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ABSTRACT

Aquaculture, although experiencing substantial expansion in recent times for
fulfilling the global food demand of enlarging population, is facing mounting
challenges because of changing climate. Elevating temperatures, acidification in
ocean, increased salinity and unpredictable weather patterns threaten the
sustainability of aquaculture operations impacting water quality, fish health and
aquaculture settings. For instance, due to elevation in water temperature, it generates
stressed conditions for fish and directs them towards diseases. Elevated sea levels,
extreme weather events and altered precipitation levels can also create vulnerable
environment for aquaculture facilities particularly near the coasts and low-lying
regions. Thus, it is important to point out the climate-related problems in
aquaculture so that its growth can be sustained and can be able to supply food and
nutrition in non-stop way. This means finding ways of acclimatizing the aquaculture
practices to changing circumstances, such as selecting species that are more
resilient to warmer waters or designing aquaculture systems that can withstand
climate related challenges like elevated sea levels. Thus, climate change is not just a
puzzle for aquaculture; it is a pressing issue that requires attention and innovative
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approaches to maintain consistent food availability amid global change.

Keywords : Aquaculture, Fisheries, Climate change, Food security, Sustainability

QUACULTURE and fisheries perform an important

haracter in upholding nutrition and food
availability and helps in poverty elimination and
ultimately strengthen the economies of nations
(Hodar et al., 2021). Over the last three decades,
the aquaculture industry has gained remarkable
progress and is expected to continue increasing and
expanding, from its current share of 46 to 53 per cent
by 2030 (FAO, 2020). This expansion is crucial due
to the need of providing food amid projections that
place the global population at close to 10 billion by
2050 (UNESCO, 2020). Nevertheless, climate change
poses a significant threat to the stability and expansion
of aquaculture production (Barange ef al., 2018 and
Dabbadie et al., 2018). Climate change is now widely
acknowledged as a major threat to sustainable

agricultural systems, with serious implications for
global food security-one of the central targets set
forth by the UN’s (United Nations) Sustainable
Development Goals for 2030 (Hamdan et al., 2015;
Kandu, 2017; Barange et al., 2018; Rajesh et al.,
2024 and Nandini & Venkataramana, 2024). The
consequences of changing climate on aquaculture
productions could be extreme, including reduced
productivity, decreased food supplies, malnutrition,
unemployment, income loss and broader negative
effects on national economies (Vannuccini et al.,
2018).

Changes in climate affect aquaculture and fisheries
production across the globe, because climate plays
an important part in determining fish populations and
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fish distribution (Lehodey et al., 2006). Changes in
climatic conditions, including alterations in oceanic
circulation patterns, elevated ocean temperatures,
shifts in precipitation regimes and more frequent
extreme climatic events - can disrupt species
distribution and in turn, impact the productivity
of fish populations (Fleming et al., 2014; Blanchard
etal.,2017 and Troell et al., 2017). These disruptions
often lead to reduced availability or accessibility
of key habitats, adversely affecting fish stock
yields (Perry et al., 2005; Nilsson et al., 2009 and
Pankhurst & Munday, 2011). In some cases, these
climatic changes can render previously suitable
environments uninhabitable, potentially causing
population declines or even local or global extinctions
(Roessig et al., 2004 and Ganachaud et al., 2011).

This review article explores the impact of climate
change on aquaculture production by examining the
complex interactions between shifting climate
variables and threats to sustainable aquaculture.
In doing so, it emphasizes the urgent need for
developing and implementing adaptation and

mitigation strategies to protect aquatic ecosystems,
support global food security and sustain the
livelihoods of communities that depend on these
vital resources.

Overview of and Reasons Behind Climate Changes

The Industrial Revolution, after its emergence at the
18 century, has fuelled global economic growth but
unfortunately, it has also a significant negative effect
in accelerating climate change and global warming
(Kandu, 2017). While the words ‘global warming’ and
‘climate change’ are usually applied interchangeably,
it must be keep to consider that global warming is
just one aspect of the broader issue of climate change
(El-Sayed and Kamel, 2020). The forthcoming
outcomes of these phenomena are horrific for earth
and its inhabitants and have generated enough
concerns (Chatterjee and Sanyal, 2023).

Climate change, a interlinked complicated
phenomena, is mainly triggered due to myriad of
factors, including both natural phenomenas and
anthropogenic activities (EPA, 2014) (Fig. 1). While
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Fig. 1 : Climate change influences and consequences
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natural calamities like solar activity, volcanic
eruptions can be reason for alterations in the Earth’s
climate, the fingerprints of man-made contributions
to global warming are mostly worrying (Tett et al.,
2002; Stott, 2003 and El-Sayed & Kamel, 2020). The
constant dependency of mankind on fossil fuels
for their daily activities has led to the release of
copious concentrations of CO and other atmospheric
heat-retaining compounds into the atmosphere,
creating an enlarging crisis of air pollution (EPA, 2014
and IPCC, 2019). This energy imbalance and
man-made pollution has triggered the accumulation
of heat, resulting in the warming of the planet
(Chatterjee and Sanyal, 2023).

The future scenarios of the warmer planet are
far-reaching and beyond imagination that include
either intensified or reduced rainfall, more powerful
storms and cyclones, along with notable impacts on
uprising sea temperatures and air quality (IPCC,
2019). Moreover, the scary prediction by the
Intergovernmental Panel on Climate Change (IPCC)
on elevation of worldwide temperature by 1.5°C
during current century cannot be negligible, with ever-
lasting hazards for the planet (IPCC, 2018). Due to
predicted rise in global temperature, one significantly
rising concern is the upliftment of sea levels, which
is going to happen due to the loss of terrestrial ice
and the heat-driven expansion of seawater (Hansen
et al., 2016). These situation is projected to bring
in arising seas expected between 9 and 88 centimeters
between 1990 and 2100 (Gregory et al., 2001 and
Hansen et al., 2016).

Deforestation, often induced by agricultural
expansion, urbanization and industrialization, plays
another major part to the elevation in atmospheric
carbon dioxide levels (FAO, 2011). Apart from carbon
emissions, deforestation is the reason behind changes
in global and regional climate patterns, such as
lengthen droughts (Strasser et al., 2014). These
environmental alterations trigger a chain of impacts
across ecosystems, wildlife and plant species,
(El-Sayed and Kamel, 2020).

Climate Change and its Implications for Fisheries
and Aquaculture

The multidimensional aspects of climate variability
and its effects on aquaculture such as changes in
oceanic conditions, altered precipitation levels, rising
temperatures all has straightforward effects on the
physiology and behaviour and ultimately survival of
fish (Handisyde et al., 2006). For instance, when
temperature fluctuates, it can disorganize normal
growth patterns, affecting the overall development of
fish. Thus reproductive functionalities may also be
hampered as a result, altering in spawning behaviours
and reduced breeding success. Furthermore, the
distribution patterns of many fish species are changing
in response to changing thermal conditions in oceanic
regions, resulting altered geographical ranges over
which they are traditionally found (Handisyde et al.,
2006). Beyond these direct consequences, climate
change has far-reaching and indirect consequences
affecting the productivity, integrity and biodiversity
of ecosystems that supply food and habitat essential
for sustaining fish populations. For instance,
variations in thermal conditions and ocean chemistry
may affect the population levels and spatial patterns
of plankton, which ultimately disastrous for the food
resources availability for many fish species. In
Addition, disruptions in the physical structure of
marine habitats because of climate-induced incident
like Rising sea levels and increased ocean acidity may
reduce the accessibility of appropriate habitats and
spawning sites for these species. These complicated
scenarios can spread through the food web, ultimately
downgrading the abundance and health of
commercially important fish stocks (Handisyde et al.,
20006) (Fig. 2).

Influence of Climate-Related Thermal Fluctuations
on Aquatic Environments and Aquaculture : Fish,
being ectothermic creatures, are reasonably vulnerable
to temperature variations generated by changed
climate, notably in tropical and subtropical regions
(Sae-Lim et al., 2017 and Adhikari et al., 2018).
Lengthened periods of temperature has direct impacts
on physiology, growth pattern, metabolism, feeding
behaviour of mature individuals as well as their larvae
and juveniles (Table 1).
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Sea level rise threatens

Temperature Effects

Rising temperatures disrupt
fish growth, reproduction,

Altered precipitation affects

aquaculture through
flooding and drought.

Sea Level Rise

coastal aquaculture
sustainability.

and survival.

Extreme Weather
Events
Extreme weather damages

aquaculture infrastructure
and livelihoods.

Ocean Acidification

Ocean acidification harms
shell-forming organisms in
aquaculture.

Fig. 2 : Climate change’s multifaceted impact on aquaculture

TasBLE 1

Temperature impacts across biological systems of aquaculture organisms in aquaculture

Biological process

Temperature-Linked effects

Examples / Studies

Aerobic Capacity

Reproduction

Growth &
Development

Maturation

Phenology and
Range Shift

Feed Conversion

Nutrient
Digestibility

Increased temperature raises oxygen demand
while reducing oxygen solubility, potentially
leading to hypoxia.

Disrupted steroidogenesis, decreased
fecundity, skewed sex ratios and altered
timing.

May be enhanced within optimal ranges but
impaired outside of them; potential for
compensatory growth.

Can be accelerated or delayed; early
maturation may be economically
disadvantageous in salmonids.

Earlier seasonal events, poleward species
shifts (100 km/decade) and altered bloom
timing.

Increased basal metabolic rate raises feed
demand; FCR worsens at higher-than-optimal
temperatures.

Minimal direct effects unless beyond species-
specific thermal limits; gut transit times may
change.

Salmo salar (Remen et al., 2013); Carassius
auratus (Fry and Hart, 1948);

Salmo salar (Pankhurst et al., 2011);
Heterobranchus longifilis (Legendre, 1986);
Dicentrarchus labrax (Sfakianakis et al., 2013)

Dicentrarchus labrax, H. mollis, Lates
calcarifer (Zamora and Jeffs, 2012; Glencross
and Bermudes, 2012)

Conger myriaster (Utoh et al., 2013); Salmo
salar (McClure et al., 2007)

Engraulis encrasicolus (Beare et al., 2004);
Trisopterus luscus (Perry et al., 2005);
Entelurus aequoreus (Harris et al., 2007)

Polyprion oxygeneios (Khan et al., 2014);
Argyrosomus mollis (Zamora and Jeffs, 2012);
Lates calcarifer (Glencross and Bermudes,
2012)

Seriola lalandi, Haliotis laevigata (Miegel
et al., 2010; Currie et al., 2015)




Mysore J. Agric. Sci., 60 (1) : 1-20 (2026)

SUTAPA SANYAL AND ARNAB CHATTERJEE

Temperature fluctuations in chronic way can work
as stressors and further disrupt the delicate
hormonal balance within these species, impacting
neuro-endocrine glands. Osmo-regulatory mal
functions and changed cardio-respiratory activities
and immune responses are some notable
physiological disruptions due to thermal stressors
that imposes the fish species towards extinction
(Paukert et al., 2016; Stewart et al., 2019 and Zhang
et al., 2019). Thus inhabitants of temperate zones
including salmonids like Sa/mo salar and cod (Gadus
morhua) are at risk, with higher mortality rates
looming on the horizon (Abisha et al., 2022).
Temperature change impacts are already being
reported from aquaculture localities like Vietnam
(Binh et al., 2017), Hawaii (McCoy et al., 2017) and
Australia (Hobday et al., 2018). In the summer of
2004, Fraser River salmon in Canada suffered
exceptionally high mortality as river temperatures
rose to about 21.5 °C at Hell’s Gate, surpassing the
60-year historical maximum recorded for that site.
These unprecedented thermal conditions caused
severe physiological stress, increased disease
outbreaks and disrupted migration, leading to
extensive en route mortality across multiple salmon
runs (Brander, 2007). Interestingly, apart from
warm-water species that face the heat; even cold-water
inhabitants along with intertidal shellfish, find
themselves in jeopardize situations as global
temperatures are expected to rise by an average of
1.5 °C in this century (Hamdan et al., 2012 and
Gubbins et al., 2013). For example, According to
Portner et al. (2001), because of elevated temperature,
two cold-water species Atlantic cod (Gadus morhua)
and common eelpout (Zoarces viviparus) exhibited
reduced growth and reproductive performance.
Additionally global warming poses a serious
threat to cold-water aquaculture by shrinking
suitable thermal habitats in freshwater ecosystems.
Mohseni et al. (2003), predicted a 36 per cent
decline in viable habitat for cold-water species and a
15 per cent reduction for cool-water species. In
contrast, warm-water species could see a 31 per cent
increase in suitable habitat. These projections were
based on temperature tolerance data for 57 fish

species across 764 stream sites in the United States.
Changes in temperature and other environmental
factors are affecting cold-water aquaculture industry
in the Himalayan regions too, because of lower fish
survival rates (Singh, 2015).

Inland water bodies, too, are facing the consequences
of climate-induced temperature shifts. Temperature
alterations in these ecosystems are reason behind
elevations of some stress factors like reduced oxygen
levels, compromised water quality and alterations in
the availability of natural food sources for aquatic
species (Woodward et al., 2010). River systems-
critical for global aquaculture-are projected to warm
by 0.8-2.2°C, particularly in the USA, China,
Europe and Australia (van vli et al., 2013), raising
concerns for temperature-sensitive production
systems. The consequences ripple through the entire
ecosystem.

Coastal aquaculture, another vital component of global
food production, is with standing its own set of
challenges from higher ocean temperatures. Rising
temperatures obviously linked to lower productivity
that impose higher management costs and ultimately
creating significant threats to the economic and social
sustainability of aquaculture operations. Temperature
fluctuations in deep oceanic regions destroy thermal
stratification, affecting nutrient distribution within the
water. This, in turn, can trigger generation of toxic
algal blooms and change the structure of the plankton
community, disrupting food availability for various
species and causing ramifications for coastal
aquaculture systems (Seggel et al., 2016).
Aquaculture, especially when it involves filter-feeding
creatures like oysters and mussels, is in trouble
because these animals can consume the toxins from
the harmful algae, which will bio-magnify and can
reach ultimately to humans. Projections indicate that
increasing ocean temperatures may enhance the
bioaccumulation of chemical pollutants-such as
Dechloranes 602, 604 and tetrabromobisphenol A
(TBBPA)-in marine bivalves (Maulvault et al., 2018).
Elevated temperatures also promote greater absorption
of heavy metals and other toxic substances in farmed
molluscs, thereby increasing their vulnerability to
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disease outbreaks (Abisha et al., 2022). This poses a
substantial threat to aquaculture performed in coastal
and brackish water by potentially impacting seafood
supply (Maulvault et al., 2018). Communities in
tropical regimes, engaged in coral and giant clam
farming face heightened risks, such as increased
losses due to bleaching events driven by rising sea
temperatures.

Even, climate change induced temperature change
poses significant challenges to a multibillion-dollar
industry; the ornamental fisheries sector (Abisha
et al.,2022). Campos et al. (2019) experimented the
thermal sensitivity of three ornamental fish species
native to Amazonian forest streams and projected that
climate change could lead to species-specific
metabolic disruptions, ultimately impairing their
physiological functions. Donelson et al. (2012),
experimented on tropical reef fish and concluded
that even slight increases in water temperature made
them vulnerable. Since coral reefs serve as habitats
for wild ornamental fish, climate change-induced
reef degradation directly impacts the ornamental fish
survival (Abisha et al., 2022).

Ocean Acidification Threatens Aquatic Ecosystems
and Aquaculture : Ocean acidification-a major
outcome of climate changes-results from the sustained

decline in oceanic pH caused by the uptake of CO,
available at atmosphere (Richards et al., 2015). As
oceans absorb increasing amounts of CO,, particularly
under global warming scenarios exceeding 1.5°C, the
adverse impacts on aquaculture are expected to
intensify (Clements & Chopin, 2017 and IPCC, 2018).
These changes threaten the stability and productivity
of aquaculture operations, potentially leading to
reduced yields and economic losses. Acidified waters
hinder the development of calcium carbonate shells
in calcifying organisms like shrimp, mussels, corals
and oysters, which are essential organisms of marine
aquaculture systems (Table 2). For example,
reductions in wild oyster spat due to compromised
coral skeleton development can disrupt the supply
chain, compelling producers to depend more heavily
on hatchery systems, thereby increasing operational
costs and lowering profit margins (Blanchard et al.,
2017). Thus, in the U.S., 16 out of 23 coastal regions-
where shellfish industries are economically vital-are
considered highly vulnerable (Ekstrom et al., 2015).
Washington State’s shellfish industry, for instance, has
already experienced acidification-related losses,
threatening livelihoods and a sector contributing over
$270 million to the economy (NOAA, 2011 and
WSBR Panel, 2012).

TABLE 2

Overview of ocean acidification impacts on shellfish developmental phases

Life Stage Impacts Species/Examples References
Larval Impaired calcification, shell Crassostrea gigas, C. virginica, Waldbusser et al., 2010; Parker
dissolution, reduced metam  Saccostrea glomerata, Mytilus et al., 2010; Gobler and
orphosis, latent fitness effects  edulis, A. irradians, gastropods,  Talmage, 2013
crustaceans, echinoderms
Juvenile Size-dependent mortality, Mercenaria mercenaria, Rudita - Waldbusser et al., 2010
reduced growth, species pes decussatus
specific tolerance
Adult Reduced shell growth, Mytilid mussels, Nassarius O'Donnell et al., 2013

weakened byssus threads,
potential dwarfing

Low larval survival threatens
wild seed availability

Seed Collection

Hatchery Phase ~ Need for carbonate chemistry

control to ensure survival

corniculus

Wild spat populations

Molluscan hatcheries

and Garilli et al., 2015

Waldbusser et al., 2015

Barton et al., 2012 and
Ekstrom et al., 2015
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Ocean acidification significantly affects the
physiological and metabolic functions of aquatic
organisms by disrupting intercellular transport
processes (Portner et al., 2004). In acidified
environments, the imbalance in acid-base regulation
leads to oxidative stress, imposing additional energetic
demands on the organism (Crocker and Cech, 1998).
This stress is compounded by a decline in ATP
synthesis and an increase in energy expenditure linked
to intracellular acidosis, which can cause cellular
damage, including harm to DNA, proteins and lipid
membranes (Soriano-Santiago et al., 2013).

Elevated atmospheric CO, poses a significant threat
to the survival of anadromous species such as salmon,
which rely heavily on their olfactory cues to locate
natal streams for successful spawning (Ou et al.,
2015). For instance, Coho salmon have demonstrated
notable behavioural disruptions and diminished
olfactory sensitivity under high CO, conditions,
highlighting their vulnerability to ocean acidification
(Williams et al., 2019).

Sea Level Rise and Its Threats to Sustainable Coastal
Aquaculture Practices : Elevation in sea level due to
melting land ice and the thermal dilation of oceans is
another consequence of climate change that is
predicted to pose significant challenges to marine
coastal environments and in turn, the resilience of
aquaculture practices.

Coastal ecosystems, such as mangroves and salt
marshes and other intertidal zones, play important
roles in sustaining fish fauna and providing seed stock
for coastal as well as brackish-water aquaculture
(Kibria et al., 2017). But alterations in their habitats
can result in shifts in species composition,
abundance, distribution (Handisyde et al., 2006 and
Kibria et al., 2017). Additionally, aquaculture
production systems, including ponds, cages, tanks and
pens, particularly in low-lying regions susceptible
to saline water intrusion due to sea level rise (Kibria
et al., 2017). Salinity intrusion has already been
observed by some striped catfish (Pangasianodon
hypophthalmus) farmers in Vietnam (Nguyen et al.,
2018). Shrimp farming, in particular, is at risk due to
its low-lying locations that lack protection from tidal

surges, increasing their vulnerability to coastal
flooding (Ahmed and Diana, 2015a). Thus near shore
communities, who are dependent on aquaculture
for their livelihoods, make them particularly
vulnerable to the effects of aquatic salinization and
declining fish habitats as a result of sea level rise
(Dasgupta et al., 2017).

Impact of Water Salinity Variations on Aquaculture :
Salinity, a critical parameter in aquatic ecosystems,
is subjected to fluctuations driven by climate
change-induced factors like changes in precipitation
levels, increased water loss through evaporation,
accelerated ice melting, shifts in oceanic circulation
and the blending of seawater with groundwater or
subterranean flows (Koblinsky et a/., 2003 and
Cochrane et al., 2009). As the survivability of aquatic
organisms is particularly linked to specific salinity
levels, deviations from these thresholds pose a
significant threat leading to reduced survival rates,
compromised growth and impacting economic
sustainability by increasing species losses and
management costs. (Jahan et al., 2019). For instance,
exposure to salinity levels exceeding the physiological
tolerance of striped catfish has been shown to reduce
survival and growth performance, while negatively
affecting blood cell profiles-implying a compromised
immune response (Jahan et al., 2019). However, it is
essential to consider that the negative effect of
elevated salinity levels appears to be more pronounced
in aquaculture systems located in the lower reaches
of coastal zones (Nguyen et al., 2018). For instance,
Ahmed, (2013) reported severe impacts on freshwater
prawn production under elevated salinity conditions.
Similarly, Baker et al. (2005) observed elevated
death rate among clams when they are in juvenile
stage, while Rodrick (2008), noted an enhanced
likelihood of bacterial infection in oysters exposed to
lower salinity environment.

Furthermore, variations in salinity have been linked
to the immune responses of oysters, compromising
the ability of blood cells to combat invading bacteria
(Rodrick, 2008). While clams are known to possess
wider tolerance level for salinity compared to other
marine molluscs, they still cannot resist lengthen
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Contact with highly elevated or drastically reduced
salinity levels (Baker et al., 2013). In coastal regions,
fluctuations in salinity levels within a specific range
have been associated with deadly diseases like white
spot syndrome in shrimp farming (Liu ef al., 2006).
In countries like Bangladesh, where income
generation relies significantly on coastal aquaculture
and fishing activities, the devastating effects of
climate change, including rising aquatic salinity,
have led to the destruction of fish habitats and
economic hardship for local populations (Dasgupta
etal.,2017).

In addition, it is essential to understand that
variations in salinity can also affect pathogen
survival (Oidtmann et al., 2017). Elevated salinity
levels have been found to enhance the proliferation
and persistence of specific pathogens, such as
Paramoeba perurans together with ectoparasites
like sea lice (Collins et al., 2019). Additionally, the
oyster parasite Bonamia sp. has been shown to thrive
in higher salinity conditions (Arzul et al., 2009).
Consequently, drier and hotter summers, which may
lead to increased salinity, could potentially elevate
the population size and infectiousness of these
parasites in aquatic environments. In contrast, reduced
salinity during winter and spring might mitigate
the enhanced survival of pathogens associated
with warmer temperatures. Meanwhile, fungi and
oomycetes are generally more prevalent in freshwater
habitats (Van West, 2006). These interactions further
underscore the complexities of salinity changes in
aquatic ecosystems and their consequences for
aquaculture.

Impact of Severe Climatic Events on Aquaculture :
Extreme climatic incidents, including cyclones, waves
and storms, are responsible in making the future of
aquaculture development uncertain, particularly in
seaside areas (Toussaint et al., 2018). Sub-tropical
areas are expected to face severe threats, such as the
potential damage to production assets and livestock
caused by rough sea conditions linked to more intense
cyclones (Hamdan et al., 2012).

Storm surges, intense waves and coastal erosion are
considered the most threatening climatic hazards to

aquaculture and related coastal industries. (Hamdan
et al., 2012). When severe storms strike, they
frequently cause significant damage for aquaculture
practitioners, primarily due to extensive damage to
farms, thereby escalating the costs of rehabilitation
(Maulu et al., 2021). For instance, cage aquaculture
is especially susceptible to the adverse impacts of
cyclones and waves, as they can inflict substantial
harm on the infrastructure employed in these
operations. As a result there is a considerable risk for
aquatic organisms to escapes due to equipment
malfunctions. Cyclone Aila in 2009 devastated
approximately 80 per cent of shrimp farms in the
affected regions of Bangladesh (Kais and Islam,
2018). Similarly, storm events in Mexico in 2010
caused the destruction of around 1,200 farms, leading
to an 80 per cent decline in the nation’s annual
tilapia production (Reid and Jackson, 2014). This, in
turn, may necessitate site relocation or modifications
in production methods, potentially exerting profound
social and economic repercussions on aquaculture
sustainability within these regions (Gubbins et al.,
2013).

Altered Precipitation Patterns on Aquaculture
Sustainability : Changes in precipitation patterns have
profound implications in aquaculture, in opposing
ways. Whereas increased rainfall leads to flooding,
extended periods of reduced rainfall causes drought.
In this context, The Intergovernmental Panel on
Climate Change (IPCC) notes that in certain regions,
drought-related risks are projected to increase more
sharply at 2 °C of global warming than at 1.5 °C
(IPCC, 2018).

Heavy rainfall events are vulnerable to aquaculture,
particularly in lowland areas. Risks encompass fish
losses during floods, invasions of unwanted species,
degradations of water quality and structural damage
to aquaculture infrastructure, including wall erosion
and infilling (Fig. 3) (Bell et al., 2010). These
incidents put at risk the economic and social
dimensions of aquaculture sustainability, lowering
producer’s incomes and potentially driving increasing
economic hardship in dependent populations.
Furthermore, because of increased precipitation
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Disruption of
Environmental Cues

Altered
Precipitation
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for aquaculture @
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Fig. 3 : Conceptual framework illustrating how altered precipitation patterns due to climate change
disrupt normal breeding of aquatic species

patterns and climatic events like storms and cyclones,
coastal aquaculture faces unique challenges like
saltwater intrusion in aquaculture ponds due to floods.
For instance, tropical cyclones, common in South
Asian countries, have intensified due to climate
change, posing severe risks to aquaculture in low-lying
areas (Knutson et al., 2010).

Conversely, drought events resulting from elevated
evaporation, lowered or erratic rainfall can induce
water stress within aquaculture systems, leading to
water shortages and declining water quality. Thus
drought compromises water availability for
aquaculture practices, leading to shortened culture
periods, overcrowding of fish, higher waste metabolite
levels, increased stress due to water scarcity and
ultimately adversely impacting system output (Fig.
3) (Ahmed and Diana, 2015). The rising drought
incidents in Australia have depleted freshwater
resources, so fish farms must use poor-quality
groundwater sources according to Gerlach et al., 2018.
Furthermore, global warming is anticipated to bring
in more frequent and lengthen droughts, affecting as
many as 25 per cent of the globe’s land area by 2050
(Park et al., 2018) required for installation of new
aquaculture settings.

These water-related challenges encompass economic,
social and environmental aspects, collectively
impacting aquaculture sustainability (Handisyde et al.,
2006; Barange et al., 2018).

Changing climate on Aquatic Diseases and Harmful
Algal Blooms : Climatic alterations across geographic
locations have the capability to considerably elevate
the risk of outbreak of diseases (Marcogliese, 2008
and Collins et al., 2020). Because environmental
changes can be a reason in promoting increased
replication speed, enhanced virulence, extended life
cycle duration and greater pathogen transmissibility
like bacterial, parasitic, viral and/or fungal agents
(Chiaramonte et al., 2016 and Collins et al., 2020).
Climate change is contributing to the northward spread
of protozoan parasites that threaten aquaculture in
diverse regions. Two notable pathogens, Perkinsus
marinus and Haplosporidium nelsoni, have
expanded their ranges from the Gulf of Mexico to
regions as far north as Delaware Bay and beyond,
leading to widespread mortality in Eastern oysters
(Crassostrea virginica). As because, cold conditions
become less frequent, the continued poleward spread
of this and similar pathogens is likely (Hofmann
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et al,, 2001). A striking example occurred in 1991
when P. marinus extended its northern limit from
Chesapeake Bay to Maine-a 500/ km shift-in response
to unusually mild winter conditions (Ford, 1996).
Shifts in environmental conditions may also generate
selective forces for instance thermal stress conditions,
leading to the emergence of new and resistant
pathogen strains with higher virulence (Murray &
Peeler, 2005 and Panzarin et al., 2014). For example,
sea lice, notable warm water pathogens are expected
to emerge as a considering factors in salmon
culture, necessitating increased treatments related
expenses (Collins et al., 2020). Similarly, heightened
temperature pressures may lead to rise of more
epizootic diseases, posing significant economic
challenges and influencing the economic and societal
dimensions that underpin sustainable aquaculture
(Sae-Lim et al., 2017 and Maulu et al., 2019).
Several case-specific examples further illustrate the
detrimental effects of temperature increases on
aquaculture species:

Atlantic Salmon (Salmo salar) : In tank-based
experiments, rising temperatures have been shown to
accelerate the development of infective stages of the
salmon louse (Lepeophtheirus salmonis), a parasitic
copepod that significantly impacts salmon aquaculture
(Hamre et al., 2019).

American Lobster (Homarus americanus) : In
Massachusetts, USA, warming waters have been
linked to epizootic shell disease, characterized by
microbial dysbiosis, shell erosion and increased
mortality. This condition undermines shell integrity
and overall lobster health (Groner ef al., 2018 and
Ishaq et al., 2023).

Shrimp Species (e.g., Penaeus vannamei)

Across regions like Mexico, Thailand and the USA,
outbreaks of Acute Hepatopancreatic Necrosis
Disease (AHPND) - also known as early mortality
syndrome - have been associated with toxigenic strains
of Vibrio sp., particularly V. parahaemolyticus.
Elevated temperatures and salinity levels modulate
the expression of the Pir4 gene responsible for toxin
production (Estrada-Perez et al., 2020 and Lee et al.,

2015). Thus, for instance, increased outbreaks of
Vibrio-related mortalities have been reported in
shrimp farms along the U.S. Gulf Coast, according to
Mayer et al., 2014. Similarly, in the Mediterranean
region, Vibrio infections in aquaculture facilities have
risen in correlation with elevated sea surface
temperatures (Bostancz et al., 2015).

Shrimp (Penaeus setiferus and Penaeus aztecus)

On the Texas Gulf Coast, black gill disease, caused
by the ciliate Hyalophysa lynni, has been linked to
high temperatures (>20°C) and reduced salinity
(<10 ppt) following heavy precipitation (Swinford
etal.,2021).

Blue Crab (Callinectes sapidus)

Infections by the dinoflagellate Hematodinium perezi
have become more prevalent along the U.S. Atlantic
seaboard, with warmer waters (>25°C) and high
salinity (>30 ppt) supporting parasite development.
Additionally, milder winters have enhanced parasite
survival rates (Shields, 2019).

Furthermore, emergence of harmful algal blooms
(HABs) because of climate alterations in aquatic
environments pose another considerable threat
(Wasmund et al., 1998; Edwards et al., 2006; Moore
et al., 2008 and Trainer et al., 2020). Taxonomic
groups like flagellates and dinoflagellates, with
other potential harmful toxic species, have been
reported for elevating stress or higher mortality in
shellfish and finfish (Gubbins et al., 2013 and Basti
et al., 2011). For example, aquaculture in the
country Chile suffered from higher fish mortality
rates because of the occurrence of Alexandrium
catenella and Pseudochattonella verruculosa,
outbreaks of whose were linked to variations in
thermal layering of the water column caused by
climate dynamics (Trainer et al., 2020). Additionally,
several research works have showcased that HABs
are linked to disease symptoms such as atrophy,
inflammation and necrosis in bivalve molluscs
(Haberkorn et al., 2010; Basti et al., 2011 and Hégaret
et al., 2012). Unfortunately, understanding of the
pathways linking climate change to toxic substance
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accumulation in aquaculture is still developing and
remains incomplete (Farrell ef al., 2015).

Mitigation Strategies

In recent times, aquaculture comes out as a potential
alternative to fulfil the enlarged demand of food
across globe. Therefore, it is become relevant to
correctly point out and address the threats for the
industry across different geographical regions,
climatic conditions and production systems in
relation to climate change. Mitigation as well as
adaptation strategies are the core parts to counter the
difficulties arising from climate change in aquaculture
to maintain the sector’s adaptability and long-term
viability amid changing environmental circumstances.
Though adapting to these changes is a multifaceted
approach, aquaculture producers must embrace
available adaptation options, such as diversification
of species and systems like selective breeding of
aquaculture species for traits like disease resistance
and adaptability to shifting environmental conditions
as well as the expansion of farming into more
diverse environments can bolster resilience and
mitigate immediate risks. Diversification in
livelihoods by combining aquaculture with other
sectors, such as agriculture, can provide multiple
income sources and enhance resilience (Maulu et al.,
2021). Beside, incorporating indigenous knowledge
alongside scientific approaches can improve
adaptation strategies by incorporating specific insights
about local environments, weather patterns and
resource management so that aquaculture operations
can be easily adapted in changing climate conditions.
Aquaculture producers can reduce their carbon
emission amount by imposing sustainable feed
production practices and efficient wastewater
management (Maulu et al., 2021). Additionally,
application of sinking feeds, feed types with
lower environmental impacts can be a pathway to
reduce emissions associated with aquaculture
(Maulu et al., 2021). Transition from non-renewable
to renewable energy sources, particularly solar
energy, for aquaculture operations is another
effective means to mitigate the industry’s carbon

footprint. In addition, community-based adaptations,
like the development of flood control structures and
embedding climate concerns into economic planning
and management are vital steps toward rescuing the
future of aquaculture from changing climate.

This review has offered significant insights in
highlighting the critical intersection of climate change
and aquaculture production from rising temperatures
and acidification to salinity shifts and extreme weather
events. However, it reveals critical gaps in data,
localized understanding and adaptive frameworks.
Most of the cited literature offers generalized insights
or isolated case studies, often lacking longitudinal
datasets or region-specific projections. Despite the
emphasis on physiological impacts, relatively few
studies integrate ecological, economic and social
dimensions, leaving a fragmented picture of climate
vulnerability across aquaculture systems.

Moreover, although adaptation strategies like
selective breeding, system diversification and
renewable energy adoption are frequently
recommended, their real-world feasibility, economic
viability and long-term sustainability are
underexplored. Indigenous knowledge, while
acknowledged, is often side-lined in favour of
technical solutions, indicating a disconnect between
global policy recommendations and community-level
implementation.

To truly fortify aquaculture against climate-driven
disruptions, research must move beyond descriptive
accounts and into predictive modelling, cross-
disciplinary risk assessments and scalable pilot
interventions. Emphasis should be placed on
Developing robust early-warning systems for disease
outbreaks and harmful algal blooms, Integrating
ecological restoration (e.g., mangrove rehabilitation)
with aquaculture zoning, Encouraging participatory
policy frameworks that involve local stakeholders in
climate governance, Expanding investment in socio-
ecological resilience-including insurance models,
climate-smart aquaculture certification and inclusive
technology transfer.
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In absence of decisive and regionally tailored
interventions, the trajectory of aquaculture in a
warming world risks becoming increasingly
unstable. Future research studies should target to
offer a more thorough understanding of the intricate
relationship between climate change and aquaculture,
as well as to develop and refine effective adaptation
strategies. Disastrous effects of changed climate on
aquaculture if not address immediately; the challenges
arise because of climate change will only intensify,
making it hard to maintain sustainable production in
aquaculture and culture-based fisheries for upcoming
decades.
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