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1  |  INTRODUC TION

Climatic variability and change present a major global challenge on 
the aquatic ectotherms (Burel et al., 1996) such as fish. Fish are highly 
vulnerable to the impacts of climatic variations because their body 
metabolism is mainly dependent on the environmental tempera-
ture (Fry, 1971), exacerbated by the blood water counter-current 

flow in their gills during gaseous exchange (Beitinger et al., 2000; 
Schmidt-Nielsen, 1997). Hence, the predicted global warming may 
profoundly affect fish physiology and reduce their fitness (Crozier & 
Hutchings, 2014; Ficke et al., 2007). Like all organisms, fish lie within 
a limited thermal range (CTmin–CTmax) of body temperature due to 
optimized structural and kinetic coordination of molecular, cellular 
and systemic processes, which likely evolved to be as narrow as 
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Abstract
Climate change is a recognized global concern in the 21st century. Water temperature 
elevation is likely to affect fish physiological and ethological function, causing great 
economic losses for fisheries resources and aquaculture production. Fish are particu-
larly vulnerable to climate change as they are unable to control their body tempera-
tures with changes in environmental temperature. This study assessed the effects of 
thermal acclimation in three juvenile populations of Oreochromis esculentus on the 
critical thermal maximum CTmax, cortisol, biochemical and haematological responses 
to acute temperature increase (0.3°Cmin−1). Fish from Senya farm, Lake Kacheera 
and Lake Nabisojjo were acclimated at 25°C, 28°C, 31°C and 34°C for 21  days at 
Kajjansi aquaculture research and development centre KARDC. The CTmax and blood 
cell counts increased, while plasma cortisol, glucose and proteins decreased at higher 
acclimation temperatures. Two-way ANOVA showed significant differences among 
treatments in CTmax, cortisol, proteins and erythrocytes indices, but not in glucose and 
leucocytes. However, significant variations among populations were only showed in 
CTmax. Overall, these results suggest that O. esculentus can respond to higher climate 
change induced temperatures, when allowed time for acclimation. Since temperature 
adaptation not only depends on the parameters assessed in this study, we recom-
mend further investigations into metabolic rate and digestive enzymatic activity.
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possible to reduce energy costs (Pörtner & Farrell, 2008). The critical 
thermal minimum (CTmin) and critical thermal maximum (CTmax) illus-
trate the lower and upper limits of the environmental temperature 
within which the organisms exhibit normal life activities (Nyboer & 
Chapman, 2017) and are commonly used as indicators of thermal 
biology (Peng et al., 2014).

In order for fish to survive with global warming, they must mi-
grate to cooler habitats or respond through phenotypic plasticity 
or genetic change (Rosset & Oertli, 2011). However, the tropical 
inland freshwater ecosystems are fragmented; therefore, fish relo-
cation to cooler higher latitudes may not be possible (Walters et al., 
2012); hence, the alternative is adaptation, lest they become extinct 
(Nyboer & Chapman, 2017; Rosset & Oertli, 2011). Furthermore, 
it is reported that since the tropical species evolved in warm en-
vironments with very narrow diel and seasonal thermal gradients, 
they may already be living close to their optimal or even above 
the optimum thermal range (Nyboer & Chapman, 2017; Somerao, 
2010; Tewksbury, et al., 2008) and may have limited performance 
change and narrow thermal tolerance range (CTmax–CTmin) as well 
(Huey et al., 2012). Moreover, their habitats already suffered in-
tense interruptions due to anthropogenic disturbances (Cowx & 
Collares-Pareira, 2002). For example, pollution, habitat alteration, 
flow obstructions such as dams and water management schemes, 
introduction of alien species, over-exploitation, contaminants and 
nutrient additions (Schindler, 2001) have had serious negative im-
pacts on the freshwater organisms. Already close to twenty per cent 
(20%) of the freshwater taxa are threatened, endangered or extinct 
(Cowx & Collares-Pareira, 2002; Revenga et al., 2000). Therefore, 
any additional interactions like the increasing global temperature 
may easily damage them completely, leading to serious ecological 
and economic consequences given the fact that the tropical fresh-
water species contribute significantly (almost 40%) to the overall 
global diversity of fish (Arthington et al., 2003). Furthermore, the 
freshwater fisheries are the main source of livelihood and animal 
proteins especially for the rural poor communities in the mostly low-
income landlocked countries (FAO, 2009). Therefore, it is urgently 
required that the freshwater biodiversity be protected against the 
impacts of global warming and the predicted extreme events (Abell 
et al., 2002; Meehl & Tebaldi, 2004; Perkins et al., 2012).

Unfortunately, there is limited information concerning the im-
pacts of increased temperature on the tropical freshwater fish spe-
cies (Comte et al., 2013) to guide the formulation of more inclusive 
regulations, conservation actions and management interventions 
(Cooke et al., 2013). Most research has been biased towards tem-
perate marine species and species of high economic or recreational 
value (Comte et al., 2013). Moreover, it is increasingly evident that 
adaptability and the extent of vulnerability to the effects of cli-
matic warming vary greatly among species and among populations 
of the same species with regard to their physiological sensitivity, 
geographical location and evolutionary background (Deutsch et al., 
2008; Diamond et al., 2018; FAO, 2012; Huey et al., 2012; Hulme 
et al., 2010; Portner, 2001). Therefore, more species-specific re-
searches comparing species populations, especially for the tropical 

freshwater fish species where information is least available, are re-
quired for predicting climate change effects on the organisms’ phe-
notypic plasticity to inform climate change action.

Therefore, the two natural populations from a drier L. Kyoga 
basin and wetter L. Victoria basin were compared against a farmed 
population.

To date, most environmental adaptability and stress assess-
ments for both marine and freshwater species have involved haema-
tological comparisons mainly because blood constituents respond 
rapidly to any factor that affects homeostasis and get altered long 
before there is any physical mark of the condition (Adams, 1990; 
Fazio et al., 2018; Gabriel et al., 2011). For instance, the European 
sea bass Dicentrarchus labrax and Gilthead sea bream Sparus aurata 
(Fazio et al., 2018), the great sturgeon Huso huso (Zarejabad et al., 
2009), the red spotted grouper Epinephelus akaara (Cho et al., 2015) 
and Nile tilapia Oreochromis niloticus (Barcellos et al., 1999; Delaney 
et al., 2005; Panase et al., 2018) have been studied using haema-
tological assessments. Researchers conveniently categorized the 
homeostatic alterations as follows: Primary stage which involves 
neuroendocrine responses such as catecholamine release and acti-
vation of the corticotropin-interrenal axis. Secondary stage which 
involves physiological responses such as haematological, osmoregu-
latory, blood enzymatic and metabolic changes. Finally, the tertiary 
stage emanating from long-term exposure to source of stress which 
may lead to decreased growth and fecundity increased susceptibil-
ity to pathogens and behavioural changes (Kalamarz-Kubiak, 2018; 
Kindle & Whitmore, 1986; McCormick, 2001; Pankhurst, 2001). 
According to Kindle and Whitmore (1986), prolonged homeostatic 
perturbation may result into acclimation whereby an organism's 
tolerance to environmental changes is either reduced or enhanced. 
Acclimation allows the individual to compensate for the direct ther-
modynamic effects on metabolism and glucose utilization (Johnston 
& Dunn, 1987; Schulte et al., 2011). Hence, the attribute of thermal 
acclimation capacity is progressively being considered as a key fea-
ture in determining species’ resilience to climate change (Franklin & 
Seebacher, 2009; Somero, 2010; Stillman, 2003), mainly monitored 
through haematological parameters. The species displaying the 
highest acclimation capacity are believed to have greater energetic 
and competitive advantage (Sandblom et al., 2014) over others.

This study hypothesized that thermal acclimation and species 
population significantly affect fish stress responses. The purpose of 
this study was to assess the effects of thermal acclimation and spe-
cies population on physiological responses of juvenile Oreochromis 
esculentus. The main aim was to compare environmental responses 
among three populations of the species which we thought may 
differ due variations in their ecological background. Two are cap-
ture fish populations with differing ecological backgrounds that is 
one being from a drier L. Kyoga basin and another from wetter L. 
Victoria basin and a third domesticated population which has existed 
in captivity for three generations experiencing human influence in 
feeding and handling stress. We selected the juvenile stage because 
this is the most plastic and therefore can reveal the most depend-
able species’ thermal tolerance limits and physiological processes 
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(Pörtner & Farrell, 2008). A wide range of stress responses to crit-
ical temperature increase in relation to thermal acclimation and 
species population were assessed. They ranged from the primary 
(cortisol), secondary (plasma glucose and proteins, plus whole blood 
cell components and indices) to tertiary (critical thermal maximum 
CTmax) acclimated at different temperature regimes. The range of 
temperatures selected in these trials was based on the average lake 
water temperatures of 25°C in the Lake Victoria basin (Witte & Van 
Densen, 1995) and the predicted range of temperature rise due to 
global warming of 1–7°C (IPCC, 2007).

Selection of Oreochromis esculentus as a subject for this study 
was based on the fragility of its existing populations despite the 
species’ socio-economic importance due to its distinct preference 
among the attendant communities for its superior flesh (Graham, 
1929; Mwanja et al., 2017; Trewavas, 1983). O. esculentus is a tropi-
cal freshwater tilapiine fish species and only endemic to the Victoria 
and Kyoga Lake basins (Graham, 1929; Ogutu-Ohwayo, 1993) lo-
cated in Uganda, Kenya and Tanzania (East Africa). Although the 
species was plentiful throughout the first half of the 20th Century 
and it exclusively supported the commercial fishery of Lake Victoria 
(Ogutu-Ohwayo, 1993), it is currently non-existent in the main L. 
Victoria and L. Kyoga (Nagayi et al., 2006; Ogutu-Ohwayo, 1993) 
and it is critically endangered (IUCN, 2020). However, the surviving 
populations are seemingly vulnerable to the negative impacts of cli-
matic warming given that their refugia habitats, the satellite lakes, 
are very small and shallow. Shallow lakes tend to heat fast due to 
their low heat storage capacity (Oswald & Rouse, 2004). Therefore, 
conservation action for the surviving populations of O. esculentus 
should be considered as critical with due consideration of the effects 
of climate change which this study aims to generate.

2  |  MATERIAL S AND METHODS

2.1  |  Collection and acclimation of Oreochromis 
esculentus

Juveniles of Oreochromis esculentus were collected from Lake 
Kacheera (Lake Victoria basin), Lake Nabisojjo (Lake Kyoga basin) and 
a fish farm in Rakai District (Figure 1). The farmed population was 
a composite mixture from lakes Mburo, Kijanebalola and Kacheera 
and were the third generation. The fish were captured using boat 
seines and selected based on the maturity stage and closeness in 
size, since most ecological and physiological factors are size depend-
ent in fish (Akinrotimi et al., 2010).

The choice of the fish sources was based on the fact that envi-
ronmental adaptability may differ among populations of the same 
species (Diamond et al., 2018). Therefore, the two natural popula-
tions from a drier L. Kyoga basin and wetter L. Victoria basin were 
compared against a farmed population.

The fish were transported to Kajjansi Aquaculture Research and 
Development Center KARDC in a 500-L circular water tank, sup-
plied with pure oxygen. They were kept in separate outdoor concrete 

tanks (6 × 4 × 1 m), with a natural photo-period and partial natural 
food production to minimize fish stress ensuring that the Uganda 
National Council for Science and Technology UNCST’s guidelines for 
the care and use of laboratory animals were followed.

The fish were left for a minimum of 14 days, which is presumably 
long enough to permit natural healing from capture and transpor-
tation injuries and acquainting with the artificial feed supplement.

2.2  |  Acclimation experimental procedure

A temperature acclimation experiment was set up indoors, in 300 l 
circular plastic tanks. The fish were reared at different temperatures 
including a control (C=25°C) and three treatments (T1  =  28  ×  C, 
T2 = 31 × C and T3 = 34°C) for a total of 21 days, long enough to 
elicit adequate physiological responses in aquatic trials (Nyboer & 
Chapman, 2017). All the treatments and the control were replicated 
into sets of three tanks, thus adding up to a total of 12 tanks.

Each experimental tank was stocked with five (5) fish from each 
of the three fish populations to keep an optimum stock density 
that would minimize stress and support proper water quality man-
agement. The experiment was done twice in order to have enough 
specimens for the CTmax, cortisol and other haematological tests. For 
easy identification and follow-up, individuals of a given population 
were tagged with a visible implant elastomer tag of a unique colour. 
In order to minimize additional stress in the biological clock, the fish 
were subjected to an almost natural photo-period of ~12-h light and 
12-h dark. The fish, ranging 11.4 cm to 16.9 cm total length, were fed 
to satiation, twice a day (8 am and 5 pm) on floating pellets of 1.5 mm 
(28% crude protein) to match their low protein herbivorous feeding 
in the wild, which takes place almost throughout the day but with 
peaks at dawn and dusk near the water surface.

Temperature in the experimental tanks was maintained using 
thermostat (W1209®) controlled immersion water heaters (within 
0.5°C above or below). In order to maintain the desired water qual-
ity, experimental tanks were cleaned twice daily (morning and eve-
ning) mainly after feeding, by siphoning out feed remainders and 
solid wastes before ensuring a 10% water replacement. This was 
done in conjunction with continuous water aeration to support a 
high oxygen supply near to saturation and water quality standard. 
Any dead fish were removed immediately.

Water parameters were monitored daily (dissolved oxygen DO, 
Electrical Conductivity EC and pH) using a multi-probe water meter 
(H19146-Hana instruments®) and bi-weekly (ammonia and nitrite) 
according to APHA (1985) to ensure uniformity. It was important 
because haematological values of fish can be affected by extrinsic 
and intrinsic factors such as age, weight, sex, food, pathogens and 
water quality parameters including water temperature, salinity, ox-
ygen availability and pH (Sandblom et al., 2014). The results of DO 
(4.48–7.8  mg/L), EC (180–250 µS/cm) and pH (7.1–7.8), ammonia 
(0.7–1.0 mg/L) and nitrite (0.0 mg/L) did not show significant differ-
ences among the treatments and were within acceptable range for 
fish rearing.
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2.3  |  Determination of the critical thermal 
maximum (CTmax)

At the end of the acclimation period, fish were randomly selected 
from the same temperature treatment and quickly transferred to a 
thermos tank, ten (10) hours before the onset of the experiment, 
to recover from handling stress. A higher voltage water heater was 
used to increase the water temperature at a rate of 0.3°C min−1 
which is recognized as low enough to allow the fish body temper-
ature to change, but fast enough to inhibit acclimation during the 
trail (Beitinger et al., 2000). The temperature at which the fish lost 
swimming stability for approximately five (5) seconds (Nyboer & 
Chapman, 2017) was recorded as the CTmax, and the fish were trans-
ferred to a recovery water tank with continuous aeration. We re-
corded almost 100% recovery rate.

2.4  |  Determination of plasma cortisol

The fish used in the CTmax experimentation were allowed approxi-
mately one hour of rest before use in the cortisol tests. According 
to Kebus et al. (1992) and Kalamarz-Kubiak (2018), cortisol secretion 

reaches the peak at least one hour after exposure to acute stress in 
most fish species. The same was reported in salmonids and in tilapia 
(Barcellos et al., 1999; Delaney et al., 2005).

The fish were anaesthetized with 40  ppm clove oil. Blood 
samples (1.0 ml) were collected from the individual fish by punc-
turing their caudal veins using a two-millilitre syringe rinsed with 
ethylenediaminetetraacetic acid (EDTA) to slow coagulation. The 
samples were transferred to heparin free Eppendorf tubes from 
which serum was extracted after centrifugation at 5400 ×  g for 
10 min and preserved in separate Eppendorf tubes at −20°C for 
cortisol analysis. The concentration of cortisol was tested by 
enzyme-linked immunosorbent assay according to Zarejabad et al. 
(2009).

2.5  |  Determination of serum glucose and 
protein and haemogram profile

A second batch of acclimated fish were anaesthetized with 
40  ppm clove oil. Blood samples (1.8  ml) were collected from 
the individual fish by puncturing their caudal veins using a two-
millilitre syringe rinsed with ethylenediaminetetraacetic Acid 

F I G U R E  1  Location map of lakes and farm from where the experimental fish were collected in Uganda.
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    |  993NAGAYI et al.

(EDTA) to slow coagulation. The blood was divided into two ali-
quots. The first aliquot was transferred to heparin free Eppendorf 
tubes and left to coagulate and the plasma used in glucose and 
protein analysis. The second aliquot was transferred to heparin-
ized Eppendorf tubes to be used for whole blood cell determi-
nation. All samples were immediately transferred to Ebenezer 
Medical Laboratory limited for analysis. Serum glucose and serum 
protein were analysed by an analytical chemistry analyser (P400 
and PC400, HORIBA, Japan).

2.6  |  Haemogram profile determination

Using the second aliquot, the assessment and classification of the 
blood cellular components was done following the standard hae-
matological methods described by Blaxhall and Daisley (1973) and 
Brown (1993). The red blood cell parameters, haemoglobin (Hb), 
packed cell volume (PCV) and platelets (PLT), were determined.

The data were used to calculate the mean corpuscular haemoglo-
bin (MCH), mean corpuscular haemoglobin concentrations (MCHC) 
and mean corpuscular volume (MCV) based on Javed et al. (2016) as 
shown in Equations (1), (2) and (3) below respectively.

To estimate the differential leukocyte counts, blood smears were 
air-dried, fixed in methanol and stained using May-Giemsa solution 
before being classified into lymphocytes, neutrophils, monocytes 
and eosinophils according to Blaxhall and Daisley (1973).

2.7  |  Data analysis

Data obtained were corrected for normality and homogeneity of 
variance before analysis. All statistical analyses were carried out in 
R studio using R software. The study parameters were subjected to 
a two-way analysis of variance, ANOVA, to determine significant 
differences among the acclimation temperatures in the three fish 
populations and the interaction between the main factors. To inves-
tigate more into the differences among all groups, Tukey's tests were 
performed. Statistical tests were considered significant at more than 
95%, that is p < 0.05. All results are expressed as mean ± standard 
deviation.

3  |  RESULTS

Our results show significant effect of both species population (CTmax) 
and acclimation temperature (CTmax, cortisol, serum glucose, serum 
protein, Hct, PVC, MCH, MCHC and PLT) on the physiological re-
sponses to thermal stress in juvenile O. esculentus. However, there 
was significant interaction between species population and acclima-
tion temperature in the CTmax and MCV (Table 1).

3.1  |  Critical thermal maximum (CTmax)

A total of 123 fish were used in the assessment of CTmax (Table 2).
We observed an average increment in CTmax (°C) of 0.87°C for 

every 3°C rise in acclimation temperature. The lowest increment 
in CTmax (0.65°C) was recorded between 25 and 28°C acclimation 
temperatures, and the highest (1.15°C) recorded between 28 and 
31°C, with a subsequent decline (0.82°C) CT at higher acclimation 
temperature, 31–34°C.

There was also a significant interaction between the effects 
of acclimation temperature and ecological background/population 
on CTmax [F(3, 111) =2.217, p= 0.0465]. For instance, L. Nabisojjo, 
which recorded the lowest CTmax (40.56°C) at the lowest acclima-
tion temperature (25°C), attained the highest CTmax (43.38°C) at the 
highest acclimation temperature 34°C compared with other popula-
tions. Conversely, L. Kacheera recorded the highest CTmax (40.72°C) 
at 25°C acclimation temperature, and its CTmax was the lowest 
(43.21°C) at 34°C among the three populations. However, the farm 
population with a medium CTmax record (40.63°C) at the lowest 
acclimation temperature of 25°C recorded the highest CTmax level 
(41.51°C) at 28°C in comparison with the other two populations and 
finally attained medium CTmax (42.48 and 43.23°C) at 31°C and 34°C 
acclimation temperatures respectively (Figure 2). Tukey's post hoc 
tests showed that all species populations and all treatments/accli-
mation temperatures were significantly different from one another.

4  |  CORTISOL LE VEL S

A total of 79 fish were assessed for serum cortisol level of which 
25 (31.65%) were farmed, 28 (35.44%) L. Kacheera and 26 (32.91%) 
from L. Nabisojjo. Cortisol production was inversely correlated 
with acclimation temperature. That is, cortisol level was highest 
in the control group (25°C) and lowest in fish acclimated at 34°C. 
Although the level of cortisol was clearly highest in L. Kacheera and 
lowest in L. Nabisojjo, a two-way ANOVA test of cortisol secretion 
showed that the effect of population was not significant, but accli-
mation temperature had a significant effect on cortisol production 
[F (3,67) = 4.839 p < 0.00416]. There was no significant interaction 
between acclimation temperature and fish population on the corti-
sol level. Pairwise comparisons using Tukey's HSD test indicated that 

(1)MCH (pg) =
Hb (g∕dL) × 10

TEC
(

106mm3

)

(2)MCHC (g∕dL) =
Hb (g∕dL) × 100

PCV (% )

(3)MCV
(

μm3
)

=
PCV (% ) × 10

TEC
(

106mm3

)
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TA B L E  1  Summary of the two-way ANOVA test results for the various physiological parameters. Stars indicate significant effect 
(p < 0.05)

Parameter Variable F value p value

CTmax (°C) Population 36.881 5.23e−13***

Treatment 489.531 <2e−16***

Interaction 2.217 0.0465*

Cortisol (nmol/l) Population 1.572 0.21524

Treatment 4.839 0.00416**

Interaction 0.827 0.55280

Serum glucose (g/dl) Population 0.491 0.613

Treatment 1.899 0.134

Interaction 1.085 0.375

Serum protein (g/dl) Population 0.128 0.880

Treatment 8.925 2.63e−05***

Interaction 1.500 0.186

Red blood cell total count (106cm−1) Population 0.562 0.572

Treatment 2.030 0.114

Interaction 1.196 0.314

Haemoglobin (g/dl) Population 1.879 0.158

Treatment 0.474 0.701

Interaction 1.700 0.128

Hct (%) Population 1.227 0.297

Treatment 9.620 1.11e−05***

Interaction 1.606 0.152

PCV (%) Population 2.740 0.069052

Treatment 6.908 0.000268***

Interaction 1.809 0.103956

MCV (fl) Population 1.779 0.1738

Treatment 1.322 0.2711

Interaction 2.451 0.0292*

MCH (pg) Population 0.128 0.880

Treatment 7.805 9.17e−05***

Interaction 0.547 0.771

MCHC (%) Population 0.280 0.757

Treatment 12.081 7.03e−07***

Interaction 12.081 0.466

PLT (102cm−1) Population 1.513 0.225

Treatment 8.360 4.77e−05***

Interaction 0.441 0.850

White Blood Cell total count (cm3) Population 1.677 0.192

Treatment 0.701 0.553

Interaction 0.444 0.848

Neutrophils (%) Population 2.094 0.128

Treatment 0.391 0.759

Interaction 1.065 0.388

Lymphocytes (%) Population 1.394 0.253

Treatment 0.221 0.881

Interaction 0.760 0.603
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the mean cortisol level at 34°C (254 ± 146) was significantly differ-
ent from 25°C (488.20 ± 404) and 28°C (431.12 ± 186) but did not 
differ significantly between other pairs. (Figure 3).

5  |  BIOCHEMIC AL PAR AMETERS

A total of 114 fish were assessed for serum protein level of which 
37 (32.46%) were farmed, 37 (32.46%) L. Kacheera and 40 (35.08%) 
from L. Nabisojjo, while for glucose assessment a total of 131 fish, 
42 (32.06%) farmed, 44 (33.59%) L. Kacheera and 45 (34.35%) L. 
Nabisojjo, were used. Both glucose and protein productions were 
highest in the control group (25°C), but declined at 28°C to the lowest 
level at 31°C, then rose again at 34°C. Two-way ANOVA of the glucose 
showed no significant differences among populations and acclimation 
temperatures, but the highest and lowest levels of glucose were re-
corded in farmed and L. Nabisojjo fish populations respectively.

Results of serum protein were analysed using a two-way ANOVA, 
and they showed that the differences among the populations were 
not significantly different. However, there was a significant effect of 
the acclimation temperature on the serum protein [F(3,102) = 8.925 
p < 2.63e-05]. The analysis showed no interaction in the effects of 
acclimation temperature and fish population on the serum protein 
level. Pairwise comparisons using Tukey's HSD test indicated that 
the mean serum protein in the control group, 25°C (5.79 ± 1.05), was 
significantly different from 28°C (5.01 ± 0.61), 31°C (4.61 ± 0.84) 
and 34°C (4.87 ± 1.08) but did not differ significantly between other 
pairs. (Figure 4).

6  |  THE HAEMOGR AM PROFILE

For the assessment of the whole blood cell profile, 150 fish were 
selected. However, some of the samples clotted leaving 120 fish for 

the haemogram profiling, comprising of farmed = 42 fish (34.17%), 
L. Kacheera = 40 fish (34.17%) and L. Nabisojjo = 38 fish (31.67%). 
Although there were observed variations in the haematological com-
position among the fish populations, none of them were statistically 

Parameter Variable F value p value

Monocytes (%) Population 0.036 0.9649

Treatment 1.226 0.3040

Interaction 2.009 0.0705

Eosinophils (%) Population 0.183 0.833

Treatment 0.152 0.928

Interaction 0.385 0.888

TA B L E  1  (Continued)

TA B L E  2  Total number of fish used in CTmax assessments

Treatment Farmed Kacheera Nabisojjo Total

25 10 24 7 41

28 10 9 10 29

31 9 9 10 28

34 7 8 10 25

Total 36 50 37 123

F I G U R E  2  Comparing CTmax in three populations of O. 
esculentus acclimated at different temperatures. Different 
lowercase letters are ranked significantly different using Tukey's 
HSD tests (p < 0.05)

F I G U R E  3  Cortisol production in juvenile O. esculentus in the 
three species populations acclimated at different temperatures. 
The results are expressed as mean ± SEM. Means with different 
lowercase letters in red font are ranked significantly different using 
Tukey's HSD tests (p < 0.05)
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significant based on the two-way ANOVA. Moreover, there was no 
significant interaction effect between the acclimation temperature 
and fish population on any of the tested haematological parameters. 
Hence, the table of results is only showing comparisons among ac-
climation temperatures.

The lowest total count of the white blood cells (leucocyte) was 
42.91  ±  9.35% at 34°C, while the highest was 43.46  ±  8.26% at 
31°C. The lowest percentage of neutrophils was 46.26 ± 0.57% at 
28°C, and the highest was 47.00 ± 0.68% at acclimation temperature 

34°C. The lowest percentage of lymphocytes was 47.47 ± 0.53% at 
34°C, and the highest was 47.91 ± 0.51 at 31°C. The lowest percent-
age of monocytes was 4.59 ± 0.21% at 34°C, and the highest was 
5.11 ± 0.22% at 28°C. The lowest percentage of the eosinophils was 
0.85 ± 0.13% at 25°C, and the highest was 0.96 ± 0.16% at 28°C 
(Table 1).

The highest levels of the total white blood cell (leucocyte) 
count (44.83 ± 1.199%) were at 25°C in L. Nabisojjo fish and low-
est (39.88 ± 2.91%) at acclimation temperature 34°C in farmed fish 
population. However, a two-way analysis of variance, ANOVA, for 
all the leucocytes did not show a significant difference among the 
acclimation temperatures (Table 3).

Results show that the total red blood cell/erythrocyte count RBC 
was lowest 1.26 ± 0.06 (x106/cm) in the control group (25°C) and 
highest (1.79 ± 0.31 × 106/cm) at 28°C. Although the results of the 
erythrocyte total count, RBC, were plainly highest in L. Kacheera 
population, statistical test using a two-way ANOVA indicated no sig-
nificant differences in RBC among populations and the acclimation 
temperatures.

Components of the erythrocytes Hct, MCV, PCV and Hb were 
positively correlated with acclimation temperature. The lowest lev-
els were recorded at 25°C, but their peaks varied. While the MCH, 
MCHC and PLT were negatively correlated with acclimation tem-
perature, the highest levels were recorded at 25°C and the lowest 
varied for each.

A two-way ANOVA indicated significant differences in Hct, PCV, 
MCH, MCHC and PLT levels at different acclimation temperatures 
but not among the species populations. However, the effect of ac-
climation temperatures on the levels of the different components 
of the erythrocytes did not significantly interact with the effect of 

F I G U R E  4  Serum glucose and protein production in juvenile 
O. esculentus acclimated at different temperatures. The graph 
compares mean ± SEM of three populations. Means with different 
lowercase letters in red font are ranked significantly different 
using Tukey's HSD tests, while NS means no significant difference 
(p < 0.05)
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Parameter

Treatments/Acclimation temperature (°C)

25 (n=28) 28 (n=26) 31 (n=34) 34 (n=32)

WBC total (cm3) 42.91 ± 9.35 43.00 ± 8.95 43.46 ± 8.26 41.49 ± 13.07

Neutrophils (%) 46.85 ± 0.54 46.26 ± 0.57 46.50 ± 0.54 47.00 ± 0.68

Lymphocytes (%) 47.52 ± 0.55 47.78 ± 0.53 47.91 ± 0.51 47.47 ± 0.53

Monocytes (%) 4.96 ± 0.20 5.11 ± 0.22 4.76 ± 0.19 4.59 ± 0.21

Eosinophils (%) 0.85 ± 0.13 0.96 ± 0.16 0.94 ± 0.13 0.88 ± 0.13

RBC (106cm−1) 1.26 ± 0.06 1.79 ± 0.31 1.58 ± 0.06 1.58 ± 0.06

PCV (%) 19.44 ± 1.00a 22.58 ± 1.28a 25.30 ± 1.26b 25.37 ± 0.94c

MCV (fl) 153.49 ± 7.44 152.76 ± 7.66 167.70 ± 5.20 158.67 ± 3.38

MCH (pg) 75.16 ± 3.16a 66.33 ± 3.23a 60.35 ± 1.60b 59.55 ± 2.27c

MCHC (%) 49.40 ± 2.16a 44.46 ± 1.82b 37.21 ± 1.55c 38.05 ± 1.08d

PLT(102cm−1) 5.62 ± 0.58a 4.38 ± 0.69a 2.61 ± 0.40b 2.54 ± 0.37c

Hb (g/dl) 9.10 ± 0.29 9.45 ± 0.33 9.38 ± 0.24 9.57 ± 0.29

Hct (%) 19.25 ± 1.00a 22.22 ± 1.29b 26.23 ± 1.09c 25.49 ± 0.92d

Notes: The results are expressed as mean ± standard errors; sample size in brackets. RBC, red 
blood cell total count; PCV, packed cell volume; MCV, mean corpuscular volume; MCH, mean 
corpuscular haemoglobin; MCHC, mean corpuscular haemoglobin concentration; PLT, Platelets; 
Hb, haemoglobin; Hct, Haematocrit. Values in the same row having different small letters (a, b, c 
and d) are significantly different (p < 0.05, Tukey's HSD test).

TA B L E  3  Effect of temperature on the 
leucocytes and erythrocytes components 
in juvenile O. esculentus
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fish background/population. Tukey's HSD tests were carried out to 
determine which pairs of the acclimation temperatures were signifi-
cantly different and the results are shown in Table 1.

7  |  DISCUSSIONS AND CONCLUSIONS

Water temperature is a strong abiotic factor influencing biology 
of fish (Beitinger & Fitzpatrick, 1979), especially due to the close 
contact between their bodies and the water. Therefore, many stud-
ies aimed at understanding the relationship between water tem-
perature and animal physiology have used fish as a model animal 
(Crockett & Londraville, 2006). When faced with altered water tem-
peratures away from optimum levels, fish shows altered physiologi-
cal and ethological functions (Barton & Iwama, 1991), collectively 
known as stress (Zarejabad et al., 2009). They are governed by the 
neuroendocrine responses such as corticosteroid–catecholamine 
responses, metabolic changes, and haematological, osmoregulatory 
and immunological responses (Barton 2002; Mazeaud et al., 1977).

The results of this study showed significant increase in the CTmax 
with temperature and significant variation among the three popula-
tions of Oreochromis esculentus. Therefore, it is likely that juvenile O. 
esculentus can reach a higher CTmax if acclimated to higher tempera-
tures. However, as indicated by McDonnell and Chapman (2015), 
this is only possible as long as temperatures lie within the species’ 
critical thermal range. It is also important to note that the average 
level (0.87°C) of CTmax rise in the present study was lower than the 
3°C increase in the acclimation temperature, indicating that thermal 
acclimation response does not keep pace with the absolute change 
in acclimation temperature. Our findings conform to the study of 
Nile perch Lates niloticus by Chrétien and Chapman, (2016), where 
CTmax was 1.5°C higher in the group acclimated at higher tempera-
ture (29.5°C) compared with the group acclimated at lower (25.5°C). 
Similar adjustments in CTmax (1.2–1.7°C) were recorded by Lapointe 
et al. (2018) for every 4°C increase in acclimation temperature in 
six fish species including Oreochromis niloticus and Labeo victorianus 
from Uganda, Brycon amazonicus and Colossoma macropomum from 
Brazil and Barbonymus gonionotus and Labeo pierrei from Cambodia. 
Similarly, McDonnell and Chapman (2015) recorded significant 
CTmax increase with each increase in acclimation temperature in 
Pseudocrenilabrus multicolor victoriae. Therefore, the significant 
CTmax increase with each increase in acclimation temperature re-
corded in fish suggests that there is a degree of thermal compen-
sation induced by short-term exposure to higher temperatures. 
However, the significant variations in CTmax among the populations 
may imply that there is genetic variation; hence, further studies for 
genetic assessments are required.

Another stress parameter cortisol serves as an indicator of 
physiological disturbances in fish (Applebaum et al., 2010). Cortisol 
levels in this study decreased at higher temperatures compared 
with the control group. This may indicate that the fish were adapt-
ing to the thermal stress. Our results conform to those in channel 
catfish Ictalurus punctatus by Strange (1980), where plasma resting 

cortisol levels also decreased with increasing acclimation tempera-
ture. Another study by Zarejabad et al. (2009) in juvenile great 
sturgeon (Huso huso L.) also reported decreased cortisol at higher 
temperatures. This may suggest that long-term exposure to climatic 
warming may lead to better adaptation to the predicted heat waves. 
However, our results differed from the expected trend of higher 
temperatures resulting into higher cortisol levels as was reported in 
the closely related species, O. niloticus (Delaney et al., 2005; Panase 
et al., 2018) and in the red hybrid tilapia (Musa et al., 2017) as well 
as in brook trout (Chadwick et al., 2015). Since stress is an energy 
demanding process, it requires the animal to mobilize energy sub-
strates to supply tissues such as the brain, gills and muscles, in order 
to cope with the increased energy demand (Vijayan et al., 1997). The 
plasma glucose results in this study were highest in the control group 
and lowest at 31°C which may suggest that it is the temperature 
at which the fish were stressed the most. Similar results were re-
ported in Ictalurus melas where the glucose concentration was low-
est in summer (29°C, 39.7  mol/L), higher in spring/autumn (24°C, 
42.1  mol/L) and highest in winter (18°C, 46.5  mol/L) (Ottolenghi 
et al., 1995) and in Huso huso, where highest glucose (62 mg/dl) was 
recorded at lower temperature (15–20°C) compared with (58mg/dl) 
glucose recorded at higher temperature (21–26°C) (Zaejabad et al., 
2009). It implies that as metabolism increases with temperature, glu-
cose reserves in the blood reduces, and vice versa. However, the 
high glucose at low temperature may indicate retarded metabolism 
and could be an index of sub-lethal stress (Connors et al., 1978). 
Similarly, the reduction in serum protein level from the control to the 
minimum at 31°C and rising again at 34°C implies cellular restoration 
and protection as well as increased stressor tolerance (Wendelaar 
Bonga, 1997).

Finally, the haemogram profile, in particular the leukocyte 
counts, is known to denote stimulation of the cellular immune system 
(Tavares-Dias & Moraes, 2007). Their values are used to guide the 
postulation of the health state of the species in relation to escalating 
temperatures and guide in the prophylactic management of infec-
tions. Our results of the leucocytes components did not differ sig-
nificantly at different acclimation temperatures and among species 
populations showing that they were temperature-independent and 
thus indicative of the species’ high adaptive capacity. Additionally, 
the RBC and Hb were almost similar at all acclimation temperatures 
and could be attributed to the high dissolved oxygen concentration 
maintained at almost saturation by use of aerators. However, the 
higher Hct at higher acclimation temperatures which indicates in-
creased percentage of red blood cells is deemed as a compensation 
for the decreased amount of haemoglobin per blood volume which 
is indicated by lower MCHC at higher acclimation temperatures, 
implying that increased acclimation temperature caused further 
improvement in oxygen transportation mechanism. Therefore, we 
accept the null hypothesis that thermal acclimation and species pop-
ulation significantly affect fish stress responses.

In conclusion, results of this study indicate that CTmax increased 
and cortisol level decreased at higher acclimation temperatures while 
the leucocyte counts were temperature-independent; therefore, 
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Oreochromis esculentus responds better to higher temperatures after 
acclimation. Therefore, the species possesses the capacity to sur-
vive under the predicted global warming.
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