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ABSTRACT
Climate change is altering the environmental conditions experienced by aquatic organisms through increasing temperature, marine heatwaves, hypoxia, salinity fluctuations, ocean acidification and more frequent extreme events. Although the effects of climate change on growth, survival and disease have received considerable attention, reproductive impairment may occur before substantial mortality and can directly threaten aquaculture seed production. Reproduction depends on the coordinated interaction of environmental cues, neuroendocrine pathways, gonadal function, gametogenesis and energy allocation, making it particularly sensitive to environmental instability. In fish, climate-related changes can affect the brain–pituitary–gonad axis, steroidogenesis, sex differentiation, gametogenesis, gamete quality and spawning. Temperature is especially important because it influences endocrine regulation throughout reproductive development, while hypoxia, salinity changes and ocean acidification can further modify endocrine, metabolic and cellular processes. In shellfish, environmental stress can affect gonadal development, gametogenesis, spawning, fertilization and larval performance through mechanisms that differ from those operating in vertebrate fishes. Multiple climate-related stressors may also act simultaneously, producing additive, synergistic or antagonistic effects. Parental exposure can further influence offspring through maternal provisioning, paternal effects and epigenetic mechanisms. These processes have direct implications for broodstock conditioning, hatchery seed production and the sustainability of aquaculture. This review examines the links between climate-related environmental change, reproductive endocrine regulation and reproductive performance in cultured fish and shellfish, with emphasis on gamete quality, spawning, early development, multiple-stressor interactions and reproductive resilience. Environmental management, broodstock selection, nutrition, acclimation, selective breeding, biomarker-based monitoring and climate-resilient hatchery technologies are considered as potential approaches for sustaining reproductive performance under future environmental conditions.
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1. INTRODUCTION
Aquatic ecosystems are undergoing rapid environmental changes associated with anthropogenic climate change. Rising temperatures and ocean warming are accompanied by changes in precipitation, freshwater discharge, salinity, dissolved oxygen and the frequency of extreme events, while ocean acidification is altering marine carbonate chemistry (Pörtner and Farrell, 2008; Pörtner and Peck, 2010; Poloczanska et al., 2013). Aquaculture systems are consequently exposed to increasingly variable physical and chemical conditions. Because fish and shellfish are ectothermic, many aspects of their physiology are closely influenced by the surrounding environment (Dahlke et al., 2020; Islam et al., 2022).
Climate impacts on aquaculture have traditionally been evaluated in relation to growth, feed utilization, disease, survival and production. Reproduction deserves comparable attention because successful aquaculture depends on the consistent production of viable gametes, successful fertilization, embryonic development and seed production. Reproductive impairment can occur at sublethal levels, before clear effects on adult survival become evident. Reduced fecundity, impaired gamete quality or shifts in spawning timing may therefore compromise hatchery production even when broodstock appear to remain in good condition (Bobe and Labbé, 2010; Pankhurst and Munday, 2011; Vagner et al., 2019).
Temperature is particularly important because reproductive processes are highly temperature-sensitive. In teleosts, altered thermal conditions can influence reproductive development from sex differentiation and puberty through gametogenesis, gamete maturation and spawning. The magnitude and direction of these responses vary among species and may depend on sex, developmental stage, exposure intensity and duration, as well as previous environmental history (Alix et al., 2020; Geffroy and Wedekind, 2020; Lema et al., 2024). Temperature-sensitive endocrine pathways provide an important mechanistic basis for these effects, including alterations in steroidogenesis, aromatase activity and the timing of reproductive events (Shahjahan et al., 2017; Taranger et al., 2015).
The reproductive endocrine system provides an important link between environmental conditions and reproductive function. In teleosts, environmental information is integrated through the brain–pituitary–gonad (BPG) axis, which involves gonadotropin-releasing hormone (GnRH), follicle-stimulating hormone (FSH), luteinizing hormone (LH), gonadal steroids and downstream processes such as gametogenesis, gamete maturation and spawning. Environmental change can influence several components of this regulatory network simultaneously rather than affecting reproduction through a single pathway (Zohar et al., 2010; Servili et al., 2020; Lema et al., 2024).
Shellfish provide a complementary perspective because their reproductive regulation differs fundamentally from that of vertebrate fishes. Bivalves do not possess the vertebrate hypothalamus–pituitary system and instead rely on distinct neuroendocrine, metabolic and environmental regulatory mechanisms. Nevertheless, temperature, food availability, salinity and carbonate chemistry can strongly influence gonadal development, gametogenesis, spawning and early development (Gosling, 2003; Byrne et al., 2020; Padilla-Gamiño and Alma, 2022). Changes in seawater carbonate chemistry can also affect gamete performance and fertilization, although the magnitude and direction of these responses vary among species and experimental conditions (Parker et al., 2018; Han et al., 2021).
Climate-related environmental changes rarely occur in isolation. Warming can increase metabolic oxygen demand while simultaneously reducing oxygen solubility, thereby increasing the risk of oxygen limitation. Changes in salinity can impose additional osmoregulatory demands, while warming and acidification may interact through metabolic and cellular processes (Pörtner and Farrell, 2008; Byrne et al., 2020; Lodhi et al., 2026). Such interactions may be additive, synergistic or antagonistic, depending on the species, life stage and intensity and duration of exposure. Consequently, experiments examining individual stressors may not fully capture the conditions experienced by cultured animals.
Another important consideration is that environmental exposure during parental gametogenesis can extend its effects beyond the exposed generation. Changes in gamete quality, maternal provisioning, paternal contributions and epigenetic regulation may influence offspring development and subsequent performance (Donelson et al., 2012; Labbé et al., 2017; Ryu et al., 2018; Zhao et al., 2020). The extent and persistence of such effects, however, vary among species and environmental contexts.
This review examines the mechanistic links between climate-related environmental change, reproductive regulation and aquaculture performance in cultured fish and shellfish. Particular attention is given to endocrine regulation, gonadal development, gamete quality, spawning, fertilization and early development, as well as interactions among multiple stressors and parental effects. The review also considers practical approaches for maintaining reproductive performance and improving the resilience of broodstock and hatchery production under changing environmental conditions.
2. CLIMATE-RELATED STRESSORS AFFECTING REPRODUCTION
2.1 Temperature and thermal extremes
Temperature is a major environmental regulator of reproduction in aquatic animals. Reproductive processes function within species- and stage-specific thermal ranges, and both sustained warming and short-term thermal extremes can disrupt reproductive timing and performance (Pankhurst and King, 2010; Alix et al., 2020; Islam et al., 2022).
In fishes, temperature can influence sex differentiation, gonadal development, steroidogenesis, gametogenesis, final gamete maturation and spawning. Exposure to temperatures above the optimal range does not necessarily affect all processes in the same way; some developmental processes may be accelerated, whereas others may be impaired. Temperature-sensitive changes in aromatase activity and sex-steroid pathways are particularly important in species in which gonadal differentiation is environmentally responsive (Caruso et al., 2016; Geffroy and Wedekind, 2020).
In sexually mature animals, thermal stress can impair oocyte and sperm quality and modify the timing of ovulation, spermiation and spawning. The magnitude and direction of these effects depend on species, sex, reproductive stage, exposure duration and previous thermal history (King et al., 2003; Lahnsteiner and Leitner, 2013; Alix et al., 2020). Short-duration heatwaves may be especially damaging when they occur during gametogenesis or final maturation. Moreover, fluctuating temperatures can produce responses that differ from those observed under constant exposure because the rate, duration and sequence of thermal changes influence physiological acclimation (Dorts et al., 2012; Hani et al., 2019; Islam et al., 2022). Assessment of reproductive resilience should therefore consider both changes in mean temperature and the increasing occurrence of thermal extremes.
2.2 Hypoxia
Climate change can increase the occurrence and severity of aquatic hypoxia through reduced oxygen solubility at higher temperatures, enhanced water-column stratification and interactions with eutrophication. Hypoxia is particularly relevant to reproduction because gametogenesis, gonadal maintenance and reproductive activity require substantial metabolic investment (Wu, 2009; Koner and Saha, 2022).
In fishes, oxygen limitation can affect reproductive endocrine signalling, steroidogenesis, gonadal development and gamete quality. Prolonged or recurrent hypoxia may subsequently reduce fertilization, hatching and larval performance (Wu et al., 2003; Koner and Saha, 2022). Such effects may occur without immediate mortality, making reproductive endpoints potentially sensitive indicators of sublethal environmental stress.
Hypoxia is also important in aquaculture systems, where high stocking density, organic loading, excessive microbial respiration and inadequate water exchange can intensify oxygen fluctuations. Climate-driven warming can further reduce the margin of safety by increasing metabolic oxygen demand while reducing oxygen availability (Wu et al., 2003; Islam et al., 2022).
2.3 Salinity variability
Changes in precipitation, evaporation, freshwater discharge and the frequency of extreme weather events can produce substantial salinity fluctuations in coastal and estuarine environments. Such fluctuations challenge the ability of aquatic animals to maintain ionic and osmotic homeostasis and may increase the energetic cost of physiological maintenance (Seale et al., 2024; Agarwal et al., 2024).
When salinity moves outside an animal's optimal range, physiological resources may be redirected towards osmoregulation and homeostasis. Reproductive effects may consequently arise indirectly through reduced feeding, altered nutrient assimilation and changes in energy reserves, as well as through direct effects on reproductive tissues and gametes (Seale et al., 2024). The consequences can be greater when salinity stress occurs simultaneously with warming, because elevated temperature can increase metabolic demand while osmotic stress imposes additional regulatory costs (Pörtner and Farrell, 2008; Agarwal et al., 2024).
The response, however, depends strongly on species-specific salinity tolerance and acclimation capacity. Euryhaline species may tolerate substantial fluctuations that would severely affect stenohaline species.
2.4 Ocean acidification
Ocean acidification results primarily from the uptake of anthropogenic carbon dioxide by seawater and causes changes in seawater carbonate chemistry, including reduced pH and altered carbonate-ion availability. These changes can influence reproductive process and early development in marine organisms, particularly during life stages with limited physiological capacity for compensation.
In bivalves and other marine invertebrates, exposure to altered carbonate chemistry has been associated with changes in gametogenesis, sperm performance, fertilization and larval development, although responses vary considerably among taxa and experimental conditions (Padilla-Gamiño and Alma, 2022; Czaja et al., 2023).
Sensitivity depends on species, life stage, exposure duration, food availability and previous environmental history. Some populations can compensate for part of the physiological disturbance, whereas others show reductions in reproductive or developmental performance (Parker et al., 2018; Zhao et al., 2020). Temperature and parental condition can further modify these responses. Ocean acidification should therefore be considered alongside other environmental variables when evaluating reproductive performance and hatchery success in marine shellfish rather than being viewed solely as a problem of shell formation (Tan and Zheng, 2020; Hu et al., 2026).
2.5 Altered hydrology and seasonal cues
Changes in precipitation, freshwater discharge, drought and extreme weather can simultaneously modify salinity, temperature, turbidity, dissolved oxygen and food availability. In many aquatic animals, these environmental variables act as seasonal cues that help coordinate gonadal development and spawning (Pankhurst and Munday, 2011; Karnatak et al., 2018).
Photoperiod is an important reproductive cue in many fishes and is relatively stable from year to year at a given latitude. Climate-driven changes in temperature can nevertheless alter the relationship between photoperiod and other environmental signals. Earlier seasonal warming, for example, may advance reproductive development without a corresponding change in the timing of food production or favourable nursery conditions (Migaud et al., 2010; Wang et al., 2010; McQueen and Marshall, 2017).
Such decoupling can result in phenological mismatch, in which spawning or larval production occurs at a time when food availability or environmental conditions are less favourable. Climate effects on reproduction may therefore arise not only from direct physiological stress but also from disruption of the environmental timing cues that coordinate successive life-history events.
2.6 Multiple stressors
Aquatic animals rarely experience environmental stressors in isolation. In natural waters and aquaculture systems, temperature, dissolved oxygen, salinity, carbonate chemistry, food availability and other variables can change simultaneously. Their combined effects may differ substantially from those predicted from individual stressors considered separately (Byrne et al., 2020; Lodhi et al., 2026).
Interactions among stressors can be additive, synergistic or antagonistic, depending on their intensity, duration, sequence and the biological characteristics of the species. For example, warming may increase metabolic demand while hypoxia limits oxygen availability, whereas simultaneous salinity stress may impose additional costs of osmoregulation. The resulting reproductive response cannot always be predicted from the effect of any single stressor.
Multiple-stressor experiments are therefore essential for understanding reproductive responses under realistic climate scenarios. Experimental designs should consider not only stressor combinations but also their timing, order of exposure and recovery periods (Grazer and Martin, 2012; Islam et al., 2022).
The major climate-related stressors and their principal reproductive consequences in cultured fish and shellfish are summarized in Table 1.
Table 1. Major climate-related stressors and their reproductive consequences in cultured fish and shellfish
	Climate-related stressor
	Principal reproductive effects
	Major mechanisms
	Representative references

	Elevated temperature / heatwaves
	Altered sex differentiation, gametogenesis, gamete quality and spawning
	Endocrine disruption, altered steroidogenesis, oxidative and metabolic stress
	Pankhurst & King, 2010; Dahlke et al., 2020; Seale et al., 2024

	Hypoxia
	Reduced gonadal development, gamete quality, fertilization and larval survival
	Reduced aerobic metabolism, endocrine disruption and cellular stress
	Wu, 2009; Pankhurst & Munday, 2011

	Salinity fluctuation
	Delayed maturation and reduced reproductive investment
	Osmoregulatory costs, altered metabolism and energy allocation
	Kjesbu et al., 2010; Vagner et al., 2019

	Ocean acidification
	Altered gamete function, fertilization and larval performance
	Acid–base disturbance, ion regulation and metabolic stress
	Byrne et al., 2020; Padilla-Gamiño& Alma, 2022

	Altered freshwater discharge
	Changes in spawning cues and reproductive condition
	Changes in salinity, temperature, food availability and oxygen
	Pörtner& Peck, 2010; Poloczanska et al., 2013

	Extreme events
	Acute reproductive impairment and spawning disruption
	Rapid environmental disturbance and physiological stress
	Pörtner& Farrell, 2008; Poloczanska et al., 2013

	Combined stressors
	Variable additive, synergistic or antagonistic reproductive effects
	Interactions among endocrine, metabolic and cellular pathways
	Lodhi et al., 2026


3. ENDOCRINE REGULATION OF REPRODUCTION
3.1 Reproductive regulation in fish
In teleost fishes, reproduction is regulated through coordinated interactions among the brain, pituitary and gonads. Environmental information is integrated by the neuroendocrine system and influences gonadotropin-releasing hormone (GnRH) signalling. GnRH regulates pituitary secretion of follicle-stimulating hormone (FSH) and luteinizing hormone (LH), which act on the gonads to coordinate gametogenesis and steroidogenesis (Zohar et al., 2010; Servili et al., 2020).
FSH generally has important roles during early gonadal development, follicular growth and steroidogenic activity, whereas LH becomes particularly important during final gamete maturation, ovulation and spermiation. The distinction is not absolute, however, and the relative contribution of FSH and LH varies among species and reproductive stages (Schulz et al., 2010). Gonadal steroids, including estradiol, testosterone and 11-ketotestosterone, regulate different aspects of gametogenesis, gonadal development and reproductive behaviour.
Reproductive regulation also interacts closely with the endocrine stress response. Environmental stress can activate the hypothalamic–pituitary–interrenal axis and increase circulating cortisol. Persistent or severe stress may alter reproductive endocrine signalling and increase the physiological costs of maintenance, thereby reducing investment in reproduction. Climate-related reproductive impairment may therefore result from interactions between stress and reproductive pathways rather than from disruption of the reproductive axis alone (Servili et al., 2020; Islam et al., 2022).
3.2 Temperature-sensitive endocrine regulation
Temperature can influence reproductive endocrinology by modifying hormone synthesis, receptor signalling and the activity of steroidogenic enzymes. Aromatase, which converts androgens into estrogens, is particularly important because estrogen production is central to ovarian development and vitellogenesis and, in some fishes, is involved in temperature-sensitive gonadal differentiation (Wang et al., 2007; Caruso et al., 2016; Lema et al., 2024).
Consequently, temperature can influence reproduction during several sensitive periods, including sex differentiation, gonadal development, gametogenesis, final maturation and spawning. Alterations in upstream neuroendocrine signalling involving kisspeptin-, GnRH- and gonadotropin-related pathways have also been reported under temperature-sensitive conditions (Shahjahan et al., 2017). These responses are not universal, however, and depend on species, developmental stage, thermal history and reproductive ecology.
3.3 Reproductive regulation in shellfish
Bivalves do not possess the vertebrate hypothalamic–pituitary–gonadal axis. Their reproductive systems are regulated through interactions among environmental sensing, neuroendocrine signalling, gonadal processes, nutrient availability and metabolic condition. Seasonal temperature, food availability and other environmental variables are important determinants of gametogenesis and spawning (Gosling, 2003; Byrne et al., 2020).
Energy status is particularly important because gametogenesis requires substantial allocation of nutrients and stored reserves. Environmental conditions that reduce food intake or increase the energetic costs of maintenance can therefore influence the amount of energy available for gonadal development and gamete production (Tan and Zheng, 2020; Peruzza et al., 2023). These processes should not be interpreted as equivalent to the vertebrate brain–pituitary–gonad system; the regulatory architecture of bivalve reproduction is fundamentally different.
4. CLIMATE-DRIVEN ENDOCRINE AND REPRODUCTIVE DYSFUNCTION
Climate-related environmental changes can influence reproduction through interconnected endocrine, metabolic and cellular pathways. In fishes, disturbances may begin with altered environmental sensing and stress responses, followed by changes in reproductive endocrine signalling, steroidogenesis and gonadal function. These changes can ultimately affect gametogenesis, gamete quality and spawning. In bivalves, environmental and metabolic disturbances influence gonadal development and gamete production through regulatory mechanisms that do not involve a vertebrate-type pituitary axis.
4.1 Gonadal development and steroidogenesis
Temperature can modify steroidogenic activity and alter the balance of reproductive hormones. In fishes, changes in aromatase activity and gonadal steroid production may influence gonadal differentiation, ovarian development, vitellogenesis and gamete maturation, particularly during thermally sensitive developmental stages (Servili et al., 2020; Lema et al., 2024).
Hypoxia can also interfere with reproductive regulation and steroidogenic processes. Prolonged oxygen limitation has been associated with reduced gonadal development and impaired gamete quality in several fishes, although the magnitude of the response varies with species and exposure conditions (Wu et al., 2003; Koner and Saha, 2022). Experimental studies in salmonids have further shown that elevated temperature can modify gonadal steroid production, vitellogenesis and oocyte quality (King et al., 2003; King et al., 2007).
These effects demonstrate that climate stress may influence reproduction before visible changes in spawning success become apparent, making endocrine and gonadal indicators useful for detecting sublethal reproductive disturbance.
4.2 Gametogenesis and gamete quality
Gametogenesis is a critical point at which environmental stress can become evident. Thermal stress can interfere with both oogenesis and spermatogenesis, while exposure to temperatures outside the optimal range may reduce sperm motility, viability and membrane integrity and impair oocyte competence (Alix et al., 2020; Lahnsteiner and Kletzl, 2012; Lahnsteiner and Leitner, 2013).
Oxidative stress provides one potential mechanism linking several environmental disturbances to reproductive impairment. Thermal extremes and hypoxia can disturb cellular redox balance and increase the production of reactive oxygen species. Excessive oxidative damage may affect lipids, proteins, mitochondrial function and nucleic acids. Sperm can be particularly vulnerable because of their membrane characteristics and limited capacity for repair (Fenkes et al., 2017; Dadras et al., 2017; Merino et al., 2023).
Accordingly, sperm motility, viability and DNA integrity, together with appropriate indicators of oocyte quality, can provide sensitive measures of reproductive condition. Such endpoints may reveal sublethal reproductive effects that are not evident from adult survival alone (Bobe and Labbé, 2010; Valdebenito et al., 2015).
4.3 Energy allocation and reproductive trade-offs
Reproduction requires considerable energetic investment. Under environmental stress, animals may increase expenditure on osmoregulation, acid–base regulation, stress responses, cellular repair and other maintenance processes. When energy intake is insufficient to meet these demands, fewer resources may remain available for gonadal development and gamete production (Pörtner and Farrell, 2008; Seale et al., 2024).
This trade-off is particularly relevant to shellfish, in which reproductive investment is closely associated with food availability and the accumulation of energy reserves. Heatwaves and other environmental disturbances may therefore reduce gametogenic investment even when adult survival is maintained (Peruzza et al., 2023).
4.4 Spawning and reproductive phenology
Climate change can modify the timing of gonadal maturation and spawning. Warming may advance or delay reproductive events depending on species, latitude, thermal history and the relationship between temperature and other environmental cues. Changes in rainfall, salinity, food availability and hydrological conditions may further alter reproductive synchronization (Pankhurst and Munday, 2011; McQueen and Marshall, 2017; Karnatak et al., 2018).
Changes in spawning time become particularly consequential when the availability of food or suitable nursery habitat does not shift at the same rate. Such phenological mismatches can reduce recruitment even when adults remain physiologically capable of reproducing (Cohen et al., 2018).
The principal physiological and endocrine pathways linking climate-related environmental stress to reproductive dysfunction are summarized in Table 2.
Table 2. Principal mechanisms linking climate-related environmental stress with reproductive dysfunction in fish and shellfish
	Stressor
	Endocrine/physiological pathway
	Reproductive outcome
	Representative references

	Temperature
	GnRH–FSH/LH regulation; steroidogenesis; aromatase activity
	Altered gonadal development and spawning
	Pankhurst & King, 2010; Dahlke et al., 2020; Taranger et al., 2015

	Hypoxia
	HIF-related responses; altered steroidogenesis and metabolism
	Reduced gametogenesis and gamete quality
	Wu, 2009; Pankhurst & Munday, 2011

	Salinity stress
	Osmoregulatory and metabolic responses
	Reduced reproductive investment
	Vagner et al., 2019; Kjesbu et al., 2010

	Acidification
	Acid–base regulation and ion homeostasis
	Impaired gamete function and early development
	Byrne et al., 2020; Padilla-Gamiño& Alma, 2022

	Multiple stressors
	Oxidative stress, endocrine disruption and energy reallocation
	Reduced reproductive resilience
	Lodhi et al., 2026; Hu et al., 2026

	Parental stress
	Gamete-mediated effects and epigenetic regulation
	Altered offspring performance
	Donelson et al., 2012; Ryu et al., 2018; Ryu et al., 2020


5. CONSEQUENCES FOR GAMETES, FERTILIZATION AND EARLY DEVELOPMENT
The reproductive effects of climate-related stress extend beyond gonadal development and can become evident during fertilization, embryogenesis and larval development.
5.1 Fertilization
Successful fertilization depends on the functional quality of sperm and oocytes as well as on suitable environmental conditions at the time of gamete interaction. Temperature and salinity can influence sperm motility and gamete function, while the temperature and ionic conditions of the activation medium can directly affect sperm performance during artificial fertilization (Dadras et al., 2017; Merino et al., 2023). Hypoxia may further reduce reproductive performance through effects on gamete quality and reproductive physiology (Wu et al., 2003; Koner and Saha, 2022).
These effects can be particularly important in broadcast-spawning shellfish because eggs and sperm are released directly into the surrounding seawater. Changes in carbonate chemistry may also influence sperm performance and fertilization in some marine invertebrates, although the magnitude and direction of the response differ among taxa and experimental conditions (Padilla-Gamiño and Alma, 2022; Han et al., 2021).
5.2 Embryogenesis and larval performance
Embryos and larvae often have narrower environmental tolerance than adults. Temperature outside the optimal developmental range can alter developmental rates and increase the risk of abnormal development, while hypoxia can interfere with embryonic development and reduce hatching success (Pankhurst and Munday, 2011; Vagner et al., 2019).
Offspring performance can also be influenced by parental environmental history. Thermal or nutritional stress experienced by broodstock may affect the quality and developmental competence of gametes, with consequences for offspring even when subsequent larval conditions are relatively favourable (Lubzens et al., 2017; Thorn et al., 2019).
In shellfish, altered carbonate chemistry can additionally affect larval calcification and energy balance. Consequently, climate-related effects may accumulate across successive developmental stages rather than appearing at a single reproductive endpoint (Parker et al., 2018; Hu et al., 2026).
5.3 Reproductive consequences for aquaculture
For hatchery production, relatively small reductions at successive reproductive stages can combine to produce a substantial decline in final seed output. The reproductive pathway can be represented as:
broodstock condition → gametogenesis → gamete quality → spawning → fertilization → embryonic development → hatching → larval survival → juvenile production
This sequential perspective is important because broodstock may survive environmental stress while showing reduced reproductive output or producing gametes of lower quality. Reproductive resilience should therefore be evaluated separately from survival tolerance, particularly when assessing the vulnerability of hatchery broodstock and seed-production systems to climate change (Bobe and Labbé, 2010; Kjesbu et al., 2010).
6. MULTIPLE-STRESSOR EFFECTS AND REPRODUCTIVE RESILIENCE
Aquatic organisms are commonly exposed to several environmental changes at the same time rather than to a single stressor. Warming can increase metabolic demand and reduce the amount of oxygen available in the water, while changes in salinity impose additional requirements for maintaining ionic and osmotic balance. Altered carbonate chemistry may further affect acid–base regulation and other physiological processes, particularly in marine organisms with limited capacity for compensation (Pörtner and Farrell, 2008; Byrne et al., 2020).
The interaction between temperature and oxygen availability is especially important in aquaculture. As temperature rises, metabolic oxygen demand generally increases, whereas the solubility of oxygen in water decreases. When oxygen supply becomes insufficient to meet this increased demand, physiological performance may decline, potentially affecting gonadal development and reproductive output (Wu, 2009; Koner and Saha, 2022). The severity of the response depends on species, developmental stage, exposure duration and acclimation capacity.
Temperature may also modify responses to ocean acidification through effects on metabolism, acid–base balance and cellular function. Nevertheless, combined stressors do not invariably produce greater effects than individual stressors. Their interactions may be additive, synergistic or antagonistic, depending on stressor intensity, sequence, duration, environmental background and biological characteristics of the species (Miller et al., 2015; Byrne et al., 2020; Lodhi et al., 2026).
For aquaculture, reproductive resilience should therefore be considered as the ability to maintain functional reproduction under realistic environmental variability. Relevant endpoints include gonadal development, gamete quality, spawning success, fertilization, embryonic development and viable offspring production. This broader definition is important because survival of broodstock does not necessarily indicate maintenance of reproductive capacity; animals may survive an environmental disturbance while producing fewer or poorer-quality gametes (Pountney et al., 2020; Peruzza et al., 2023).
7. TRANSGENERATIONAL AND EPIGENETIC RESPONSES
Environmental conditions experienced by parents can influence offspring performance through changes in maternal provisioning, paternal contributions, gamete quality and regulatory processes operating during early development. Such parental effects are particularly relevant to aquaculture because broodstock are repeatedly used for seed production and may experience environmental conditions that differ substantially from those encountered by their offspring (Lubzens et al., 2017; Labbé et al., 2017).
Stress during gametogenesis may alter egg composition, sperm characteristics, DNA integrity and regulatory molecules transmitted through gametes. These changes can influence subsequent embryonic and larval development and may affect traits such as growth, physiological tolerance and stress responsiveness (Donelson et al., 2012; Thorn et al., 2019).
Epigenetic processes, including DNA methylation, histone modifications and changes in non-coding RNAs, provide possible mechanisms through which environmental exposure can influence gene regulation without altering the underlying DNA sequence. Temperature-related epigenetic responses have received particular attention because reproductive development and, in some fishes, sex differentiation are environmentally sensitive processes (Ryu et al., 2018; Ryu et al., 2020).
However, parental effects should not automatically be interpreted as adaptive transgenerational responses. A parental effect may improve offspring performance under environmental conditions similar to those experienced by the parents but provide little benefit, or even impose a disadvantage, when offspring encounter a different environment. It is therefore important to distinguish parental effects from developmental plasticity and, where possible, from genuine transgenerational inheritance and genetic adaptation (Donelson et al., 2016; Donelson et al., 2018; Zhao et al., 2020).
For hatchery management, the environmental history and nutritional condition of broodstock should consequently be considered when evaluating both reproductive output and offspring quality.
8. IMPLICATIONS FOR AQUACULTURE PRODUCTION
Climate-related reproductive impairment can influence aquaculture production at several interconnected stages, beginning with broodstock conditioning and extending through seed production and subsequent juvenile performance.
8.1 Broodstock conditioning
Temperature stress, salinity fluctuations, hypoxia and inadequate nutrition can interfere with gonadal development and prolong the period required to obtain broodstock in suitable reproductive condition. In shellfish, the availability and quality of food are particularly important because gametogenesis depends strongly on the accumulation and mobilisation of energy reserves (Jerez et al., 2012; Peruzza et al., 2023).
Changes in seasonal environmental conditions may also alter the timing of maturation and spawning, making conventional broodstock conditioning schedules less predictable.
8.2 Spawning and seed production
Reduced fecundity, impaired gamete quality and altered spawning behaviour can decrease the number of viable embryos produced by a broodstock population. Subsequent losses during fertilization, hatching and larval development can further reduce the number of juveniles available for stocking (Bobe and Labbé, 2010; Pankhurst and Munday, 2011).
Consequently, climate effects on hatchery production may not be apparent from broodstock survival alone. Even moderate reductions at several successive stages can result in a substantial decline in final seed output.
8.3 Production and economic consequences
Reproductive impairment can increase production costs by extending broodstock conditioning periods, increasing the need for environmental control, requiring additional broodstock replacement and reducing the quantity of marketable seed. Hatcheries and farms with limited capacity for temperature regulation, aeration, water treatment or backup systems may be particularly vulnerable to environmental variability (Islam et al., 2022; Tan and Zheng, 2020).
The economic effect may therefore arise not only from direct mortality but also from reduced reproductive efficiency and greater uncertainty in the timing and quantity of seed production.
8.4 Genetic consequences
Selective breeding for climate resilience offers a potential long-term approach, but reproductive traits should be incorporated into breeding objectives alongside growth, survival and disease resistance. Selection based primarily on survival may overlook individuals that survive environmental stress but show poor reproductive performance.
Potential traits for selection include age or size at maturation, fecundity, gamete quality, fertilization success and offspring performance under relevant environmental conditions. Genomic tools may assist in identifying genetic variation associated with stress tolerance, although maintaining adequate genetic diversity remains essential for long-term breeding success (Donelson et al., 2018).
9. STRATEGIES FOR CLIMATE-RESILIENT REPRODUCTION
No single intervention can protect aquaculture reproduction from the range of environmental changes associated with climate variability. Effective adaptation is more likely to require a combination of environmental management, broodstock nutrition, selective breeding, acclimation and reproductive monitoring.
9.1 Environmental management
Continuous monitoring of temperature, dissolved oxygen, salinity and pH can help identify conditions that approach species-specific reproductive limits. Maintaining suitable conditions during gametogenesis and spawning is preferable to relying exclusively on emergency measures after environmental deterioration has occurred (Islam et al., 2022; Seale et al., 2024).
Depending on the production system, practical measures may include improved water exchange, aeration, shading, temperature regulation, water storage and reliable backup power. In marine shellfish hatcheries, monitoring carbonate chemistry may also become increasingly important as acidification and other changes in seawater chemistry affect sensitive developmental stages (Tan and Zheng, 2020; Hu et al., 2026).
9.2 Broodstock nutrition
Adequate dietary protein, essential fatty acids, vitamins, minerals and other nutrients are necessary for normal gonadal development and gamete production. Appropriate broodstock nutrition can improve reproductive condition and support antioxidant and cellular defence systems, thereby helping animals cope with moderate environmental stress (Lubzens et al., 2017; Islam et al., 2022).
Nutritional interventions should nevertheless be regarded as supportive rather than compensatory. Good nutrition cannot fully offset prolonged exposure to temperatures, oxygen concentrations or salinity levels outside the physiological tolerance of the species.
9.3 Broodstock selection and selective breeding
Individuals that retain reproductive function under elevated temperature, variable salinity or reduced oxygen may be valuable candidates for climate-resilient breeding programmes. Selection criteria should extend beyond survival and include traits such as maturation, fecundity, sperm quality, egg quality, fertilization success and offspring performance.
Genomic approaches may improve the identification of genetic variation associated with environmental tolerance and reproductive traits. However, selection programmes must balance performance gains with the maintenance of sufficient genetic diversity. Evidence for parental and transgenerational effects also highlights the need to distinguish inherited genetic variation from environmentally induced phenotypic responses (Donelson et al., 2016; Donelson et al., 2018).
9.4 Acclimation and reproductive cue management
Gradual acclimation can reduce physiological disturbance caused by abrupt changes in environmental conditions, although its effectiveness depends on the species and the magnitude and duration of the environmental change. In fish hatcheries, controlled temperature and photoperiod can also help maintain predictable reproductive schedules when natural seasonal cues become less reliable (Migaud et al., 2010; Wang et al., 2010).
Hormonal induction of maturation or spawning can be useful in hatchery operations when environmental cues are insufficient or poorly synchronized, but it should be viewed as a management tool rather than a substitute for maintaining suitable broodstock condition. Hormonal manipulation cannot compensate for severely compromised broodstock condition or reverse damage to gametes caused by prolonged environmental stress.
9.5 Biomarkers and early-warning systems
Endocrine indicators, steroidogenic enzymes, cortisol, oxidative-stress markers, reproductive gene expression and measures of sperm and oocyte quality can provide information about physiological changes occurring before major reductions in production become evident (Servili et al., 2020; Merino et al., 2023).
For practical aquaculture applications, however, biomarkers are most useful when their changes can be linked to measurable production outcomes such as fecundity, fertilization, hatching and larval survival. Establishing species-specific thresholds and validating biomarkers under hatchery conditions should therefore be a priority.
The principal management strategies for maintaining reproductive performance under climate variability are summarized in Table 3.
Table 3. Potential strategies for climate-resilient reproduction in cultured fish and shellfish
	Strategy
	Main objective
	Representative references

	Continuous environmental monitoring
	Early detection of reproductive stress
	Taranger et al., 2015; Migaud et al., 2010

	Temperature and oxygen management
	Maintain suitable reproductive thermal and oxygen windows
	Pankhurst & King, 2010; Pankhurst & Munday, 2011

	Salinity and pH management
	Reduce osmotic and acid–base stress
	Vagner et al., 2019; Byrne et al., 2020

	Broodstock nutrition
	Support gonadal development and cellular protection
	Labbé et al., 2017; Bobe & Labbé, 2010

	Broodstock selection
	Maintain reproductive performance under environmental stress
	Geffroy & Wedekind, 2020; Dahlke et al., 2020

	Selective/genomic breeding
	Improve long-term climate resilience
	Migaud et al., 2010; Dahlke et al., 2020

	Controlled acclimation
	Reduce effects of abrupt environmental change
	Donelson et al., 2012; Ryu et al., 2018

	Photothermal management
	Maintain predictable maturation and spawning
	Migaud et al., 2010; Taranger et al., 2015

	Biomarker monitoring
	Detect sublethal reproductive impairment
	Fenkes et al., 2017; Servili et al., 2020

	Climate-smart hatchery infrastructure
	Reduce production losses during extreme events
	Hu et al., 2026; Lodhi et al., 2026



10. RESEARCH GAPS AND FUTURE DIRECTIONS
Several research priorities are important for improving understanding and management of climate-related reproductive stress in aquaculture.
First, greater attention should be given to multiple and fluctuating stressors rather than relying predominantly on constant exposure to individual environmental variables. Experiments incorporating realistic heatwaves, oxygen fluctuations, salinity changes and combinations of stressors would provide a more useful representation of future aquaculture conditions (Grazer and Martin, 2012; Lodhi et al., 2026).
Second, reproductive endpoints should be incorporated more consistently into climate-impact studies. Measurements of gonadal development, gamete quality, spawning, fertilization, embryonic development and larval survival can reveal effects that may not be detected through growth or adult mortality alone (Alix et al., 2020; Pankhurst and Munday, 2011).
Third, mechanistic studies combining reproductive endocrinology with transcriptomics, proteomics, metabolomics and epigenomics could help identify the molecular pathways that determine sensitivity or tolerance to environmental change (Labbé et al., 2017; Ryu et al., 2018; Lema et al., 2024). Such approaches should be complemented by physiological and production-level measurements so that molecular changes can be related to meaningful reproductive outcomes.
Fourth, commercially important tropical and subtropical species require greater representation in climate-reproduction research. Many existing studies have focused on temperate species or laboratory models, whereas reproductive responses of important tropical finfish and bivalve aquaculture species remain comparatively less well characterised (Alix et al., 2020; Padilla-Gamiño and Alma, 2022).
Fifth, long-term and multigenerational experiments are needed to distinguish reversible acclimation and developmental plasticity from persistent parental effects, epigenetic inheritance and genetic adaptation. Carefully controlled breeding designs are essential for making these distinctions (Donelson et al., 2018; Zhao et al., 2020).
Finally, laboratory findings need to be tested under commercial or semi-commercial hatchery conditions. Controlled experiments provide mechanistic information, but production environments involve fluctuating water quality, variable food availability, stocking density and operational constraints that can modify biological responses. Species-specific reproductive thresholds should ultimately be incorporated into climate-risk assessments, hatchery protocols and aquaculture management plans (Islam et al., 2022; Tan and Zheng, 2020).
11. CONCLUSIONS
Climate change can influence reproduction in cultured fish and shellfish through interacting environmental, endocrine, metabolic and cellular pathways. The relative contribution of these mechanisms varies among species, reproductive stages and environmental histories.Temperature is a major determinant of reproductive timing and function in many fishes and can affect gonadal development, steroidogenesis, gametogenesis, gamete quality and spawning. Hypoxia can compromise reproductive physiology when oxygen availability becomes insufficient to meet metabolic requirements, while salinity variability and altered carbonate chemistry can impose additional challenges in species exposed to these conditions.
Importantly, reproductive effects are not restricted to adult gonads. Changes in gamete quality can reduce fertilization success, while altered spawning phenology and environmental conditions during embryonic and larval development can further reduce recruitment and hatchery seed output. Interactions among multiple stressors may amplify, modify or sometimes offset individual effects. In addition, environmental conditions experienced by broodstock can influence offspring through parental provisioning, gamete-mediated effects and epigenetic mechanisms, although the adaptive significance and persistence of these effects remain uncertain (Alix et al., 2020; Donelson et al., 2018; Zhao et al., 2020).
For aquaculture, climate resilience should therefore be defined in terms of the ability to maintain reproductive function and reliable production of viable offspring under environmental variability, rather than survival alone. Effective adaptation will require an integrated approach combining environmental monitoring and management, appropriate broodstock nutrition, selective breeding, acclimation, reproductive cue management and validated early-warning indicators.
Future research should increasingly employ realistic multiple-stressor and fluctuating-exposure experiments, long-term and multigenerational designs, and greater representation of commercially important tropical and subtropical species. Equally important is the validation of experimental findings under practical hatchery conditions. Integrating reproductive endocrinology with environmental physiology, molecular biology, genetics and aquaculture management will be essential for developing reliable strategies to sustain broodstock performance and seed production under a changing climate.
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