy 

and ecological understanding. 

 

Figure 5.2. AI-Driven Ecological Behaviour Prediction Framework 

Supervised learning algorithms, including Random 

Forest, Support Vector Machine, Extreme Gradient 

Boosting (XGBoost), LightGBM, CatBoost, and 

Artificial Neural Networks, are widely used for 

species classification, behavioural recognition, 

habitat suitability analysis, pest outbreak prediction, 

and biodiversity assessment. Deep learning 

architectures such as Convolutional Neural 

Networks (CNNs), Recurrent Neural Networks 

(RNNs), Long Short-Term Memory (LSTM) 

networks, Gated Recurrent Units (GRUs), and 

Transformer models further enhance prediction 

performance by automatically extracting 

hierarchical spatial and temporal features from 

images, videos, acoustic recordings, environmental 

measurements, and molecular datasets. 

VI. Conclusion 

The integration of multi-sensory sensing 

technologies, bioinformatics, and intelligent sensor 

networks has significantly advanced the field of 

ecological modelling by providing a comprehensive 

understanding of insect behaviour across molecular, 

physiological, behavioural, and environmental 

levels. Unlike conventional ecological studies that 

primarily rely on isolated observations, modern 

approaches combine visual, olfactory, acoustic, 

vibrational, thermal, and environmental information 

with genomics, transcriptomics, and other omics 

data to generate holistic representations of insect 

ecology. The emergence of Internet of Things (IoT) 

platforms, wireless sensor networks, computer 

vision systems, and artificial intelligence has further 

enabled continuous, real-time monitoring and 

analysis of insect populations in diverse ecosystems. 
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