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Abstract
Insect–animal interactions constitute a central component of ecological organization, influencing ecosystem structure, function, and sustainability across agricultural and natural systems. These interactions encompass a wide spectrum of relationships, including mutualism, commensalism, predation, parasitism, and competition, each contributing to energy transfer, nutrient cycling, population regulation, and biodiversity maintenance. In agricultural ecosystems, interactions between insects and domesticated or wild animals affect pollination efficiency, biological pest regulation, manure decomposition, livestock health, and overall productivity. In natural ecosystems, insect–animal relationships underpin food web complexity, habitat modification, ecosystem resilience, and long-term evolutionary processes. Evidence from field observations, experimental studies, molecular analyses, and ecological modelling highlights the importance of insects as prey, vectors, ecosystem engineers, and mutualistic partners, while animals act as regulators, hosts, dispersal agents, and modifiers of insect communities. Anthropogenic drivers such as agricultural intensification, chemical inputs, land-use change, climate variability, urban expansion, and biological invasions have altered interaction networks, often reduced functional diversity and weakened ecosystem services while amplifying disservices such as pest outbreaks and disease transmission. This review synthesizes current knowledge on the classification, ecological roles, evolutionary dimensions, and management implications of insect–animal interactions across ecosystems. Emphasis is placed on integrated perspectives that bridge agriculture and natural systems, highlight ecosystem service trade-offs, and identify methodological advances and research gaps. Strengthening interaction-based conservation, sustainable management practices, and policy frameworks emerges as a critical pathway for enhancing ecosystem resilience, food security, and biodiversity conservation under accelerating global change.
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1. Introduction
A. Definition and conceptual framework of insect–animal interactions
Insect–animal interactions refer to the diverse biological relationships that occur between insects and vertebrate or invertebrate animals within shared ecological systems (Strauss et.al., 2004). These interactions may be direct or indirect and include mutualism, commensalism, parasitism, predation, and competition, each contributing uniquely to ecosystem structure and function. From a conceptual standpoint, insect–animal interactions are best understood within an ecological network framework, where species are connected through trophic, behavioural, and physiological linkages. Insects function as pollinators, parasites, decomposers, disease vectors, and prey, while animals act as hosts, predators, ecosystem engineers, and dispersal agents. Such interactions are dynamic and context-dependent, shaped by environmental conditions, species traits, and evolutionary history. Conceptual models such as food web theory, mutualistic networks, and host–parasite frameworks have been applied to explain insect–animal relationshiphs across spatial and temporal scales (Ings et.al., 2009). Network studies indicate that insects constitute over 60% of nodes in terrestrial interaction webs, highlighting their central role in ecological connectivity.
B. Importance of biotic interactions in ecosystem functioning
Biotic interactions between insects and animals play a fundamental role in regulating ecosystem processes such as energy flow, nutrient cycling, population control, and biodiversity maintenance. Predatory insects and insectivorous animals regulate herbivore populations, thereby preventing trophic imbalances and vegetation loss. Pollination services mediated by insects directly support plant reproduction, while animal-mediated habitat modification enhances nesting and foraging opportunities for insects. Approximately 75% of global food crops depend partially on insect pollination, and these pollination networks are stabilized by interactions with birds, mammals, and reptiles. Decomposition and nutrient recycling are also influenced by insect–animal interactions (Jordan et.al., 2017). Dung beetles, supported by grazing animals, accelerate organic matter breakdown and improve soil fertility, leading to measurable increases in nitrogen availability and pasture productivity.
C. Relevance to agricultural productivity and natural ecosystem stability
In agricultural systems, insect–animal interactions influence crop yield, livestock health, and farm sustainability. Beneficial insects such as parasitoids and predators suppress pest populations, while animals such as birds and bats contribute to insect population regulation, reducing reliance on chemical inputs. Livestock–insect interactions affect productivity through both positive and negative pathways. Manure-associated insects enhance nutrient cycling, while blood-feeding insects transmit pathogens that reduce milk yield, weight gain, and reproductive efficiency. Vector-borne diseases account for an estimated 17% of global infectious disease burdens affecting animals and humans. In natural ecosystems, insect–animal interactions enhance ecosystem stability by increasing redundancy and resilience (Oliver et.al., 2015). Diverse interaction networks buffer ecosystems against disturbances such as climate variability, habitat alteration, and species loss.
D. Historical overview of research on insect–animal relationships
Early ecological research during the late nineteenth and early twentieth centuries focused on descriptive natural history, documenting insect predation, parasitism, and mutualisms. Pioneering studies laid the foundation for understanding population regulation and trophic dynamics. Mid-twentieth century research emphasized experimental ecology and pest management, particularly the role of insects as vectors and pests in agricultural landscapes (Kumar et.al., 2025). This period saw the development of biological control theory and host–parasite population models. Contemporary research integrates molecular tools, network analysis, and ecosystem modeling to examine multi-species interactions. Advances in genomics and stable isotope analysis have revealed cryptic interactions and complex energy pathways linking insects and animals across ecosystems.
2. Classification and Types of Insect–Animal Interactions
A. Mutualistic Interactions
1. Pollination and seed dispersal involving insects and vertebrates
Pollination mutualisms represent one of the most ecologically significant insect–animal interactions (Nepi et.al., 2018). Insects such as bees, butterflies, beetles, and flies facilitate sexual reproduction in flowering plants by transferring pollen between conspecific individuals. Global assessments indicate that nearly 87% of flowering plant species rely partially on animal pollination, with insects accounting for the dominant share of these services. Vertebrate pollinators such as birds and bats often interact synergistically with insects by stabilizing pollination networks across seasonal and spatial gradients. Seed dispersal interactions emerge when insects influence vertebrate-mediated dispersal processes. Ants play a crucial role through myrmecochory, transporting seeds with lipid-rich elaiosomes, while vertebrates benefit from reduced seed predation and enhanced germination success. Empirical studies demonstrate that ant-dispersed seeds exhibit up to 30–40% higher establishment rates compared to non-dispersed seeds.
2. Insect-mediated cleaning and protection services
Cleaning mutualisms involve insects removing parasites, necrotic tissue, or debris from animal hosts (Narvaez et.al., 2021). Certain fly larvae exhibit facultative cleaning behavior by consuming ectoparasites and wound necrosis, which reduces infection risk and improves host survival. Experimental observations reveal significant reductions in parasite loads when insect cleaners are present, leading to measurable gains in animal fitness. Protective mutualisms also occur when insects defend animal-associated resources. Ants nesting near vertebrate burrows deter predators and parasites through aggressive behavior and chemical defenses. These associations enhance survival probabilities for both partners and illustrate reciprocal benefit under shared ecological pressures.
B. Commensal Interactions
1. Insects utilizing animal habitats without direct harm
Commensal relationships arise when insects exploit animal-derived habitats such as nests, burrows, dung, or carcasses without causing measurable harm. Dung beetles utilize fecal matter produced by large herbivores as breeding and feeding substrates, accelerating organic matter decomposition and nutrient turnover. Vertebrate hosts experience neutral or indirect benefits through improved hygiene and reduced parasite development. Nest-associated insects such as beetles, mites, and flies inhabit bird and mammal nests, feeding on detritus, fungi, or other invertebrates (Lynch et.al., 2020). Long-term studies indicate that nest-associated insect diversity may exceed 200 species in structurally complex habitats, reflecting stable commensal assemblages.
2. Phoretic associations
Phoresy describes a non-feeding association in which insects use animals solely for transportation. Mites, pseudoscorpions, and certain beetles attach to mammals, birds, or insects to reach new habitats. These associations enhance dispersal efficiency while exerting negligible physiological impact on the host. Ecological significance of phoresy lies in maintaining genetic connectivity among insect populations. Studies demonstrate that phoretic dispersal increases colonization success by more than 50% in fragmented landscapes, contributing to metapopulation stability.
C. Parasitic and Pathogenic Interactions
1. Ectoparasitic insects affecting livestock and wildlife
Ectoparasitic insects such as lice, fleas, ticks, and biting flies feed on blood, skin, or secretions of animal hosts (Hopla et.al., 1994). These parasites reduce host fitness through blood loss, tissue damage, and stress-induced behavioral changes. Economic analyses estimate that ectoparasites cause global livestock productivity losses exceeding USD 6 billion annually through reduced growth rates and reproductive efficiency. Wildlife populations experience similar pressures, with heavy ectoparasite burdens linked to reduced survival and altered movement patterns. Chronic infestations disrupt energy allocation, leading to weakened immune responses and increased mortality risk.	Comment by Author MH: 
2. Vector-borne diseases and transmission dynamics
Vector-borne transmission represents a critical interface between insects and animals. Mosquitoes, sandflies, and tsetse flies transmit pathogens such as protozoa, viruses, and bacteria. Vector-borne diseases account for nearly 17% of all infectious diseases worldwide, affecting both domestic animals and wildlife. Transmission dynamics depend on vector abundance, host density, and environmental conditions (Marina et.al., 2005). Climate-driven changes in temperature and precipitation alter vector development rates and pathogen replication, increasing disease emergence risk across ecosystems.
D. Predatory and Trophic Interactions
1. Insects as prey for animals
Insects constitute a foundational prey resource for birds, amphibians, reptiles, and small mammals. Dietary analyses indicate that insects comprise over 60% of the protein intake for many passerine birds during breeding seasons . Seasonal insect availability directly influences reproductive success and population dynamics of insectivorous animals. Aquatic–terrestrial linkages occur when emergent insects provide energy subsidies to terrestrial predators (Burdon et.al., 2008). Stable isotope studies reveal that aquatic insects contribute up to 40% of carbon input in riparian food webs.	Comment by Author MH: Please remove Space	Comment by Author MH: What?
2. Animals as predators of insects
Vertebrate predation on insects regulates herbivore populations and suppresses pest outbreaks. Birds and bats exert strong top-down control, with exclusion experiments demonstrating insect density increases of 70–150% in predator-free conditions. Predatory mammals and reptiles consume insects opportunistically, contributing to trophic regulation. These interactions stabilize food webs and reduce the likelihood of population explosions among herbivorous insects.
E. Competitive Interactions
1. Competition for resources such as food and habitat
Resource competition arises when insects and animals exploit overlapping food sources or habitats. Granivorous insects and seed-eating vertebrates compete for limited seed resources, influencing plant recruitment and community composition (Hulme et.al., 2002). Habitat competition occurs in nesting or shelter sites such as tree cavities, burrows, or soil crevices. Competitive exclusion shapes species distribution and drives niche differentiation over evolutionary timescales.
2. Indirect competition mediated by ecosystem changes	Comment by Author MH: Please take this to next page
Indirect competitive interactions emerge through habitat modification, grazing pressure, or vegetation alteration caused by animals that affect insect populations. Large herbivores modify plant structure and microclimates, altering insect abundance and diversity through bottom-up effects.
Trophic cascades represent another mechanism of indirect competition, where predator-mediated changes influence insect–animal interactions across multiple trophic levels (Polis et.al., 2000). These cascades regulate ecosystem productivity and stability.
3. Insect–Animal Interactions in Agricultural Ecosystems	Comment by Author MH: Excellent topic and well written. Please make a table for case study regarding each topic worldwide as much as possible. It will added more values to this article.
A. Role of Insects in Livestock Systems
1. Beneficial insects in manure decomposition and nutrient cycling
Beneficial insects play a central role in maintaining nutrient dynamics within livestock-based agricultural systems (Liu et.al., 2023). Dung beetles (Scarabaeidae), fly larvae, and detritivorous ants colonize animal manure and accelerate its breakdown, promoting rapid nutrient mineralization. Empirical studies demonstrate that dung beetle activity can reduce manure persistence on pasture surfaces by 40–80%, which enhances nitrogen availability and improves forage quality. Soil health improvements linked to insect-mediated decomposition include increased soil porosity, enhanced microbial activity, and improved water infiltration. Research indicates that pastures with active dung beetle populations show up to 25% higher grass biomass and reduced ammonia volatilization losses compared to systems lacking insect decomposers. Suppression of pest breeding sites represents another key benefit. Rapid manure removal limits oviposition sites for pest flies, reducing larval development and adult emergence, which supports animal welfare and productivity.
2. Harmful insects affecting animal health and productivity
Harmful insects exert significant pressure on livestock through blood-feeding, tissue damage, and stress induction (Kazek et.al., 2014). Biting flies such as stable flies (Stomoxyscalcitrans) and horn flies (Haematobiairritans) cause irritation, reduced feed intake, and altered grazing behavior. Experimental assessments report milk yield reductions of 10–20% in dairy cattle exposed to high fly densities. Chronic infestations increase susceptibility to secondary infections and compromise immune function. Lice and mites contribute to dermatitis, anemia, and weight loss, while long-term stress responses elevate cortisol levels, reducing reproductive performance. Indirect productivity losses arise from increased energy expenditure for defensive behaviors such as tail flicking and stamping, which lowers feed conversion efficiency and overall growth rates.
B. Pollinators and Their Interactions with Domesticated Animals
1. Shared landscapes and resource use
Agricultural landscapes often support both pollinators and domesticated animals through shared use of grazing lands, hedgerows, and flowering field margins (Kremen et.al., 2019). Managed grasslands provide floral resources for bees and butterflies, while livestock grazing maintains habitat heterogeneity that supports diverse pollinator assemblages. Temporal resource complementarity emerges when grazing regimes influence flowering phenology. Moderate grazing intensity increases floral abundance and nectar availability, which enhances pollinator visitation rates and pollination efficiency. Livestock presence also affects nesting opportunities for ground-nesting pollinators through soil disturbance and vegetation structure modification, shaping pollinator community composition.
2. Indirect effects on crop–livestock systems
Pollinator-mediated yield benefits extend indirectly to livestock systems through improved crop productivity (Porto et.al., 2021). Enhanced pollination of forage legumes such as clover and alfalfa increases seed production and forage quality, supporting higher protein intake for grazing animals. System-level integration of crops, livestock, and pollinators stabilizes agricultural outputs. Landscape-scale studies reveal that farms supporting pollinator diversity experience greater yield stability under climatic variability, which reduces dependency on external inputs. Economic valuation estimates place global pollination services at USD 235–577 billion annually, highlighting their indirect contribution to livestock feed security and farm resilience (Khalifa et.al., 2021).
C. Insect Pests, Livestock, and Wildlife Interfaces
1. Disease transmission among insects, livestock, and wild animals
Interfaces between livestock and wildlife facilitate pathogen circulation through insect vectors such as mosquitoes, ticks, and biting midges. These vectors bridge ecological boundaries, transmitting protozoan, viral, and bacterial pathogens across host species. Vector competence and host density shape transmission dynamics. High livestock density increases blood-meal availability, which amplifies vector populations and elevates spillover risk toward wildlife and humans. Environmental drivers such as temperature and moisture influence vector development rates and pathogen replication, altering disease seasonality and geographic distribution (Ma et.al., 2022).
2. Economic impacts on agriculture
Economic losses associated with insect-mediated diseases and pest damage are substantial. Vector-borne livestock diseases generate annual global losses exceeding USD 20 billion through mortality, reduced productivity, and trade restrictions. Indirect costs include veterinary treatment expenses, labor demands, and reduced market value of animal products. Outbreak-related movement restrictions disrupt supply chains and threaten food security at regional scales. Preventive management targeting insect populations yields high benefit–cost ratios, with integrated control strategies producing returns of 5–10 times the investment through improved productivity and reduced disease incidence.
D. Integrated Pest and Animal Management Strategies
1. Biological control involving animals
Biological control approaches harness animal predators to regulate insect pest populations (Gurr et.al., 2016). Birds, bats, and amphibians consume large quantities of agricultural pests, delivering measurable reductions in insect abundance. Bat exclusion experiments reveal pest density increases exceeding 100% when natural predators are absent. Poultry integration within cropping systems reduces insect pests through direct predation. Chickens foraging in orchards and vineyards lower pest insect populations while contributing manure that enhances soil fertility. Predator conservation through habitat enhancement strengthens natural pest regulation and reduces chemical pesticide dependence.
2. Sustainable and ecological approaches
Ecological management strategies emphasize habitat diversification, reduced chemical inputs, and synchronized crop–livestock practices (Connor et.al., 2011). Flower strips, rotational grazing, and mixed cropping systems promote beneficial insect populations while supporting animal production. Reduced pesticide exposure safeguards pollinators and dung-associated insects, preserving ecosystem services such as pollination and nutrient cycling. Long-term trials show that ecological pest management sustains yields while lowering environmental contamination. Systems-based planning integrates insect ecology with animal husbandry to achieve sustainable agricultural intensification.
E. Case Studies from Major Agricultural Systems
1. Mixed farming systems
Mixed farming systems combine crops and livestock within the same landscape, fostering complex insect–animal interactions (Martin et.al., 2016). Crop residues support detritivorous insects, while livestock manure enhances soil biota and insect diversity. Empirical evaluations reveal that diversified farms host higher beneficial insect abundance and reduced pest outbreaks compared to monoculture systems, leading to improved yield stability and nutrient efficiency. Feedback mechanisms between insects, crops, and animals enhance resilience against climatic and economic shocks.
2. Pastoral and intensive livestock systems
Pastoral systems rely heavily on insect-mediated processes such as dung decomposition and forage pollination (Wang et.al., 2025). Grazing intensity shapes insect community composition, influencing pasture productivity and animal health. Intensive livestock systems face elevated insect pest pressures due to high animal densities and waste accumulation. Integrated fly management combining sanitation, biological control, and habitat modification reduces pest populations and improves welfare outcomes.
Comparative analyses demonstrate that systems integrating ecological insect management achieve lower long-term costs and enhanced sustainability relative to chemically dependent systems.
4. Insect–Animal Interactions in Natural Ecosystems
A. Role in Food Webs and Trophic Dynamics
1. Energy flow and nutrient transfer
Insect–animal interactions form the foundation of energy transfer across trophic levels in natural ecosystems (Price et.al., 1980). Insects convert primary plant productivity into biomass accessible to higher trophic levels such as birds, amphibians, reptiles, and mammals. Estimates suggest that insects account for nearly 70% of animal biomass in terrestrial ecosystems, underscoring their dominant role in energy flow. Trophic linkages between insects and animals facilitate nutrient redistribution across ecosystem compartments. Herbivorous insects channel carbon and nitrogen from plants to predators, while insectivorous vertebrates redistribute nutrients through excretion and carcass deposition. Stable isotope analyses demonstrate that insect-mediated nutrient flux contributes up to 50% of nitrogen inputs supporting secondary consumers in forest and grassland systems. Cross-ecosystem subsidies occur when insects emerging from aquatic systems provide energy to terrestrial predators (Larsen et.al., 2016). These fluxes strengthen connectivity between aquatic and terrestrial food webs, enhancing overall ecosystem productivity.
2. Keystone insect and animal species
Keystone species exert disproportionate influence relative to their abundance, and many insect–animal interactions revolve around such taxa. Pollinating insects such as bees and predatory insects such as ants regulate plant reproduction and herbivore populations, shaping community composition. Animal keystone predators including insectivorous birds and bats regulate insect herbivore densities. Removal experiments reveal herbivore population increases exceeding 100% when vertebrate predators are excluded, leading to vegetation degradation and altered ecosystem function. Functional loss of keystone interactions often triggers trophic cascades, reducing biodiversity and destabilizing ecosystem processes across multiple trophic levels (Duffy et.al., 2007).
B. Insects as Drivers of Biodiversity and Habitat Structure
1. Influence on animal populations
Insects influence animal population dynamics through their roles as food resources, parasites, and mutualistic partners. Seasonal insect abundance determines reproductive success in insectivorous birds, with breeding synchronized to peak prey availability. Parasitic insects regulate host population sizes by increasing mortality and reducing fecundity, which prevents dominance by any single species and promotes coexistence. These density-dependent effects contribute to community-level stability. Mutualistic interactions such as pollination and cleaning enhance host fitness, indirectly supporting population persistence and genetic diversity (Fouks et.al., 2019).
2. Habitat modification and ecosystem engineering
Ecosystem engineering by insects alters physical environments, creating habitat complexity for animals. Termites construct mounds that modify soil chemistry, moisture retention, and vegetation structure. These structures support increased plant diversity and provide refuge for reptiles, mammals, and birds. Burrowing and nesting insects influence soil aeration and microbial activity, improving habitat suitability for ground-dwelling vertebrates. Ant nests enhance soil nutrient heterogeneity, which supports localized increases in plant productivity and herbivore abundance. Animal-mediated responses to insect-driven habitat changes reinforce feedback loops that shape landscape-level biodiversity patterns.
C. Symbiotic Relationships in Natural Environments
1. Insect–vertebrate mutualisms
Mutualistic interactions between insects and vertebrates include pollination, cleaning, and defensive associations (Nepi et.al., 2018). Birds and mammals benefit from insect-mediated pollination through enhanced fruit and seed availability, while insects gain access to nectar and pollen resources. Cleaning associations occur when insects remove parasites or necrotic tissue from vertebrate hosts. These interactions reduce disease risk and improve host condition, enhancing survival and reproductive success. Reciprocal benefits stabilize these associations across evolutionary timescales, particularly under fluctuating environmental conditions.
2. Co-evolutionary adaptations
Co-evolutionary processes drive reciprocal trait development in insects and animals engaged in long-term interactions. Morphological adaptations such as specialized mouthparts, feeding appendages, and sensory systems reflect selective pressures imposed by interaction partners. Behavioral synchronization emerges in pollination and predation systems, aligning activity patterns, reproductive timing, and communication signals. These adaptations increase interaction efficiency and reduce energetic costs. Genetic evidence indicates rapid evolutionary responses in both insects and animals following changes in interaction networks, highlighting the adaptive significance of these relationships.
D. Insect–Animal Interactions in Forest, Grassland, and Aquatic Ecosystems
1. Forest ecosystems
Forest ecosystems host complex insect–animal interaction networks involving herbivory, predation, and mutualism. Insects drive canopy dynamics through herbivory, influencing tree growth and forest succession patterns. Insectivorous vertebrates regulate herbivore outbreaks, reducing defoliation and maintaining forest productivity (Flower et.al., 2015). Long-term studies link declines in insect predators to increased forest damage and reduced carbon sequestration capacity. Deadwood-associated insects facilitate decomposition, supporting nutrient recycling and habitat formation for cavity-nesting animals.
2. Grassland and savanna ecosystems
Grassland systems depend heavily on insect–animal interactions for nutrient cycling and vegetation regulation. Grazing animals shape insect communities by modifying plant structure and microclimates, influencing pollinator and herbivore abundance. Dung-associated insects enhance soil fertility and reduce parasite loads, supporting herbivore health and pasture productivity. These processes maintain grassland resilience under variable climatic conditions. Predatory interactions between insects and vertebrates regulate pest populations and stabilize grassland food webs.
3. Freshwater and riparian systems
Aquatic insect–animal interactions link freshwater and terrestrial ecosystems. Aquatic insect larvae form the primary food base for fish, amphibians, and riparian birds. Emergent insects export substantial energy from aquatic habitats to terrestrial consumers. Riparian predators rely on aquatic insect emergence, with reductions in insect abundance leading to declines in bird and bat populations (Manning et.al., 2021). These linkages highlight the sensitivity of cross-ecosystem interactions to environmental disturbance. Aquatic ecosystem health depends on intact insect–animal relationships that regulate algal growth and nutrient cycling.
E. Role in Ecosystem Resilience and Stability
Ecosystem resilience reflects the capacity to absorb disturbance while maintaining function, and insect–animal interactions play a central role in this process. Diverse interaction networks provide redundancy, ensuring continuity of ecosystem services following species loss. Response diversity among insects and animals enables functional compensation under environmental change. Systems with high interaction diversity recover more rapidly from disturbances such as drought, fire, and biological invasions. Long-term stability emerges from balanced trophic interactions, mutualistic networks, and adaptive feedbacks, reinforcing the importance of conserving insect–animal relationships within natural ecosystems.
5. Ecological and Evolutionary Perspectives
A. Co-evolution of Insects and Animals
Co-evolution describes reciprocal evolutionary change driven by persistent interactions between insects and animals (Carmona et.al., 2015). Long-term associations such as pollination, parasitism, and predation generate selective pressures that shape morphology, physiology, and behavior in both partners. Comparative phylogenetic studies indicate that insect–animal co-evolution has operated over more than 300 million years, coinciding with the diversification of terrestrial ecosystems. Reciprocal specialization emerges when interacting species evolve complementary traits. Examples include elongated proboscides in nectar-feeding insects and corresponding floral morphologies that restrict access to effective pollinators. Genetic analyses reveal parallel divergence patterns between interacting insects and vertebrates, supporting co-diversification hypotheses. Diffuse co-evolution occurs in complex communities, where selection arises from multiple interacting partners rather than a single species pair. Network-level studies show that diffuse interactions enhance evolutionary stability by reducing dependency on any single partner.
B. Behavioral Adaptations and Communication
Behavioral adaptations mediate insect–animal interactions through foraging strategies, defensive responses, and reproductive behaviors. Insectivorous animals exhibit prey-switching behavior in response to fluctuations in insect abundance, which stabilizes predator–prey dynamics and prevents prey extinction. Chemical communication plays a central role in insect–animal interactions. Semiochemicals such as pheromones and kairomones facilitate host detection, mate recognition, and predator avoidance. Vertebrates exploit insect chemical cues to locate prey, while insects detect host-derived volatiles to optimize feeding and oviposition. Visual and acoustic signaling also shape interaction outcomes. Bright coloration in insects serves as aposematic signaling that deters vertebrate predators, while acoustic cues guide insectivorous bats during prey detection. Experimental evidence shows reduced predation rates on aposematic insects by up to 60% following predator learning.
C. Physiological and Immunological Interactions
Physiological interactions influence energy allocation, stress responses, and metabolic processes in both insects and animals (Chown et.al., 1999). Blood-feeding insects induce hematological changes in hosts, including reduced red blood cell counts and altered nutrient balance, which affect host performance and survival. Host immune responses evolve under selective pressure imposed by insect parasites and vectors. Vertebrates develop innate and adaptive immune mechanisms such as inflammatory responses, antibody production, and behavioral defenses. Insects counter these defenses through salivary immunomodulators that suppress host immune reactions and enhance feeding success. Pathogen–vector–host interactions illustrate complex physiological integration. Vector competence depends on insect immune pathways, gut microbiota, and temperature-sensitive physiological processes, all of which influence pathogen transmission efficiency.
D. Evolutionary Trade-offs and Constraints
Evolutionary trade-offs arise when adaptations enhancing one function reduce performance in another. In insects, investment in immune defense may reduce reproductive output, while animals allocating resources to parasite resistance may experience reduced growth or fecundity. Life-history constraints shape insect–animal interactions by limiting the range of adaptive responses. Short generation times in insects allow rapid evolutionary change, while longer-lived animals evolve more slowly, creating asymmetries in adaptive potential. Energetic constraints influence interaction outcomes across trophic levels (Arim et.al., 2007). Predators must balance foraging efficiency against exposure to toxins or defensive traits in insects, while insects balance growth rates against predation risk.
E. Long-term Impacts on Species Diversification
Insect–animal interactions contribute significantly to species diversification through mechanisms such as adaptive radiation, niche specialization, and reproductive isolation. Pollination syndromes drive floral diversification, while host specialization in parasitic insects promotes speciation through host-associated divergence. Macroevolutionary analyses reveal strong correlations between interaction diversity and species richness. Clades involved in specialized insect–animal interactions exhibit higher diversification rates compared to generalist lineages. Persistence of interaction networks over evolutionary timescales stabilizes ecosystems while generating biodiversity. Fossil evidence demonstrates that disruptions to key insect–animal interactions coincide with extinction events and long-term reductions in ecological complexity.
6.  Anthropogenic Influences on Insect–Animal Interactions
A. Agricultural Intensification and Land-Use Change
Agricultural intensification has reshaped insect–animal interactions through simplified landscapes, monoculture expansion, and altered resource availability (Raven et.al., 2021). Conversion of heterogeneous habitats into uniform crop systems reduces nesting sites, floral diversity, and refuge areas required by insects and insect-dependent animals. Meta-analyses report average declines of 30–50% in insect species richness across intensively managed agricultural landscapes compared to structurally diverse systems. Land-use change modifies trophic pathways by disrupting predator–prey relationships. Removal of hedgerows and fallow patches limits access for insectivorous birds and mammals, weakening top-down regulation of insect herbivores. Empirical studies demonstrate increased pest outbreak frequency following loss of natural habitat features within agricultural matrices. Altered nutrient flows associated with intensified production influence insect community composition. Elevated nitrogen inputs favor fast-growing herbivorous insects, shifting competitive balances and reducing trophic complexity within animal communities.
B. Pesticides, Veterinary Drugs, and Their Ecological Effects
Chemical pesticides exert both lethal and sublethal effects on insects and insect-dependent animals. Neonicotinoids and organophosphates impair insect navigation, reproduction, and immune function, reducing prey availability for insectivorous vertebrates. Long-term field studies associate pesticide exposure with population declines exceeding 40% in farmland birds reliant on insect prey. Veterinary pharmaceuticals such as antiparasitic drugs enter ecosystems through animal excreta. Residues of ivermectin and related compounds persist in dung, causing high mortality in dung-associated insects and disrupting decomposition processes. Research indicates reductions of up to 90% in dung beetle emergence following exposure to treated livestock waste. Food web consequences arise when chemical inputs simplify interaction networks (Berlow et.al., 2004). Reduced insect diversity weakens ecosystem services such as pollination, nutrient cycling, and biological pest control, leading to increased management costs and ecological instability.
C. Climate Change and Altered Interaction Networks
Climate change influences insect–animal interactions by shifting phenology, distribution, and interaction strength. Rising temperatures accelerate insect development rates, increasing voltinism and altering synchrony with animal predators and mutualists. Observational data reveal phenological mismatches between insect emergence and breeding periods of insectivorous birds, resulting in reduced reproductive success. Range shifts modify interaction networks as insects expand into novel regions, encountering new animal hosts and predators. Poleward and elevational expansions of insect species average 6–17 km per decade, reshaping ecological communities and trophic linkages. Extreme climatic events such as droughts and heatwaves intensify interaction instability. Insect population collapses following climatic extremes reduce food availability for higher trophic levels, amplifying ecosystem vulnerability.	Comment by Author MH: 
D. Urbanization and Habitat Fragmentation
Urban expansion fragments natural habitats, isolating insect and animal populations within small patches (Gibb et.al., 2002). Fragmentation reduces dispersal opportunities and genetic connectivity, leading to simplified interaction networks. Urban ecological surveys document insect biomass reductions exceeding 60% relative to contiguous natural habitats. Urban resource filtersfavor generalist insect species, altering prey composition available to urban-dwelling animals. Insectivorous birds and bats adapt behaviorally to urban environments, yet dietary shifts often result in lower nutritional quality and reduced fitness. Artificial structures create novel microhabitats that reshape insect–animal interactions. Light pollution disrupts nocturnal insect behavior, increasing predation risk and interfering with mating signals, which cascades through urban food webs.
E. Invasive Species and Novel Interactions
Biological invasions introduce insects and animals into ecosystems lacking co-evolved defenses. Invasive insects escape natural predators and parasites, achieving high population densities that disrupt native insect–animal interactions. Global analyses estimate that invasive species contribute to biodiversity loss in nearly 40% of documented extinctions since the seventeenth century. Novel host–parasite associations emerge when invasive insects exploit native animals. These interactions often involve high virulence due to absence of evolved resistance, leading to population declines and altered community structure. Ecosystem-level impacts of invasive species include altered nutrient cycling, trophic cascades, and loss of functional diversity (Scott et.al., 2012). Invasion-driven interaction restructuring reduces ecosystem resilience and complicates conservation and management efforts.
7.  Ecosystem Services and Disservices
A. Beneficial Services
1. Pollination, pest control, and nutrient cycling
Pollination services delivered through insect–animal interactions sustain plant reproduction, genetic diversity, and ecosystem productivity. Animal-mediated pollination supports nearly 87% of flowering plant species and contributes substantially to yield quantity and quality across natural and managed ecosystems. Insect pollinators interact indirectly with animals by maintaining plant communities that provide forage, shelter, and breeding habitat. Biological pest control arises through predation and parasitism involving insects and insectivorous animals. Birds, bats, amphibians, and predatory insects suppress herbivorous insect populations, reducing crop damage and stabilizing food webs. Field experiments demonstrate pest suppression rates ranging from 20–70% when natural predator assemblages remain intact. Nutrient cycling processes depend heavily on insect–animal interactions. Dung beetles, carrion insects, and detritivores accelerate organic matter decomposition, enhancing nitrogen mineralization and soil fertility. Quantitative assessments indicate that insect-mediated decomposition increases nutrient turnover efficiency by up to 50%, supporting primary productivity and trophic transfer.
2. Support of animal health and productivity
Animal health benefits emerge from insect–animal interactions that reduce parasite loads and disease pressure (Herren et.al., 2023). Dung-associated insects disrupt life cycles of parasitic flies and helminths, lowering reinfestation rates and improving host condition. Cleaning interactions between insects and vertebrates decrease ectoparasite burdens, reduce skin infections, and improve wound healing. These interactions translate into measurable gains in survival and reproductive success across wildlife populations. Indirect productivity gains occur when ecosystem services stabilize food availability and habitat quality. Improved forage growth driven by pollination and nutrient cycling enhances body condition, reproductive output, and population persistence of herbivorous animals.
B. Ecosystem Disservices
1. Crop and livestock losses
Ecosystem disservices arise when insect–animal interactions negatively affect agricultural and ecological outcomes. Herbivorous insects damage crops directly, while interactions with vertebrate hosts amplify pest population growth. Global crop losses attributed to insect pests range from 20–40% annually, imposing substantial economic strain. Livestock production losses result from blood-feeding insects that reduce feed efficiency, weight gain, and milk yield. Stable flies and horn flies induce stress responses that lower productivity by 10–20% under high infestation pressure. Secondary impacts include reduced pasture quality and increased management costs, driven by persistent pest pressure and habitat alteration.
2. Disease outbreaks and biosecurity risks
Vector-borne diseases represent a major disservice linked to insect–animal interactions (Little et.al., 2013). Mosquitoes, ticks, and biting midges transmit pathogens affecting wildlife, livestock, and humans. Vector-associated diseases account for nearly 17% of global infectious disease incidence, underscoring their ecological and economic significance. Wildlife–livestock interfaces facilitate pathogen exchange through shared insect vectors, increasing outbreak probability and geographic spread. Changes in host availability and vector abundance influence transmission intensity and persistence. Biosecurity risks intensify when insect populations expand rapidly under favorable environmental conditions, overwhelming control measures and threatening food security and biodiversity.
C. Trade-offs and Management Challenges
Trade-offs between services and disservices complicate ecosystem management. Insects delivering pollination and nutrient cycling may also serve as disease vectors or crop pests under altered environmental conditions. Balancing these outcomes requires ecosystem-level understanding rather than single-species control strategies. Management challenges emerge from chemical interventions that suppress harmful insects while harming beneficial taxa. Broad-spectrum pesticides reduce pest populations temporarily while undermining long-term ecosystem services such as biological control and pollination. Integrated management approaches that align conservation and production goals offer pathways to maximize ecosystem services while minimizing disservices (Tallis et.al., 2009). Such strategies emphasize habitat heterogeneity, predator conservation, and ecological monitoring to sustain balanced insect–animal interaction networks.
8. Management, Conservation, and Policy Implications
A. Integrating Insect–Animal Interactions into Ecosystem Management
Ecosystem-based management recognizes insect–animal interactions as core drivers of ecosystem function rather than isolated components. Effective management integrates trophic interactions, mutualisms, and population regulation processes into land-use planning and biodiversity strategies. Empirical evidence shows that ecosystems managed through interaction-focused approaches maintain higher functional diversity and ecosystem service provision than systems managed through single-species objectives. Landscape-scale management enhances interaction networks by maintaining habitat heterogeneity, ecological corridors, and resource continuity. Studies demonstrate that landscapes with interconnected habitats support stronger predator–prey regulation and pollination stability, reducing ecosystem vulnerability to disturbance. Adaptive management frameworks use long-term monitoring of insect and animal populations to guide iterative decision-making (Lyons et.al., 2008). Such approaches improve resilience by aligning management actions with ecological feedbacks and system dynamics.
B. Conservation of Beneficial Insect and Animal Species
Conservation strategies targeting beneficial insects and animals safeguard ecosystem services such as pollination, pest regulation, and nutrient cycling. Declines in insect abundance have been linked to cascading effects on insectivorous birds, mammals, and amphibians, emphasizing the need for joint conservation planning. Habitat protection and restoration remain central conservation tools. Restoration of grasslands, wetlands, and forest margins increases insect diversity and supports animal populations dependent on insect prey. Meta-analyses report biodiversity gains of 20–60% following habitat restoration that prioritizes native vegetation and structural complexity. Species-focused conservation benefits from identifying functional keystone taxa whose loss would disproportionately disrupt interaction networks. Protection of pollinators, dung-associated insects, and insectivorous vertebrates enhances ecosystem stability and productivity.
C. Sustainable Agricultural Practices
Sustainable agriculture integrates insect–animal interactions to optimize production while minimizing ecological degradation (Ali et.al., 2023). Practices such as diversified cropping, rotational grazing, and conservation tillage promote beneficial insect communities and support animal health. Reduction of chemical dependence preserves non-target insects and their animal associates. Long-term field trials show that farms adopting ecological pest management achieve comparable yields while reducing environmental contamination and input costs. Agroecological integration of crops, livestock, and natural habitats strengthens interaction networks that regulate pests, enhance pollination, and improve soil fertility. These systems demonstrate greater yield stability under climatic variability compared to simplified production systems.
D. Policy Frameworks and Regulatory Considerations
Environmental policies shape the protection and management of insect–animal interactions through land-use regulation, chemical control standards, and biodiversity commitments. International agreements emphasize ecosystem-based approaches that account for species interactions rather than isolated taxa. Regulation of pesticides and veterinary drugs plays a critical role in conserving beneficial insects and associated animals. Risk assessment frameworks increasingly incorporate sublethal and cumulative effects on food webs, reflecting advances in ecological toxicology. Cross-sectoral policy alignment enhances effectiveness by linking agriculture, conservation, public health, and climate adaptation objectives. Integrated policies reduce trade-offs and support multifunctional landscapes capable of sustaining biodiversity and food production.
E. Stakeholder Engagement and Knowledge Transfer
Stakeholder participation strengthens management outcomes by aligning scientific knowledge with local practices and socio-economic realities (Hofer et.al., 2025). Farmers, land managers, conservation practitioners, and policymakers contribute complementary expertise essential for effective implementation. Knowledge transfer mechanisms such as extension services, participatory research, and decision-support tools facilitate adoption of interaction-based management practices. Evidence indicates higher uptake and long-term success when stakeholders are actively involved in knowledge co-production. Capacity building and education enhance awareness of insect–animal interactions and their ecosystem roles. Improved ecological literacy supports informed decision-making and fosters stewardship of biodiversity across managed and natural landscapes.
9.  Methodological Approaches and Research Tools
A. Field-Based Observational Studies
Field-based observational studies form the foundation for understanding insect–animal interactions under natural conditions. These studies document species associations, interaction frequencies, seasonal dynamics, and spatial variability across ecosystems. Long-term observational datasets reveal that insect abundance and interaction strength vary by more than 50% across seasons, influencing animal foraging behavior and reproductive timing. Standardized sampling methods such as pitfall traps, sweep nets, light traps, camera traps, and acoustic monitoring enable quantification of insect availability and animal responses (Preti et.al., 2021). Comparative field surveys demonstrate that multi-method sampling captures up to 70% more interaction events than single-method approaches. Ecological relevance of observational studies lies in their ability to capture complex, multi-species interactions that cannot be replicated fully under controlled conditions. These studies provide baseline data essential for detecting long-term ecological change.
B. Experimental and Manipulative Approaches
Experimental approaches isolate causal relationships within insect–animal interactions by manipulating species presence, abundance, or environmental conditions. Exclosure experiments, predator removal trials, and controlled resource supplementation have demonstrated strong top-down and bottom-up effects within food webs. Manipulative field experiments reveal that exclusion of insectivorous vertebrates leads to herbivore population increases exceeding 100%, followed by significant vegetation loss. Such experiments confirm the regulatory role of animals within insect-driven trophic systems. Laboratory and mesocosm studies complement field experiments by enabling precise control of variables such as temperature, humidity, and species density. These approaches support mechanistic understanding of behavioral and physiological responses within insect–animal interactions.
C. Molecular, Genomic, and Microbiome Tools
Molecular tools have transformed the study of insect–animal interactions by enabling accurate species identification and interaction tracing (Evans et.al., 2020). DNA barcoding and metabarcoding reveal cryptic interactions, with dietary studies showing that traditional observation underestimates prey diversity by up to 60%. Genomic approaches uncover adaptive responses and co-evolutionary patterns. Comparative genomics identifies genes associated with detoxification, immune evasion, and host specialization in insects interacting with animals. Microbiome analysis highlights the role of symbiotic microorganisms in shaping interaction outcomes. Gut microbiota influence insect vector competence and host immune responses, altering disease transmission dynamics and interaction strength.
D. Modeling and Network Analysis
Ecological modeling provides quantitative frameworks for predicting insect–animal interaction outcomes across spatial and temporal scales. Population models simulate predator–prey dynamics, host–parasite interactions, and resource competition under varying environmental scenarios. Network analysis characterizes interaction structure, stability, and resilience. Empirical food web studies reveal that highly connected networks exhibit greater robustness to species loss, while simplified networks collapse rapidly following disturbance. Trait-based and dynamic models integrate species characteristics, environmental drivers, and evolutionary processes (Webb et.al., 2010). These models support scenario testing for land-use change, climate variability, and conservation interventions.
E. Remote Sensing and Emerging Technologies
Remote sensing technologies enable large-scale assessment of habitats supporting insect–animal interactions. Satellite imagery and drone-based sensors quantify vegetation structure, habitat fragmentation, and productivity, all of which influence interaction networks. Automated monitoring tools such as bioacoustic sensors, radar entomology, and machine learning-based image recognition improve detection accuracy and sampling efficiency. Radar studies estimate that trillions of insects migrate annually, supplying vast energy resources to animal predators across continents. Emerging technologies including environmental DNA (eDNA) sampling and artificial intelligence-based analytics expand the capacity to monitor interactions in real time, offering unprecedented resolution for ecological research and management.
10.  Knowledge Gaps and Future Research Directions
A. Understudied Ecosystems and Interaction Types
Significant knowledge gaps persist in understanding insect–animal interactions within understudied ecosystems such as deserts, deep freshwater systems, alpine regions, and subterranean habitats (Verma et.al., 2023). Limited data constrain predictions of interaction dynamics and ecosystem responses to disturbance. Rare and transient interactions such as facultative mutualisms and episodic predation events remain poorly documented. These interactions may exert strong ecological influence despite low frequency, underscoring the need for targeted investigation. Bias toward charismatic species has limited understanding of interactions involving small-bodied insects and less conspicuous animals, creating skewed ecological interpretations.
B. Long-Term and Large-Scale Studies
Long-term datasets are essential for detecting trends in insect–animal interactions under environmental change. Studies extending beyond 20–30 years reveal gradual declines in interaction strength that short-term studies fail to detect. Large-scale comparative research across biomes improves generalization of findings and identification of global drivers. Coordinated monitoring networks enhance data consistency and analytical power, supporting robust ecological inference. Temporal integration across climatic cycles enables assessment of resilience, recovery, and regime shifts within interaction networks.
C. Integrative and Interdisciplinary Research Needs
Interdisciplinary approaches bridging ecology, evolutionary biology, veterinary science, climatology, and socioeconomics are essential for comprehensive understanding. Integrated studies reveal feedbacks between insect–animal interactions, land management, and human well-being. Cross-scale integration linking molecular processes with ecosystem-level outcomes remains limited. Bridging this gap enhances predictive capacity and supports evidence-based management decisions.
Collaborative research frameworks promote data sharing, methodological standardization, and synthesis across disciplines and regions.
D. Implications for Climate-Smart Agriculture and Conservation
Climate-smart strategies rely on understanding how insect–animal interactions respond to temperature shifts, altered precipitation, and extreme events (Yadav et.al., 2024). Interaction-based approaches enhance adaptive capacity by preserving functional diversity and ecological redundancy. Conservation planning benefits from incorporating interaction networks into prioritization frameworks. Protecting interaction hubs such as pollinator corridors and predator refuges strengthens ecosystem resilience under climatic stress. Ecosystem-based adaptation leverages natural interactions to buffer agricultural and natural systems against environmental variability.
E. Recommendations for Future Research Priorities
Future research priorities include expanded monitoring of interaction networks, integration of emerging technologies, and development of predictive models linking biodiversity with ecosystem services.
Emphasis on functional interactions rather than species counts improves relevance for management and policy. Functional trait analysis clarifies how interaction loss translates into ecosystem degradation.
Investment in capacity building and global collaboration strengthens research equity and accelerates knowledge generation, supporting sustainable ecosystem management worldwide.
Conclusion
[bookmark: _GoBack]Insect–animal interactions represent a fundamental yet often underappreciated dimension of ecosystem organization across agricultural and natural landscapes. These interactions regulate energy flow, nutrient cycling, population dynamics, and biodiversity patterns, thereby sustaining ecosystem services essential for food production, animal health, and ecological stability. Evidence from ecological, evolutionary, and applied studies demonstrates that mutualistic, trophic, parasitic, and competitive relationships jointly shape ecosystem resilience and adaptive capacity under environmental change. Anthropogenic pressures such as land-use modification, chemical inputs, climate variability, and biological invasions increasingly disrupt these interaction networks, with cascading consequences for ecosystem function and sustainability. Integrated management, conservation-oriented policies, and interaction-focused research frameworks are therefore critical for maintaining functional biodiversity. Advancing interdisciplinary approaches and long-term monitoring will strengthen understanding of complex insect–animal relationships and support science-based strategies for resilient and sustainable ecosystem management.
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