


Review Article
AMMONIA TOXICITY IN BIVALVE MOLLUSCS: A REVIEW



ABSTRACT                                      
Ammonia is a major toxicant of concern in aquaculture systems, originating from anthropogenic inputs such as excessive feeding, sewage discharge, agricultural runoff, and industrial effluents. In aquatic environments, ammonia exists as ionized ammonium (NH₄⁺) and un-ionized ammonia (NH₃), with the latter being highly toxic to aquatic organisms. Bivalve molluscs are particularly susceptible to ammonia toxicity due to their filter-feeding behaviour and continuous exposure to ambient water. Elevated ammonia concentrations adversely affect growth, feeding, behaviour, and immune responses in bivalves, leading to oxidative stress, tissue damage, and metabolic dysfunction. Behavioural responses such as prolonged shell opening and reduced foot retraction are commonly observed indicators of physiological stress. In addition, ammonia exposure causes marked alterations in haemocyte counts, serum glucose, total protein levels, and hepatic enzyme activities, including AST, ALT, and ALP, reflecting metabolic and immunological imbalance. This review critically synthesizes current knowledge on ammonia toxicity in bivalve molluscs, highlighting physiological, biochemical, and immunological responses, and underscores the importance of effective ammonia management for sustainable bivalve aquaculture. In the context of increasing environmental fluctuations, advancing our understanding of ammonia-mediated stress responses is crucial for safeguarding bivalve populations and ensuring the resilience of aquatic ecosystems.
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INTRODUCTION
Aquatic pollution has emerged as a critical constraint to the sustainability of global aquaculture, particularly under the rapid expansion of intensive farming practices. Increasing anthropogenic pressures, including agricultural runoff, industrial discharge, domestic sewage, and aquaculture effluents, have resulted in the continuous release of contaminants into aquatic ecosystems, adversely affecting water quality and aquatic biota. Among these pollutants, ammonia is recognised as one of the most ubiquitous and toxic nitrogenous compounds in aquaculture systems (Spencer et al., 2008). The intensification of aquaculture, characterised by elevated stocking densities and the extensive use of protein-rich formulated feeds, has significantly increased nitrogen loading in culture environments. Ammonia accumulation primarily arises from metabolic excretion by cultured organisms, microbial degradation of uneaten feed, and the decomposition of organic wastes (Guo et al., 2016; Dobson et al., 2020). In addition, external inputs such as sewage effluents, agricultural runoff, industrial discharges, and decaying biological matter further contribute to elevated ammonia concentrations in both freshwater and marine systems (Randall & Tsui, 2002).
In aquatic environments, ammonia exists in two forms—unionised ammonia (NH₃) and ionised ammonium (NH₄⁺) which are maintained in a pH-, temperature-, and salinity-dependent equilibrium. Unionised ammonia is considered the most toxic form due to its high permeability across biological membranes and its capacity to readily diffuse through phospholipid bilayers (Miron et al., 2008). Once absorbed, ammonia interferes with cellular metabolism, ion regulation, and acid–base balance, ultimately leading to physiological dysfunction. Exposure to elevated ammonia concentrations has been shown to cause growth retardation, reduced feed intake, haematological alterations, and histopathological damage in aquatic organisms (Serezli, 2011; Lease et al., 2003; Hegazi & Hasanein, 2010). At the molecular level, ammonia stress disrupts antioxidant defence systems, induces oxidative damage, promotes inflammatory responses, and suppresses immune function, thereby increasing susceptibility to disease (Li et al., 2016; Ren et al., 2016).
Bivalve molluscs are particularly susceptible to ammonia toxicity owing to their filter-feeding mode of nutrition, limited mobility, and continuous exposure to surrounding water and sediment. Ammonia-induced physiological and biochemical impairments have been reported in several economically and ecologically important bivalve species, including the scallop Chlamys farreri (Wang et al., 2012), Manila clam Ruditapes philippinarum (Cong et al., 2017), Asian clam Corbicula fluminea (Zhang et al., 2020), triangle sail mussel Hyriopsis cumingii (Zhao et al., 2021), and freshwater pearl mussel Lamellidens marginalis (Chhandaprajnadarsini et al., 2025). Comparable adverse effects have also been documented in other molluscs such as Babylonia areolata (Zhou et al., 2023), indicating a broad vulnerability of molluscan taxa to ammonia stress. Despite increasing experimental evidence, information on the mechanisms and consequences of ammonia toxicity in bivalve molluscs remains fragmented, with limited integration across physiological, biochemical, and immunological endpoints. Given the ecological significance of bivalves and their growing importance in aquaculture and biomonitoring programmes, a consolidated synthesis is warranted. This review critically evaluates current knowledge on ammonia sources, toxicological mechanisms, oxidative stress responses, immune modulation, and species-specific sensitivities in bivalve molluscs, and highlights future research directions relevant to sustainable bivalve aquaculture and environmental management.

Ammonia Uptake mechanism in Bivalves
Ammonia (NH₃/NH₄⁺) is a ubiquitous nitrogenous compound in aquatic ecosystems and represents a major physiological stressor for aquatic organisms. Its accumulation primarily results from the ammonification of nitrogenous organic matter, including uneaten feed, faecal wastes, and microbial decomposition, as well as from anthropogenic sources such as agricultural runoff, sewage effluents, and industrial discharges (Randall & Tsui, 2002; Guo et al., 2016; Spencer et al., 2008). In aquaculture systems, elevated ammonia levels disrupt metabolic processes, impair ammonia excretion, and promote the concurrent accumulation of endogenous ammonia and passive uptake of exogenous ammonia, leading to progressive tissue build-up in bivalves (Zhang et al., 2019a). The toxico-kinetics of ammonia are governed largely by its chemical form. Unionised ammonia (NH₃) is highly lipid-soluble and diffuses readily across biological membranes, whereas ionised ammonium (NH₄⁺) requires transporter-mediated uptake, often substituting for potassium or sodium ions (Ip et al., 2001; Wilkie, 2002). Once internalised, ammonia perturbs intracellular pH, disrupts ion homeostasis, and impairs mitochondrial function, resulting in haemolymph alkalosis, reduced oxygen transport efficiency, and systemic hypoxia (Miron et al., 2008; Sinha et al., 2014). Elevated tissue ammonia ultimately leads to metabolic depression, impaired neuromuscular function, and reduced physiological performance (Li et al., 2016; Chhandaprajnadarsini et al., 2025). Several environmental and physiological factors modulate ammonia uptake and toxicity. Temperature enhances diffusion rates and increases toxic effects at higher values (Zhang et al., 2019a). pH determines ammonia speciation, with elevated pH shifting the balance toward the more toxic NH₃ form (Randall & Tsui, 2002). Salinity influences ion transport mechanisms, thereby modifying NH₄⁺ uptake and internal accumulation (Ip & Chew, 2010). Additionally, life stage and size are critical determinants of susceptibility, with juveniles and smaller individuals being more vulnerable due to higher surface area-to-volume ratios and limited energy reserves (Chhandaprajnadarsini et al., 2025).
Bivalves absorb ammonia through multiple routes. The gills serve as the primary interface due to their multifunctional role in filtration, respiration, feeding, and osmoregulation, coupled with extensive surface area in direct contact with water. Exposure to ammonia induces structural and histopathological alterations in gills, including epithelial lifting, lamellar fusion, haemocyte infiltration, and necrosis, which compromise gas exchange and filtration efficiency (Cossu et al., 2000; Ciacci et al., 2012; Cappello et al., 2013; Nogueira et al., 2013). Secondary uptake occurs via the mantle epithelium and digestive tract, particularly in species that ingest contaminated particulate matter, contributing further to internal ammonia load (Matozzo et al., 2013). At the cellular level, unionised ammonia (NH₃) diffuses passively across biological membranes following concentration gradients, while ammonium ions (NH₄⁺) enter via ion transporters, often substituting for potassium or sodium ions (Ip et al., 2001; Wilkie, 2002). Once inside the cells, ammonia perturbs intracellular pH, disrupts ion homeostasis, and interferes with mitochondrial function (Miron et al., 2008; Sinha et al., 2014). This combination of passive and transporter-mediated uptake allows ammonia to accumulate in tissues even under sublethal exposure conditions. Following uptake, ammonia is transported via the haemolymph and accumulates in various tissues, including the gills, mantle, and digestive gland. Elevated haemolymph ammonia disrupts osmotic balance, acid–base homeostasis, and oxygen transport efficiency, ultimately impairing cellular metabolism and neuromuscular function (Li et al., 2016; Chhandaprajnadarsini et al., 2025). Tissue accumulation is influenced by exposure concentration, duration, and the efficiency of ammonia excretion pathways. Chronic accumulation can lead to metabolic depression and compromised physiological performance. Ammonia toxicity involves interlinked mechanisms at cellular, tissue, and organismal levels. Unionised ammonia enters cells and alters pH and ion homeostasis, while ammonium ions compete with essential electrolytes. This disruption triggers oxidative stress, with reactive oxygen species (ROS) generated in mitochondria causing lipid peroxidation, protein oxidation, and DNA damage. Antioxidant systems, including superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPx), may initially counteract ROS, but chronic or high-level exposure overwhelms these defenses (Almeida et al., 2005; Zhao et al., 2021). Ammonia also suppresses immune function by impairing haemocyte activity, lysosomal stability, and phagocytosis, rendering bivalves more susceptible to opportunistic infections (Matozzo et al.,2013; Cong et al., 2017). Tissue and organ-level effects, particularly in gills and adductor muscles, manifest as reduced valve closure, impaired foot retraction, diminished filtration, and decreased burrowing efficiency, ultimately compromising growth, reproduction, and survival (Zhao et al., 2021; Chhandaprajnadarsini et al., 2025). Furthermore, sediment exposure represents an additional risk, as microbial ammonification of organic matter can generate high porewater ammonia concentrations. Partially buried bivalves are therefore exposed chronically to ammonia in sediments, which may persist longer than in overlying water, exacerbating toxic effects in benthic populations (Burford & Lorenzen, 2004; Zhang et al., 2020).
Despite their sensitivity, bivalves exhibit adaptive strategies that enable survival under ammonia-stressed conditions. These include reductions in respiratory and metabolic rates, enhanced reliance on anaerobic metabolism, and induction of biochemical defence mechanisms, particularly antioxidant enzymes (Livingstone et al., 2001; Almeida et al., 2005). Molluscs are generally considered more tolerant of ammonia than fishes and some crustaceans, possibly due to lower metabolic rates and greater capacity for metabolic depression (Hongxing et al., 2021). Unlike fishes, where ammonia toxicity is closely associated with haemoglobin-mediated oxygen transport impairment (Fernandes et al., 2013), ammonia-induced hypoxia in bivalves is primarily mediated through impaired gill function, reduced ventilation efficiency, and altered haemolymph oxygen dynamics. The ammonia toxicity in the bivalve is illustrated in Fig. 1.
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Fig. 1.  Ammonia toxicity in Bivalves

Although the mechanisms of ammonia toxicity have been extensively investigated in fishes and decapod crustaceans, toxicological data for bivalve molluscs remain comparatively limited. Acute toxicity thresholds, including LC₅₀ values, vary widely among species and are influenced by environmental factors such as temperature, salinity, pH, and life stage. Available LC₅₀ data for selected freshwater and marine bivalves are summarised in Table 1, highlighting both interspecific variability and the need for standardised toxicity assessments. A clearer understanding of ammonia uptake pathways and mechanistic toxicity in bivalves is essential for refining water quality guidelines and developing effective management strategies for bivalve aquaculture systems.
Table 1. Species-specific acute toxicity (LC₅₀) of unionised ammonia (NH4+) in different bivalves
	        Species
	Exposure duration (h)
	LC50 value(mg/L)
	Reference

	Fresh water mussels

	Utterbackia imbecillis, (Say, 1829) (Juveniles)
	96
	0.13-0.77
	Summers (1998)

	Pyganadon grandis, (Say 1829) (Adult)
	96
	0.44-.054
	Scheller (1997)

	Villosa iris (Lea,1829) Glochidea
	24
	0.11-0.28
	Frazier et al. (1996)  
Scheller et al. (1997)

	Glochidea
	96
	0.38-0.62
	Scheller, (1997)

	Juveniles
	96
	0.10-0.11
	Mummert et al. (2003)

	Lampsilis fasciola (Rafinesque,1820)                                                                                            (Juveniles)
	
	0.23-0.28
	Mummert et al. (2003)

	Limnoperna fortune (Dunker ,1857)
	24
	0.58
	Montresor et al. (2013)

	Limnoperna fortune (Dunker ,1857)
	48
	0.35
	Montresor et al. (2013)

	Limnoperna fortune (Dunker ,1857)
	72
	0.29
	Montresor et al. (2013)

	Limnoperna fortune (Dunker ,1857)
	96
	0.25
	Montresor et al. (2013)

	Hyriopsis cumingii (Lea, 1852), 
	96 
	12.86
	Zhao et al. (2021)

	Lamellidens marginalis (Lamarck, 1819)
	96
	4.28
	Chhandaprajnadarsini et al. (2025)

	Marine bivalve
	
	
	

	Mercenaria mercenaria (Linnaeus, 1758)
	96 
	8.3-37
	Epifanio and Srna (1975)

	Crassostrea virginica (Gmelin, 1791
	96 
	3.2-7.2
	Epifanio and Srna (1975)

	Mactra chinensis (Philippi, 1846)
Juvenile surf clam
	96
	4.14
	Dai et al. (2023)

	Mactra chinensis (Philippi, 1846)
Juvenile surf clam
	48
	0.79
	 Dai et al. (2023)

	Mactra chinensis (Philippi, 1846)
Juvenile surf clam
	96 
	0.56
	Dai et al. (2023)

	Crassostrea hongkogensis (Gould, 1861)
	96 
	60  
	Lu et al. (2022)

	Spisula solidisima (Dillwyn, 1817)
Surf clam (Larvae)
	48 h
	0.53
	Ferretti and Calesso (2011)

	S. oleirova
	96 h
	63.29 
	Zhang et al. (2024)

	Sinonovacula constricta Lamarck, 1818) (Razor clam)
	96
	9.69
	Lv et al. (2022)

	Potamocorbula ustulata  
	96
	222 
	He et al. (2025)

	 Fresh water clam
	
	
	

	Fingernail clam
(Musculium transversum) (Say, 1829)
	48 
	0.77
	Arthur et al. (1987)

	Fingernail clam
(Musculium transversum) (Say, 1829)
	96
	1.29
	Arthur et al. (1987)

	Sphaerium novaeezelandia (Deshayes, 1854)
	96
	0.49
	Hickey & Martin (1999)

	Corbicula fluminea (Müller, 1774) (Asian clam) juvenile
	96 
	0.71-0.88
	Scheller et al. (1997)


	Corbicula fluminea (Müller, 1774) (Asian clam) Adult
	96
	0.09-0.28
	Scheller et al. (1997)




TOXICOLOGICAL EFFECTS OF AMMONIA EXPOSURE ON BIVALVES
Behavioural changes
Behavioural responses of aquatic organisms are increasingly recognised as sensitive and early-warning indicators of environmental stress caused by toxicants and deteriorating culture conditions. Behaviour integrates physiological, neurological, and metabolic processes, enabling aquatic animals to respond rapidly to changes in water chemistry, competition, predation pressure, and contaminant exposure (Suski et al., 2023). Consequently, deviations from normal behavioural patterns often precede overt physiological damage and mortality. In fishes and crustaceans, exposure to environmental stressors such as elevated ammonia concentrations commonly induce behavioural and physiological disturbances, including avoidance responses, excessive mucus secretion, reduced swimming and feeding activity, surfacing behaviour, and loss of equilibrium (Wicks et al., 2002; Yue et al., 2010; Normant-Saremba et al., 2015). These behavioural impairments are frequently associated with neurotoxicity, respiratory distress, and disruption of energy metabolism.
In bivalves, ammonia exposure primarily alters movement-related and shell-associated behaviours, reflecting impaired neuromuscular coordination and energy availability. Ammonia has been shown to significantly affect foot activity, valve movement, and overall responsiveness, thereby reducing locomotion, burrowing efficiency, and filtration performance. However, the magnitude and nature of behavioural responses vary with toxicant type, exposure duration, and concentration. For instance, Alhassan et al. (2024) reported the highest percentage of shell opening in mussels exposed to elevated pesticide concentrations, indicating stress-induced valve dysregulation. Similarly, Chhandaprajnadarsini et al. (2025) demonstrated that increasing exposure duration and concentration led to a marked decline in foot retraction speed and the ability to rapidly close shell valves upon mechanical stimulation in L. marginalis. Prolonged exposure resulted in extended foot posture, persistent valve opening, leakage of body fluids, and a progressive reduction in total biomass. Consistent with these observations, Zhao et al. (2021) reported that extended ammonia exposure caused paralysis of the adductor muscle in Hyriopsis cumingii, accompanied by reduced foot retraction speed, sustained valve opening, extrusion of the foot, and loss of body fluids. Collectively, these behavioural impairments highlight the pronounced neuro-muscular and metabolic toxicity of ammonia in bivalves and underscore the utility of behavioural endpoints as sensitive biomarkers for assessing sub-lethal ammonia stress in aquaculture and natural ecosystems.
Serum biochemical parameters 
Serum biochemical parameters are widely used as sensitive biomarkers for evaluating the physiological and health status of aquatic organisms. In molluscs, haemolymph is functionally analogous to vertebrate blood and plays a central role in physiological regulation, maintenance of homeostasis, and immune defence. Under stable environmental conditions, haemolymph biochemical indices remain relatively constant; however, pronounced fluctuations occur under stress, reflecting physiological compensation and metabolic disturbance (Oliver et al., 1999; Kumeiko et al., 2018). Comparative assessment of haemolymph biochemical profiles under normal and stress conditions therefore provides valuable insight into individual and population-level health and enables evaluation of environmental impacts, including ammonia exposure.
Total glucose
Haemolymph glucose is a well-established indicator of environmental stress in aquatic organisms (Silbergeld, 1974). Glucose, derived primarily from glycogen mobilization through gluconeogenesis, represents the principal energy substrate supporting ATP-dependent physiological processes in molluscs (Zwaan & Zandee, 1972). Stress-induced hyperglycaemia is commonly observed as stored glycogen is rapidly mobilised to meet elevated energy demands associated with ion regulation, detoxification, and tissue repair. Alterations in glucose levels have been reported in response to a wide range of stressors, including air exposure, pollutants, aggressive interactions, and changes in salinity or temperature across diverse aquatic taxa (Webster, 1996; Reddy et al., 1996; Chang et al., 1998; Aquiloni et al., 2012). In bivalves, glucose has been extensively used as a stress biomarker (Wells et al., 1998; Martínez-Pita et al., 2012). Acute ammonia exposure has been shown to induce glycogen depletion and transient elevations in haemolymph glucose to sustain energy-intensive physiological adjustments (Beggel et al., 2017). Consistent with this, depletion of glycogen reserves in metabolically active tissues has been reported in Lamellidens marginalis exposed to ammonium compounds, reflecting increased energetic demand and metabolic stress (Chetty & Indira, 1995; Phadnis et al., 2013).
Total blood protein
Total haemolymph protein concentration is an important indicator of metabolic and immunological status in bivalves. Stress- or pathogen-induced haemocyte activation can stimulate the release of immune-related proteins into the haemolymph, resulting in elevated protein levels (Auffret et al., 2006; Ordas et al., 2007; Schleder et al., 2008). An increase in serum total protein has been reported in L. marginalis following ammonia exposure, indicating enhanced energy demand and activation of defence mechanisms during prolonged stress (Chhandaprajnadarsini et al., 2025).
Enzymatic biomarkers (ALP, AST, ALT)
Enzymatic biomarkers such as alkaline phosphatase (ALP), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) are widely employed to assess tissue integrity and metabolic disturbance in aquatic organisms. AST and ALT are key enzymes involved in amino acid metabolism and are considered sensitive indicators of hepatopancreatic damage, with elevated serum levels reflecting cellular leakage following tissue injury (Amacher, 1998; Firat et al., 2011). ALP plays a crucial role in environmental adaptation and metabolic regulation (Chhandaprajnadarsini et al., 2025). Under ammonia exposure, ALP activity often exhibits a biphasic response, characterised by initial inhibition followed by induction and subsequent decline, suggesting adaptive enzyme modulation followed by metabolic exhaustion. Similar ALP response patterns have been documented in freshwater mussels, including Hyriopsis cumingii (Zhao et al., 2021). Significant elevations in serum AST and ALT activities following ammonia exposure further indicate hepatopancreatic damage and metabolic dysfunction in bivalves, as reported in L. marginalis and H. cumingii (Zhao et al., 2021; Chhandaprajnadarsini et al., 2025).
Haemocyte changes
Bivalves possess an open circulatory system in which haemolymph serves as the primary transport medium, bathing internal organs and returning to the heart through sinuses and the gills, thereby facilitating nutrient distribution and gas exchange (Song et al., 2010; Saurabh et al., 2022). Within this system, circulating haemocytes represent the principal cellular component of innate immunity and play a central role in maintaining organismal homeostasis. Owing to their rapid responsiveness to environmental stressors, haemocytes are widely regarded as sensitive and integrative biomarkers of immunological health in bivalves. Haemocytes are actively involved in pathogen recognition and elimination through phagocytosis, encapsulation, cytotoxic reactions, tissue repair, and nutrient transport (Cheng, 1981; Lu et al., 2021). Molluscan haemocytes are generally classified into agranular hyalinocytes and granular granulocytes, both of which contribute to immune defence. These cells mediate respiratory burst activity, producing reactive oxygen intermediates such as superoxide anion (O₂⁻), hydrogen peroxide (H₂O₂), singlet oxygen (¹O₂), and hydroxyl radicals (·OH), and also participate in melanin synthesis via activation of the prophenoloxidase system. While these mechanisms are essential for pathogen clearance, they are energetically demanding and highly susceptible to disruption under toxic stress.
Environmental stressors, including ammonia, profoundly influence haemocyte abundance, viability, and functional competence, often resulting in immunosuppression. Accordingly, immunological parameters such as total haemocyte count (THC), phagocytic activity, respiratory burst intensity, and phenoloxidase activity are widely used as biomarkers to assess stress and health status in mussels and other shellfish, with direct implications for aquaculture productivity (Hinzmann et al., 2013; Sui et al., 2016). Invertebrate immune responses are particularly sensitive to physicochemical stressors such as temperature, salinity, pH, ammonia, and chemical contaminants (Jiang et al., 2004). Among these indices, THC provides a fundamental measure of overall immune capacity in molluscs (Wu et al., 2016; Huang et al., 2018). Ammonia exposure has consistently been shown to impair haemocyte-mediated immunity by reducing THC and phagocytic efficiency. Lu et al. (2022) reported a rapid decline in haemocyte abundance and phagocytic activity within 24 h of ammonia exposure in oysters, attributed to ammonia accumulation in haemolymph and subsequent membrane damage. In addition, Cong et al. (2019) observed increased apoptosis in gill cells of Ruditapes philippinarum under ammonia nitrogen stress, further indicating immune system destabilisation. Collectively, these findings demonstrate that ammonia-induced haemocyte dysfunction represents a critical pathway of immunotoxicity in bivalves and underscores the value of haemocyte-based biomarkers for evaluating sub-lethal ammonia stress in aquatic environments.
Oxidative stress
Elevated ammonia concentrations in aquatic systems stimulate excessive production of reactive oxygen species (ROS), disrupting redox homeostasis and inducing oxidative stress in aquatic organisms (Sies et al., 1991; Jiang et al., 2019). Increased tissue uptake of ammonia further exacerbates oxidative damage by impairing cellular metabolism. To mitigate ROS toxicity, aquatic animals rely on enzymatic antioxidant defences, primarily superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX), which collectively scavenge free radicals and limit oxidative injury (Pan & Zhang, 2006; Liang et al., 2016; Zhang et al., 2020). SOD constitutes the first line of defence by converting superoxide radicals into hydrogen peroxide, which is subsequently detoxified into water and oxygen by CAT and GPX (Halliwell, 1994; Ighodaro & Akinloye, 2018).When ammonia concentrations exceed physiological thresholds, antioxidant capacity becomes compromised, resulting in significant alterations in enzyme activity that serve as reliable biomarkers of oxidative stress (Hegazi et al., 2010; Kim et al., 2017). In bivalves, the hepatopancreas—central to metabolism and ammonia detoxification—is particularly sensitive to oxidative injury (Zhang et al., 2019). Elevated total ammonia nitrogen (TAN) significantly modulates SOD and CAT activities in clam hepatopancreatic tissue, indicating ROS-mediated disruption of antioxidant defences (Hongxing et al., 2021). Similar enzyme alterations have been reported in Corbicula fluminea under ammonia exposure (Zhang et al., 2020).
Tissue- and time-dependent antioxidant responses have been documented in bivalves. In Hyriopsis cumingii, SOD activity peaked earlier and more strongly in the hepatopancreas than in gills, while GPX responded faster than CAT, reflecting differential detoxification kinetics (Zhao et al., 2021). Comparable concentration-dependent declines in SOD and CAT were observed in Babylonia areolata (Zhou et al., 2023), whereas Lamellidens marginalis exhibited an initial up-regulation followed by down-regulation of antioxidant enzymes with increasing ammonia stress (Chhandaprajnadarsini et al., 2025). Acute exposure studies in Sinonovacula constricta further demonstrate that antioxidant responses are strongly influenced by both ammonia concentration and exposure duration (Guo et al., 2024).Excessive ROS production beyond antioxidant capacity leads to lipid peroxidation, protein oxidation, membrane damage, and mortality. Malondialdehyde (MDA), a key lipid peroxidation product, increases significantly in gill and hepatopancreas tissues of ammonia-exposed bivalves and serves as a sensitive biomarker of oxidative damage (Jiang et al., 2019; Zhao et al., 2021).
Histopathological alterations
Histological evaluation is a widely adopted approach for diagnosing sub-lethal stress and pollutant-induced toxicity in aquatic organisms. Tissue-level responses offer valuable information on cellular disorganisation, degenerative changes, inflammatory processes, and impairment of organ function, making histopathology a reliable biomarker of environmental contamination (Sprague, 1971; Hossain et al., 2022; Zhang et al., 2023). In bivalves, organs that mediate direct exchange with the external environment and those responsible for detoxification are particularly sensitive to chemical stressors.The gills represent one of the most functionally complex organs in bivalves, participating not only in respiration and ionic balance but also in detoxification and immune-related processes (Capello et al., 2018). Continuous exposure to surrounding water renders the gill epithelium highly vulnerable to dissolved pollutants such as ammonia (Oliva et al., 2009). Under normal conditions, gill filaments are lined with abundant cilia that ensure effective capture and transport of suspended particles, while lateral epithelial cells maintain water flow essential for feeding and oxygen uptake (Bayne, 2017). Structural modulation of the gill, achieved through longitudinal muscle contraction, further optimises filtration efficiency by regulating inter-filament spacing (Gainey, 2010).
Elevated ammonia concentrations disrupt this coordinated microstructural organisation. Degeneration of epithelial layers, loss of ciliation, and deterioration of longitudinal muscle fibres collectively compromise gill function. In Hyriopsis cumingii, exposure to sub-lethal ammonia levels resulted in extensive pathological alterations in both gill and hepatopancreas tissues, including epithelial breakdown, expansion of interlamellar spaces, ciliary shedding, nuclear condensation, reduced luminal volume, degeneration of digestive cells, and accumulation of lipofuscin granules (Zhao et al., 2021). These lesions are consistent with impaired respiratory performance, reduced filtration activity, and altered metabolic function. Comparable damage to gill filament muscle fibres was reported in Ruditapes philippinarum, providing histological support for observed reductions in clearance and respiration rates following ammonia exposure (Cong et al., 2017). The hepatopancreas, which serves as the primary site for digestion, metabolism, and detoxification in molluscs, is likewise a major target of ammonia toxicity (Zhang et al., 2019b). Structural disruption of hepatopancreatic tubules and degeneration of digestive cells indicate an overwhelmed detoxification capacity under excessive ammonia load. Taken together, these findings demonstrate that ammonia induces severe tissue-level injury in bivalves and confirm the applicability of gill and hepatopancreas histopathology as effective indicators of sub-lethal ammonia stress in aquatic environments.
Conclusion
This review consolidates evidence demonstrating that ammonia exposure induces pervasive and interlinked physiological disturbances in bivalves, encompassing behavioural dysfunction, oxidative stress, histopathological degeneration, immune suppression, and marked biochemical imbalance. The gills and hepatopancreas are consistently identified as the principal target organs, where sustained ammonia stress leads to severe structural disruption and loss of functional integrity, ultimately impairing respiration, filtration, metabolism, and detoxification processes. Concomitant alterations in antioxidant defence systems, haemocyte profiles, and serum biochemical parameters further reflect systemic metabolic stress and weakened immune capacity.
Comparative analysis of LC₅₀ values across diverse bivalve taxa reveals pronounced interspecific variability in ammonia tolerance, highlighting the influence of habitat, physiological plasticity, and species-specific detoxification mechanisms. Such variability underscores the limitation of generalized toxicity thresholds and the necessity for species- and environment-specific risk assessments. In conclusion, ammonia toxicity represents a critical yet often underestimated threat to bivalve health and the long-term sustainability of aquaculture and natural populations. Mitigation strategies must prioritise continuous ammonia monitoring, improved waste and effluent management, optimized feeding regimes, and strict regulation of water quality parameters. Future research should focus on elucidating molecular and epigenetic mechanisms underlying ammonia detoxification and tolerance, developing sensitive early-warning biomarkers for sub-lethal exposure, and integrating multi-level biomarkers into predictive frameworks for environmental monitoring and sustainable bivalve aquaculture.
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