


Interference of Chemical Communication in Plankton: Impact of Nanoplastics


ABSTRACT
Freshwater ecosystems face unprecedented threats from nanoplastic pollution, with particles smaller than 1000 nm emerging as a critical contaminant class capable of disrupting fundamental biological processes. This review examines how nanoplastics interfere with chemical communication systems in planktonic communities, including key groups such as copepods, Daphnia, rotifers, phytoplankton, and ciliates, which form the foundation of aquatic food webs. Plankton rely on infochemicals including pheromones, kairomones, and allelochemicals for essential processes such as mate recognition, predator detection, and resource competition. Nanoplastic disrupt these "invisible languages" through multiple mechanisms: physical adsorption of signalling molecules, alteration of chemical gradients, vectorial transport of co-contaminants, and direct biological effects, including oxidative stress and cellular damage. These disruptions impair mate location, misdirect defence strategies, create energetic trade-offs, and generate multigenerational impacts that persist across generations. The consequences cascade through entire ecosystems, triggering trophic disruptions, biodiversity loss, and the emergence of "silent chaos" environments where organisms can no longer effectively communicate or coordinate responses to environmental challenges. Current evidence indicates widespread and persistent nanoplastic contamination in freshwater systems, with particles bioaccumulating across food webs for decades. Major knowledge gaps remain regarding long-term multigenerational effects, species-specific sensitivities, and interactions with co-occurring stressors such as temperature shifts and chemical pollutants. Addressing these challenges will require targeted mechanistic research, improved monitoring frameworks, stricter regulation of primary nanoplastics, advances in wastewater treatment, and policy actions that explicitly consider the protection of chemical communication pathways essential for freshwater ecosystem stability.
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INTRODUCTION
Freshwater ecosystems represent some of Earth's most vital and productive environments, supporting biodiversity, providing ecosystem services, and sustaining human populations worldwide (Carpenter et al. 1992; Souleymane et al., 2025). These aquatic systems serve as crucial interfaces between terrestrial and marine environments, facilitating biogeochemical cycles that regulate planetary processes from local to global scales (Carpenter et al. 2011). However, the ecological integrity of freshwater systems faces unprecedented challenges from escalating anthropogenic pollution, fundamentally altering their structure and function (Ormerod et al. 2010).
The vulnerability of freshwater ecosystems to human-induced contamination stems from their position as ultimate receptors of terrestrial runoff, atmospheric deposition, and direct discharge of pollutants (Mehrdadi et al. 2007). Unlike marine systems with their vast dilution capacity, freshwater bodies concentrate contaminants, making them particularly susceptible to pollution impacts (Ansari 2014). Contemporary freshwater systems now harbour complex cocktails of emerging contaminants, including pharmaceuticals, personal care products, endocrine disruptors, and increasingly, plastic debris across multiple size scales (Kalloniati et al. 2023). This contamination indirectly threatens water quality by disrupting biogeochemical cycles, transporting pathogens and interacting with emerging contaminants, fundamentally compromising ecosystem resilience and stability (Ma et al. 2014).
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Figure 1: Presence of nanoplastic in freshwater ecosystems.
1.1 Plankton as Foundational Organisms 
Plankton communities form the foundation of freshwater ecosystem structure and function, serving as primary producers, herbivores, and intermediate consumers that channel energy and nutrients throughout aquatic food webs (Longhurst 1985). Phytoplankton, through photosynthetic processes, contribute substantially to global primary production, converting inorganic carbon into organic matter that supports all higher trophic levels. Zooplankton, as primary and secondary consumers, regulate phytoplankton populations while serving as critical food sources for fish, thereby linking microbial and classical food webs (Scheffer et al. 2003).
Beyond their trophic roles, planktonic organisms drive essential ecosystem processes, including nutrient cycling, carbon sequestration, and oxygen production (Duffy and Stachowicz 2006). Their collective activities influence water quality parameters, sediment-water interactions, and the biogeochemical cycling of elements essential for ecosystem functioning (Redden et al. 2009). The diversity and abundance of plankton communities directly reflect ecosystem health, with shifts in community composition serving as early indicators of environmental stress and degradation (Quere et al. 2005). Chemical communication among freshwater organisms mediates many aspects of both predation and interspecific competition, which play key roles in determining community structure and ecosystem functioning(Fisher et al. 2006).
1.2 Centrality of Chemical Communication (Infochemicals) 
Chemical communication through infochemicals represents a fundamental mechanism governing plankton ecology, mediating critical life processes including predator-prey interactions, mate recognition, resource competition, and defensive responses (Van Donk 2007). These chemical signals, including pheromones, kairomones, and allomones, operate across multiple spatial and temporal scales to coordinate individual behaviors and structure community interactions. Infochemicals enable organisms to detect environmental threats, locate suitable mates, identify food sources, and trigger morphological or behavioral defenses in response to predation pressure (Gross 2022).
Infochemicals such as kairomones and synomones facilitate interspecific information transfer, creating complex communication networks that maintain ecological stability (Al-Karkhi 2018). For example, predator-released kairomones can induce defensive responses in prey species, including morphological changes, altered life history traits, and modified swimming behaviors. Similarly, alarm pheromones released by stressed organisms can trigger collective responses in conspecifics, enhancing population-level survival (Lass and Spaak 2003). The precision and specificity of these chemical communication systems have evolved over millions of years, creating finely-tuned networks that are particularly vulnerable to disruption by anthropogenic contaminants (Ianora  et al. 2011).
The infochemical effect represents a new chapter in ecotoxicology, as odorants are potent substances at minor concentrations that play crucial ecological roles. The disruption of these communication systems can cascade through food webs, fundamentally altering community structure and ecosystem processes in ways that may not be immediately apparent but have profound long-term consequences.
Emergence of Nanoplastic Pollution as a 21st-Century Contaminant of Concern
Nanoplastic pollution has emerged as one of the most pressing environmental challenges of the 21st century, representing a novel class of anthropogenic contaminants with unique physicochemical properties and ecological impacts (Chang et al. 2020). Recent research advancements over the past 5 years have focused on understanding the bioavailability and toxicity of nanoplastics to freshwater plankton, revealing their potential to alter aquatic ecosystem function through multiple pathways (Mitrano et al. 2021).
Unlike larger plastic debris, nanoplastics (particles < 1000 nm) exhibit distinctive behaviors in aquatic environments due to their high surface area-to-volume ratios, enhanced reactivity, and ability to cross cellular membranes (Joksimovic et al. 2022). Once in the aquatic environment, nanoplastics accumulate in plankton, nekton, benthos through ingestion and adherence, with multiple toxic results including inhibited growth, reproductive abnormalities, oxidative stress, and immune system dysfunction (Ruan et al. 2024). The formation of nanoplastics occurs through various degradation processes of larger plastic items, with recent evidence showing that planktonic organisms themselves can fragment microplastics into nanoplastic pieces through digestive processes (Al-Thawadi 2020).
The emergence of nanoplastics as environmental contaminants is particularly concerning for freshwater plankton communities due to several factors: (1) their small size facilitates ingestion by organisms across all trophic levels; (2) their high surface reactivity enables adsorption of other contaminants, creating vectors for co-contaminant transport; (3) their persistence in the environment ensures long-term exposure scenarios; and (4) their potential to interfere with fundamental biological processes including chemical communication systems (Slaveykova and Marelja 2023).
The high surface area of nanoplastics may imply that toxic chemicals are retained by nanoplastics, possibly increasing overall hazard through the release of non-polymer nanomaterial additives from small product fragments. This combination of physical and chemical impacts positions nanoplastics as a unique threat to the delicate chemical communication networks that govern plankton community dynamics, potentially disrupting the infochemical pathways that have evolved to maintain ecosystem stability and function (Stábile 2025).
The convergence of these four factors; the critical importance and vulnerability of freshwater ecosystems, the foundational role of plankton in ecosystem function, the centrality of chemical communication to plankton ecology, and the emergence of nanoplastic pollution creates an urgent need to understand how nanoplastics may interfere with chemical communication systems in planktonic communities, with implications that extend far beyond individual organisms to encompass entire ecosystem stability and global biogeochemical cycles. This review aims to synthesize current evidence on how nanoplastics disrupt the infochemical-mediated communication and reproduction of plankton, thereby threatening freshwater ecosystem stability.
2 CONTAMINANTS: ORIGIN, PROPERTIES AND FATE OF NANOPLASTICS
2.1. What are Nanoplastics?
Nanoplastics represent the smallest fraction of plastic debris, defined as plastic particles with at least one dimension smaller than 1000 nanometers (1 µm). These are pieces of plastic debris of mixed shape and chemical composition, which can be present in the air, soil, freshwater bodies, and seas, representing a ubiquitous class of environmental contaminants with unique properties that distinguish them from their larger micro- and macroplastic counterparts  (Khan et al. 2022) (Cai et al. 2021) .
The origins of nanoplastics in environmental systems follow two primary pathways. Secondary nanoplastics form through the progressive degradation of larger plastic debris via mechanical abrasion, photochemical oxidation, and biological degradation processes (Shen et al. 2019). Mechanical abrasion, photochemical oxidation and biological degradation of larger plastic debris result in the formation of microplastics, which can further fragment to nanoscale dimensions. This degradation cascade means that every piece of macroplastic debris has the potential to generate countless nanoplastic particles over time. Primary nanoplastics originate directly from consumer products and industrial processes, including cosmetics, personal care products, synthetic textiles, tire wear particles, and industrial manufacturing processes that intentionally produce or inadvertently release nanoscale plastic materials into the environment (Mattsson et al. 2018).
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Figure 2: Mechanisms of Nanoplastic interference inside cell.
A recent concern is the degradation of plastics from macro- to micro- and even to nanosized particles smaller than 100 nm in size. At the nanoscale, plastics are difficult to detect and can be transported in air, soil, and water compartments, highlighting both the analytical challenges and environmental mobility that characterise this emerging contaminant class (Ivleva 2021).
2.2. Unique Physicochemical Properties
The transition from micro- to nanoscale fundamentally alters the physicochemical behavior of plastic particles, endowing nanoplastics with distinctive properties that enhance their environmental mobility and biological interactions (Ivleva 2021). The most significant characteristic is their exceptionally high surface-area-to-volume ratio, which increases exponentially as particle size decreases. These nanoplastics have a high surface/volume ratio and, consequently, a great tendency to adsorb other substances. This enhanced surface reactivity facilitates interactions with dissolved organic matter, inorganic ions, and other contaminants, fundamentally altering their environmental behavior and toxicological potential (Das et al. 2025).
Enhanced mobility represents another critical property distinguishing nanoplastics from larger plastic debris. Their small size enables transport across biological membranes, cellular barriers, and environmental compartments that remain inaccessible to larger particles. This mobility facilitates bioaccumulation and biomagnification through food webs, with nanoplastics capable of crossing cellular membranes and potentially reaching intracellular compartments where they may interfere with fundamental biological processes (Ding et al. 2025).
The ability to cross biological membranes is perhaps the most concerning property of nanoplastics, as it enables direct interaction with cellular machinery, organelles, and biomolecules. This membrane permeability allows nanoplastics to accumulate in tissues and organs where they may persist for extended periods, potentially interfering with cellular communication, enzyme function, and metabolic processes. Their size makes these pollutants bioavailable for ingestion by a wide variety of freshwater organisms, including bacterivorous ciliate microzooplankton that occupies a central position in aquatic food webs (Du et al. 2023).
2.3. Role as a Vector for Contaminants
Nanoplastics function as highly efficient vectors for the environmental transport of co-pollutants, including heavy metals, persistent organic pollutants (POPs), pharmaceuticals, and pathogens. The adsorption of toxic trace elements by particulate plastics may be facilitated by their high surface area and functionalized surfaces, creating mobile reservoirs of concentrated contaminants that can be transported across environmental compartments and biological barriers (Caruso 2019).
Heavy metal adsorption onto nanoplastic surfaces occurs through multiple mechanisms, including electrostatic interactions, coordination bonding, and hydrophobic interactions. Recent research has demonstrated that particle aggregation and increases in salinity and acidity suppress the adsorption of heavy metals on nanoplastics, with desorption efficiencies varying significantly among metals: Pb²⁺ (31%) < Cu²⁺ (40%) < Cd²⁺ (97%). This differential binding and release behavior suggests that nanoplastics may selectively concentrate certain metals while releasing others under specific environmental conditions. Recent research has shown that plants exposed to nanoplastics more readily take up heavy metals, demonstrating the potential for nanoplastics to enhance contaminant bioavailability (Feng et al. 2022).
POP sorption onto nanoplastic surfaces occurs primarily through hydrophobic interactions, with the extent of adsorption influenced by polymer type, particle size, surface functionalization, and environmental conditions. Microplastics has been reported to act as vectors by sorbing pollutants and contributing to the bioaccumulation of pollutants, particularly in marine ecosystems, organisms, and subsequently food webs. The high surface-area-to-volume ratio of nanoplastics enhances their capacity to concentrate hydrophobic contaminants to levels far exceeding those in the surrounding environment (Wang et al. 2020).
The co-transport of pathogens represents an additional concern, as nanoplastic surfaces can serve as substrates for microbial colonisation, potentially facilitating the transport of pathogenic bacteria, viruses, and other microorganisms across environmental boundaries. This vector capacity transforms nanoplastics from simple physical contaminants into complex delivery systems for multiple pollutant classes, amplifying their ecological and human health impacts(Velzeboer et al. 2014) .
2.4. Environmental Fate: Prevalence and Persistence in Freshwater Systems
The environmental fate of nanoplastics in freshwater systems is governed by complex interactions between particle properties, water chemistry, and biological processes that determine their distribution, persistence, and bioavailability (Liu et al. 2018). Model predictions indicate that across plastic materials and environmental conditions, nanoplastics will either remain mostly dispersed or settle as aggregates with natural colloids, with nanoplastics of different size classes responding dissimilarly to concentration, ionic strength, and organic matter content (Ma et al. 2016).
Prevalence in freshwater systems is increasingly documented through advanced analytical techniques, though quantitative assessments remain challenging due to methodological limitations in nanoplastic detection and characterisation (Lins et al. 2022). Current research emphasises transport, behaviour, fate and subsequent ecological impacts that plastic pollution poses, with current methods of extraction and evaluation of organic-rich samples being explored for both micro and nanoplastics. Evidence suggests widespread distribution across freshwater environments, from pristine mountain lakes to heavily polluted urban waterways, indicating the global extent of nanoplastic contamination (Pastorino et al. 2022).
Persistence in freshwater environments is enhanced by the inherent stability of synthetic polymers and the reduced degradation rates associated with smaller particle sizes. There is now an urgent need to determine how nanoplastics behave in the environment, particularly regarding their aggregation behaviour, which influences their environmental fate and biological interactions. Nanoplastics may persist for decades to centuries in freshwater systems, accumulating in sediments, suspended particulate matter, and biota (Dejean et al. 2011).
Bioaccumulation and trophic transfer represent critical aspects of nanoplastic fate in freshwater ecosystems. Once in the aquatic environment, nanoplastics accumulate in plankton, nekton, and benthos through ingestion and adherence, with multiple toxic results including inhibited growth, reproductive abnormalities, oxidative stress, and immune system dysfunction. The capacity for trophic transfer means that nanoplastic concentrations may increase at higher trophic levels, potentially reaching levels that interfere with essential biological processes, including chemical communication systems (He et al. 2022). 
The combination of widespread prevalence, environmental persistence, and bioaccumulation potential positions nanoplastics as a long-term contaminant of concern in freshwater ecosystems, with the potential to fundamentally alter ecological processes and community dynamics through multiple pathways, including the disruption of chemical communication networks that maintain ecosystem stability and function (Bhatt and Chauhan 2023).
3. LANGUAGE OF PLANKTON: FUNDAMENTALS OF INFOCHEMICAL COMMUNICATION
3.1. The Necessity of Chemical Cues in an Aquatic Environment
The aquatic environment presents unique challenges for organismal communication that have shaped the evolution of sophisticated chemical signaling systems in plankton communities (Olsson et al. 2015). Unlike terrestrial environments, where visual and acoustic signals can propagate effectively across distances, the aquatic medium constrains light transmission and sound propagation, making chemical communication the primary mode of information transfer among planktonic organisms. Chemical cues constitute much of the language of life in the sea, enabling organisms to navigate complex three-dimensional environments where visibility is often limited and physical contact may be dangerous or impossible (Kumar et al. 2021).
The aquatic medium itself facilitates chemical communication through its capacity to dissolve, transport, and preserve molecular signals across spatial and temporal scales. Water's properties as a solvent enable the dispersion of chemical messengers while maintaining their structural integrity and biological activity (Szacilowski 2012). The three-dimensional nature of aquatic habitats allows chemical gradients to form complex spatial patterns that provide directional information, enabling organisms to locate sources of chemical signals through chemotaxis and other directed movement behaviors (Ryzhkov et al. 2021).
For planktonic organisms, chemical communication represents an energy-efficient solution to fundamental ecological challenges including predator detection, prey location, mate finding, and resource competition. The microscopic size of many planktonic organisms limits their sensory capabilities for detecting distant visual or mechanical cues, making chemical sensors among their most sensitive and reliable detection systems. Chemical communication occurs when both originator (signaller) and one or more receiver(s) possess specializations for chemical exchange of information, highlighting the co-evolutionary nature of these communication systems (Schmidt et al. 2019).
The necessity for chemical communication in plankton extends beyond individual survival to encompass population-level coordination, community structure regulation, and ecosystem-wide information networks. These chemical languages enable planktonic communities to respond collectively to environmental changes, coordinate reproductive events, and maintain the complex trophic relationships that sustain aquatic ecosystem function.
3.2. Types and Functions of Infochemicals
Infochemicals, including hormones, pheromones, and allelochemicals, play a central role in mediating information and shaping interactions within and between individuals. The diversity of infochemicals used by planktonic organisms reflects the complexity of their ecological interactions and the precision required for effective communication in aquatic environments.
Pheromones: Intraspecific Signals for Mating, Aggregation, and Reproduction
Pheromones represent the most specialized class of infochemicals, mediating intraspecific communication that coordinates essential life processes within planktonic populations. Pheromones convey intraspecific signals, serving as species-specific messengers that ensure communication fidelity in complex mixed-species communities. In phytoplankton, pheromones regulate sexual reproduction, coordinating gamete release and ensuring successful fertilization in dilute aquatic environments where the probability of random encounter between compatible cells is extremely low (Wertheim et al. 2005).
Zooplankton pheromones mediate complex behavioral responses including aggregation for feeding, migration, and reproduction. These chemical signals enable planktonic organisms to form swarms, coordinate diurnal vertical migrations, and synchronize reproductive cycles with favorable environmental conditions. Pheromonal communication also facilitates density-dependent population regulation, with high pheromone concentrations triggering behavioral or physiological responses that limit population growth under crowding conditions (Snell 2010).
Recent research has revealed that intraspecific chemical communication in microalgae involves complex molecular networks that regulate cell cycle progression, metabolic coordination, and stress responses. These pheromonal systems enable phytoplankton populations to optimize resource utilization and respond adaptively to fluctuating environmental conditions (Folt and Burns 1999).
Kairomones: Interspecific Signals Triggering Defense Mechanisms
A kairomone is a semiochemical released by an organism that mediates interspecific interactions in a way that benefits a different species at the emitter. In planktonic systems, kairomones primarily function as predator-to-prey signals that enable prey organisms to detect and respond to predation threats (Więski and Ślusarczyk 2022). Two types of infochemicals were recognised for their primary importance in predatory-prey interactions: a) kairomones—water-soluble chemicals released unintentionally into the water by a hungry or foraging predator (e.g. skin, urinary or digestive exudates) (Samanta et al. 2011).
Kairomones trigger diverse defensive responses in planktonic prey, including morphological changes, behavioral modifications, and life history adjustments. Exposure to fish kairomones induces morphological defences in zooplankton, such as the development of protective spines, enlarged helmets, or altered body shapes that reduce vulnerability to predation. These induced defences represent phenotypic plasticity that enables prey organisms to optimise their morphology for current predation pressure (Morgalev et al. 2022).
Behavioral responses to kairomones include altered swimming patterns, vertical migration timing, and habitat selection. Many zooplankton species modify their diurnal vertical migration patterns in response to fish kairomones, remaining in deeper, darker waters during daylight hours to reduce predation risk. Kairomones also influence reproductive timing and investment, with prey organisms often accelerating reproduction or producing more offspring when predation pressure is high (Slaveykova and Marelja 2023).
Other Infochemicals: Allelochemicals and Food Signals
Beyond pheromones and kairomones, planktonic organisms employ diverse allelochemicals that mediate competitive interactions and resource acquisition. Epiphytic species apparently are less sensitive towards allelochemicals than phytoplankton despite living closely attached to the plants, illustrating the variable sensitivity of different organism groups to chemical signals. Allelopathic compounds produced by phytoplankton can inhibit the growth of competing species, alter microbial community composition, and influence nutrient cycling processes.
Phytoplankton allelochemical interactions change microbial food web dynamics, demonstrating that these chemical signals can cascade through multiple trophic levels to restructure entire community networks. Some phytoplankton species produce toxins that simultaneously serve as defense mechanisms against grazers and allelopathic agents against competing primary producers.
Food signals represent another important class of infochemicals that enable planktonic organisms to locate and assess the quality of prey items. When zooplankton attack blooms of phytoplankton, dimethyl sulfide (DMS) is commonly released owing to the attack and through excretion by zooplankton and other predators, creating chemical signatures that can attract additional predators and scavengers to feeding aggregations (Hay and Kubanek 2002).
3.3. Ecological Implications
The infochemical communication networks of planktonic communities function as invisible regulatory systems that govern ecosystem structure and dynamics across multiple organizational levels (Ianora et al. 2011). Infochemicals such as kairomones and synomones facilitate interspecific information transfer, creating complex feedback loops that maintain ecological stability and drive adaptive responses to environmental change (Al-Karkhi 2018).
At the population level, infochemical communication regulates demographic processes including birth rates, death rates, and migration patterns. Pheromonal density signals enable populations to track their own abundance and adjust reproductive investment accordingly, while kairomone-mediated predator detection influences mortality rates and habitat use patterns. These chemical feedback mechanisms contribute to population regulation and stability, preventing excessive population growth while maintaining sufficient abundance for ecosystem function (Zoccarato and Grossart 2019).
Community structure emerges from the complex web of infochemical interactions among species occupying different trophic levels and functional groups. Phytoplankton anti-grazer traits control zooplankton grazing and are associated with harmful blooms, illustrating how chemical defenses can alter community composition and energy flow patterns. Allelopathic interactions among phytoplankton species influence competitive outcomes and maintain species diversity, while kairomone-mediated predator-prey relationships structure the relative abundance of different zooplankton taxa (Bagnères and Hossaert-McKey 2016).
Predator-prey interactions represent the most intensively studied aspect of planktonic infochemical communication, with chemical signals mediating both the efficiency of predation and the effectiveness of prey defenses. The first chemical communication network discovered for zooplankton could help explain toxic phytoplankton blooms, suggesting that grazer-induced chemical signals may trigger defensive responses that contribute to harmful algal bloom formation. These cascading effects demonstrate how infochemical communication can amplify localized interactions into ecosystem-wide phenomena (Gross and Garric 2019).
The precision and reliability of infochemical communication systems make them particularly vulnerable to disruption by environmental contaminants that interfere with signal production, transmission, or reception. Any disruption of these invisible languages threatens to destabilize the carefully balanced ecological networks that maintain aquatic ecosystem integrity, highlighting the critical importance of understanding how emerging contaminants like nanoplastics may interfere with these fundamental communication processes.
4. MECHANISMS OF INTERFERENCE: HOW NANOPLASTICS DISRUPT CHEMICAL COMMUNICATION
4.1. Physical Adsorption and Scavenging
The exceptionally high surface-area-to-volume ratio of nanoplastics creates powerful molecular scavenging systems that can effectively remove infochemical molecules from aquatic environments. Studies have shown that nanoplastics, which are smaller in size, have a higher sorption capacity than microplastics due to their higher specific surface area. This enhanced adsorption capacity enables nanoplastics to function as molecular sponges, binding to and sequestering critical chemical signals from the water column (Trotter et al. 2019).
The adsorption mechanisms governing nanoplastic-infochemical interactions involve multiple binding processes, including hydrophobic interactions, electrostatic forces, hydrogen bonding, and van der Waals forces (Trotter et al. 2019). Nanoplastics possess unique characteristics (e.g., high surface area/volume ratio) that enhance the adsorption of organic chemicals onto their surface. The resulting nanoplastic-infochemical complexes effectively remove bioactive molecules from solution, disrupting the chemical gradients that planktonic organisms rely upon for navigation, communication, and survival (Cortés-Arriagada 2021).
This scavenging effect operates continuously in contaminated waters, progressively depleting the ambient concentrations of critical infochemicals. The binding affinity varies among different infochemical classes and nanoplastic surface properties, with carboxylated and functionalized nanoplastics demonstrating particularly strong sorption capabilities for polar and amphiphilic signaling molecules.
4.2. Alteration of Chemical Gradients
Chemical gradients represent the spatial distribution patterns of infochemicals that enable planktonic organisms to navigate their three-dimensional aquatic environment through chemotaxis and directed movement behaviors. Nanoplastic contamination fundamentally alters these gradient structures through several mechanisms: (1) preferential adsorption that creates localized depletion zones around nanoplastic particles, (2) transport of adsorbed infochemicals away from their sources, and (3) differential binding kinetics that distort temporal signal patterns (Yu et al. 2019).
The disruption of chemical gradients impairs the ability of planktonic organisms to locate mates, detect predators, and find optimal habitats. Pheromone trails that normally guide reproductive behaviors become fragmented and misdirected when nanoplastics adsorb signaling molecules and transport them away from their intended targets. Similarly, kairomone gradients that warn of predation threats may be attenuated or displaced, leaving prey organisms unable to assess and respond appropriately to danger (Modak et al. 2023).
The three-dimensional complexity of aquatic environments means that gradient alterations can propagate far from point sources of nanoplastic contamination. Advection and turbulence transport nanoplastic-infochemical complexes across spatial scales, creating widespread disruption of chemical communication networks even in areas with relatively low nanoplastic concentrations.
4.3. Trojan Horse Effect
Pollutants bound to nanoplastics can have a larger effect than they would on their own. The "Trojan horse" mechanism represents one of the most insidious pathways through which nanoplastics disrupt planktonic chemical communication. Nanoplastics serve as vectors that concentrate and deliver multiple classes of toxic contaminants directly into organisms, bypassing natural barriers and defense mechanisms (Alimi et al. 2018).
The co-adsorption of infochemicals alongside toxic substances creates complex chemical cocktails that are internalized together when organisms encounter nanoplastic particles. Heavy metals, persistent organic pollutants, pharmaceuticals, and other bioactive compounds become concentrated on nanoplastic surfaces, where they can interfere with normal infochemical signaling pathways both during transport and after cellular internalization (Yong et al. 2020).
This vectorial transport mechanism is particularly problematic because it delivers toxicants in concentrated doses directly to cellular targets involved in signal production, reception, and processing. The resulting physiological stress compromises an organism's ability to maintain normal infochemical communication functions, creating cascading disruptions throughout chemical communication networks.
4.4. Direct Biological Effects
The internalisation of nanoplastics triggers inflammatory responses, oxidative stress, and energy depletion that directly impair an organism's capacity to produce, detect, and respond to chemical signals. These particles can enter the food chain, accumulating in organisms and causing harm depending on factors such as particle load, exposure dose, and the presence of co-contaminants (Paul et al. 2020).
Nanoplastic internalization disrupts cellular membranes, organelles, and enzyme systems involved in infochemical biosynthesis and reception. The inflammatory cascade triggered by nanoplastic exposure redirects metabolic resources away from essential biological functions toward immune and detoxification responses, reducing the energy available for signal production and sensory processing (Le et al. 2023).
Chronic nanoplastic exposure leads to tissue damage in chemosensory organs, reducing sensitivity to infochemical signals and impairing behavioural responses. Accumulation in reproductive tissues can directly interfere with pheromone production and release, while neurological impacts may compromise the neural processing required for appropriate behavioural responses to chemical cues.
5. CONSEQUENCES FOR PLANKTON REPRODUCTION AND POPULATION DYNAMICS
5.1. Impaired Mate Location
The disruption of pheromone-mediated mate location represents one of the most direct reproductive consequences of nanoplastic interference with chemical communication. Copepods, cladocerans, and other planktonic organisms rely on species-specific pheromone trails to locate compatible mates in the vast dilution of aquatic environments. When nanoplastics adsorb these reproductive pheromones or interfere with their detection, mating efficiency declines dramatically (Miller and Gut 2015).
In copepod populations, males track pheromone trails released by reproductive females, following chemical gradients across considerable distances to locate potential mates. Nanoplastic contamination fragments these trails, creates false gradients, and reduces pheromone concentrations below detection thresholds. The resulting reduction in mating encounters directly impacts reproductive success and population recruitment (Kiørboe 2007).
The species-specificity of reproductive pheromones means that even subtle alterations in signal chemistry or concentration can prevent successful mate recognition. Nanoplastic-mediated changes in pheromone availability or detectability can lead to reproductive isolation between populations, potentially driving local extinctions in heavily contaminated environments.
5.2. Misdirected Defence Strategies
Kairomone detection enables planktonic organisms to assess predation risk and adjust their reproductive strategies accordingly. Many species increase reproductive investment when predation pressure is high, accelerating reproduction to maximise fitness before potential mortality. The findings revealed that OA and NPs have a synergistic negative effect on copepod reproduction across generations (Kieu et al. 2001).
When nanoplastics interfere with kairomone detection, organisms may fail to recognise predation threats and maintain inappropriate reproductive strategies. Daphnia populations exposed to nanoplastic contamination show reduced sensitivity to fish kairomones, failing to implement defensive measures such as altered vertical migration patterns, morphological defences, or accelerated reproduction (Von Elert and Pohnert 2000).
The misdirection of defence strategies creates population-level vulnerabilities, as organisms allocate energy and resources based on inaccurate environmental information. Populations may invest heavily in current reproduction when predation pressure is low, depleting resources needed for survival and future reproduction. Conversely, failure to detect high predation risk may result in inadequate defensive responses and increased mortality rates.
5.3. Energetic Trade-offs
Nanoplastic exposure creates multiple energetic demands that compete with reproductive investment for limited metabolic resources. Polystyrene nanoplastics inhibit reproduction and induce abnormal embryonic development in the freshwater crustacean Daphnia galeata, demonstrating direct energetic impacts on reproductive processes (Cui et al. 2017).
The cellular stress response triggered by nanoplastic internalisation requires substantial energy investment in antioxidant production, inflammatory responses, and detoxification processes. This stress-induced energy expenditure reduces the resources available for gamete production, reproductive behaviors, and parental care. 400 µg/L polylactic acid microplastics induced higher mortality, production of smaller-sized eggs, elongation of the naupliar phase, and offspring with lower fitness (Li et al. 2025).
Chronic nanoplastic exposure creates persistent energetic deficits that compromise reproductive timing, gamete quality, and offspring investment. Organisms may delay reproduction, produce fewer or smaller gametes, or provide reduced parental care, all of which directly impact population recruitment and demographic stability (Zhang et al. 2024).
5.4. Multigenerational Impacts
The transgenerational groups showed reproductive impairments in the F1 and F2 generations (F1T and F2T), even though they were never exposed to NPs. These multigenerational effects demonstrate that nanoplastic impacts extend far beyond direct exposure scenarios, creating lasting changes in population genetics and demographic structure (Skinner 2008).
These transgenerational effects often manifest as reproduction, growth, and development alterations. Epigenetic modifications induced by nanoplastic exposure can be transmitted across generations, perpetuating reproductive impairments in offspring that never directly encountered nanoplastic contamination  (Wang et al. 2016).
The limited number of multigenerational studies available suggest an increasing toxicity trend with subsequent generations, even if there was no impact on the F0 generation. This pattern suggests that nanoplastic impacts may compound over generations, potentially leading to population-level consequences that are not apparent in short-term studies.
6. BROADER ECOLOGICAL IMPLICATIONS AND CASCADING EFFECTS
Trophic Cascade Risks
The disruption of planktonic chemical communication systems initiates cascading effects that propagate throughout aquatic food webs, fundamentally altering ecosystem structure and function. Plankton serve as the foundation of aquatic food webs, and their decline affects primary production, carbon cycling, and all species dependent on planktonic resources (Aransiola et al. 2023).
When nanoplastic interference reduces planktonic reproductive success and population stability, the resulting declines in zooplankton abundance release phytoplankton populations from grazing pressure. This release can trigger eutrophic conditions, harmful algal blooms, and altered nutrient cycling patterns that reshape entire ecosystem dynamics. Fish populations dependent on zooplankton as food sources experience recruitment failures and population declines, propagating effects up to top predators (Holzer et al. 2022).
The loss of chemical communication networks also disrupts the precise predator-prey relationships that maintain ecosystem stability. Without effective kairomone-mediated defenses, prey populations become more vulnerable to predation, potentially driving local extinctions and simplifying community structure.
Loss of Biodiversity
The weakening of foundational planktonic species creates cascading biodiversity losses throughout aquatic ecosystems. Chemical communication networks maintain species diversity by facilitating niche partitioning, competitive coexistence, and complex ecological relationships. When these communication systems fail, ecosystems tend toward simplified structures dominated by a few tolerant species (Murphy et al. 2020).
The species-specific nature of infochemical communication means that nanoplastic interference may disproportionately impact certain taxa while leaving others relatively unaffected. This selective pressure can fundamentally alter community composition, eliminating specialist species while favoring generalists, ultimately reducing ecosystem complexity and resilience (Huisman and Weissing 1999).
The loss of biodiversity creates positive feedback loops that further destabilize ecosystems, as simplified communities are less capable of maintaining the chemical communication networks that support ecological stability.
Silent Chaos
The concept of "silent chaos" describes aquatic ecosystems where chemical information networks have been disrupted, creating environments where organisms can no longer effectively communicate, coordinate, or respond to environmental challenges. In these degraded systems, the invisible language that coordinates ecosystem function is lost, leading to seemingly random population fluctuations, unpredictable community dynamics, and ecosystem collapse (Huisman and Weissing 1999).
This silent chaos is particularly insidious because it may not be immediately apparent through traditional ecological monitoring approaches. Ecosystems may appear structurally intact while suffering from fundamental communication breakdowns that undermine their long-term stability and resilience.
7. KNOWLEDGE GAPS AND FUTURE RESEARCH DIRECTIONS
Need for Longitudinal and Multi-generational Studies
Current understanding of nanoplastic impacts on chemical communication is limited by the predominance of short-term, single-generation studies that may underestimate long-term ecosystem consequences. We emphasize the need for standardized protocols in multigenerational testing to ensure comparability and reproducibility of results across studies.
Long-term studies spanning multiple generations are essential for understanding the full scope of nanoplastic impacts on chemical communication networks. These studies must examine not only direct toxicological effects but also evolutionary adaptations, community-level responses, and ecosystem-wide consequences of communication disruption.
Investigating Species-specific Sensitivities and Community-level Effects
Different planktonic species exhibit varying sensitivities to nanoplastic interference, and understanding these differences is crucial for predicting ecosystem-level impacts. Research must move beyond single-species toxicity testing to examine community-level effects, interspecific interactions, and the cascading consequences of communication disruption.
The development of community-scale experimental systems that can maintain natural species interactions while controlling nanoplastic exposure represents a critical research need. These systems must capture the complexity of chemical communication networks while enabling mechanistic understanding of interference pathways.
Understanding Interactions with Other Environmental Stressors
Nanoplastic contamination occurs within the context of multiple environmental stressors including climate change, eutrophication, acidification, and chemical pollution. The interactive effects of these stressors on chemical communication systems remain poorly understood but may be synergistic, creating impacts far greater than the sum of individual stressor effects.
Research must examine how nanoplastic interference with chemical communication interacts with warming temperatures, altered pH levels, nutrient loading, and other anthropogenic stressors to shape ecosystem responses.
Development of Standardized Methods
The advancement of nanoplastic research is hindered by the lack of standardized methods for particle detection, characterization, and ecotoxicological testing. Detecting and analysing NMPs present unique challenges, particularly as particle size decreases, making them increasingly difficult to identify.
The development of standardized protocols for nanoplastic research must address analytical challenges, experimental design considerations, and data interpretation frameworks that enable meaningful comparisons across studies and ecosystems.
8. CONCLUSION
Nanoplastic pollution represents a fundamental threat to the chemical communication systems that govern aquatic ecosystem structure and function. The distinctive physicochemical properties of nanoplastics enable them to disrupt infochemical signaling via multiple mechanisms. Notably, they can adsorb signaling molecules, thereby diminishing their bioavailability. Nanoplastics also perturb the chemical gradients upon which organisms depend for precise signal perception. Furthermore, they serve as carriers for additional contaminants, which modifies signal profiles and enhances toxicity. Lastly, nanoplastics induce direct physiological effects in organisms, exacerbating impairments in chemical communication. The consequences of this interference extend far beyond individual organisms to encompass population dynamics, community structure, and ecosystem stability. The multigenerational and cascading nature of these impacts suggests that nanoplastic contamination may fundamentally alter aquatic ecosystems in ways that are not immediately apparent but have profound long-term consequences.
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