Predatory Insects as Indicators of Environmental Pollution: Implications for Ecosystem Health and Monitoring

ABSTRACT
	Predatory insects are important bioindicators for monitoring environmental pollution and evaluating ecosystem health. Their sensitivity to chemical, biological, and physical stressors, along with short life cycles and trophic interactions, enables them to provide early warning signals of ecological disturbances. This review examines diverse predatory insect groups, including Coleoptera, Ephemeroptera, Odonata, and others, highlighting their roles across different ecosystems. Key criteria for selecting effective bioindicators such as species richness, ecological reliability, ease of management, and measurable responses are discussed alongside established classification frameworks. By considering ecological, physiological, and behavioural traits, predatory insects offer a practical and reliable approach to assess environmental quality. Their use supports conservation planning and promotes sustainable ecosystem management, particularly in the face of increasing anthropogenic pressures. Overall, predatory insects provide a cost-effective and scientifically robust tool for understanding and mitigating the impacts of environmental pollution on ecosystem integrity.
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1. INTRODUCTION   
The average global temperature is believed to increase as a result of both natural and human activities. Environmentalists and scientists have warned for decades that the current use of Earth’s resources is unsustainable. Global warming poses a hazard to human health. The Earth is experiencing rising temperatures as a result of carbon emissions produced by human economic activities. This will impact the temperature globally in a geographically diverse manner and over extended periods. Within span of ten years duration, 2023 was recorded as the hottest year with an average temperature of 1.45°C (World Meteorological Organization, 2023). At global warming of 1.5°C, 4% of vertebrates, 6% of insects, and 8% of plants from 1,05,000 species examined are expected to reduce more than half of their geographic range (Intergovernmental Panel for Climate Change, 2018). The average global temperature was 14°C in 1960 and increased to 18°C by 2020 (Kabir et al., 2023). 
These changes in climate are closely linked to environmental pollution, which further threatens ecosystem health and human well-being. Environmental pollution, the presence of solid, liquid, or gaseous pollutants (Environment Protection Act, 1986) is largely driven by vehicular emissions, industrial activities, and energy production. India’s carbon emissions are expected to rise due to urbanization, increased vehicle use, transition to commercial fuels, and continued reliance on inefficient coal-fired power plants (Singh & Singh, 2008a). Greenhouse gas concentrations have increased rapidly over the past 200 years compared with the pre-industrial period (Rogelj et al., 2018), primarily due to fossil fuel use and land-use changes, emitting CO2 (79.7%), CH4 (11%), and N2O (6%) of total emissions (Yoro & Daramola, 2020). Anthropogenic activities such as deforestation and urbanization have also caused biodiversity loss and ecosystem disruption, while climate change contributes to rising sea levels, extreme weather events, glacier melt, and ocean acidification (Singh & Singh, 2008b).
In response to these environmental changes, bioindicators can be used effectively, as it is described as a species or a group of species that reflects biotic or abiotic conditions of the ecosystem. Bioindicators show how a habitat, community, or ecosystem is affected by environmental change and indicates whether those changes have a beneficial or detrimental effect (Parmar et al., 2016), as they offer perceptions of the state of the environment without requiring advanced tools or measurements (Landres et al., 1988). Insects, particularly predatory species, are highly sensitive to environmental changes due to their short life cycles, trophic interactions, and rapid responses to pollutants, making them ideal bioindicators (Chowdhury et al., 2023). An effective bioindicator provides information regarding toxins and exposure levels, with reports asserting that employing a biomonitoring agent is the most effective method for environmental assessment (David, 1989; Khatri &Tyagi, 2014). 
Addressing the main causes of nature’s imbalance is essential for sustaining all living organisms. Reliable approaches for detecting environmental changes are crucial for understanding ecosystem health, and among these, predatory insects are particularly valuable due to their key position in the food web and their sensitivity to environmental disturbances. In this review, we focus on predatory insect indicators, including their types, selection criteria, and specific features.
2. TYPES OF BIOINDICATOR   
Bioindicators provide specific insights into environmental health and are valuable tools for conservation, pollution control and ecosystem management. Bioindicators refer to a group of species that act as representatives of the natural state of the environment, taking into account both biotic and abiotic changes to the habitat. There are different types of bioindicators, based on their taxonomic status and diverse backgrounds.   
2.1 Based on taxonomic status  
a) Animal Indicators
Animals have specific habitat and dietary requirements that make them sensitive to pollutants or habitat alterations, helping identify environmental stressors (Khatri & Tyagi, 2014). Among these, predatory insects are particularly valuable bioindicators because they occupy higher trophic levels and integrate cumulative effects of environmental changes over larger spatial and temporal scales (Iqbal et al., 2025). Variations in their population density and toxin accumulation in tissues provide critical insights into ecosystem health (Chowdhury et al., 2023). Other animals, such as frogs in freshwater and terrestrial habitats, and earthworms in soil ecosystems, are also reflecting environmental changes (Al-Maliki et al., 2021). However, predatory insects offer practical advantages for environmental monitoring due to their abundance, diversity, and high sensitivity to chemical pollutants.
b) Microbial indicator   
Microbial indicators provide significant cues for environmental change. Certain microbes that produce stress proteins when exposed to benzene and cadmium pollutants can be used as early warning indicators (Khatri & Tyagi, 2014). Changes in the microbial digestive system indicate the presence of toxins in water. These alterations may also cause variations in the quantity of light generated by the bacteria (Arora, 1966; Uttah et al., 2008). Blue-green algae may serve as a biological indicator for identifying fluctuations in pH in diverse habitats (Dokulil, 2003). 
 c) Plant indicator   
Plants, such as lichens and phytoplankton, respond to ecological changes, including air and water quality fluctuations (Holt & Miller, 2011; Burger, 2006; Phillips & Rainbow, 1993; Jain et al., 2010; Thakur et al., 2013). In general, changes in plant diversity and composition can serve as reliable indicators of overall ecosystem health.

Bioindicators are also classified based on their diverse backgrounds and applications, such as biodiversity indicators, ecological indicators, and environmental indicators (McGeoch, 1998).   
2.2 Based on diverse background and application  
a) Biodiversity indicator   
The species richness of the community was indicated by the species richness of an indicator taxon. When selecting and designing a reserve or choosing an area for giving status as a conservation area, insects are employed as biodiversity indicators to emphasize areas that have the maximum overall diversity (Lees, 1996).  
b) Ecological indicator 
This species or a group of species reacts to environmental disturbances or alterations (viz., detectors, sentinels, accumulators, bioassay organisms, and exploiters) in a predictable manner.  
c) Environmental indicator   
Species that are vulnerable to several pressures, such as pollution and habitat fragmentation are called environmental indicators.  

3. Criteria for selecting an effective bioindicator   
[image: ][image: ][image: ][image: ][image: ][image: ][image: ]Bioindicators monitor the environment by providing data on the conditions of the natural environment over time. Not every organism or biological reaction is equally suitable for all environmental conditions. Thus, choosing an effective bioindicator is crucial for obtaining accurate and useful data. The criteria for selecting an indicator are negotiable and are greatly impacted by the objectives of the study viz., indicators for biodiversity assessment, habitat degradation, climate change, and pollution levels. To select an appropriate indicator, a broad range of criteria must be met. 
The indicator should be effective, economical, and mostly unaffected by the sample size. To ensure ecological validity and practical applicability, a range of biological, ecological, and methodological criteria must be considered. The major criteria for selecting bioindicators are summarized in Figure 1 and elaborated below.
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Species richness and diversity
Bioindicator species should belong to taxa with high species richness and diversity. A diverse assemblage enables comparative assessments across regions and ecological gradients, thereby potential sensitivity to environmental variation. Such diversity ensures that the bioindicator represents a broad spectrum of ecosystem responses and community level changes, which enhances the robustness of environmental assessments (Pearson & Cassola, 1992).
Easy to manage
The chosen species should be easy to identify, collect, and maintain under both field and laboratory conditions. Practicality in sampling and management ensures that monitoring programs remain cost-effective and sustainable over the long term. Furthermore, the organism should be well-studied, with adequate autecological information available to support interpretation of ecological responses. Minimal genetic or functional variation and an ability to accumulate pollutants efficiently are also desirable attributes (Hellawell, 1986).
Response of organism
An effective bioindicator must display a clear and quantifiable response to environmental stressors. These responses may manifest as changes in abundance, distribution, morphology, or physiological traits. Observable shifts in population structure or species replacement can serve as reliable measures of ecological disturbance. In the case of pesticide monitoring, bioindicators should ideally be non-target species, thereby providing indirect evidence of broader ecosystem effects (Jenkins, 1971).
Sensitive to slight changes
Sensitivity is a fundamental requirement in the selection of bioindicators. A suitable species should respond effectively to any environmental fluctuations, thereby acting as forewarning signal for ecological degradation. It must be capable of distinguishing between natural variability and anthropogenic stressors. This sensitivity enables long-term, continuous monitoring across a wide range of environmental conditions (Noss, 1990).
Ecologically reliable
Bioindicators should be ecologically reliable, meaning their presence, abundance, or physiological condition accurately reflects the health of their surrounding environment. They should occupy a well-defined ecological niche, play a consistent role within the ecosystem, and show predictable responses to changes in environmental quality. Ecological reliability ensures that bioindicators serve as accurate representative for broader ecosystem processes (Han et al., 2015; Hilty & Merenlender, 2000).
Selecting a bioindicator species involves striking the right balance between practicality, sensitivity, and ecological significance. Over time, researchers have formulated various classification systems to guide and simplify this selection process. Han et al., (2015) identified eleven principal criteria for selecting bioindicators based on global and national studies. Similarly, Hilty & Merenlender, (2000) categorized nineteen selection criteria into four groups: location information, baseline information, niche characteristics, and life-history attributes, providing a comprehensive framework for indicator selection. Collectively, these factors ensure that the chosen bioindicators are both scientifically robust and ecologically meaningful.

4. Predatory insects as bioindicators of diverse pollution types 
Predatory insects provide an early warning of ecosystem disturbances owing to their high sensitivity to pollutants. Monitoring their populations shows the broader ecological impacts of chemical and biological contaminants. This makes them cost effective and reliable tools for assessing and managing environmental health across diverse habitats. Various bioindicators of the roles of predatory insects are discussed below:
4.1 Coleoptera
Insects belonging to this order are commonly known as beetles. It is one of the major and most diverse orders representing various families. Beetles belonging to the family Carabidae are predatory soil dwellings, hence, they are used to monitor soil pollution. They represent a broad group of organisms that differ both taxonomically and ecologically. They are employed in field research to identify environmental toxins and for metal biomonitoring. In Pterostichus oblongopunctatus, elytra length and hindwing length decrease near the zinc and lead smelter (Lagisz, 2008). Carabus lefebvrei is useful for assessing arsenic and mercury levels in the environment because of its high bioaccumulation factor. Similarly, in Chlaenius olivieri, the bioaccumulation factor (BAF) was in the range of, cadmium (9.89) > copper (0.92) > nickel (0.89) > zinc (0.18) near the textile factory, which reduced the growth rate, body size, reproductive success, and survival rate when compared to the control site that was distant from the textile factory (Ghannem et al., 2016). Parallelomorphus laevigatus accumulates high levels of different elements, specifically arsenic, cadmium, chromium, lead, nickel, and mercury (Conti et al., 2017).  
Predatory aquatic beetles provide a reliable indication of trace elements. Aquatic beetles belonging to the families Dytiscidae, Hydrophilidae, and Gyrinidae are good indicators of water pollution (Sarikar & Vijaykumar, 2022), as their abundance and composition reflect the water quality of the Bhosga reservoir, Karnataka, India where moderately pollution-sensitive families comprised 74.11% of the total insect population, indicating good ecosystem health. Predatory aquatic beetles, such as Hydroglyphus pusillus, Laccophilus minutus, and Rhantus suturalis effectively accumulate trace elements and serve as bioindicators of metal pollution, with their responses reflecting habitat conditions (Burghelea et al., 2011). Tiger beetles are regarded as canaries of the environment. They are used as habitat thermometers to measure the health of a habitat (Pearson & Pearson, 2014). Oil spills near the seashore have reduced populations of the north eastern beach tiger beetle, Cicindela dorsalis. These exist on sandy beaches from Virginia to Massachusetts, and currently, restricted to the beaches of Chesapeake Bay and Massachusetts (U.S. Fish and Wildlife Service, 1994).  
Predatory beetles can also be used as bioindicators of pesticide contamination. Pesticides may have indirect effects on natural enemies, producing lethal and sub-lethal effects. Various physiological and behavioural changes may occur with pesticide use. However, they are indirectly harmed by pesticides. Their number may decline as a result of changes in resources (honeydew, host plant quality) or decreased prey availability, which suggests the use of an effective pesticide (Duso et al., 2020; Bordini et al., 2021). Adult emergence, fecundity, and fertility of the parental generation in Coccinella septempunctata were reduced by thiamethoxam at doses of 0.1 × LC10 (0.053 mg L−1) and LC10 (0.53 mg L−1) (Jiang et al., 2019). Interestingly, the disappearance and declining populations of fireflies indicate light pollution (Hagen et al., 2015). The bioluminescent flashing and mating success of both Photinus pyralis (predator of Photuris versicolor) and P. versicolor (prey species) were significantly reduced in light-polluted areas (Firebaugh & Haynes, 2018).
4.2 Diptera 
Syrphid flies, belonging to the family Syrphidae, are significant for evaluating the biological diversity of their surroundings because of their rapid adult mobility (Sommaggio, 1999). Eristalis spp. and Sphaerophoria spp. capture heavy metals, such as manganese, lead, and cadmium, in their bodies from the industrial zone (Markova & Alexiev, 2001). These metals bind with metallothioneins and are sequestered in tissues such as the fat body and gut, indicating environmental contamination levels and rendering these species good bioindicators of industrial pollution.
4.3 Ephemeroptera
Mayflies are ancient aquatic insects that serve as valuable bioindicators of freshwater ecosystem health. Their nymphs inhabit clean, well-oxygenated waters, making them highly sensitive to environmental changes (Jacobus et al., 2019). Božanić et al., (2019) reported that trout farm effluents led to heavy metal accumulation in sediments and Ephemera danica larvae, with larvae reflecting pollution for low concentration metals while showing defense against toxic metals, confirming their reliability as bioindicators. Alterations in mayfly populations (e.g., Tabanus, Baetis spp.), often correlate with pollution levels, including heavy metals (Tabassum et al., 2024). Additionally, Siphlonurus spp. were found to ingest polyester and acrylonitrile butadiene styrene (ABS) as predominant polymers, indicating their vulnerability to microplastic contamination (Akindele et al., 2020).
4.4 Hemiptera
Aquatic hemipterans also serve as bioindicators for water pollution and biocontrol agents in aquatic ecosystems. Water striders that belong to the family Gerridae, accumulate high concentrations of heavy metals in industrial areas (Nummelin et al., 1998; Jardine et al., 2005; Nummelin et al., 2007). These are useful bioindicators for assessing water quality (Sarikar & Vijaykumar, 2022). 
Certain Halobates spp. and Gerris spp. are potential indicator of cadmium contamination while some Corixidae species and Micronecta spp. reflect eutrophication levels (Bakonyi et al., 2022). Ilyocoris cimicoides showed heavy metal accumulation which caused oxidative stress, characterized by decreased antioxidant enzyme activity and increased oxidative damage. This resulted in calcium imbalance, DNA damage, apoptosis, and tissue abnormalities. Overall, the insect proved to be a reliable bioindicator of heavy metal pollution in freshwater habitats (El-Samad et al., 2024). Gerris sp. efficiently absorbs mercury and exhibits strong correlation with water contamination, thereby indicating its role as a bioindicator (Rahman & Setiyadi, 2022).

4.5 Hymenoptera
Ants are eusocial insects that belong to the family Formicidae. They are an essential component of any monitoring system, because they are prevalent, ecologically significant, and simple to gather. They are required to monitor adverse changes in soil quality and provide early warning (Underwood & Fisher, 2006). Anthropogenic activity affects the size, type, and distribution of the ant nests. The nest of Lasius niger is the most prevalent and has a greater percentage of underground nests near industrial pollutants (Blinova & Dobrydina, 2019). Worker ants of Formica lugubris have fewer melanized heads in contaminated areas (Skaldina et al., 2018). Therefore, they contribute to ecosystem health by absorbing and potentially mitigating phthalate pollution in the environment (Lenior et al., 2014).
Vespula species like V. vulgaris and V. germanica, also serve as effective bioindicators of industrial and atmospheric pollution. Their active foraging habit and omnivorous diet make them susceptible to airborne particulate matter and heavy metals such as Fe, Ni, Cu, and S, which accumulate on their body surfaces or within internal tissues. Vespula species, being highly mobile insects engaging with several environmental compartments, efficiently assimilate contaminants from the atmosphere, flora, and prey, making them dependable "mobile samplers" for assessing the magnitude and biological effects of particle and metal pollution (Skaldina et al., 2023).

4.6 Neuroptera
The presence of antlions, belonging to the family Myrmeleotidae, indicates the overall health of a specific ecosystem (Nummelin et al., 2007). Their inclination on stable, undisturbed sandy locations for survival signifies that the soil is comparatively healthy. A reduction in antlion numbers may indicate habitat disruption, resulting from urbanization or climate change. Antlion larvae, as ambush predators, remain in a specific soil patch for extended durations, accumulating metals from their surroundings and the prey they ingest. 

4.7 Odonata
 Odonata, encompassing dragonflies and damselflies, are widely recognized as effective bioindicators of freshwater ecosystem health due to their visibility, ease of sampling, well-documented life cycles, and sensitivity to environmental changes (Šigutová et al., 2023). Both the larval and adult stages respond to any variations in water quality, including chemical pollutants, heavy metals, pH, water movement, and depth (Sarikar & Vijaykumar, 2022). Fluctuations in their populations reflect pollution and habitat quality, making their abundance a reliable indicator of aquatic ecosystem integrity.  Dragonflies are regarded as “Gaurdians of the watershed” (Clausnitzer & Jödicke, 2004). They lay eggs in or close to freshwater, hence, their number at a particular location is a reliable indicator of habitat quality. They assessed the status of the water quality based on biotic indices, consequently proving them to be effective biological indicators (Sarikar & Vijaykumar, 2022). At a particular temperature and pressure, the behavior, metabolism, and survival of larvae are influenced by dissolved oxygen levels (Corbet, 1999). Dissolved methylmercury concentrations in dragonfly larvae serve as valuable indicators in aquatic environments (Jeremiason et al., 2016). They are effective at detecting significant differences in iron, nickel, and manganese (Nummelin et al., 2007). Consequently, they serve as reliable indicators of aquatic ecosystem integrity and habitat quality.
Other predatory insects as bioindicators in different habitats are represented in table 1.


Table 1. Predatory insects as biondicators in different habitats
	Order  
	Family 
	Habitat 
	Indicates 
	
	References  

	Coleoptera  
	Carabidae  
	Terrestrial  
	Crop diversity  
	
	(Schweiger et al., 2005) 

	 
	 
	 
	Heavy metal 
	
	(Lagisz, 2008) 

	 
	 
	  
	Destruction of habitat  
	 
	(Rainio & Niemela, 2003) 

	 
	Staphylinidae 
	Terrestrial  
	Alteration in agricultural methods  
	
	(Bohac, 1999) 
 

	Diptera 
	Syrphidae 
	Terrestrial  
	Heavy metals 
	
	(Anna et al., 2021) 

	Hemiptera 
	Anthocoridae 
(Orius sauteri) 
	Terrestrial  
	Pesticides 
(e.g., Acetamiprid, imidacloprid) 
	(Lin et al., 2020) 

	 
	Gerridae 
	Aquatic 
	Heavy metals 
	(Jardine et al., 2005) 

	Hymenoptera  
	Formicidae  
	Terrestrial 
	Heavy metals  
	(Nummelin et al., 2007) 

	 
	 
	 
	Recovery of         degraded and reforested areas 
	  (Srivastava et al., 2017) 

	 
	Vespidae (Polistes dominulus) 
	Terrestrial  
	Heavy metals (e.g., Pb) 
	  (Urbini et al., 2006) 

	Neuroptera 
	Myrmeleontidae 
	Terrestrial 
	Heavy metals 
	  (Nummelin et al., 2007) 

	Odonata 
	 
	Aquatic  
	Heavy metals 
	  (Nummelin et al., 2007) 

	 
	 
	 
	Pesticides 
	  (Braby & Williams, 2015) 

	 
	 
	 
	Disturbances 	in 
habitat  
	  (Shafie et al., 2017) 





5. Conclusion 
Predatory insects are versatile bioindicators, effective across agricultural and urban habitats. As higher trophic-level organisms, they are highly sensitive to environmental contaminants, and changes in their populations provide early warnings of ecological disturbances. Although initial monitoring costs may be high, the valuable data they provide can guide interventions to prevent habitat degradation and mitigate pollution, supporting sustainable ecosystem management.
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