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Effect of increasing water temperature on the physiology
and gill histology of Barramundi, Lates calcarifer (Pisces,
Perciformes) fingerlings
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Abstract Barramundi, Lates calcarifer is one of the commercial fish in Indonesia and other Southeast Asian
countries. The species inhabits the coastal waters and is vulnerable to changes in the terrestrial environment
due to coastal degradation, pollution, and global warming. The increase in temperature as a consequence
of global warming affects the distribution and survival of aquatic organisms including fish. Therefore, this
study aims to examine the effect of increasing water temperatures on the physiological conditions and gill
histology of barramundi. The fish were exposed to eight levels of water temperature, ranging from 28°C to
35°C, for 15 days. The initial temperature was 28°C, which increased gradually by 1°C per 12-hour. Blood
samples were taken at the end of the experiment for hemoglobin, glucose, cortisol, erythrocytes, leucocytes,
and blood abnormality analyses. Gill samples were also taken for histological analysis. The results showed
that water temperature significantly affected the level of glucose, cortisol, and erythrocyte cells (P<0.05),
but did not influence hemoglobin levels and survival rate (P>0.05). A rapid increase in glucose and cortisol
levels was also discovered at a temperature of 31°C above. The highest erythrocyte cell count was found at
35°C, gill cell abnormalities were occurred at temperature of 31 °C and above, and the blood abnormalities
increased linearly with water temperature. Based on these results, it is concluded that the water temperature
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did not affect the survival rate but the increase in temperature causes intense physiological stress.

Keywords Global warming . Survival rate . Hematology . Gill cell abnormality . Barramundi

Introduction

Barramundi, Lates calcarifer is distributed widely in Southeast Asian countries, including Indonesia, Bru-
nei Darussalam, Cambodia, Malaysia, Philippines, Singapore, Thailand, Viet Nam, and Timor-Leste (Vij
et al. 2014; Suman et al. 2016). The species is one of the commercial fish in Indonesia, however, the pro-
ductivity of barramundi fishery in the country is highly variable and seasonal. Based on statistical data, the
production of barramundi in 2009 was 1,366.9 tons, which decreased to 872.4 tons in 2014 (BPS 2016), but
increased again in 2020 to 1,950.8 tons (KKP, 2022).

The species is a catadromous and protandrous hermaphrodite, commonly found in coastal waters and estu-
aries. It has a wide salinity tolerance (euryhaline), spawns in the open sea, and grows in coastal waters (Blaber
et al. 2008). Although the species can be cultured, Barramundi grows faster in the wild (Chan 1982; Rayes et
al. 2013), with a lower survival rate of larvae (Cotton et al. 2003). Since Barramundi inhabits coastal waters,
it is vulnerable to coastal environmental changes due to habitat degradation, pollution, and climate change.
According to Solomon et al. (2007), global surface temperatures of the ocean have increased by approximate-
ly 0.8°C - 1.0°C from 1860 to 2000. However, since 1950, it has increased by 1.1°C - 1.3°C during the last 50
years. The significant effect of global warming on the marine climate and monsoonal patterns had also been
reported (Caldeira and Wickett 2003; Xu et al. 2009; Bezuijen 2011; Oczkowski et al. 2015).

Water temperature affects the metabolic activity of fish (Muchlisin 2017) and increases the temperature
of a species beyond the thermal range which affects survival rates and distributions (Freund and Petty 2007;
Bilotta and Brazier 2008; Gupta et al. 2012; Kjelland et al. 2015; Bartnicki et al. 2021). Extreme water tem-
perature changes also cause physiological stress, limits reproductive fitness (Arantes et al. 2011; Pankhurst
and Munday 2011; Miller et al. 2015), and alter feeding habits (Tort et al. 2004; Walberg 2011; Volkoff and
Rennestad 2020). It also damages fish organs, especially gills and kidneys, causing stress which may lead
to death (Aliza and Sipahutar 2013; Sumantri et al. 2017; Nur et al. 2020).

Several studies have evaluated the impacts of increased water temperature on fish behavior and physiol-
ogy. Nur et al. (2020) examined the impact of water temperature changes on the physiological responses of
Betta rubra, the freshwater endemic species in Sumatra Island Indonesia. The results showed that B. rubra
suffered physiological stress and gill damage at temperatures above 28°C. Takata et al. (2018) also report-
ed in a Neotropical freshwater fish Lophiosilurus alexandri that the higher temperature, with a value of
29-32°C causes damage to the gills morphology. Rojas et al. (2013) exposed the Colossoma macropomum
juvenile to three temperature levels (18, 29, 35 °C), and discovered that the normal histoarchitecture of the
gills, liver, and kidneys occurred at 29°C. At lower a temperature of 18°C, the gills showed branchiallipid
droplets and disorganization of the branchial tissue at 35°C. Furthermore, Slesinger et al. (2019) studied the
effect of water temperature on the aerobic and hypoxia tolerance of black sea bass, Centropristis striata,
which decreased respiration capacity at temperatures above 24°C. According to Park et al. (2016), the cor-
tisol hormone and blood glucose in the red grouper Epinephelus akaara increased with changes in water
temperature. It was also stated that as chronic temperature increases, it alters reproductive pathways and
decreases fish fitness (Dadras et al. 2017; Alfonzo et al. 2021).

Hobday et al. (2006) reported that an increase in water temperature changed fish migration patterns,
damaging mangroves, and coral reef ecosystems. The declines in fish production also occur due to changes
in fish migration pathways from one water body to another or an increase in the natural mortality of fish due
to environmental changes (Gough 2012; Brink et al. 2018; Chen et al. 2018). For example, the impact of
climate change on decreasing productivity of mackerel Trachurus trachurus fisheries have been discovered
in European waters and was related to the decline of plankton biomass (Reid et al. 2001; Stenseth et al.
2002). The skipjack, Katsuwonus pelamis fisheries in the Pacific Ocean have also experienced declines (Le-
hodey et al. 1997). Anchovy Stelephorus sp. fisheries off the coast of Peru decreased due to the El-Nino that
brought in warm water masses and reduced upwelling (Reid et al. 2001; Stenseth et al. 2002). Stenseth et
al. (2002) also reported that changes in the North Atlantic Oscillation (NAO) off the West Coast of Canada
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and Alaska impacted sea surface temperature, leading to decreased nutrient levels, reduced salinity, changes
in the food web, and alterations in habitat, which impacted pelagic fisheries in these areas.

Therefore, this study aims to examine the impact of temperature changes on the physiological condi-
tions and gill histology of the barramundi fingerling, as a model for migratory fishes. This information is
important to inform mitigation planning for coastal fisheries under climate change.

Materials and methods
Experimental design

A completely randomized experimental design with eight treatment levels was used in this study. The treat-
ment was exposure of water temperature, namely T1= 28°C, T2= 29°C, T3= 30°C, T4= 31°C, T5= 32°C,
T6=33°C, T7= 34°C, and T8= 35°C. Each treatment was applied with three replicates.

Experimental fish

A total of 240 experimental fish were purchased from a local fish farmer in Lhokseumawe City, Indonesia.
The average size and length of the fish were 1.03+0.5 g and 4.2+0.4 cm, respectively. Fish were acclima-
tized in a circular fiber tank (Vol 240L) for 21 days and fed on a commercial diet, containing 42% crude
protein, 10% lipid, 3% fiber, and 14% ash, three times a day (9 AM, 12 AM, and 5 PM) to satiation, and
feces were siphoned one hour after feeding. The procedures used in this study followed the animal ethics in
the research of Universitas Syiah Kuala (Ethic Code No: 958 /2015).

Temperature exposure

A total of 24 plastic jars (vol. 20 L) were used as an experimental medium. The jar was filled with 10 L
seawater at a salinity of 22 ppt and equipped with an aerator pump (Amara AA-350, China), and a heater
(Kandila KD-50, China). Seawater was taken from the waters of Alue Naga, Banda Aceh City, pooled in
a fiber tank, and deposited for one week before being used. Each jar was stocked with 10 fish equivalent
to 1 fish L of water. The initial water temperature was 28°C and the heater was turned on to increase the
temperature gradually by 1°C per 12 hours (Islam et al. 2019) until the treatment temperature was reached.
Subsequently, fish were reared at the treatment temperature for 15 days in three replicate jars. The water
temperature, salinity, pH, and dissolved oxygen were monitored at 6-hour intervals to ensure levels were
optimum. The water quality was kept within the following ranges, dissolved oxygen 6.0 - 8.5 mg L', pH
8.11 - 8.39, and salinity 21-23 ppt, with an average of 6.9+0.05 mg L, 8.29 +0.01, and 22 +0.17 ppt, re-
spectively. Moreover, the survival rate was assessed for each treatment.

Blood analysis

Haemoglobin, erythrocyte cell, leukocyte cell, glucose, and cortisol levels were measured at the end of each
experiment. Subsequently, a total of 3 fish were taken randomly from each jar and anesthetized using MS222
solution, prepared by dissolving 0.8 g of MS 222 in one liter of tap water (Muchlisin et al. 2004), and sacri-
ficed. The blood sample was collected from the gills using a syringe by cutting with the sterile scissor, and
mixed with the anticoagulant EDTA- K2 in a test tube (Nur et al. 2017). Hemoglobin and blood glucose levels
were measured using a glucometer (Easy Touch - GCU, China), while erythrocyte and leucocyte cells were
quantified using a haematometer. Blood cortisol was analyzed by applying the ELISA method, while the blood
cell abnormalities were observed using a stereomicroscope (Primo Star Zeiss, Switzerland).

The ELISA analysis was performed based on the standard procedure as follows, a total of 20 ul of
standard, sample, and quality control (QC) solutions were put into a microplate. Subsequently, 200 pl of
HRP Cortisol enzyme conjugate was added, shaken gently for 10 sec, and incubated for 60 min. After in-
cubation, the sample was washed four times using a microplate strip washer, followed by the addition of
approximately 100 ul of TBM substrate solution, and incubated for 20 min. A total of 100 pl of 0.5 M H,SO,
solution was added to the wells of the plate and the absorbance was read with an ELISA reader (Absorbance
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Microplate Reader, Biorad) at a wavelength of 450 nm.
Gill histology preparation

Gill samples were taken randomly from three fish in each jar at the end of the experiment for histological
analysis by dissecting the mouth to the operculum and extracting gill tissue from the gill cavity. The gill
samples were fixed with 10% formalin and stored for one week before further processing. After one week,
the gill tissue was processed for histological preparations using the paraffin method and the Hematoxylin-
-Eosin (HE) staining based on Muchlisin et al. (2010) and Shah and Parveen (2022).

Red blood cell abnormality analysis

Red blood cell abnormalities were analyzed using the blood smear method (Adewoyin and Nwogoh 2014)
as follows, approximately 20 pl of blood was taken from the gills then dropped onto a glass slide. It was
swabbed using another glass slide and dried at room temperature for 10 min. The sample was fixed in 98%
methanol for 10 min, followed by staining with 5% Giemsa solution for 20 min. Subsequently, the sample
was washed under running water and dried at room temperature for 24 h. The cells were observed for any
abnormality under a stereomicroscope (Primo Star Zeiss, Switzerland) at 100X magnification by sampling
1,000 red blood cells randomly. Shahjahan et al. (2018) and Islam et al. (2019) identified five types of blood
cell abnormalities, namely echinocytes, thorn-shaped red blood cells, elliptocytes that are oval or elongat-
ed, fusion, consisting of several uninuclear combine to become multinuclear cells, teardrop-shaped, and
twin, where two red blood cells bind to each other.

Data analysis

The data on survival rate, glucose, hemoglobin, cortisol, erythrocyte, and erythrocyte abnormalities were
subjected to one-way Analysis of Variance (ANOVA) followed by Duncan’s multiple range test using SPSS
software ver.19.0 (IBM22). Subsequently, the data on gill tissue abnormalities were analyzed descriptively.
Results

Survival and blood physiology

The percentage of survival rate of barramundi fingerlings ranged between 80% and 90%, where the lower
value was recorded at a treatment temperature of 35°C. Fig. 1 showed that the group mean survival rates
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Fig. 1 Survival rate of barramundi fingerling exposure at different temperature (28-35°C)
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were not significantly different among the temperature treatments (P>0.05). A significant effect of water
temperature treatment was also discovered on glucose as well as cortisol levels and the number of erythro-
cyte cells (P<0.05). Blood glucose ranged from 3.57 mmol L' to 8.30 mmol L}, where the highest level was
recorded at 34°C (8.3£1.01 mmol L"). This value was significantly greater than glucose levels in the 28°C
and 29°C treatments (P<0.05) as presented in Table 1. Furthermore, cortisol levels ranged between 21.9 ng
ml"! and 72.7 ng ml"!, with the highest cortisol hormone concentration at 35°C (72.7+5.94 ng ml™'), which is
significantly greater compared to others (P<0.05). The lowest cortisol concentration was recorded at 29°C
(21.9+0.78 ng ml™'). Total erythrocyte cells ranged from 4.5 x10° to 41.4 x10° cells, with the highest number
obtained at 35°C. This value was significantly different from all other treatments (P<0.05).

There was a significant effect of water temperature on red blood cell abnormalities (P<0.05), with the
highest value obtained at 35°C. The six types of abnormalities observed were echinocyte, elliptocytes, tear-
drop shape, fusion, and twins as shown in Fig. 2.

Gills histology

The five types of cell abnormalities in the gill tissue of barramundi recorded were lamella fusion, hypertro-

Table 1 Physiological condition of the blood of barramundi exposure with different temperatures. Mean+SD in the same line with
different superscript are significantly different (P<0.05). The number of fish examined was 3 in each treatment (N= 3).

Exposure temperature (°C)
Parameter

28 29 30 31 32 33 34 35
Heamoglobin (mmol L) 6.90+0.55* 7.90+£0.66* 7.53+0.34* 8.53+0.99° 7.57+0.19* 9.13+0.48* 8.33+0.55* 8.20+0.74*
Glucose (mmol L) 3.57+0.20° 3.90+0.87* 5.2+1.47% 7.70+2.55" 7.43+1.94% 6.23+0.55"¢ 8.30£1.01° 8.03+0.30°
Cortisol hormone (ng ml™) 25.0£0.03* 21.9+0.78" 24.8+1.55° 39.9+3.14° 42.6+2.84% 39.7+1.48° 50.0+4.10° 72.7£5.944
Erythrocyte cell (x10°) 7.6£1.9 7.742.8% 8.4+£2.4" 4.548.5* 10.5+4.6" 19.8+3.4* 12.00+7.6* 41.4+3.1°
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Fig. 2 Erythrocyte cell abnormalities found in barramundi exposure with different temperature. (A) The erythrocyte cell showed echi-
nocytes abnormality, (B) The erythrocyte cell displayed elliptocytes abnormality, (D) The erythrocyte cell showed tear drop shapes
and twins abnormalities. (a)= echinocytes, (b)= elliptocytes, (c)= fussion, (d)= tear drop shaped, ()= twins.
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phy, hyperplasia, telangiectasis, and shortening of secondary gill lamellae. The abnormalities occurred at
exposure temperatures of 31°C and above. For example, hypertrophy was found at 31°C and 32°C. Further-
more, temperatures of 33°C and 34°C caused hyperplasia, cell fusion, and telangiectasis, while shortening
of the secondary lamellae was observed at 35°C as shown in Fig. 3. The intensity of the abnormality of the

gills was presented in Table 3.

Fig. 3 The gills abnormalities due to temperature exposure. (A) The gills displayed lamella fussion and hypertropia, (B) The gills

displayed hyperplasia and secondary lamella shortening, (C) The gills displayed telangiektasis abnormality. (a)= Lamella fusion, (
b)= Hypertropi, (c)= Hyperplasia, (d)= Telangiektasis, (¢)= Secondary lamella shortening.

Table 2 The Eryhrocite cell abnormalities of barramundi exposure with different temperatures. Mean£SD in the same line with

different superscript are significantly different (P<0.05). The number of fish examined was 3 in each treatment (N= 3).

Exposure temperature (°C)

Abnormality

28 29 30 31 32 33 34 35
Ecinocytes (%) 0.0+0.0* 0.23+0.1* 0.13+0.1* 0.53+0.1* 0.83+0.1% 1.6+0.2% 2.4+1.0° 5.3+1.2¢
Elliptocytes (%) 0.0+0.0* 0.07+0.1* 0.13+0.1* 0.3040.1* 0.70+0.2° 0.63+0.1° 0.73+0.1° 1.7+0.6¢
Fussion (%) 2.90+1.7* 3.10+1.2° 7.30+4.6" 8.4042.5% 137449 13.6+4.4% 12.1£1.6% 18.6+6.0°
Tear drop shape (%) 0.0+0.0* 0.30+0.0° 0.17+0.1* 0.13£0.1% 0.33+0.2%® 0.57+0.1¢ 0.77+0.1¢ 1.17+£0.4¢
Twins (%) 3.80+0.5° 6.40+0.5%® 9.27+1.7% 10.8+1.4% 12.7+1.5¢ 11.8+3.9¢ 13.4+1.8% 16.5+1.5¢

Table 3 The histopathological changes in Barramundi gills exposed with different temperature levels. The number of fish examined

was 3 in each treatment (N= 3).

. Temperature

Type of abnormality

28 29 30 31 32 33 34 35
Lamella fusion 0 0 0 0 0 ++ et ++
Hypertrophy 0 0 0 + + ++ ++ +
Hyperplasia 0 0 0 + + ++ +++ ++
Telangiectasis 0 0 0 0 0 + -+ ++
Shortening of secondary gill lamellae 0 0 0 0 0 ++ +++

Note: 0 absent, + present at low frequency, ++ present at moderate frequency, +++ present at high frequency
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Discussion

This study showed that the survival rate of barramundi fingerlings remained above 80% at all treatment
temperatures and can tolerate a range of 28-35°C. Fish is a poikilothermic animal that can regulate its body
temperature from the ambient temperature (Giannetto et al. 2014; Maisano et al. 2016). However, a tem-
perature change of more than 2°C will trigger stress in fish marked by inactivity, disruption of respiration,
and increased metabolism as well as excretion (Nur et al. 2020), leading to mortality when exposed for
longer periods (Ashaf-Ud-Doulah et al. 2020). In the wild, barramundi generally lives in waters with tem-
peratures above 20°C with an optimum range of 26-30°C and stops feeding at a value less than 20°C (NSW,
2022). In Australian waters, the species has been recorded in the range of 18-36°C with the ability to tolerate
temperatures up to 40°C (Glencross and Bermudes 2010). In Indonesia, the optimal temperature range is
28-32°C, and survival decreases at a value above 35°C. The fish experiences stress at this temperature, as
recorded by the increase in cortisol hormone and blood glucose (Mahardika et al. 2020).

The cortisol hormone and blood glucose are the important parameters determining the physiological
stress of fish (Martinez-Porchas et al. 2009). Bartonkova et al. (2017) stated that the level of cortisol hor-
mone is correlated with blood glucose concentration. Similarly, this study reported that an increase in blood
sugar concentration was followed by the higher hormone cortisol. According to Tahir et al. (2018), normal
levels of cortisol hormone in Perciformes range from 5.65-26.3 ng ml"!, while cortisol levels in barramundi
fish were up to 39.9 ng ml”, indicating that the fish had experienced intense stress. The stressed condition
stimulates the hypothalamus to release Corticotrophin Releasing Factor (CRF), which stimulates the ante-
rior pituitary gland to release the Adrenocorticotropin Hormone (ACTH). The ACTH triggers the interrenal
cells (adrenal medulla) to produce cortisol and catecholamine hormones such as epinephrine commonly
known as adrenaline (Ohmura and Yoshioka 2018). These hormones play an important role in gluconeo-
genesis, converting glycogen reserves in the liver and muscles into glucose which is released into the blood
(Hastuti 2004; Chaudhary 2019).

Blood glucose increase shows that the fish is experiencing stress (Martines-Porchas et al. 2009). Nor-
mal blood glucose levels in fish are 2.22-4.99 mmol L' (Nasichah et al. 2016), but in this study, the levels
reached 5.2 mmol L' at a temperature of 30°C and proportionately increased to 8 mmol L' at 34°C and
35°C. According to Masjudi et al. (2016), when fish are stressed, blood glucose increases due to the secre-
tion of the adrenaline hormone. When the receptors receive a stress stimulus, namely a temperature change,
it conveys the stimulus to the hypothalamus and the chromatin cells will secrete catecholamine hormones at
the behest of the hypothalamus. This will cause the activation of glycogen catabolism enzymes and increase
glucose levels (Masjudi et al. 2016). Under prolonged stress, it is unable to restore homeostasis, leading
to maladaptive metabolism, hydromineral imbalance, respiratory malfunction, increased susceptibility to
disease, and death (Barton 2002; Polakof et al. 2011). At high blood glucose levels, its appetite will also
decrease due to a feeling of fullness, and thereby experience stunted growth (Polakof et al. 2012; Falcinel-
li et al. 2016). Furthermore, at high glucose levels, gastroparesis may also occur, causing damage to the
vagus (digestive) nerve, which is connected to the stomach. When this occurs, digestion in the stomach is
obstructed, leading to loss or reduced appetite (Masaoka and Tack 2009; Aljarallah 2011).

Hemoglobin and erythrocyte levels fluctuated during the study, but the number of erythrocytes in-
creased with higher temperatures. The hemoglobin levels in treated fish are higher than in the control,
which showed that the fish is in poor condition (Mones 2008; Yanto and Hasan 2015). At 28°C, 6.9 mmolL"!
of the treated fish was similar to the control, which was 6.3 mmol L' but increased at higher levels. This
is due to the increase in the number of erythrocytes to allow efficient homeostasis, needed for the cellular
respiration process (Marengo-Rowe 2006; Setiawati et al. 2007; Bozorgnia et al. 2011). Jagtap (2012) also
explained that hemoglobin level is directly proportional to that of erythrocytes, which causes fish to expe-
rience anemia.

There was an increase in blood cell abnormalities at exposure temperatures of 33-35°C. The five types
of abnormalities observed were echinocyte, elliptocyte, teardrop shape, fusion, and twin. This is caused by
an increase in lipid peroxidation of erythrocytes due to exposure to high temperatures (Ghaffar et al. 2015).
Increased production of lipid peroxidation in erythrocytes causes defects in the cell membrane. In normal
conditions, after passing the capillaries, the blood cells return to their normal shape (biconcave). However,
it did not occur in this case, and the blood cells remain oval, called an elliptocyte abnormality (Warang
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and Kedar 2018). The formation of more than three centrioles in blood cells also led to the cell pulling the
chromosomes in various directions, which caused two or more cells to merge into one form called fusion or
twin abnormalities (Baker 1972, Aliyu et al. 2018). Teardrop shape abnormalities occur due to changes in
the erythrocyte membrane and cytoskeletal system because of fibrosis in the spinal cord (Khan et al. 2018).
This occurs due to exposure to increased temperatures, while echinocyte is caused by disruption of eryth-
rocyte membrane lipid solubility. Therefore, the cell becomes unstable and forms thorn-like protrusions,
leading to apoptosis (Walia et al. 2013).

Gills are the most often organ of fish in contact with water and are sensitive to changes in the aquatic
environment, including temperature (Flores-Lopes and Thomaz 2011). According to Ayoola et al. (2008)
and Clark et al. (2003), exposure to high temperatures also causes damage to the gill organs, disturbing
the respiration process. Based on histological examination, several types of gill tissue abnormalities in
barramundi were shown in this study. For example, hypertrophy was found predominantly in fish gills
exposed to temperatures of 31°C and 32°C. Meanwhile, hyperplasia, cell fusion, and telangiectasis, which
predominantly occurred at 33°C and 34°C, as well as the shortening of the secondary lamellae dominantly
occurred at 35°C exposure.

This study highlights that increased temperature beyond the optimal level has profound negative effects
on physiology, metabolism, blood cells, and gill histopathological structure. It also influences the severity
of alterations to the cell and the extent of physiological damage. These physiological, and morphological
changes to the blood cell and gills provide helpful information about the environmental conditions. Further-
more, a higher temperature can act as an important biomarker to evaluate the general health and stress status
of fish, specifically barramundi. The present data predict the future impacts of climate change on this species as
well as other aquatic organisms and the urgent need for mitigation steps to be undertaken.

Conclusion

Water temperature did not significantly affect the survival rate of the barramundi fingerlings but influenced
the physiological conditions and gills histology. The concentrations of blood glucose and cortisol, the level
of the erythrocytes, and blood cell abnormalities were increased with high exposure to temperature. This
indicates that the fish experienced stress under high temperatures. Although barramundi can survive up to
a temperature of 35°C, the fish show symptoms of stress at a value above 30°C. Therefore, for aquaculture
purposes, the recommended temperature is 28-30°C.

Conflict of interest The authors have no competing interests to declare.

Author contribution ZAM is the primary investigator, responsible for developing the research proposal, and approving the final
draft of the manuscript; FA, ASB, and FMN are responsible for conducting laboratory work, data collection, and analysis; NF, UMT,
and BH carried out the data analysis and report drafting; MNS, KM , FKK and MW are responsible for final draft checking and
proofreading.

Acknowledgment This study was supported by the Ministry of Education and Cultural through World Class Research Scheme. There-
fore, the authors are grateful to the Ministry of Education and Culture, the Republic of Indonesia for supporting this study.

References

Adewoyin AS, Nwogoh B (2014) Peripheral blood film - a review. Ann Ib Postgrad Med 12(2):71-79

Alfonso S, Gesto M, Sadoul B (2021) Temperature increase and its effects on fish stress physiology in the context of global warming.
Fish Biol 98(6):1496-1508. https://doi.org/10.1111/jfb.14599

Aliyu HA, Sudirman R, Razak MAA, Wahab MAA (2018) Red blood cells abnormality classification: deep learning architecture
versus support vector machine. Inter J Integr Eng 10(7):34-42. https://doi.org/10.30880/ijie.2018.10.07.004

Aliza D, Sipahutar LW (2013) Efek peningkatan suhu air terhadap perubahan perilaku, patologi anatomi, dan histopatologi insang ikan
nila (Oreochromis niloticus). ] Med Vet 7(2):142-145. https://doi.org/10.21157/j.med.vet..v7i2.2953

Aljarallah B (2011) Management of diabetic gastroparesis. Saudi J Gastroenterol 17(2):97-104. https://doi.org/10.4103/1319-
3767.77237

Arantes FP, Santos HB, Rizzo E, Sato Y, Bazzoli N (2011) Influence of water temperature on induced reproduction by hypophysation,
sex steroids concentrations and final oocyte maturation of the “curimata-pacu” Prochilodus argenteus (Pisces: Prochilodontidae).
Gen Comp Endocrinol 172(3):400-408. https://doi.org/10.1016/j.ygcen.2011.04.007

Ashaf-Ud-Doulah M, Mamun AA, Rahman ML, Islam SMM, Jannat R, Hossain MAR, Shahjahan M (2020) High temperature accli-
mation alters upper thermal limits and growth performance of indian major carp, rohu, Labeo rohita (hamilton 1822). J Therm
Biol 93:102738. https://doi.org/10.1016/j.jtherbio.2020.102738


https://doi.org/10.1111/jfb.14599
https://penerbit.uthm.edu.my/ojs/index.php/ijie/article/view/3472/1726
https://doi.org/10.21157/j.med.vet..v7i2.2953
https://doi.org/10.4103/1319-3767.77237
https://doi.org/10.4103/1319-3767.77237
https://doi.org/10.1016/j.ygcen.2011.04.007
https://doi.org/10.1016/j.jtherbio.2020.102738

Int Aquat Res (2022) 14:263-273 271

Ayoola G, Coker H, Adesegun S, Adepoju-Bello A, Obaweya K, Ezennia EC, Atangbayila T (2008) Phytochemical screening and
antioxidant activities of some selected medicinal plants used for malaria therapy in Southwestern Nigeria. Trop J Pharm Res
7(3):1019-1024. https://doi.org/10.4314/tjpr.v7i3.14686

Baker RF (1972) Fusion of human red blood cell membranes. J Cell Biol 53(1):244-249. https://doi.org/10.1083/jcb.53.1.244

Bartnicki J, Snow RA, Taylor AT, Butler CJ (2021) Critical thermal minima of alligator gar Atractosteus spatula, (Lacépede, 1803)
during early life stages. J Appl Ichthyol 37(4):572-577. https://doi.org/10.1111/jai.14209

Barton BA (2002) Stress in fishes: A diversity of responses with particular reference to changes in circulating corticosteroids. Integr
Comp Biol 42(3):517-525. https://doi.org/10.1093/icb/42.3.517

Bartorikova J, Hyrsl P, Vojtek L (2017) Glucose determination in fish plasma by two different moderate methods. Acta Vet Brno
85(4):349-353. https://doi.org/10.2754/avb201685040349

Bezuijen M (2011) Wetland biodiversity and climate change briefing paper: Rapid assessment of the impacts of climate change to
wetland biodiversity in the lower Mekong basin. ICEM, Victoria

Bilotta GS, Brazier RE (2008) Understanding the influence of suspended solids on water quality and aquatic biota. Water Res
42(12):2849-2861. https://doi.org/10.1016/j.watres.2008.03.018

Blaber S, Milton D, Salini J (2008) Chapter 11 the biology of barramundi (Lates calcarifer) in the fly river system. Dev Earth Environ
Sci 9:411-426. https://doi.org/10.1016/S1571-9197(08)00411-4

Bozorgnia A, Hosseinifard M, Alimohammadi R (2011) Acute effects of different temperature in the blood parameters of common carp
(Cyprinus carpio). In: 2nd international conference on environmental science and technology, Singapore

BPS (2016) Indeks pembangunan manusia 2015. Badan pusat statistik Republik Indonesia, Jakarta

Brink K, Gough P, Royte J, Schollema P, Wanningen H (2018) From sea to source 2.0. World fish migration foundation, Groningen

Caldeira K, Wickett ME (2003) Anthropogenic carbon and ocean pH. Nature 425(6956):365-365. https://doi.org/10.1038/425365a

Chan W (1982). Management of the nursery of seabass fry in: Report of training course on seabass spawning and larval rearing. South
China sea fisheries development and coordinating programme, Manila

Chaudhary R (2022) Adrenalin. In: Vonk J, Shackelford TK (eds.), Encyclopedia of animal cognition and behavior. Springer Nature,
Switzerland, pp. 1-4. https://doi.org/10.1007/978-3-319-47829-6_1439-1

Chen N, Zhang C, Sun M, Xu B, Xue Y, Ren Y, Chen Y (2018) The impact of natural mortality variations on the performance of man-
agement procedures for spanish mackerel (scomberomorus niphonius) in the yellow sea, china. Acta Oceanol Sin 37(8):21-30.
https://doi.org/10.1007/s13131-018-1234-0

Clark CO, Webster PJ, Cole JE (2003) Interdecadal variability of the relationship between the indian ocean zonal mode and east afri-
can coastal rainfall anomalies. J Clim 16(3):548-554. https://doi.org/10.1175/1520-0442(2003)016<0548:Ivotrb>2.0.Co;2

Cotton CF, Walker RL, Recicar TC (2003) Effects of temperature and salinity on growth of juvenile black sea bass, with implications
for aquaculture. N Am J Aquacult 65(4):330-338. https://doi.org/10.1577/C02-037

Dadras H, Dzyuba B, Cosson J, Holpour A, Siddique MAM, Linhart O (2017) Effect of water temperature on the physiology of fish
spermatozoon function: a brief review. Aquac Res 48(3):729-740. https://doi.org/10.1111/are.13049

Falcinelli S, Rodiles A, Unniappan S, Picchietti S, Gioacchini G, Merrifield DL, Carnevali O (2016) Probiotic treatment reduces
appetite and glucose level in the zebrafish model. Sci Rep 6(1):18061. https://doi.org/10.1038/srep18061

Flores-Lopes F, Thomaz AT (2011) Histopathologic alterations observed in fish gills as a tool in environmental monitoring. Braz J
Biol 71:179-188

Freund JG, Petty JT (2007) Response of fish and macroinvertebrate bioassessment indices to water chemistry in a mined appalachian
watershed. Environ Manag 39(5):707-720. https://doi.org/10.1007/s00267-005-0116-3

Ghaffar A, Hussain R, Khan A, Abbas R (2015) Hemato-biochemical and genetic damage caused by triazophos in fresh water fish,
Labeo rohita. Int J Agric Biol 17:637-642. https://doi.org/10.17957/1JAB/17.3.14.1016

Giannetto D, Carosi A, Ghetti L, Pompei L, Viali P, Lorenzoni M (2014) Size selectivity of gill-nets and growth of roach Rutilus rutilus

(linnaeus, 1758) an alien species in Piediluco lake (Italy). Knowl Manag Aquat Ecosyst 413:07. https://doi.org/10.1051/kmae/2014001

Glencross B, Bermudes M (2010) Effect of high water temperatures on the utilisation efficiencies of energy and protein by juvenile
barramundi, Lates calcarifer. Fish Aquac J 14:1-11. https://doi.org/10.4172/2150-3508.1000014

Gough P (2012) From sea to source: International guidance for the restoration of fish migration highways. Regional water authority
Hunze en Aa’s, Veendam, The Netherlands

Gupta BK, Sarkar UK, Bhardwaj SK (2012) Assessment of habitat quality with relation to fish assemblages in an impacted river of the
ganges basin, Northern India. Environmentalist 32(1):35-47. https://doi.org/10.1007/s10669-011-9363-4

Hobday AJ, Okey TA, Poloczanska ES, Kunz TJ, Richardson AJ (2006) Impacts of climate change on australian marine life. Report
to the Australian greenhouse office, Canberra, Australia

Islam MA, Uddin MH, Uddin MJ, Shahjahan M (2019) Temperature changes influenced the growth performance and physiological
functions of thai pangas Pangasianodon hypophthalmus. Aquacul Repo 13:100179. https://doi.org/10.1016/j.aqrep.2019.100179

Jagtap AR (2012) Influence of acute temperature stress on hemoglobin content in snakeheaded fish, Channa punctatus Godavari River,
Nanded. Int J Biomed Adv Res 3(11):823-827. https://doi.org/10.7439/ijbar.v3i11.784

Park JY, Han KH, Cho JK, Kim KM, Son MH, Park JM, Kang HW (2016) Survival rate and hematological responses with tempera-
ture changes of red spotted grouper, Epinephelus akaara in South Korea. Dev Reprod 20(2):103-112. https://doi.org/10.12717/
DR.2016.20.2.103

KKP (2022) Statistik kementrian kelautan dan perikanan., Republik Indonesia, Jakarta. https://statistik.kkp.go.id/home.php?m=to-
tal&i=2#panel-footer

Khan MH, Patel A, Patel P, Patel P, Guevara E (2018) Myelophthisic anemia in a patient with lobular breast carcinoma metastasized
to the bone marrow. Cureus 10(11):e3541. https://doi.org/10.7759/cureus.3541

Kjelland ME, Woodley CM, Swannack TM, Smith DL (2015) A review of the potential effects of suspended sediment on fishes: Po-
tential dredging-related physiological, behavioral, and transgenerational implications. Environ Syst Decis 35(3):334-350. https://
doi.org/10.1007/s10669-015-9557-2

Lehodey P, Bertignac M, Hampton J, Lewis A, Picaut J (1997) El nifio southern oscillation and tuna in the Western Pacific. Nat
389(6652):715-718. https://doi.org/10.1038/39575



https://doi.org/10.4314/tjpr.v7i3.14686
https://doi.org/10.1083/jcb.53.1.244
https://doi.org/10.1111/jai.14209
https://doi.org/10.1093/icb/42.3.517
https://doi.org/10.2754/avb201685040349
https://doi.org/10.1016/j.watres.2008.03.018
https://doi.org/10.1016/S1571-9197(08)00411-4
https://doi.org/10.1038/425365a
https://doi.org/10.1007/s13131-018-1234-0
https://doi.org/10.1175/1520-0442(2003)016
https://doi.org/10.1577/C02-037
https://doi.org/10.1111/are.13049
https://doi.org/10.1038/srep18061
https://doi.org/10.1007/s00267-005-0116-3
https://doi.org/10.17957/IJAB/17.3.14.1016
https://doi.org/10.1051/kmae/2014001
https://doi.org/10.4172/2150-3508.1000014
https://doi.org/10.1007/s10669-011-9363-4
https://doi.org/10.1016/j.aqrep.2019.100179
https://doi.org/10.7439/ijbar.v3i11.784
https://www.ksdb.org/archive/view_article?pid=dr-20-2-103
https://www.ksdb.org/archive/view_article?pid=dr-20-2-103
https://doi.org/10.7759/cureus.3541
https://doi.org/10.1007/s10669-015-9557-2
https://doi.org/10.1007/s10669-015-9557-2
https://doi.org/10.1038/39575

272 Int Aquat Res (2022) 14:263-273

Mabhardika K, Mastuti I, Satriyani ME, Zafran (2020) Pemberian ekstrak jeruk lemon (Citrus limon) pada ikan kakap putih (Lates
calcarifer) dalam pencegahan infeksi VNN. J Fish Mar Res 4(2):187-193. https://doi.org/10.21776/ub.jfmr.2020.004.02.1

Maisano M, Cappello T, Oliva S, Natalotto A, Giannetto A, Parrino V, Battaglia P, Romeo T, Salvo A, Spano N, Mauceri A (2016) PCB
and OCP accumulation and evidence of hepatic alteration in the Atlantic bluefin tuna, 7. thynnus, from the mediterranean sea. Mar
Environ Res 121:40-48. https://doi.org/10.1016/j.marenvres.2016.03.003

Marengo-Rowe AJ (2006) Structure-function relations of human hemoglobins. Proc Bayl Univ Med Cent 19(3):239-245. https://doi.
org/10.1080/08998280.2006.11928171

Martinez-Porchas M, Martinez-Cordova LR, Ramos-Enriquez R (2009) Cortisol and glucose: Reliable indicators of fish stress? Pan-
Am J Aquat Sci 4(2):158-178

Masaoka T, Tack J (2009) Gastroparesis: Current concepts and management. Gut Liver 3(3):166-173. https://doi.org/10.5009/
2nl.2009.3.3.166

Masjudi H, Tang UM, Syawal H (2016) Kajian tingkat stres ikan tapah (Wallago leeri) yang dipelihara dengan pemberian pakan dan
suhu yang berbeda. Ber Perik Ter 44(3):69-83

Miller GM, Kroon FJ, Metcalfe S, Munday PL (2015) Temperature is the evil twin: Effects of increased temperature and ocean acidi-
fication on reproduction in a reef fish. Ecol Appl 25(3):603-620. https://doi.org/10.1890/14-0559.1

Mones RA (2008) Gambaran darah pada ikan mas (Cyprinus carpio Linn) strain Majalaya. In: Undergraduate thesis. IPB University,
Bogor

Muchilisin ZA (2017) Pengantar iktiologi. Syiah Kuala University Press, Banda Aceh

Muchlisin ZA, Musman M, Azizah MN (2010) Spawning seasons of Rasbora tawarensis (Pisces: Cyprinidae) in Lake Laut Tawar,
Aceh province, Indonesia. Reprod Biol Endocrinol 8:49. https://doi.org/10.1186/1477-7827-8-49

Muchlisin ZA, Hashim R, Chong ASC (2004) Preliminary study on the cryopreservation of tropical bagrid catfish Mystus nemurus
spermatozoa: the effect of extender and cryoprotectant on the motility after short-term storage. Theriogenology 62:25-37. https://
doi.org/10.1016/j.theriogenology.2003.05.006

Nasichah Z, Widjanarko P, Kurniawan A, Arfiati D (2016). Analisis kadar glukosa darah ikan tawes (Barbonymus gonionotus) dari
bendung rolak songo hilir Sungai Brantas. In: Prosiding seminar nasional kelautan. pp:328-333

NSW Government (2022) Barramundi - aquaculture prospects. https://www.dpi.nsw.gov.au/fishing/aquaculture/publications/spe-
cies-freshwater/barramundi-aquaculture-prospects

Nur F, Batubara A, Eriani K, Tang U, Muhammada AA, Siti-Azizah MN, Wilkes M, Fadli N, Rizal S, Muchlisin ZA (2020) Effect of
water temperature on the physiological responses in Betta rubra, perugia 1893 (pisces: Osphronemidae). Int Aquat Res 12(3):209-
218. https://doi.org/10.22034/1ar.2020.1900150.1053

Nur FM, Nugroho RA, Fachmy S (2017) Effects of propolis (trigona sp.) extract supplementation on the growth and blood profile of
Pangasius djambal. AIP Conf Proc 1813(1):020024. https://doi.org/10.1063/1.4975962

Oczkowski A, Mckinney R, Ayvazian S, Hanson A, Wigand C, Markham E (2015) Preliminary evidence for the amplification of
global warming in shallow, intertidal estuarine waters. Plos One 10(10):e0141529. https://doi.org/10.1371/journal.pone.0141529

Ohmura Y, Yoshioka M (2009) The roles of corticotropin releasing factor (CRF) in responses to emotional stress: is CRF release a
cause or result of fear/anxiety? CNS Neurol Disord Drug Targets 8(6):459-69. https://doi.org/10.2174/187152709789824679

Pankhurst NW, Munday PL (2011) Effects of climate change on fish reproduction and early life history stages. Mar Freshwat Res
62(9):1015-1026. https://doi.org/10.1071/MF10269

Polakof' S, Mommsen TP, Soegas JL (2011) Glucosensing and glucose homeostasis: from fish to mammals. Comp Biochem and Physi-
ol Part B 160(4):123-149. https://doi.org/10.1016/j.cbpb.2011.07.006

Polakof S, Panserat S, Soengas JL, Moon TW (2012) Glucose metabolism in fish: A review. J Comp Physiol B 182(8):1015-1045.
https://doi.org/10.1007/s00360-012-0658-7

Rayes RD, Sutresna IW, Diniarti N, Supii Al (2013) Pengaruh perubahan salinitas terhadap pertumbuhan dan sintasan ikan kakap
putih (Lates calcarifer bloch). Ind J Mar Sci Technol 6(1):47-56. https://doi.org/10.21107/jk.v6i1.832

Reid PC, Borges MDF, Svendsen E (2001) A regime shift in the north sea circa 1988 linked to changes in the north sea horse mackerel
fishery. Fish Res 50(1):163-171. https://doi.org/10.1016/S0165-7836(00)00249-6

Rojas L, Mata C, Oliveros A, Salazar-Lugo R (2013) Histology of gill, liver and kidney in juvenile fish Colossoma macropomum
exposed to three temperatures. Rev Biol Trop 61(2):797-806

Setiawati M, Winarno T, Suprayudi M, Mokoginta I, Manalu W (2007) Mineral besis ebagai pengikat vitalisas ikan kerapu bebek
(Cromileptes altivelis) saat kondisi stres hipoka. J Ilm Pert Ind 12(1):8-14

Shah ZU, Parveen S (2022) Oxidative, biochemical and histopathological alterations in fishes from pesticide contaminated river Gan-
ga, India. Sci Rep 12:3628. https://doi.org/10.1038/s41598-022-07506-8

Shahjahan M, Uddin MH, Bain V, Haque MM (2018) Increased water temperature altered hemato-biochemical parameters and struc-
ture of peripheral erythrocytes in striped catfish pangasianodon hypophthalmus. Fish Physiol Biochem 44(5):1309-1318. https://
doi.org/10.1007/s10695-018-0522-0

Slesinger E, Andres A, Young R, Seibel B, Saba V, Phelan B, Rosendale J, Wieczorek D, Saba G (2019) The effect of ocean warming
on black sea bass (Centropristis striata) aerobic scope and hypoxia tolerance. Plos One 14(6):¢0218390. https://doi.org/10.1371/
journal.pone.0218390

Solomon S, Manning M, Marquis M, Qin D (2007) Climate change 2007- The physical science basis: Working group I contribution
to the fourth assessment report of the IPCC. Cambridge University Press, UK

Stenseth NC, Mysterud A, Ottersen G, Hurrell JW, Chan KS, Lima M (2002) Ecological effects of climate fluctuations. Science
297(5585):1292-1296. https://doi.org/10.1126/science.1071281

Suman A, Irianto HE, Satria F, Amri K (2016) Potensi dan tingkat pemanfaatan sumber daya ikan di Wilayah Pengelolaan Peri-
kanan Negara Republik Indonesia (WPP NRI) tahun 2015 serta opsi pengelolaannya. J Keb Perik Ind 8(2):97-100. http://dx.doi.
org/10.15578/jkpi.8.2.2016.97-100

Sumantri A, Mulyana M, Mumpuni FS (2017) Pengaruh perbedaan suhu pemeliharaan terhadap histopatologi insang dan kulit ikan
komet (Carassius auratus). J Mina Sains 3(1):1-7. https://doi.org/10.30997/jms.v3i1.866

Tahir D, Shariff M, Syukri F, Yusoff FM (2018) Serum cortisol level and survival rate of juvenile Epinephelus fuscoguttatus following


https://jfmr.ub.ac.id/index.php/jfmr/article/view/380
https://doi.org/10.1016/j.marenvres.2016.03.003
https://doi.org/10.1080/08998280.2006.11928171
https://doi.org/10.1080/08998280.2006.11928171
https://doi.org/10.5009/gnl.2009.3.3.166
https://doi.org/10.5009/gnl.2009.3.3.166
https://doi.org/10.1890/14-0559.1
https://doi.org/10.1186/1477-7827-8-49
https://www.dpi.nsw.gov.au/fishing/aquaculture/publications/species-freshwater/barramundi-aquaculture-prospects
https://www.dpi.nsw.gov.au/fishing/aquaculture/publications/species-freshwater/barramundi-aquaculture-prospects
https://doi.org/10.22034/iar.2020.1900150.1053
https://doi.org/10.1063/1.4975962
https://doi.org/10.1371/journal.pone.0141529
http://www.eurekaselect.com/article/38548
https://doi.org/10.1071/MF10269
https://www.sciencedirect.com/science/article/abs/pii/S1096495911001539
https://journal.trunojoyo.ac.id/jurnalkelautan/article/view/832
https://doi.org/10.1016/S0165-7836(00)00249-6
https://doi.org/10.1007/s10695-018-0522-0
https://doi.org/10.1007/s10695-018-0522-0
https://doi.org/10.1371/journal.pone.0218390
https://doi.org/10.1371/journal.pone.0218390
https://doi.org/10.1126/science.1071281
http://dx.doi.org/10.15578/jkpi.8.2.2016.97-100
http://dx.doi.org/10.15578/jkpi.8.2.2016.97-100
https://ojs.unida.ac.id/jmss/article/view/866/pdf

Int Aquat Res (2022) 14:263-273 273

exposure to different salinities. Vet World 11(3):327-331. https://doi.org/10.14202/vetworld.2018.327-331

Takata R, Nakayama CL, ESilva WDS, Bazzoli N, Luz RK (2018) The effect of water temperature on muscle cellularity and gill tissue
of larval and juvenile Lophiosilurus alexandri, a Neotropical freshwater fish. J Therm Biol 76:80-88. https://doi.org/10.1016/j.
jtherbio.2018.07.007

Tort L, Rotllant J, Liarte C, Acerete L, Hernandez A, Ceulemans S, Coutteau P, Padros F (2004) Effects of temperature decrease on
feeding rates, immune indicators and histopathological changes of gilthead sea bream Sparus aurata fed with an experimental
diet. Aquaculture 229(1):55-65. https://doi.org/10.1016/S0044-8486(03)00403-4

Vij S, Purushothaman K, Gopikrishna G, Lau D, Saju JM, Shamsudheen KV, Kumar KV, Basheer VS, Gopalakrishnan A, Hossain MS,
Sivasubbu S, Scaria V, Jena JK, Ponniah AG, Orban L (2014) Barcoding of Asian seabass across its geographic range provides
evidence for its bifurcation into two distinct species. Front Mar Sci 1(30):1-13 https://doi.org/10.3389/fmars.2014.00030

Volkoff H, Rennestad I (2020) Effects of temperature on feeding and digestive processes in fish. Temperature 7(4):307-320. https://
doi.org/10.1080/23328940.2020.1765950

Walberg E (2011) Effect of increased water temperature on warm water fish feeding behavior and habitat use. J Undergrad Res Minnes
State Univ Mankato 11(13):1-13

Walia G, Handa D, Kaur H, Kalotra R (2013) Erythrocyte abnormalities in a freshwater fish, Labeo rohita exposed to tannery industry
effluent. Int J Pharm Biol Sci 3:287-295

Warang P, Kedar P (2018) Hereditary elliptocytosis: A rare red cell membrane disorder. Indian J Hematol Blood Transfus 34(4):754-
755. https://doi.org/10.1007/s12288-018-0986-1

Xu J, Grumbine RE, Shrestha A, Eriksson M, Yang X, Wang Y, Wilkes A (2009) The melting himalayas: Cascading effects of climate
change on water, biodiversity, and livelihoods. Conserv Biol 23(3):520-530. https://doi.org/10.1111/j.1523-1739.2009.01237 x

Yanto H, Hasan H (2015) Studi hematologi untuk diagnosa penyakit ikan secara dini di di sentra produksi budidaya ikan air tawar
sungai kapuas Kota Pontianak. J Akua 1(1):11-20

Publisher’s Note
TAU remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

&


https://doi.org/10.14202/vetworld.2018.327-331
https://doi.org/10.1016/j.jtherbio.2018.07.007
https://doi.org/10.1016/j.jtherbio.2018.07.007
https://doi.org/10.1016/S0044-8486(03)00403-4
https://doi.org/10.3389/fmars.2014.00030
https://doi.org/10.1080/23328940.2020.1765950
https://doi.org/10.1080/23328940.2020.1765950
https://doi.org/10.1007/s12288-018-0986-1
https://doi.org/10.1111/j.1523-1739.2009.01237.x

