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In recent decades, climate change has signifcantly altered the environmental dynamics of aquatic ecosystems, profoundly impacting
the intricate balance of life within them.Tis review paper delves into themultifaceted impacts of climate change on the physiology of
aquatic life, emphasizing temperature and salinity as pivotal ecological factors unique to aquatic environments. Te intricate re-
lationship between rising global temperatures and their repercussions on freshwater and seawater habitats forms the cornerstone of
this exploration. Elevated temperatures and escalating frequency of extreme heatwave events have reshaped the paradigm for fsh
survival, pushing them beyond optimal temperature thresholds. Furthermore, the study delves into the interconnection of seemingly
disparate abiotic factors, where heightened greenhouse gas concentrations amplify coastal winds, precipitating coastal upwelling.Te
consequence—nutrient-rich yet oxygen-deprived waters—fuels a cascade of challenges, inducing hypoxic conditions that signif-
cantly impact aquatic organisms. Te plight of fsh, as ectotherms fnely tuned to environmental fuctuations, is underscored,
illuminating their susceptibility to temperature variations. Te direct correlation between external and internal temperatures,
exacerbated by climate-induced fuctuations, accentuates the urgency of addressing climate change’s impact on aquatic habitats.Tis
review disentangles the complex web of interconnected environmental shifts, illuminating their far-reaching repercussions on the
physiology of aquatic life. It emphasizes the imperative for collective endeavors aimed at understanding and addressing the challenges
imposed by our evolving climate on these indispensable ecosystems.
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1. Introduction

Aquaculture plays a critical role in meeting the growing
global demand for aquatic products, but its sustainability is
increasingly threatened by climate change [1]. Climate
change afects organismal biology by altering physiological,
biochemical, and genetic traits, thereby compromising the
health and survival of aquaculture species [2].

Aquaculture strives to provide a conducive environment
for rapid fsh growth. Fish, unlike other vertebrates, have
thin respiratory epithelia that allow direct contact between
their body fuids and the surrounding water. At diferent
salinity levels, fsh can theoretically maintain body fuid
balance through food uptake and the functions of osmo-
regulatory organs. Tese processes, which include some
from the brain, are regulated and integrated by hormones
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[3]. Te capability to control body fuids independently of
the external environment is critical for fsh survival in both
freshwater and saltwater. Most stenohaline species are re-
stricted to one of the two media, whereas euryhaline species
have extraordinary osmoregulatory plasticity and can move
between both types of habitats [3].

Temperature signifcantly infuences organism distri-
bution, life cycle traits, and biological activities. Elevated
temperatures due to global warming disrupt homeostasis in
fsh, causing metabolic imbalances and increasing their
vulnerability to stress and disease [4]. Research has in-
vestigated the efects of temperature on ion-regulatory
mechanisms and various physiological processes in several
fsh species [5]. While some fsh species exhibit resilience to
wide temperature ranges [6], others endure temperature
fuctuations in their habitat but are more susceptible to
stress, detrimentally afecting their health [7].

Salinity fuctuations resulting from climate change can
severely impact fsh biology, afecting their health and ho-
meostasis [8]. Many aquatic organisms have specifc salinity
ranges for optimal health, and deviations from these ranges
can cause mortality, reduced growth, and impaired immune
function [9, 10]. Euryhaline teleosts, which exhibit re-
markable adaptability to a wide range of salinities, employ
efcient osmoregulatory strategies to maintain
homeostasis [11].

In aquaculture, handling, temperature variations, and
salinity fuctuations are common stressors [12]. Handling
stress disrupts fsh internal equilibrium, afecting vital
metabolic pathways essential for various biological func-
tions, including immune responses against pathogens [13].
Maintaining efective immune responses is crucial in re-
storing cellular equilibrium after exposure to stressors [14].

Heat shock protein 70 (Hsp70) plays a signifcant role in
the stress response, potentially ofering cross-protection
when upregulated by one stressor against subsequent
stress exposures [15, 16]. Higher levels of Hsp70 could
potentially act as an early sign of stress induced by elevated
temperatures in fsh [17]. Additionally, the duration of fsh
exposure to diferent water temperatures is a critical factor.
Te growth hormone (GH)–insulin-like growth factor (Igf )-
1 axis may provide a comprehensive signal, infuenced by
environmental conditions, thereby afecting fsh growth and
development. Stressors have demonstrated a reduction in
fsh growth and metabolic alterations via the hypothalamus-
pituitary interrenal (HPI) axis, regulated by the glucocor-
ticoid mechanism [18].

Coping with thermal and osmotic stress involves various
ion pumps, hormones, and genes. Key mechanisms include
the upregulation of Hsp and the GH–insulin-like growth
factor axis [15, 18]. As climate change continues to alter
environmental conditions, understanding these biological
responses is essential for developing strategies to mitigate its
impact on aquaculture.

Temperature and salinity are crucial environmental
factors infuencing fsh physiology, signifcantly impacting
their metabolism and energy balance. Temperature governs
energy acquisition through feeding behavior, regulation of
food intake, digestion, absorption, and allocation of energy

toward essential functions such as activity, growth (in-
cluding larval and juvenile development), and reproduction.
Each species generally operates within a specifc temperature
range that optimizes physiological processes. Variations
from these optimal temperatures signifcantly impact fsh
health and survival, highlighting their vulnerability to
temperature changes.

2. Effect of Salinity on Fish Physiology

Fish can tolerate diferent salinity levels in their environ-
ment. Euryhaline species can handle a wide range of salinity,
while stenohaline species can only tolerate a narrow range.
Euryhaline fsh often move between oceans, estuaries, rivers,
and lagoons, where salinity levels change subtly. To adapt,
their ion and water regulation systems, including their gills,
digestive systems, and kidneys, undergo signifcant struc-
tural and functional changes, enabling them to thrive in
fuctuating salinity conditions [19].

Similarly, salinity afects osmoregulatory processes es-
sential for maintaining ionic and water balance. Deviations
from optimal salinity ranges can lead to osmotic stress,
which impacts growth, reproduction, and immune function.
Te combined efects of temperature and salinity fuctua-
tions can pose substantial challenges to fsh health, under-
scoring the need for adaptive management strategies in
aquaculture [12].

Adapting to varying salinity levels requires changes in
the activity and prevalence of ion transporters like GLUT1
and the Na+/K+ATPase pump [20]. Tis energy-intensive
acclimation process involves altering protein expression at
the cellular level and takes time [21]. Rapid salinity changes
can negatively afect euryhaline fsh, increasing susceptibility
to stress and disease [22]. Salinity changes also impact
neurochemical parameters, as seen in silver catfsh brains,
where higher salt concentrations reduce acetylcholinesterase
(AChE) activity and increase NTPDase and 5′-nucleotidase
activities [23]. Tis refects the dynamic adjustments fsh
make to cope with increased salt exposure. Tis intricate
interplay refects the dynamic adjustments occurring in
response by fsh to increased salt exposure.

Te fsh gill, a versatile organ, participates in respiration,
ion regulation, acid-base balance maintenance, and nitrogen
excretion. Its crucial role contributes to overall body stability
across diverse environments [11]. Fish gills experience
noticeable changes in structure in response to shifts in
temperature and salinity, along with alterations in the
density and distribution of ionocytes [24].

While the intestine and kidney contribute to the intricate
process of osmoregulation in fsh, it is the gill that assumes
a pivotal role as the chief orchestrator in regulating the ion
fow equilibrium between acquisition and loss [25].

Ion transport and the role of ion pumps are critical in
osmoregulation, as they help maintain the balance of salts
and water in fsh, essential for their survival in varying
environmental conditions. Te activity of these ion pumps,
particularly under stress, ensures that fsh can adapt to
changes in salinity and temperature, underscoring their
importance in maintaining cellular homeostasis [26].

2 Journal of Applied Ichthyology



Te orchestration of this intricate process involves
specialized ion pumps, such as branchial Na+/K+ -ATPase
(NKA) and V-H+ -ATPase (VHA), which work together to
establish and maintain an electrochemical gradient. Tis
gradient enables active ion transport across both the
basolateral and apical membranes of the gills [27]. Moyes
and Ballantyne [28] noted that active ion transporters are
more temperature-sensitive than carrier-mediated difusive
transporters, potentially causing imbalances. Changes in gill
membrane integrity and fuidity can afect ion transport by
altering transport protein function. Marine fsh maintain
a body fuid composition of 300–400mOsm/kg, slightly
higher than freshwater species. Seawater contains 60 of 92
basic chemical elements, with chloride and sodium as major
components [29]. Freshwater composition is more diverse
and not deionized [30]. Some fsh can adapt to high salinity
levels (> 100), while others show abnormal growth when
acclimatized [31]. Marine fsh are hypotonic compared to
seawater (700–1000mOsm/kg), leading to continuous water
loss. Tey drink more seawater to compensate, resulting in
a high salt load. Mitochondria-rich cells (MRCs) in their
skin and gills actively expel excess Na+ and Cl- ions using
key ion transporters: Na+/K+ATPase, Na+/K+/2Cl- co-
transporter (NKCC), and CFTR Cl channel [31]. Osmo-
regulation, which can consume 10%–50% of their energy
budget [30, 32], is crucial for maintaining osmotic pressure.

Additionally, the Na+/H+ exchanger and Na+/K+/2Cl-
co-transporters also plays an important role in facilitating
ion balance in fsh [11]. For instance, a study by Marshall,
Lynch, and Cozzi [33] on the European eel (Anguilla
anguilla) demonstrated that the Na+/H+ exchanger plays
a crucial role in acid-base regulation and ionic balance when
the eels were transferred from freshwater to seawater.
Whereas, the Na+/K+/2Cl- co-transporter is pivotal for ion
uptake in freshwater and ion excretion in seawater, show-
casing its importance in osmoregulation during the smol-
tifcation process of Salmo salar [34].

Partridge and Jenkins [35] found that juvenile black bream
(Acanthopagrus butcheri) can thrive in a wide salinity range
from freshwater to 48%. Fish reared at 24% showed the best
growth, food consumption, and Food Conversion Ratio (FCR).
High osmoregulatory demands afect reproduction and larval
development, impacting growth and metabolism rates.
Freshwater fsh face signifcant osmoregulatory challenges,
constantly gaining water from their dilute environment and
losing essential ions like Na+ and Cl- through difusion [36].
Tey expel excess water via glomerular fltration and tubular
ion reabsorption, producing large volumes of diluted urine to
minimize ion loss. Te teleost fsh urinary bladder reabsorbs
ions, and dietary intake aids ion balance, though this is less
explored and challenging during food scarcity [11]. It is hy-
pothesized that H+-ATPase, which is specifcally active in
freshwater conditions, plays a crucial role in acid-base regu-
lation and ion uptake in freshwater fsh. In contrast, Na+/K+ -
ATPase is involved in maintaining ionic balance in both
freshwater and saline environments through its activity in the
gills [11]. Terefore, while H+ -ATPase facilitates active ion
absorption under freshwater conditions, Na+/K+ -ATPase
supports ion balance across a range of salinities.

For optimal growth in some freshwater fsh larvae,
a slightly elevated salinity (around 2 ppt) is recommended,
enhancing the persistence of Artemia nauplii and boosting
growth rates [37]. Higher salinity promotes growth in
Piaractus brachypomus larvae, while Cyprinus carpio fn-
gerlings show slower growth at salinity levels up to 10.5 ppt
[38]. Most freshwater teleosts grow best at salinity levels
lower than their blood’s isotonic concentration, around
9 ppt [39]. Optimal salinity ranges vary: 0.5–3 ppt for catfsh,
5 ppt for red drum Sciaenops ocellatus, and 9 ppt for Pan-
gasianodon hypophthalmus [40].

Leopard grouper (Mycteroperca rosacea) eggs have the
highest hatching rates at 32% salinity [41]. Fish adapt to
diferent environmental conditions through their neuro-
endocrine system, which links external environments to
physiological osmoregulatory responses [42].

In fsh, cortisol has traditionally been considered the
hormone for seawater adaptation, while prolactin is asso-
ciated with freshwater adaptation. However, recent evidence
suggests that the GH/insulin-like growth factor I axis also
plays a crucial role in seawater adaptation across various
teleost species with diverse evolutionary backgrounds [43].
Cortisol regulates physiological and behavioral stress re-
sponses in fsh. Elevated cortisol levels, triggered by
stressors, impact fsh health and ftness, afecting growth,
condition, and immunity [44]. According to McCormick
[42], cortisol plays a signifcant role in enhancing the
transcription and availability of crucial transport proteins
responsible for secretion of salt in the gills, such as NKA,
NKCC, and the CFTR. Te impact of cortisol usually takes
a few days to reach its maximum efects, suggesting that
complete efcacy requires cell proliferation and diferenti-
ation. Cortisol has a discernible efect on NKA activity, as
well as ion and water absorption, which aids in adaptation to
increased ambient salinity. After being transferred to sea-
water, some salmonids treated with cortisol showed an
increased drinking response [43].

Prolactin plays an important role in fsh osmoregulation,
particularly in freshwater adaptation. It prevents ion loss and
water uptake, while regulating ion permeability in osmo-
regulatory tissues [45]. Prolactin has been observed to im-
pact chloride cells by suppressing the formation of seawater
chloride cells while enhancing the structure of ion uptake
cells [42]. Prolactin not only inhibits the formation of
seawater chloride cells but also increases the number and
size of gill mitochondrion-rich cells, also known as ion-
ocytes. Additionally, it enhances the abundance of sodium-
potassium ATPase (NKA) and sodium-potassium-chloride
cotransporter (NKCC) [42]. In teleost, Insulin like Growth
Factors regulates myogenic cell processes, including pro-
liferation, diferentiation, and protein synthesis, while also
infuencing protein degradation and atrophy. Additionally,
Insulin like Growth Factor-1 (IGF-1) in the gills plays a role
in plasma osmolality regulation [46, 47]. Te GH has been
found to elevate circulating and local tissue production of
IGF-1, increasing salinity tolerance in rainbow trout, At-
lantic salmon, and killifsh by enhancing gill NKA activity
[42]. Sea bass exhibit remarkable control over ion con-
centrations like Na+, K+, and Cl- in their blood, skin, gills,
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and kidney. Consequently, their metabolism is minimally
afected by the water’s salinity, allowing sea bass to thrive in
both saltwater and freshwater environments based on salt
concentration [48].

Neuropeptides, including arginine vasotocin (AVT) and
isotocin, are also crucial in the osmoregulatory processes of
fsh. AVT, an analog of arginine vasopressin found in
mammals, plays a signifcant role in regulating water balance
and blood pressure. In fsh, AVT infuences the permeability
of the gill and renal tubules, thereby afecting ion and water
balance [49]. Isotocin, analogous to oxytocin in mammals, is
involved in the modulation of social behaviors and osmo-
regulatory functions. Tese neuropeptides, through their
action on specifc receptors in osmoregulatory tissues, help
fsh maintain homeostasis in varying salinities by modu-
lating ion transport mechanisms and water permeability.

Te gills, particularly through the regulation of chloride
cells, play a pivotal role in salinity control. Te cotransporter
NKCC in chloride cells regulates ion concentrations in the
blood, while the subunits of NKA work to maintain ho-
meostasis. Te expression of NKA is controlled by subunits
of the protein Phospholemman (FXYD), enabling sea bass to
adapt to changes in salinity for survival [48].

2.1. Salinity and Its Infuence on Growth and Survival.
Te impact of salinity on the growth and survival of marine
fsh species has been widely studied [50–52]. While changes
in salinity can delay hatching in Oplegnathus fasciatus [53],
most research indicates no efect on the developmental rate
[54]. In the case of Inimicus japonicus (Devil stinger),
hatching is unafected within a salinity range of 21–37 ppt.
Lower salinity levels reduce egg buoyancy and hatching rates
[55], with the highest hatching rate of 88.3% observed at
37 ppt, although this is similar to rates at 29 and 33 ppt.
Optimal salinity for embryogenesis in I. japonicus is
30.5–37.3 ppt [56]. Tis species has a higher salinity toler-
ance compared to others like Clupea harengus and Opleg-
nathus fasciatus [57], partly due to the absence of oil globules
which afects osmoregulation [58]. Te ideal incubation
salinity is 27–31 ppt, aided by the parents’ ability to regulate
egg osmotic balance through blood circulation before
spawning [59]. Based on these case studies, it can be inferred
that salinity has a signifcant infuence on the hatching rate
of marine fsh eggs. Generally, there is an optimal salinity
range that maximizes hatching success, and deviations from
this range, either lower or higher, can negatively impact
buoyancy, hatching rate, and embryogenesis. While many
species demonstrate a degree of tolerance to varying sa-
linities, the precise optimal range may vary among species.
Terefore, understanding and maintaining the ideal salinity
conditions are crucial for ensuring high hatching rates and
successful development of marine fsh embryos.

Holliday [60] observed that the gametes of teleost fsh,
prior to spawning, maintain an osmotic balance that is either
equal to or lower than the body fuids of the parent fsh.
Furthermore, Shi et al. [61] found that as a fsh progresses
through its early stages of life, from embryo to yolk-sac larva,
its ability to tolerate various salinity levels reduces. Tis

pattern is also evident in I. japonicus, where salinity toler-
ance appears to be stage-dependent. Due to diferences in
body compositions, the eggs and larvae within a species have
distinct isosmotic points. Te osmotic relationships among
osmoregulators are infuenced by plasma osmolality, and
variation in salinity tolerance from one developmental phase
to another is linked to variations in osmotic
concentrations [62].

In marine pelagic fsh like I. japonicus, survival rates tend
to decrease in environments with higher salinity [63]. Tis is
often due to the increased energy demands associated with
osmoregulation.When the external salinity is high, fshmust
expend more energy to prevent dehydration and maintain
their internal osmotic concentration. Conversely, at lower
salinity levels that are closer to the fsh’s internal osmotic
concentration, less energy is required for osmoregulation
[64], which can lead to improved survival rates [57]. Tis
balance is crucial for the early developmental stages of
marine organisms [56].

High or low salinity conditions severely disrupt the
normal functioning of larval organs, like gills, leading to
a higher occurrence of deformities [65]. Additionally, Shi
et al. [66] observed that the eggs of Pampus punctatissimus
shrink in size after a 30min exposure to diferent salinity
levels, with the size reducing progressively with increasing
salinity. Salinity also infuences the growth rate of larvae in
various marine fsh, including C. harengus, P. major, Perca
fuviatilis L., and O. fasciatus [67]. Boeuf and Payan [30]
suggested that under hyper- or hypo-osmotic conditions,
larvae must expend huge energy to maintain osmotic bal-
ance, reducing the energy available for growth. Conversely,
in an environment where the osmotic pressure of the water
closely matches that of the body fuids, the energy demand
for osmoregulation is reduced. Tis conservation of energy
can then be redirected toward growth, resulting in better
overall development of the larvae.

2.2. Efect of Temperature on Fish Physiology. Temperature is
a crucial environmental factor infuencing fsh physiology,
signifcantly impacting their metabolism and energy balance
[4, 8]. Temperature governs energy acquisition through
feeding behavior, regulation of food intake, digestion, ab-
sorption, and allocation of energy toward essential functions
such as activity, growth (including larval and juvenile de-
velopment), and reproduction [4]. Each species generally
operates within a specifc temperature range that optimizes
physiological processes [6]. Variations from these optimal
temperatures signifcantly impact fsh health and survival,
highlighting their vulnerability to temperature changes [7].

When considering the signifcance of the water temper-
ature as a parameter, it is important to recognize that fsh,
being ectothermic or poikilothermic, regulate their body
temperature based on the surrounding water. Fish species
each have a specifc temperature range for viability, defned by
a minimum and maximum lethal temperature [68], which is
determined by their evolutionary history and environmental
adaptation.Within this range, there is an optimal temperature
range where a fsh species can thrive and grow efciently.Tis

4 Journal of Applied Ichthyology



optimal range is essentially the temperature a fsh would
prefer naturally [69]. Variations in ambient temperature have
a signifcant impact on fsh biology, infuencing food con-
sumption, feed conversion, growth rate, physiology, behavior,
and other vital functions [70] (Figure 1). In their usual
temperature range, most species tend to experience advan-
tages with a slight rise in temperature, as it translates to
increased energy and consequently faster growth reaction
rates [71]. Tis phenomenon arises from the impact of
temperature on the molecular structure of mitochondria. For
every 10°C increase in ambient temperature within the tol-
erance range, the metabolic rate approximately doubles [72].

Te developmental rate and feed conversion of fresh-
water fsh, along with the metabolism of aquatic animals, are
infuenced by temperature [73]. Aquatic species have
evolved to thrive within specifc temperature ranges, with
many tropical fshes exhibiting optimal performance be-
tween 25°C and 32°C [74]. Individual species responses to
new temperature ranges, on the other hand, can vary.

Temperature can impact specifc and nonspecifc func-
tions, including immune responses, as most fsh species
maintain a body temperature closely aligned with the sur-
rounding water [75].

Te correlation between temperature and has been ex-
amined in various aquatic species, including channel catfsh,
Asian catfsh, juvenile turbot, and silversides [76]. Average
temperature has shown a robust association with survival,
metabolism and growth rate especially in the juvenile phase.
Te regulatory mechanisms governing the growth-
temperature relationship are likely linked to enzymatic
regulation in metabolic pathways [77]. In many temperate
fsh species, the growth rate increases as the temperature
rises, reaching a point just below the upper lethal limit [78].
Ficke, Myrick, and Hansen [79] observed that in order to
reach better growth each fsh species has an optimal tem-
perature range, generally ranging from 20°C to 32°C for
temperate fsh species.

Elevated rearing temperatures have been observed to
increase hematocrit in European sturgeon [80] and uplift the
hemoglobin levels and red blood cell count levels in the
Prochilodus scrofa (Prochilodus fsh) [81]. Temperature acts
as a stressor by reducing the oxygen solubility in water [82],
necessitating adjustments in the haematological parameters
of fsh to adapt.

In preacclimated sea bass, gill morphological parameters
varied when exposed to temperatures of 24°C and 18°C, in
seawater and freshwater environments. Notably, there was
a reduced number of ionocytes in the gills when the fsh were
in warmer freshwater [83]. Additionally, Na+ levels in
plasma were lower at 24°C than at 18°C under various sa-
linities. Conversely, Cl- concentration in plasma was higher
in tropical freshwater conditions compared to temperate
environments, with no temperature efect in seawater. Tese
observations might indicate the impact of higher temper-
atures on increased freshwater Cl- uptake and reduced Na+
uptake at the gill and kidney in sea bass [84].

Temperature acclimation and preference in sea bass have
been studied using oxygen consumption, fsh distribution,
food intake, and swimming speed [85]. According to

Person-Le Ruyet et al. [86], the optimal growth rate of
Dicentrarchus labrax was at 25°C, which is considered
relatively warm.

Recent research on European sea bass particularly on
juveniles and adults revealed that the temperature at which
they are acclimated can infuence both their behavior and the
neurochemical parameters in their Central Nervous System
[87]. Specifcally, the metabolic rate of fsh is closely related
to the ambient temperature: it decreases down in lower
temperatures and elevated as the temperature increases,
leading to an increased demand for oxygen and food [88]. In
natural settings, fsh instinctively react to changes in tem-
perature by moving to diferent locations or depths to fnd
the temperature that is optimal.

When fsh are incapable fnd their optimal temperature,
they adapt by producing proteins and enzymes variants that
function efectively at varying temperatures, and by altering
their cellular environment to lessen the efects of temper-
ature fuctuations [89]. In laboratory settings, where fsh are
raised in tanks and incapable of selecting their preferred
temperature, it is crucial to maintain the water temperature
within the species-specifc optimal range. Keeping the
temperature stable is essential to prevent stress and promote
the well-being of the fsh. Additionally, any changes to the
water temperature should be introduced slowly to avoid
causing undue stress to the fsh.

2.3. Temperature-Mediated Impacts on Fish Reproductive
Physiology. Temperature also plays a pivotal role in re-
productive responses, infuencing physiological mechanisms
related to gamete development, in addition to regulating
metabolism and growth [90]. In female fsh, the water
temperature during oogenesis can shape egg size and bio-
chemical composition, potentially impacting ofspring on-
togeny and ftness [91]. Spermatogenesis and sperm
properties in males are also susceptible to temperature ef-
fects, thereby infuencing overall reproduction ability. Ele-
vated temperature has been demonstrated to hinder
spermiation and alter sperm motility, both of which con-
tribute to changes in fertilizing capacity [92].

Te infuence of temperature on various reproductive
endocrine pathways is likely to mediate changes in ofspring
production and quality [93]. Higher temperatures can in-
duce changes in reproductive hormone levels, impacting
ovarian and testicular steroid production [94]. Disruption of
steroid production and subsequent changes to vitellogenesis
in the liver, may lead to decreased maternal investment and
gamete viability [95]. Additionally, increased temperatures
can disrupt the fnal stages of egg maturation and prevent
ovulation, a phenomenon observed in various species, in-
cluding Atlantic salmon [96].

In specifc species such as the silver sea bream (Sparus
sarba) and the greenback founder (Rhombosolea tapirina),
research has shown that both salinity and temperature play
a crucial role in the growth and development of embryos and
larvae. It has been noted that the ability of larvae to with-
stand higher salinity levels is limited when they are subjected
to increased temperatures.
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2.4. Infuence of Temperature and Salinity on Fish Breeding
and Hatchery Management. Climate change, especially
fuctuations in temperature and salinity impact broodstock
development, breeding success, and larval survival, causing
various physiological and reproductive challenges [97].

On a global scale, climate change has also been shown to
afect hatchery productivity and fsh breeding. For example, in
the Pacifc Northwest of the United States, rising tempera-
tures and altered stream fows have been linked to decreased
survival rates of salmon eggs and juveniles. Studies have found
that higher water temperatures and changes in fow patterns
disrupt the timing of salmon spawning migrations, reduce the
availability of suitable spawning habitats, and increase the
incidence of disease among eggs and larvae [98]. A study
conducted on the Indian major carp in West Bengal reported
that increased temperatures and erratic monsoon patterns led
to signifcant disruptions in breeding cycles. Te delayed
onset of themonsoon resulted in reducedwater levels in rivers
and ponds, afecting broodstock migration and spawning
success [99]. Additionally, high temperatures during the
breeding season led to decreased fertilization rates and lower
hatching success.

Similarly, optimal temperature and salinity ranges are
essential for hatching rates and larval survival, with de-
viations from these conditions leading to reduced re-
productive success and higher mortality rates [97].
Adjustments in hatchery practices to account for these
climatic factors are crucial for enhancing breeding outcomes
and ensuring the viability of aquaculture operations. In
Centropyge species aquaculture, larval mortality poses
a signifcant challenge, with marine fsh eggs and larvae
being highly sensitive to variations in salinity. Research on
Centropyge aurantonotus [100] showed that salinity levels
between 30% and 40% were optimal for egg and larval
development, leading to improved buoyancy, hatching rates,
and survival. Lower salinities, especially below 30‰,
resulted in higher mortality rates and deformities.

2.5. Impact of Climate Change on Parental Infuence on
ProgenyDevelopment. Unlike adult fsh, embryos and larvae
have limited ability to actively respond to their environment
and are thus more vulnerable to stressors like temperature
changes. Tis susceptibility is refected in well-established
thermal optima and lethal incubation limits across nu-
merous species, with extensive studies exploring the rami-
fcations of temperature exposures during early
developmental stages [101].

Temperature during these formative stages can afect
a range of developmental factors, including, larval size, me-
ristic counts, yolk utilization efciency, muscle physiology,
larval deformities, and progeny sex ratios [102]. Notably,
investigations into infuence of temperature during early
development often neglect the potential efects of parental
traits on ofspring development in response to temperature.

Primarily, parental genetics plays a signifcant role in
defning the traits of their progeny. In quantitative genetics
methodologies, paternally derived ofspring variation serves
as a representation of the additive genetic variation for a trait
within a population. Second source of ofspring variation
stems from the specifc phenotypic traits of the female or
male parents, respectively, contributing to phenotypic var-
iation [103]. Te maternal infuence, in particular, is rec-
ognized as an infuential factor in the diversity seen among
a fsh ofspring population [104]. Commonly, larger mothers
tend to produce larger eggs and ofspring, but othermaternal
behaviors can also afect the survival rate of embryos, the size
and composition of the yolk, growth speed, metabolic
physiology, stress response, and swim ability [105]. While
females typically have a major impact on fecundity, egg
laying site choice, and nutrition provided in the yolk, recent
fndings highlight that male spawners can also have a sub-
stantial efect on the characteristics of their ofspring [106].
Incubation temperature studies in fsh predominantly focus
on entire populations, overlooking potential variations in
ofspring responses due to their individual parentage.

Temperature Salinity

Osmotic 
stress 

Growth 
rate

Indirect 
infuence on 
GH-IGF axis

Feed 
efciency 

ratio 

Immune 
function
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activity
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growth
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Growth 
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on GH-IGF 
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Metabol
ic rate

Egg size and 
biochemical 
composition
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intake

Oxygen 
consumption

Ofspring 
ftness 

Sperm 
motility

Fertilization 
rate

Figure 1: Te impact of increased temperature and salinity on fsh physiology.
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Similarly, while the use of quantitative genetics to ex-
plore the heritability of traits in ofspring is becoming more
common, the quantifcation of genetic efects inherited
through the parents under varying temperatures remains
rare [107]. In situations where high mortality and selective
pressures afect the early development of fsh, understanding
individual diferences in ofspring response patterns is
crucial for predicting how populations might respond or
adapt to environmental changes [108]. Ignoring the role of
parental infuences when evaluating the response of of-
spring to environmental factors can lead to misattributing
variations that are actually due to parental traits in the
treatment efect estimate. Tis oversight can result in less
comprehensive insights into the ecology of juvenile and
a misinterpretation on the impact of environmental con-
ditions [109].

2.6. Interaction of Salinity and Temperature on Teleost Fish.
Te combined efects of salinity and temperature on fsh
survival, growth rate, and physiological parameters are
well-documented. Research has shown that the synergistic
impact of temperature and salinity can be more severe than
the efects of each factor alone [110–113]. In a month-long
rearing experiment, juvenile spotted wolfsh exhibited
a notably higher mean weight when nurtured at 10°C
compared to 7°C across diverse salinity levels. Moreover,
the specifc growth rate (SGR) demonstrated superior
performance at 10°C, particularly in treatments with sa-
linities of 25 and 34 ppt, in contrast to 15 ppt and 7°C
treatments [114].

Investigating the impact of diferent salinity (0, 6, and
12ppt) and temperature (21, 27, and 31°C) combinations on
goldfsh growth, Imanpoor et al. [115] discovered adverse
efects on individual weight gain, SGR, and fnal goldfsh
biomass at 12 ppt and 31°C. For juvenile turbot reared at
temperatures varying from 10°C to 22°C and 15°C to 33.5°C, the
insulin-like growth factor 1 (IGF-1) levels exhibited an in-
creasing trend with rising temperature, peaking around 18°C.
However, the daily feed intake, feed conversion efciency, and
overall growth were signifcantly infuenced by the dynamic
interplay of temperature, salinity, and their interactions [110].

Te growth rates of Nile tilapia, specifcally food con-
version rate, were found to be distinctly infuenced by sa-
linity, temperature, and their interactions. Nile tilapia,
a freshwater fsh Oreochromis niloticus, demonstrated rapid
growth in the temperature range of 28°C–32°C. Notably, this
growth is particularly pronounced in an intermediate sa-
linity environment, such as 6–12 ppt [116].

Temperature and salinity have been recognized as crucial
factors altering the responses of various fsh taxa when
exposed to challenging environments [117]. Beyond salinity
and temperature, other abiotic factors also contribute to
modifying fsh physiology, ultimately impacting growth and
reproduction. Numerous studies have explored diferential
gene expression in teleost under varying environmental
conditions (Table 1).

2.7. Efects of Temperature and Salinity on Fish Feeding.
Temperature has been demonstrated to impact the sensi-
tivity of sensory systems, including vision, olfaction/taste
and hearing, subsequently infuencing feeding behavior.
Changes in temperature may alter taste preferences in
certain fsh by infuencing perception. To consume food
successfully, having access to appropriate food items, ef-
cient sensory perception, and the ability to move are es-
sential. Feeding behavior, encompassing food detection,
capture, ingestion, and swallowing, is intimately linked to
food intake [137]. Diferent cues, including visual (eyes),
chemical (olfaction and taste), and mechanical (lateral line),
play a role in detecting food. Temperature has the potential
to infuence and regulate several of these processes and
factors independently. In most species, olfaction primarily
detects distant stimuli, touch and gustation identify nearby
cues, and vision plays a crucial role in detecting prey or food
[138]. However, there exists variability among fsh species.

Plaice Pleuronectes platessa, for example, feeds primarily
through vision, whereas sole Solea solea feeds primarily
through chemoreception and mechanoreception [139].
Disrupting olfaction, while leaving vision and the lateral line
unafected, reduces feeding behavior in the Chinese perch
(Siniperca chuatsi). Even when goldfsh experience vision
impairment or encounter reduced visibility due to height-
ened water turbidity, their food consumption remains un-
afected, even though they may need to move more and
spend extra time fnding their food. However, olfactory
function impairment signifcantly reduces the feeding be-
havior [140]. Predation in red drum Sciaenops ocellatus is
unafected when either vision or olfaction is blocked alone,
but blocking the lateral line system results in a decreased
predation rate [141]. Some fsh species rely on hearing to
detect both prey and predators, especially in murky or dark
environments where the visibility is poor [142]. Table 2
provides a summary on the infuence of water temperature
on the sensory physiology of various teleost species.

Te delta smelt (Hypomesus transpacifcus), an endan-
gered fsh species native to the Sacramento–San Joaquin
Estuary in northern California, faces environmental stress
from changing salinity levels. Te result of the study found
that salinity was a signifcant factor infuencing the cellular
stress response. Increased salinity levels led to changes in the
transcription of sodium–potassium-ATPase (Na/K-
ATPase), an enzyme crucial for osmoregulation, indicating
stress. Tese fndings suggest that while salinity may not
directly impact feeding rates, it infuences the physiological
stress levels that can indirectly afect overall health and
feeding efciency [147]. Additionally, a 10-week study on
white-leg shrimp (Penaeus vannamei) examined the impact
of diferent salinities (5, 10, and 15 ppt) on growth, feed
utilization, and physiological parameters [148] and found
that shrimp reared at the highest salinity of 15 ppt dem-
onstrated the best growth performance and feed efciency.
In contrast, shrimp at the lowest salinity of 5 ppt showed
poor growth and lower feed utilization. Salinity signifcantly
afected all physiological parameters, with the highest
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ŕı
gu
ez

[1
30
]

M
ed
ite
rr
an
ea
n
m
ea
ge
r,
A
rg
yr
os
om

us
re
gi
us

Fi
sh

sp
ec
im

en
s
ac
cl
im

at
ed

to
ne
ar
ly

iso
-o
sm

ot
ic

sa
lin

ity
(1
2
pp

t)
ex
hi
bi
te
d

a
sig

ni
fc
an
tt
w
o-

to
fo
ur
fo
ld

up
re
gu
la
tio

n
in

Ig
f-
1
ex
pr
es
sio

n
ac
ro
ss

di
fe
re
nt

re
ar
in
g
sa
lin

iti
es

M
oh

am
m
ed
-G

eb
a
et

al
.[
13
1]

Bl
ac
k
se
a
br
ea
m

an
d
A
tla
nt
ic

sa
lm

on
Ex

po
su
re

to
se
aw

at
er

ne
ar
ly
iso

-o
sm

ot
ic
sa
lin

ity
re
su
lte
d
in

an
up

re
gu
la
tio

n
of

he
pa
tic

Ig
f-
1
ex
pr
es
sio

n
D
ea
ne

an
d
W
oo

[1
32
],
an
d
Br
ev
es

et
al
.[
13
3]

8 Journal of Applied Ichthyology



Ta
bl

e
1:

C
on

tin
ue
d.

Sp
ec
ie
s
na

m
e

Ex
pr
es
si
on

le
ve
l

R
ef
er
en

ce

Ze
br
af

sh
(w

ild
-t
yp
e)

Te
m
pe
ra
tu
re

ex
tr
em

es
(1
8°
C
an
d
34

° C
,w

ith
26

° C
as

th
e
co
nt
ro
l)
af

ec
ts

th
e

en
er
gy

m
et
ab
ol
ism

bu
ta

lso
re
su
lt
in

th
e
de
cr
ea
se
d
ex
pr
es
sio

n
of

pr
ot
ei
ns

re
la
te
d
to

sy
na
ps
es

an
d
ne
ur
ot
ra
ns
m
itt
er

re
le
as
e

To
ni

et
al
.[
13
4]

G
ol
df

sh

H
ig
he
r
te
m
pe
ra
tu
re
s
le
ad

to
el
ev
at
ed

or
ex
in

m
RN

A
le
ve
ls
an
d
re
du

ce
d
C
A
RT

(C
oc
ai
ne
-A

m
ph

et
am

in
e
re
gu
la
te
d
tr
an
sc
ri
pt
)
m
RN

A
le
ve
ls
in

th
e

hy
po

th
al
am

us
,w

hi
le

pe
pt
id
e
YY

an
d
C
C
K

(c
ho

le
cy
st
ok

in
in
)
m
RN

A
le
ve
ls

de
cr
ea
se

in
th
e
in
te
st
in
e

N
ad
er
m
an
n,

Se
w
ar
d,

an
d
V
ol
ko

f
[1
35
]

A
tla
nt
ic

co
d
(G

ad
us

m
or
hu

a)
Re

du
ce
d
te
m
pe
ra
tu
re
s
ex
er
t
a
su
pp

re
ss
in
g
ef
ec
to

n
fo
od

in
ta
ke
,a

nd
th
is

re
st
ra
in
ti
s,
to

so
m
e
ex
te
nt
,o
rc
he
st
ra
te
d
by

an
au
gm

en
ta
tio

n
in

th
e
ex
pr
es
sio

n
of

C
A
RT

tr
an
sc
ri
pt
s

K
eh
oe

an
d
V
ol
ko

f
[1
36
]

Journal of Applied Ichthyology 9



Ta
bl

e
2:

Ef
ec
ts

of
w
at
er

te
m
pe
ra
tu
re

on
te
le
os
t’s

se
ns
or
y
ph

ys
io
lo
gy
.

Sp
ec
ie
s
na

m
e

Ef
ec
ts

of
te
m
pe
ra
tu
re

R
ef
er
en

ce

Ro
ck
fs
h
(S
eb
as
te
s
sp
.)

A
n
in
cr
ea
se

of
ju
st
10

° C
in

te
m
pe
ra
tu
re

re
su
lts

in
th
e
re
tin

a
be
co
m
in
g
te
n
tim

es
le
ss

se
ns
iti
ve

to
lo
w
-li
gh

tc
on

di
tio

ns
Re

ill
y
an
d
T

om
ps
on

[1
43
]

C
ha
nn

el
ca
tf
sh

(I
ct
al
ur
us

pu
nc
ta
tu
s)

H
ea
ri
ng

se
ns
iti
vi
ty

is
at

its
m
in
im

um
at

10
° C

an
d
gr
ad
ua
lly

im
pr
ov
es

as
th
e

te
m
pe
ra
tu
re

ri
se
s
fr
om

10
° C

to
26

° C
W
ys
oc
ki
,M

on
te
y,

an
d
Po

pp
er

[1
42
]

C
ha
nn

el
ca
tf
sh

(I
ct
al
ur
us

pu
nc
ta
tu
s)

A
st
em

pe
ra
tu
re
sr
ise

,t
he

lif
es
pa
n
of
ta
st
eb

ud
ce
lls

on
th
eb

ar
be
ls
de
cr
ea
se
s.
A
t1
4°
C
,

th
e
lif
es
pa
n
is
ap
pr
ox
im

at
el
y
40

da
ys
,w

hi
le

at
18

° C
,i
ti
s
ar
ou

nd
30

da
ys
.F

ur
th
er

in
cr
ea
se
si
n
te
m
pe
ra
tu
re
re
su
lt
in

ev
en

sh
or
te
rl
ife
sp
an
s,
w
ith

ap
pr
ox
im

at
el
y
15

da
ys

at
22

° C
an
d
on

ly
12

da
ys

at
30

° C

Ra
de
rm

an
-L
itt
le

[1
44
]

St
el
la
te

st
ur
ge
on

(A
ci
pe
ns
er

st
el
la
tu
s)

T
e
pa
la
ta
bi
lit
y
of

sp
ec
if
c
am

in
o
ac
id
s,
su
ch

as
L-
gl
ut
am

ic
ac
id
,L

-t
ry
pt
op

ha
n,

L-
al
an
in
e,
L-
va
lin

e,
an
d
L-
le
uc
in
e,
is
af

ec
te
d
by

te
m
pe
ra
tu
re

va
ri
at
io
ns

K
as
um

ya
n
[1
45
]

A
tla
nt
ic

sa
lm

on
(S
al
m
o
sa
la
r)

C
ha
ng

es
in

fe
ed
in
g
be
ha
vi
or

as
so
ci
at
ed

w
ith

te
m
pe
ra
tu
re
co
rr
el
at
ew

ith
fu

ct
ua
tio

ns
in

pl
as
m
a
co
nc
en
tr
at
io
ns

of
gh

re
lin

an
d
le
pt
in

V
ik
es
a,

N
an
ke
rv
is,

an
d
H
ev
rø
y
[1
46
]

10 Journal of Applied Ichthyology



salinity being optimal for shrimp health and performance.
Tus, salinity at the optimum level has shown better feeding
efciency and growth in fsh.

2.8. Efects of Temperature on Immune SystemandMetabolism.
In fsh, fuctuations in water temperature and salinity can
impact their survival, physiological state, and immune re-
sponses. According to Faught and Schaaf [149], stress im-
pacts metabolic pathways and immune responses in fsh by
activating the HPI axis, which releases stress hormones like
cortisol. Tese hormones bind to glucocorticoid and min-
eralocorticoid receptors on immune cells, modulating in-
fammation by regulating pro-infammatory and anti-
infammatory gene expression. Tis interaction can sup-
press or enhance immune function, highlighting the com-
plex role of stress in immune regulation. Frequent extreme
weather events, particularly severe temperature fuctuations,
have signifcantly impaired the growth and health of fsh,
adversely impacting aquaculture production. Ma et al. [150]
investigated the adaptive regulation of energy metabolism,
immune function, and gut microbiota in largemouth bass
(Micropterus salmoides) under acute warming (AW) and
cooling (AC) conditions. Results indicated that extreme cold
notably disrupted immune function and gut microbiota,
highlighting the detrimental efects of dramatic weather
changes on largemouth bass health.

Salinity, another major stressor afects the immune re-
sponse and stress tolerance in striped catfsh larvae [151].
Te study found that lysozyme and peroxidase activities
increased at higher salinities (15 and 20 ppt), indicating
improved immune responses. However, these benefts were
ofset by signifcantly lower survival rates, with no survival
observed at 15 ppt following heat shock. Consequently, while
higher salinities can enhance immune functions, the optimal
balance for survival and stress tolerance is at 5 ppt. Efects of
salinity on the immune system of the tropical sea urchin
Echinometra lucunter [152], showed no change in phagocytic
activity at 25 or 45 ppt, but coelomocyte concentration in-
creased at lower salinities.

In response to changes in salinity and temperature, fsh
experience a range of biochemical and physiological ad-
justments to cope with the resulting challenges [153]. For
instance, the study conducted by Chen et al. [153] on
Triplophysa siluroides under heat stress (28°C) identifed
upregulation of Hsps and signifcant impacts on the
Phosphoinositide 3-kinase/protein kinase B (PI3K) and
endoplasmic reticulum protein processing pathways. Met-
abolic analysis revealed that the pathways like ubiquitin-
dependent proteolysis and purine metabolism were en-
hanced to help in fsh adaptation to heat stress. Parallelly,
a study on the amphidromous fsh Galaxias maculatus
(inanga) investigated the efects of varying salinities
(freshwater to 43 ppt) on metabolism over 16 days [154].Te
results showed minimal changes in plasma osmolality,
metabolic rate, and energy expenditure, highlighting the
fsh’s high salinity tolerance. While ammonia excretion
decreased near the isosmotic point and oxygen to nitrogen
ratios varied, suggesting shifts in fuel use, there was no

signifcant trade-of between oxygen consumption and ni-
trogen excretion functions in the gills. Extra-branchial ep-
ithelia, such as skin and kidneys, contributed to gas exchange
and ammonia excretion independently of salinity. Tis in-
dicates that inanga can acclimate to a broad range of sa-
linities with minimal physiological costs, but subtle
advantages may exist at salinities close to their
isosmotic point.

2.9. Efect of Climate Change on Fish and Teir Physiology.
Understanding the efects of global warming on fsh, one
must acknowledge the physiological alterations occurring at
molecular, cellular, and organismal levels (Figure 2). Pro-
longed exposure of higher temperature can lead to impaired
reproductive function and sterile fsh [155]. Te continuous
rise in temperatures in natural habitats may contribute to
reduced natural reserves in certain species [156]. Tis cause-
and-efect comprehension is crucial for accurately predicting
global warming efects on economically signifcant fsh
species, diferentiating them from the combined infuence of
fshing pressure. Aquatic temperature profoundly infuences
fsh survival, distribution, and metabolic processes. Fish
mortality due to temperature variations is often attributed to
their physiological inability to respond adequately, leading
to alterations in metabolic pathways. Temperature fuctua-
tions involve intricate interactions among hormones, met-
abolic pathways, enzyme properties, and behavior, occurring
at molecular, cellular, organismal, and population levels
[157].

Temperature variations within the tolerance limits of
ectotherms have a profound impact on metabolism, infu-
encing various physiological processes, including growth,
development, and overall performance, encompassing both
physiological and behavioral capacities [158]. Te impact of
global warming on fsh populations are already evident,
leading to alterations in fsh population abundance, ex-
tinctions, or migrations to colder regions [159]. Te broader
ramifcations of global warming include indirect conse-
quences, such as alterations in prey-predator dynamics and
diminished oxygen availability [160]. Tese indirect impacts
play a crucial role in shaping ecosystems and afecting the
delicate balance of life within them.

However, the principal mechanism driving these pop-
ulation shifts appears to be the direct physiological efects of
temperature [161]. Global warming typically drives fsh
toward, or even beyond, their upper thermal tolerance
limits, refecting a primary direct efect [162]. Moreover,
stenothermal species in tropical or polar regionmay be more
vulnerable to the warming trend, given their limited ability
to tolerate temperature fuctuations [163]. Tis incapacity
poses a potentially life-threatening challenge for these
species [164]. While the complete comprehension of the
physiological characteristics governing thermal tolerance
remains elusive, cellular-level defense against heat involves
the production of chaperone proteins, notably Hsps, which
exhibit evolutionary conservation across various taxa [165].
HSPs play a pivotal role in averting protein aggregation,
aiding in the restoration of stress-denatured proteins, and
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forestalling apoptosis and cellular demise, as documented by
Roberts et al. [166]. Multiple investigations suggest a cor-
relation between the capacity to enhance HSP expression
and thermal tolerance in aquatic organisms [167], thereby
proposing that HSPs could bear ecological importance
within the framework of global warming.

3. Conclusion

In conclusion, this review provides a comprehensive ex-
amination of how salinity, temperature, and their in-
teractions intricately shape various aspects of fsh
physiology, including osmoregulation, growth, immunity,
survival, and reproduction. It underscores the critical in-
fuence of these environmental factors on aquaculture dy-
namics, highlighting the adaptability of euryhaline species to
fuctuating salinity levels and the nuanced impacts of
temperature on metabolic rates, feeding behavior, and
broader physiological functions. Te review also emphasizes
the overlooked roles of parental infuences and genetic
factors in early life responses to temperature fuctuations,
promoting a holistic understanding. Future research should
investigate the cumulative and synergistic efects of various
environmental changes on marine organisms to better
understand their adaptive responses. Specifcally, studies
should focus on elucidating species-specifc responses in
teleost fsh to the complex interplay between salinity and
temperature, ofering insights crucial for navigating climate
change impacts on aquatic ecosystems.Tis forward-looking
perspective aims to advance aquaculture practices and en-
hance our ability to manage fsh populations amid ongoing
global environmental changes. Diving deep into molecular
studies and integrating multiomics approaches will also help
uncover the complex molecular pathways involved in these
adaptive processes.

Nomenclature

AChE: Acetylcholinesterase
ADP: Adenosine diphosphate
CART: Cocaine-amphetamine regulated transcript
CCK: Cholecystokinin
CFTR: Cystic fbrosis transmembrane conductance

regulator
FCR: Food conversion ratio
FW: Fresh water
FXYD: Phospholemman
GH: Growth hormone
GLUT1: Glucose transporter 1
GPX: Glutathione peroxidase
HPI: Hypothalamus-pituitary interrenal
HSP70: Heat shock protein 70
IGF1: Insulin-like growth factor 1
MRCs: Mitochondria rich cells
NKA: Na ++ K+ ATPase
NKCC: Sodium potassium chloride cotransporter
NTPDase: Nucleoside tri-phosphate di-phosphohydrolase
OSTF: Osmotic stress transcription factor
PI3K: Phosphoinositide 3-kinase/protein kinase B
SOD1: Superoxide dismutase 1
SW: Sea water
VHA: V-H+ -type ATPase
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D. D. S. Santana, J. R. D. S. Pinto, and M. Y. Tsuzuki, “Te
Infuence of Salinity on Egg Incubation and Early Larval
Development of the Flameback Angelfsh Centropyge aur-
antonotus,” Aquaculture Research 53, no. 18 (2022): 6616–
6625, https://doi.org/10.1111/are.16130.

[101] E. Kamler, “Resource Allocation in Yolk-Feeding Fish,”
Reviews in Fish Biology and Fisheries 18, no. 2 (2008):
143–200, https://doi.org/10.1007/s11160-007-9070-x.

[102] E. Georgakopoulou, A. Angelopoulou, P. Kaspiris,
P. Divanach, and G. Koumoundouros, “Temperature Efects
on Cranial Deformities in European Sea Bass, Dicentrarchus
labrax (L.),” Journal of Applied Ichthyology 23, no. 1 (2007):
99–103, https://doi.org/10.1111/j.1439-0426.2006.00810.x.

[103] D. A. Rof, “Te Detection and Measurement,” Maternal
Efects as Adaptations 83 (1998).

[104] D. J. Marshall, R. M. Allen, and A. J. Crean, “Te Ecological
and Evolutionary Importance of Maternal Efects in the Sea,”
in Oceanography and Marine Biology (Boca Raton, Fl: CRC
Press, 2008), 209–256.

[105] B. S. Green and M. I. McCormick, “Maternal and Paternal
Efects Determine Size, Growth and Performance in Larvae
of a Tropical Reef Fish,” Marine Ecology Progress Series 289
(2005): 263–272, https://doi.org/10.3354/meps289263.

[106] S. Morasse, H. Guderley, and J. J. Dodson, “Paternal Re-
productive Strategy Infuences Metabolic Capacities and
Muscle Development of Atlantic Salmon (Salmo salar L.)
Embryos,” Physiological and Biochemical Zoology 81, no. 4
(2008): 402–413, https://doi.org/10.1086/589012.

[107] L. F. Jensen, M. M. Hansen, C. Pertoldi, G. Holdensgaard,
K.-L. D. Mensberg, and V. Loeschcke, “Local Adaptation in
Brown Trout Early Life-History Traits: Implications for
Climate Change Adaptability,” Proceedings of the Royal
Society B: Biological Sciences 275, no. 1653 (2008): 2859–
2868, https://doi.org/10.1098/rspb.2008.0870.

[108] J. A. Hutchings, “Norms of Reaction and Phenotypic Plas-
ticity in Salmonid Life Histories,” Evolution Illuminated:
Salmon and Teir Relatives (2004): 154–174.

[109] J. Bernardo, “Te Particular Maternal Efect of Propagule
Size, Especially Egg Size: Patterns, Models, Quality of Evi-
dence and Interpretations,” American Zoologist 36, no. 2
(1996): 216–236, https://doi.org/10.1093/icb/36.2.216.

[110] A. K. Imsland, A. Foss, S. Gunnarsson, et al., “Te Interaction
of Temperature and Salinity on Growth and Food Con-
version in Juvenile Turbot (Scophthalmus maximus),”
Aquaculture 198, no. 3–4 (2001): 353–367, https://doi.org/
10.1016/S0044-8486(01)00507-5.

[111] N. W. Pankhurst and P. L. Munday, “Efects of Climate
Change on Fish Reproduction and Early Life History Stages,”
Marine and Freshwater Research 62, no. 9 (2011): 1015–1026,
https://doi.org/10.1071/MF10269.
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