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Abstract
Climate change and temperature variations are of paramount importance to aquaculture. Here, we
investigated the thermal stress response of �ve life stages of tilapia viz. spawn, fry, �ngerling, juveniles
and adults exposed to different temperatures (28°C to 40°C). Stress response was assessed in terms of
survival/mortality, thermal shock, changes in hematology, histopathology of liver and gonad. The spawn,
fry and �ngerlings died within 1 to 39 min at 40°C due to thermal shock. Thermal acclimation was
observed in these stages till 34°C. Beyond 34°C, low feed intake and susceptibility were marked.
Signi�cant increments in the hematological parameters were noticed when the water temperature
elevated from 28°C to 32°C and thereafter deteriorated. Hematological parameters, gonadosomatic index
(GSI), digestive somatic index (DSI) and hepatosomatic index (HSI) showed ideal conditions at
temperatures between 28°C to 30°C. However, a marked change in the liver and gonad histoarchitecture
and decreased organ somatic indices of adult tilapia were also noticed in response to elevated
temperatures. This study suggests that the developmental stages of tilapia are highly susceptible to
thermal shock and a gradual temperature rise helped them acclimate to 34°C. Further temperature rise
may adversely affect tilapia aquaculture.

Introduction
Climate change and temperature rise have received global attention due to their potential to alter
ecosystems. An increase in environmental temperature of 1.5°C was reported in 2018, while the prediction
shows a 6°C rise in global temperature by 2100 (IPCC 2018). A few degrees rise in water temperature
affects aquatic ecosystems and organisms living there (Ito et al. 2008). The limited temperature
regulation potential of �sh is known and they regulate body temperature by moving between areas of
different water temperatures (Pough et al. 2009). A slight temperature change may lead to population
decline (Ficke et al. 2007; Vernberg et al. 1978). Similarly, a profound temperature change may alter the
natural population (unbalanced sex ratio), gonadal development and fertility rate in �sh (Al-Deghayem et
al. 2017; Im et al. 2016; Strüssmann et al. 1998; Strüssmann and Nakamura 2002). For some organisms,
their optimal temperature range can be as narrow as a few degrees or as large as 20°C (Dodson 2005).
Elevated water temperature is known to affect physiology including metabolic rate, growth, biochemical
parameters of blood and hormonal function (Abdulfatah et al. 2013; Chatterjee et al. 2004; Cho et al.
2015; Khalil et al. 2011; Lermen et al. 2004; Sayed and Moneeb 2015; Tun-Lin W et al. 2000; Pang et al.
2011). High ambient temperature may result in suppression of appetite, growth, nitrogen metabolism and
decreases in net protein accretion primarily due to increased degradation rate (Morgan et al. 2001)
despite having higher thermal tolerance.

Many studies have reported the effect of temperature on freshwater �sh (IPCC, 2001; Jobling, 1981;
Pörtner and Peck 2010). The thermal threshold limits (minimum and maximum tolerance) and preference
range has been reported for T. mossambica (Ananthakrishnan and Srinivasan 1977; Badenhuizen 1967;
Allanson and Noble 1964) and O. niloticus (Chervinski 1982). The elevated water temperature (> 36°C) is
known to affect the gonadal maturation process by depleting the germ cells in Labeo rohita (Patra et al.
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2015). These studies dealt with either the adult stage or juveniles and lack information about the early
life stages of �sh. The knowledge gap is partly due to scarce information for each developmental stage
of teleosts in general and tilapia (O. niloticus) in particular.

In many �shes, it is not known how these elevated temperatures effect the hematological parameters and
organs. Hence, it is imperative to know the changes in the organ indices, histopathology and blood
parameters in a widely cultured species such as tilapia at elevated temperatures. Here, Nile tilapia was
used as a test species because the farming and domestication of this species is one of the most ancient
(Harache 2002; Teletchea 2019) and it has been introduced in numerous countries worldwide (Lazard
2009). It ranks �fth among the most produced aquatic species in the world (Bentsen 2014). According to
some experts, tilapia can become the most important aquaculture species in the world in the coming
years (Gjedrem 2012). The FAO State of World Fisheries and Aquaculture (2016) reports that global
tilapia production has exceeded 5 million tonnes per year since 2014 with a steady growth rate of 5 to 8
percent per annum. The seed production and monosex tilapia culture is a fast-growing sector in India.

Keeping in view the impact of climate change on the environment, particularly the temperature rise, here
we studied the effect of different temperature regimes on various life stages of tilapia, Oreochromis
niloticus. Different parameters that were studied here included survival rate, organ indices, hematology,
and histopathology of organs to understand the physiological and biochemical mechanisms underlying
thermal tolerance patterns and stress in tilapia.

Materials And Methods

Collection of tilapia and experimental setup
The whole study was divided in to three experiments, i.e., Experiment-I: Effect of thermal tolerance and
thermal stress on developmental stages (spawn, fry and �ngerling) of tilapia; Experiment-II: Effect of
temperature on hematology and histopathology of tilapia (�ngerling, juvenile and adult); Experiment-III:
Effect of temperature on organ indices of adult tilapia. The details of the study are depicted in Fig. 1 and
described under separate sub-headings. All temperature-related experiments were conducted (in triplicate)
using Nile tilapia collected from the hatchery facility of ICAR-CIFA, Bhubaneswar, India in 175L capacity
glass tanks (39 tanks, dimension of each tank 4’x 1.5’x1.5’). Physico-chemical parameters of water such
as pH, dissolved oxygen (mg/l), free CO2 (mg/l), total alkalinity (mg/l), P2O5 (mg/l), NH4-N (mg/l), NO3-N
(mg/l) and conductivity (mho/cm) were tested for each tank following APHA (1992).

The temperature of the water in the tanks was maintained between 28°C to 40°C using thermostat-
controlled immersion heaters (Paci�c Coast Inc. Life Tech Aquarium, 2009). The temperature of the
control tank was maintained at 28°C. Different life stages of tilapia viz.5-day old post-hatch spawn, 30-
day old fry, 60-day old �ngerling, juveniles and adults were used for all experimental purposes.
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Experiment-I: Effect of thermal tolerance and thermal stress
on developmental stages (spawn, fry and �ngerling) of
tilapia
For the thermal tolerance test involving different life stages of tilapia, each time 100 spawn (5-day old
post-hatch), 50 fry (30-day old) and 20 �ngerlings (60-day old) were stocked in separate tanks (in
triplicate). The temperature of water in each tank was raised by 1°C/3h interval to attain the desired
temperature. The highest tolerance temperature used here was 40°C. The choice of this particular rate of
increase in temperature (1°C/ 3h) is based on the fact that earlier 1°C/day has been reported (Bishai
1963) and here we wanted to check the response at a faster rate (1°C/3h). The rearing of �sh was done in
the desired constant temperature after gradual acclimation to the nearest low temperature. For instance,
when the desired test temperature was 40°C, the nearest lowest acclimation temperature was 39°C. The
survival of different developmental stages of tilapia were assessed at each temperature treatment as
shown in Fig. 1. Aeration was provided in each tank with the help of an air blower (Hailea Hi-blow Air
pump, hap-200, PRC). To check the feed intake (acceptability) at various water temperatures, they were
fed (5% of body weight) with a commercial �oating diet containing 32% protein and 4% fat (Abis feed, IB
Corporate House, India).

To test the thermal shock effect, each time 100 spawn (5-day old hatchling), 50 fry (average size 3.3 ± 
0.08g) and 20 �ngerlings (average size 13 ± 1.1g) of tilapia were directly exposed to the desired
temperatures (28°C to 40°C) without acclimation in triplicate tanks. The effect of thermal shock was
studied up to 8 h or till 100% mortality, whichever was earlier. This time duration was selected because
our preliminary studies (data not shown) indicated that tilapia larvae, fry and �ngerlings could not
sustain more than 8 hours in elevated temperatures (40°C). During this trial, continuous observation was
recorded at every 10 min interval about their behavior, feeding pattern, fatigues and mortality including
the symptoms of thermal shock viz. darting, gasping, thrashing and swimming near the water surface.

Experiment-II: Effect of temperature on hematology and
histopathology
To test the effect of temperature on hematology and histopathology of tilapia, each time 20 �ngerlings
(mean weight 13 ± 1.1 g), 10 juveniles (mean weight 120 ± 8.3 g) and 10 adults (mean weight 215 ± 4.3 g)
were reared at 28°C to 40°C for a maximum duration of 45 days. The temperature of the water in the
tanks were maintained between 28°C to 40°C using thermostat-controlled immersion heaters (Paci�c
Coast Inc. Life Tech Aquarium, 2009). The temperature of the control tank was maintained at 28°C.

Assessment of hematological parameters
For hematological studies, each time 3–5 ml of blood samples were collected from the caudal vein of
�ngerlings (n = 20), juveniles (n = 10) and adults (n = 10) after exposure time of 40 h, 15 days and 15 days
respectively using EDTA (ethylenediamine tetra-acetic acid) (Merck, Mumbai, India) rinsed syringe. To
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avoid stress and ease of handling, �shes were anaesthetized by 2-phenoxyethanol (0.1 ml/l) (MP
Biomedicals, LLC France) (Routray et al, 2002). The total number of RBCs were counted immediately
using Neubauer’s chamber with a dilution of 1:200 with diluting �uid and placed in hemocytometer for
counting RBCs following Blaxhall and Daisley (1973). Four corner square of the hemocytometer was
counted using a microscope and the values expressed as millions per cubic mm. Similarly, the white
blood cells (WBCs) were counted after dilution (1:20) with a diluting �uid and the total number of WBCs
expressed as thousands per cubic mm (Blaxhall and Daisley 1973). Sahli’s acid haematin method was
followed to assess the hemoglobin (Sahli 1909). The packed cell volume (PCV) or hematocrit value, red
cells in the blood was examined by micro hematocrit method (McInroy 1954). Mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH) and mean corpuscular hemoglobin concentration (MCHC)
were calculated using the formulae of Dacie and Lewis, (1991).

Histopathology
The liver and gonads were collected from �ve adult male and female tilapias from each treatment after
15 days exposure. The �sh were anaesthetized (2-phenoxyethanol, 0.1 ml/l) and liver and gonads excised
from them and �xed immediately in10% formalin to avoid autolysis. The samples were later dehydrated,
embedded in para�n wax and sectioned at 5 µm using a rotary microtome. The thin sections were
stained with hematoxylin-eosin (HE) and analyzed under a histology microscope (Leica DM2000) at
different magni�cations and photomicrographs generated using a digital camera.

Experiment-III: Effect of temperature on organ indices of
adult tilapia
The effect of temperatures (28°C, 30°C, 32°C, 34°C) on the organ indices was studied separately in adult
tilapia for a duration of 45 days in triplicate. For this study, each experimental tank was stocked with 10
adult tilapia (mean weight 215 ± 4.3 g) and 30–40% of water exchanged per week during the entire period
to maintain ideal water quality in tanks. The gonad, liver and gut were excised from adults after
sacri�cing the �sh humanely at the end of the experiment. To avoid the unwarranted water temperature
�uctuation in tanks during water exchange, a separate reserve tank with a 200-litre capacity was
maintained at 40°C and water from this tank was used to maintain speci�c temperatures after dilution
with tap water (28°C) and temperature normalization. Fish were fed with �oating pellet feed (30% crude
protein) two rations per day at 5% of their body weight. The feed was prepared at ICAR-CIFA,
Bhubaneswar having ingredients such as groundnut oil cake (40%), rice bran (25%), �sh meal (10%),
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roasted soybean meal (20%), vegetable and �sh oil (3%) and vitamin-mineral premix (2%) (Nandi et al.,
2007). The excised organs (gonad including both ovary and testis, liver, gut) were used for estimation of
gonadosomatic index (GSI) and hepatosomatic index (HSI) and digestive somatic index (DSI) following
the equations:

Statistical analysis
Data were tested for normality by Kolmogorov–Smirnov and homogeneity of variance. Differences due to
water temperature treatments were detected by one-way analysis of variance (ANOVA). A probability
value p < 0.05 was taken as statistically signi�cant. Statistical analyses were performed in SPSS 20.0
package (SPSS Inc., Chicago, USA).

Results

Effect of temperature on survival/mortality of different
developmental stages
All the three evaluated �sh stages viz. spawn, fry and �ngerlings survived the exposure temperatures of
34°C, 36°C and 37°C respectively. However, thermal threshold point (100% mortality) was observed in
spawn, fry and �ngerlings at 37°C, 39°C and 40°C respectively. The survival rate of exposed �sh
decreased when the temperature was raised from 34°C to 40°C (Table 1). The temperature at which all
the exposed �sh (spawn, fry and �ngerlings) died here was considered as the thermal threshold value
beyond which “�sh kill” phenomena occurred. The feed intake by tested groups of �sh (spawn, fry and
�ngerlings) was normal (as all the supplied feed was consumed) within the temperature range of 28°C to
35°C and after that reduced drastically in spawn. Similar observation was marked in fry and �ngerlings at
37°C and 38°C respectively. The assessment of feed intake was based on the consumption by �sh and
visual observation only.

The survival and mortality pattern of spawn, fry and �ngerlings are shown in Fig. 2–4. It was observed
that more than 50% spawn survived at 35°C for more than 24 h. However, no spawn survived at 37°C
after 24 h and more than 50% died after 9 h exposure. The fry of tilapia could not tolerate a temperature
of 39°C beyond 36 h and complete mortality occurred, whereas more than 60% survived at 37°C for more

HSI (%) = × 100
Weightofliver

Weightofbody

GSI (%) = × 100
Weightofgonad

Weightofbody

DSI (%) = × 100
Weightofintestine

Weightofbody
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than 48 h. Similarly, �ngerlings could not survive at 40°C and all the tested animals died by 49 h.
Nevertheless, it was noticed that all the �ngerlings could sustain a temperature of 38°C till 49 h.

Thermal shock response at different temperatures
It was observed that the spawn has a lower thermal shock tolerance capacity than the fry and �ngerlings.
The �ve-day-old spawn could not sustain for more than 2.2 h (132 min) at 37 ° C (Fig. 5). Similarly, the
spawn could not survive beyond 0.1h (6 min) at a temperature of 38°C. It was further recorded that all the
�sh died in minutes after being released into the rearing tanks having water temperatures of 39°C and
40°C. In case of fry and �ngerlings more than 50% survived for 0.4 h (24 min) and 4 h respectively at
38°C. No �ngerlings survived beyond 8 h at 38°C. Further, it was noticed that more than 80% of the
�ngerlings could survive for more than 2 h at 39°C. It was also observed that no fry survived beyond 0.58
h (34.8 min), 0.32 h (19.2 min), 0.14 h (8.4 min) at rearing temperatures of 38°C, 39°C, and 40°C
respectively (Fig. 6). Similarly, �ngerlings could not survive beyond 8 h, 3 h and 0.65 h (39 min) at
temperatures of 38°C, 39°C and 40°C (Fig. 7).

Effect of temperature on hematological parameters
It was observed that the effect of rearing water temperature on hematological parameters was
signi�cantly different among stages. It is pertinent to mention that the hematological parameters of
different stages of tilapia viz. �ngerlings, juveniles and adults showed clear differences in values (Hb,
RBC, WBC, PCV, MCV, MCH) at different temperatures (Table 2–4). The hemoglobin, RBC, WBC and PCV
were signi�cantly higher at 35°C in all stages of tilapia as compared to other temperatures (Fig. 8). All the
parameters (Hb, RBC, WBC, PCV, MCV, MCH) were signi�cantly affected in different stages of tilapia when
the rearing water temperature was raised beyond 35°C.

Histopathology of gonad and liver
Male and female gonad histopathology revealed normal development at 28 ˚C to 30 ˚C. Several changes
in the histoarchitecture of gonads of both sexes were noticed at higher temperatures. A clear sloughing
off germ cells was seen in testis of �sh reared at 34 ˚C upwards. Other changes that were noticed as
in�ammation in the seminiferous epithelium, enlarged and degenerative tubules and vacuolation. The
arrest of spermatogenesis was marked at a rearing temperature of 40 ˚C (Fig. 9). Similarly, there were
fragmented oocytes and irregular shrinkage of oocytes in the ovary at 34 ˚C treatment group. Further
increase in temperature (40 ˚C) lead to changes in melano-macrophage centers and increased
fragmentation of oocytes also (Fig. 10). Normal polygonal hepatocytes with round nucleus and
prominent nucleolus was observed in the liver of male and female �shes reared in the temperature
regimes of 28 ˚C to 30 ˚C. There were considerable changes in the histopathological observations in the
liver of both sexes beyond 34 ˚C. When the rearing temperature increased (36 ˚C to 38 ˚C), hepatic
vacuolation, hepatocyte nuclei migration, nuclear pyknosis, hydropic degeneration and varying degrees of
steatosis were seen. At 40 ˚C, the histoarchitecture of livers from both sexes showed necrotic changes
(Figs. 11 and 12).

Effect of temperature on GSI, HSI and DSI
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Highest GSI was observed in both sexes of tilapia reared at 30°C, as the size of the gonads were more
prominent than the �sh reared at other temperatures. The GSI was reduced to a minimum level in both
males and females as the rearing water temperature increased to 34°C (Fig. 13). The effect of rearing
water temperatures (28°C, 30°C, 32°C, and 34°C) on the liver of both sexes of tilapia was assessed and
presented in Fig. 14. A prominent liver was seen in the �sh acclimatized at water temperature of 28°C as
evident from the HSI. Comparatively lower HSI was observed in females than males in all tested
temperatures. The HSI of �sh acclimatized in water temperature of 32°C and 34°C had lower values than
�sh acclimatized at 28°C. The effect of rearing water temperatures on the digestive somatic index (DSI) is
shown in Fig. 15. The highest DSI was observed in tilapia at a rearing water temperature of 34°C.

Discussion
This study is the �rst in-depth report about the impact of elevated water temperature on different life-
history stages of O. niloticus and the endurance patterns in response to short-term and prolonged
exposures. Thermal threshold, thermal shock patterns, survival, feed intake behavior, organ indices and
hematological parameters of �ve different life stages of Nile tilapia are reported here along with changes
in histoarchitecture of liver and gonads. In the �rst set of experiment, the spawn, fry and �ngerlings
survived at 34°C, 36°C and 38°C water temperatures respectively. However, a thermal threshold point
(100% mortality) was observed in these three stages at rearing water temperatures of 37°C, 39°C and
40°C respectively. The temperature at which all the exposed stages of �sh (spawn, fry and �ngerlings)
died here is considered as the thermal threshold value beyond which "�sh kill" phenomena (i.e., a
localized die-off of �sh populations) occurred (Gainesville 2005). The most common cause of �sh kill is
reduced oxygen in the water, where the sustained increase in water temperature is believed to be the
cause. The majority of aquaculture takes place in waters that are not thermo-regulated and undergoes
more or less pronounced daily variations (Azaza et al. 2010). Similar events also occur in tropical water
bodies in the summer season.

It is important to mention that the temperature tolerance and mortality rates vary from species to species
and even among developmental stages of the same species (Jobling 1981). The survival and mortality
pattern of spawn reported here is believed to be a distinct one where a wide range of temperatures with
and without acclimation was tested. The survival rate of spawn and fry decreased with increasing water
temperature in the present study, which is similar to that reported for 9-days and 50-days post-hatch
tilapias by Pandit and Nakamura (2010). However, they reported a higher survival of fry (80%) in
comparison to ours (65%) at a rearing temperature of 37°C. The discrepancies observed may be due to
the micro variations in the tank environment and differences in handling. Better spawn survival has been
reported in other species (C. carpio and Silurus glanis) at lower temperatures (15°C to 26°C) (Sapkale et
al. 2011; Teletchea et al. 2009; Schiemer et al. 2002; Schiemer et al. 2004).

Unlike the spawn and fry, no mortality of �ngerlings of tilapia was noticed at 37°C. However, the �ngerling
survival rate dropped to 25% at 39°C and none survived at 40°C. Here a greater thermal tolerance in
tilapia �ngerlings were noticed and more than 60% survived till 28 h at a temperature of 40°C but 100%
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mortality occurred around 50 h. Thus, we noticed that the thermal tolerance limit increased as the
developed stage of tilapia was used. The thermal threshold temperature of tilapia is reported at 41°C with
the optimum oxygen consumption and respiration at 30°C and 37°C respectively (Nitithamyong 1988).
This may be attributed to the variety/strain of tilapia used by them. Here the recorded mortality rate was
100% at 37°C in spawn and correspondingly 39°C for fry and 40°C for �ngerlings. It showed that the size
and developmental stage were inversely proportional to the mortality rate, which is in line with the results
reported by others (Sifa et al. 2002). The resistance of �sh to elevated temperatures has long been
reported to vary with species, acclimation temperature, size, age, season, thermal history and duration of
exposure to high temperatures (Bishai 1960). Chatterjee et al. (2004) studied the thermal threshold point
in early �ngerlings of Labeo rohita and Cyprinus carpio and reported inter-species-speci�c variation
between them at 30°C and 35°C respectively. A wide distribution of O. niloticus and their ability to live
under varied ecological conditions, especially tolerance to high temperatures and other conditions have
been reported (Lowe-Mcconnell 1958). There are scanty reports about upper lethal temperatures and heat
resistance of different life stages of tilapia that are further elaborated here. The thermal tolerance
capacity and survival of spawn, fry and �ngerlings increased by gradually increasing temperature (1°C/
3h) as the �sh were allowed to acclimatize. The choice of this particular rate of increase in temperature is
comparable with earlier reports (Bishai 1963). Higher thermal tolerance has been reported in sheep head
minnow, Cyprinodon variegatus that survived at 45.1°C by gradually rising the water temperature 1°C by
every hour (Bennett and Beitinger 1997).

The spawn reared between 37°C to 40°C without gradual acclimation resulted in 100% mortality within a
time range of 0.9 min to 2.2 h due to thermal shock. Similar event of 100% mortality was recorded in the
fry reared at 38°C to 40°C in a time span of 8 min to 34 min and the same happened in �ngerlings after
an exposure time of 39 min to 8h between at temperatures between 38°C to 40°C. A temperature
tolerance trend was marked in different developmental stages of tilapia without gradual acclimation. As
the development progressed from spawn (hatchlings) to �ngerlings, the adaptability to higher water
temperature was evident. To the best of our knowledge, there are no reports about the temperature effects
(thermal shock due to non-acclimation) on different developmental stages of tilapia. Temperature shock
with an abrupt thermal change of more than 4°C has been reported in S. sagax caeruleus where more
than 50% died (Hernández-López et al. 2018).

The second set of experiment focussed on the physiological changes that occurs due to elevated
temperatures. This includes the hematological parameters that are considered as reliable indicators of
the health status and condition of the �sh (Akinrotimi et al. 2012; Katalay and Parlak 2004; Clauss et al.
2008; Adeyemo et al. 2009). These parameters are reported to be affected by elevated temperatures in
tilapia (Mali and Chavan 2014). Among the hematological parameters; hemaglobin, RBC and hematocrit
are used to assay the functional status of oxygen transportation capacity of the bloodstream (Shah and
Altindag 2004) and physiological status of �sh (Fernandez and Mazon 2003). Similarly, RBCs and WBCs
are the �rst hematological parameters affected by stress. Here, the hemaglobin, RBC, WBC and
hematocrit values of �ngerlings, juveniles and adults showed an increasing trend as the temperature was
raised from 28°C to 31°C. Decreased level of Hb, RBC and hematocrit were detected after 35°C, which is
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believed to have altered the oxygen-carrying capacity of RBC and other functional activities (Fig. 8). It is
natural that the oxygen-carrying capacity of blood may have reduced when these blood parameters
deteriorated resulting in severe stress and death of �sh.

Here, Hb decreased in �ngerlings, juveniles and adults as the temperature was elevated and �sh died may
be due to less oxygen carrying capacity of blood but not due to the non-availability of dissolved oxygen in
water as it was maintained above 3ppm through aeration (Table 5). Although, it is important to mention
that the DO level falls in water when the temperature is raised (Sollid 2005). Hedayati and Tarkhani
(2014) reported that the concentration of RBC, Hb and hematocrit increases to increase the blood's
carrying capacity under stressful conditions. The effect of thermal stress on blood parameters of
Oreochromis mossambicus (Peters 1852) was evaluated based on the critical thermal maximum
(CTMax) and the upper incipient lethal temperature (UILT). The CTMax and UILT responses modi�ed the
blood parameters of O. mossambicus acclimated at different temperatures. Sayed and Moneeb (2015)
reported the hematological and biochemical characteristics of different stock of monosex tilapia and the
results were similar to this study. However, they have not studied these parameters in different
developmental stages of tilapia. Pörtner and Knust (2007) in their historic paper has shown that
thermally limited oxygen delivery closely matches environmental temperatures beyond which growth
performance and abundance decreases in the eelpout, Zoarces viviparus. Therefore, the observed decline
in the hematological parameter indicates an inadequate supply of oxygen to the tissues of the �shes
beyond 35°C. As a result, it is plausible that energy metabolism in these �shes is considerably affected.
These studies suggest that the blood parameters and metabolism are affected signi�cantly when �shes
are reared at temperatures beyond their thermal optimum.

It has been found in previous studies that elevated water temperature signi�cantly affect gonad
development (Dorts et al. 2012). Here, histopathology of testis showed spermatogenesis at various
developmental stages in the control group. However, signi�cant histopathological changes were observed
in the testis of the �shes exposed to stressfully high temperatures that included degeneration of the
spermatozoa with enlarged and degenerative seminiferous tubules and arrest of spermatogenesis. The
highest frequency of alterations occurred at 38 ˚C and 40 ˚C treatment groups. A signi�cant depletion in
the number of spermatozoa of Odontesthes bonariensis at 23 ˚C and 27 ˚C has been reported earlier by
Soria et al. (2008). Similarly, reduced and fragmented oocytes, irregular shrinkage, and development of
melano macrophage centres were observed in the ovary of �sh reared at elevated water temperatures. It
is reported that the termination factor of the spawning season of red sea bream in early summer was due
to an increase in water temperature (Okuzawa et al. 2003). Histopathological �ndings of gonads of
tilapia reared at elevated temperatures beyond their thermal optimum are scanty and it is believed that
this study will help in understanding the changes in the gonad architecture due to temperature changes in
the environment.

The liver histopathology of tilapia studied here reveals adverse effects of higher temperatures. The most
common alterations observed in the liver tissues of the �shes reared at higher water temperature groups
included MMC aggregation, steatosis and cytoplasmic vacuolization. Fournie et al. (2001) reported that
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the higher water temperature (32 ˚C) resulted in an increase in MMC in liver tissues which is a prime
indicator of stress-induced change. Here, liver tissues of both the sexes of tilapia reared at a temperature
of 40 ˚C developed necrosis that implies that the liver could not withstand prolonged exposure to a higher
temperature. Chinabut et al. (1995) reported an increase in MMCs in liver tissue as a response to counter
pathogens during high-temperature exposure, which supports our results. A similar report by Dash et al.
(2011) in Labeo rohita suggests liver in�ammation and hepatocyte damage at higher temperatures also.

The third set of experiment focussed on the effect of elevated temperatures on the organ indices (GSI,
HSI and DSI) of tilapia. The organ indices were signi�cantly affected at higher temperatures. The size of
the gonads was signi�cantly prominent and highest GSI value marked in both sex of �sh reared at 30°C.
The shrunken gonads and lower GSI were marked in �sh reared at temperatures above 30°C. It has been
reported that the water temperature in�uences the development of gonads (Hermelink et al. 2011;
Miranda et al. 2013) and elevated temperature adversely affects the size and development of oocytes
(King et al., 2003). Further, implications of higher temperatures are reported to curtail the hormonal level
in the brain-pituitary-gonad axis and impairs the spawning activity (Im et al. 2016; Miranda et al. 2013). In
small �sh like minnows, the water temperature and seasonal changes altered the GSI (Im et al. 2016). Al-
Deghayem et al. (2017) exhibited that the GSI declines at 32°C in African cat�sh. In the current study, the
GSI showed a typical response to the temperature ranges between 28°C to 34°C, but 30°C was found to
be optimal for gonadal growth.

It was observed that the size of the liver was signi�cantly prominent in �sh reared at 28°C which was
evident from the HSI. A decreasing trend of HSI was observed in both males and females at tested
temperatures (28°C to 34°C). The HSI is an indicator of the status of energy reserve in �sh. Here, HSI
declined with elevated water temperatures except for 34°C. Jacquin et al. (2019) reported that high
temperature alone causes behavioural and physiological changes in gold�sh. Here, HSI decreased
initially but when the temperature was elevated to 34°C, it showed an abrupt increase and the reasons for
this could not be established in this study. One possible reason could be related to that the dual function
of the liver in females (lipid metabolism and yolk precursor synthesis). However, more studies are needed
to elucidate this.

Here, the DSI of tilapia reared at elevated temperature was also assessed. The DSI is the ratio of the
intestine to the mass of the �sh body and considered as an indicator of high digestive capability of �sh.
The highest DSI of 2.4 and 2.8 was observed in female and male tilapia respectively exposed to 34°C.
This DSI value is similar to low when compared to other in freshwater �sh viz. Puntioplites proctozysron,
Hemibagrus spilopterus, Ompok bimaculatus, and Kryptopterus geminus but lower than Puntius
gonionotus, Oreochromis niloticus, (Champasri et al. 2021). In the present study, no signi�cant
differences in the DSI of adult tilapia were observed in three temperatures (28°C, 30°C and 32°C). At 34°C,
the DSI was higher may be due to the higher feed consumption and metabolism. At this temperature,
earlier HSI was also found to be higher, which may be attributed to the storage of more glycogen in the
liver due to enhanced metabolic activity.
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Conclusion
Overall, these results indicate that the rise of water temperature due to global warming is anticipated to
affect the physiological activities of �sh. Here, we documented the effect of exposure to a higher
temperature regime as a model to mimic the extreme water temperature during summer peaks in tropical
climates due to global warming and climate change, particularly in stagnant waters. The results suggest
that the hatchlings/spawn are more susceptible to elevated water temperature than the fry and
�ngerlings. When the temperature goes beyond 35°C and the acclimation period persists, it affects
normal activities such as feed consumption, growth, reproduction and survival. The simulated water
temperature experiment showed that 28°C to 30°C is ideal for tilapia acclimation and breeding. Further,
this study may help to develop climate resilient aquaculture.
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Figures

Figure 1

Schematic depiction of the experimental design to study the thermal acclimation/threshold and response
of tilapia, O. niloticus. All treatments were conducted in triplicate and 28 °C served as control 
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Figure 2

Survival and mortality pattern of spawn (5 day old hatchling) tested at four different temperatures (28 °C
control, 35 °C, 36 °C, 37 °C). Data shown as mean ± SEM (n=100 for each treatment). Asterisks indicate
signi�cant differences between treatments (P<0.05)
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Figure 3

Survival and mortality pattern of fry tested at four different temperatures (28 °C control, 37 °C, 38 °C, 39
°C). Data shown as mean ± SEM (n=50 for each treatment). Asterisks indicate signi�cant differences
between treatments (P<0.05)
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Figure 4

Survival and mortality pattern of �ngerlings tested at four different temperatures (28 °C control, 38 °C, 39
°C, 40 °C ). To differentiate overlapping lines between control and 38 °C, the control line is slightly moved
from its original position. Data shown as mean ± SEM (n=20 for each treatment). Asterisks indicate
signi�cant differences between treatments (P<0.05)
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Figure 5

Thermal shock response of tilapia spawn (5 day old hatchling) exposed directly (without acclimation) to
test temperatures, A: 37 °C and B: 38 °C to 40 °C. Data shown as mean ± SEM (n=100 for each
treatment). Asterisks indicate signi�cant differences between treatments (P<0.05)
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Figure 6

Thermal shock response of tilapia fry exposed directly (without acclimation) to test temperatures 38 °C,
39 °C and 40 °C. Data shown as mean ± SEM (n=50 for each treatment in triplicate). Asterisks indicate
signi�cant differences between treatments (P<0.05)
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Figure 7

Thermal shock response of tilapia �ngerlings exposed directly (without acclimation) to test temperatures
38 °C, 39 °C to 40 °C. Data shown as mean ± SEM (n=20 for each treatment in triplicate). Asterisks
indicate signi�cant differences between treatments (P<0.05)
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Figure 8

Hematological parameters of three stages of tilapia (�ngerlings, juveniles and adults) treated with
different temperature regimes ( (Control) 28°C to 40°C ), A: Haemoglobin; B: RBC; C: WBC; D: PCV. Data
shown as mean ± SEM



Page 27/33

Figure 9

Histopathological changes in the testis of adult tilapia after exposure to 28 °C (control), 32 °C, 34 °C, 36
°C, 38 °C, 40 °C. (stain: H& E; magni�cation: 40X ). Abbreviations: Male gonad (testis); S: active
spermatogenesis; I: in�ammation in seminiferous epithelium; EDST: enlarged and degenerative
seminiferous tubules; V: vacuolation; MMC: melano-macrophage centers; SF: severe fragmentation; AS:
arrested spermatogenesis. Scale bar = 50 µm 
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Figure 10

Histopathological changes in the ovary of adult female tilapia after exposure to 28 °C (control), 32 °C, 34
°C, 36 °C, 38 °C, 40 °C. (stain: H & E, magni�cation: 40X ). Abbreviations: RO: reduced oocyte; FO:
fragmented oocyte;; ISO: irregular shrinkage of oocyte; FO: fragmented oocytes; MMC: melano-
macrophage centers. Scale bar = 50 µm
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Figure 11

Histopathological changes in liver of adult male tilapia after exposure to 28 °C (control), 32 °C, 34 °C, 36
°C, 38 °C, 40 °C. (stain: H& E; magni�cation: 40X ). Abbreviations: H: hepatocytes; V: cytoplasmic
vacuolization; NP: nuclear pyknosis; BV: intravascular hemolysis in hepatoportal blood vessel; MMC:
melano-macrophage centers; IH: irregular hepatocytes; N: necrosis of hepatocytes; HNM: hepatocytes
nuclear migration and ST: steatosis. Scale bar = 50 µm
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Figure 12

Histopathological changes in liver of adult female tilapia after exposure to 28 °C (control), 32 °C, 34 °C,
36 °C, 38 °C, 40 °C. (stain: H& E; magni�cation: 40X ). Abbreviations: H: hepatocytes; V: cytoplasmic
vacuolization; NP: nuclear pyknosis; BV: intravascular hemolysis in hepatoportal blood vessel; MMC:
melano-macrophage centers; IH: irregular hepatocytes; N: necrosis of hepatocytes; HNM: hepatocytes
nuclear migration and ST: steatosis. Scale bar = 50 µm
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Figure 13

Changes in the gonado-somatic index (GSI) of male and female tilapia acclimatized at four at different
temperatures (28 °C Control, 30 °C, 32 °C, 34 °C). Data shown as mean ± SEM (n=10 for each treatment
from each tank). Asterisks indicate signi�cant differences between treatments (P<0.05)



Page 32/33

Figure 14

Changes in the hepato-somatic index (HSI) of male and female tilapia acclimated at four different
temperatures (28 °C Control, 30 °C, 32 °C, 34 °C). Data shown as mean ± SEM (n=10 for each treatment
from each tank). Asterisks indicate signi�cant differences between treatments (P<0.05)
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Figure 15

Changes in the digestive-somatic index (DSI) of male and female tilapia acclimated at four different
temperatures (28 °C Control, 30 °C, 32 °C, 34 °C). Data shown as mean ± SEM (n = 10 for each treatment
from each tank). Asterisks indicate signi�cant differences between treatments (P<0.05)
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