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Abstract: The level of carbon dioxide, which resembles water acidification, is critical to the success of
juvenile fish production. The growth, skeletal deformities, and blood parameters of the economically
important freshwater fish mahseer, Tor tambroides, were assessed in different concentrations of pCO2

(400, 700, and 1000 µatm pCO2). The highest growth properties (survival rate, body weight gain
(BWG), specific growth rate (SGR)) in mahseer were observed at 400 µatm, whereas the lowest
growth indices were found in the treatment of 1000 µatm pCO2. The lowest pCO2 concentration
was found to be within the optimum healthy blood parameter range. The fish exposed to acidic
conditions (700 and 1000 µatm) exhibited considerably higher levels of haemoglobin and haematocrit
compared to the control fish. Glucose levels were significantly lower in the acidic conditions, while
total cholesterol levels in mahseer fish exposed to acidic conditions were higher. The fish displayed
skeleton malformations as the concentration of pCO2 was elevated. The findings from this research
could be set as a standard technique in the juvenile rearing of mahseer fish under acidified conditions.

Keywords: acidification; health; blood haematology and biochemical; skeletal deformities

1. Introduction

In recent years, there has been huge interest in freshwater acidification research due
to acid rain caused by anthropogenic activities [1]. Most freshwater rivers and streams
are acidic, with pH values between 6 and 8. This is mostly due to the release of protons
(H+) when water breaks down bicarbonate (HCO3

−). Recent research indicates that certain
freshwater environments are at risk of acidification as a result of elevated CO2 [2]. Acidifi-
cation caused by increased CO2 concentrations arises as a result of multiple factors, such as
increased atmospheric CO2, invasive species, and soaring land-based, terrestrial primary
productivity due to global warming [3,4]. Some freshwater bodies could be in danger from
high levels of dissolved CO2, which is alarming given how acidic the ocean is becoming
right now.

In reference to acidification, a decline in growth performance has been observed in
freshwater fishes. This decline in the rate of growth was most probably triggered by
the acid–base regulatory mechanisms which counter fluid and tissue acidification [5].
Additionally, many freshwater fish experience a physiological stress response in acidified
water, which also requires energy. Therefore, the energetic costs of maintaining homeostasis
in the presence of severe acidification can modify the energy of freshwater fish, resulting in
a decrease in rates of growth and body mass [6].

Fish in their juvenile stage may be more vulnerable to changes in CO2 since their
physiological functions have not yet developed. When fish are exposed to a high level
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of CO2, the frequency of skeleton abnormalities increases [7]. It has been demonstrated
that acidification influences the incidence of branchiostegal ray deformation and vertebral
column malformations, including lordosis [8]. As fry grow into the juvenile stage, their
tissues and organs undergo significant changes, along with the calcification of skeletal
components, which are necessary for swimming skills and otolith development and vital
for equilibrium [9]. The impact of acidification on otolith morphometric characteristics and
skeletal abnormalities has been extensively studied [8,10,11]. These studies yielded incon-
sistent findings, ranging from no implications to beneficial outcomes in terms of increased
density and decreased malformations. Furthermore, blood haematological and biochemical
parameters have been used as indicators of fish responses to stressors such as temperature
and CO2 [12,13]. As a result, using these factors in the monitoring of fish reactions to
progressively acidic pH levels is critical. One of the most critical parameters determining
water quality and fish health is pH. Long-term exposure to an aquatic environment with an
acidic pH of less than 6.5 or an alkaline pH of more than 9.0 causes stress in fish [14].

Mahseer are commercially important freshwater fish. Mahseer are well-known, migra-
tory, large-bodied Asian river freshwater fishes. These fish have long been regarded as a
food supply and are used for other social functions, but they are now gravely threatened by
a variety of interrelated and growing human activities, including dam construction, water
pollution, overfishing, and habitat degradation. Mahseer fish are advantageous to people in
the rivers they inhabit because they serve as both direct providers of ecosystem services and
indicators of the health of the environment. Mahseer fish are in high demand in Southeast
Asian countries as an edible and attractive fish [1]. Mahseer have a high nutritional content
and can provide food security in areas with high levels of poverty; hence, there have been
accounts of extensive exploitation of this resource dating back to the eighteenth century [6].
Mahseer are currently experiencing tremendous population pressures in several Asian
countries as a result of a number of anthropogenic factors, including invasive species,
diminishing water quality, and massive river engineering projects [1]. Despite the signifi-
cant economic and cultural value of the Tor genus, levels of population-level data are low,
and basic knowledge of the biology and ecology of the majority of species is lacking [6].
While the genus has seen an increase in research efforts recently, these efforts have been
largely geared toward aquaculture [8]. The regions of the developing globe where mahseer
are found are experiencing escalating resource demands from a rapidly industrialising
and expanding population. Walton et al. identified four main risks to freshwater fishes
while analysing trends in large-scale hydrological changes throughout Asia: flow alteration
and management (such as dam construction and abstraction), pollution, drainage basin
alteration (such as deforestation), and over-harvesting [4]. Threats affecting the population
status of the Tor species fall into each of these categories in a significant way. There is
an urgent need to give practitioners, regulators, and policymakers standardised points
of reference to benchmark the current state of knowledge and conservation status of the
genus Tor. This is due to a growing interest in conserving this group of iconic fishes among
a variety of stakeholder groups (e.g., scientists, conservationists, recreational anglers, land
and water resource managers).

Due to the likely persistence of acidification in some freshwater environments as a
result of climatic change and other human activity affecting these environments, researchers
must try to advance their knowledge of acidification’s impacts on freshwater fish. Aquatic
ecosystems offer vast biodiversity, food, and water security and are vital components of the
climate and the health of our ecosystems [15]. Together, the diversity in freshwater system
responses to elevated CO2 and the high risk of human disturbances and environmental
degradation [16] are reasons why forecasting the impacts of climatic change on freshwater
systems is especially difficult. As some freshwater ecosystems have already reached
century-end CO2 concentrations, there is a sense of urgency to identifying the implications
of acidification for freshwater organisms [17]. Thus, the purpose of this research was
to emphasise possible physiologic impacts during acidification on the growth, blood
parameters, and vertebral column of mahseer fish juveniles.
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2. Materials and Methods
2.1. Fish Sampling and Experimental Design

Mahseer fish (n = 270; initial wet weight expressed as mean ± standard deviation =
2.4 ± 0.01 g) were obtained from the Aquaculture Development Centre in Perak, Malaysia
(3.8428◦ N, 102.2081◦ E), and transferred to the Universiti Kebangsaan Malaysia (UKM)
wet laboratory in Bangi, Malaysia. Mahseer were then randomly allocated into two aquaria
(2.5 m × 1.2 m × 0.7 m, size and capacity of 1800 L; 135 fish in each tank). Each aquarium
was provided with running fresh water and kept at a temperature of approximately 28 ◦C
using the previous feed given in the hatchery. Mahseer were assigned to nine experimental
aquariums (30 fish per aquarium) during a four-month period after they began feeding and
defecating. The experimental design and fish-rearing protocols described in De et al. [18]
were used as guidance. Juveniles were fed commercial fish food on a daily basis (JB Kelah,
Daya Aquatic Sdn Bhd, crude protein: 45%, crude fat: 5%, crude ash: 1%, crude fibre: 3%).
Fish were hand-fed twice a day to apparent visual satiety in order to avoid any uneaten
pellets, and the feed distributed was recorded. The photoperiod was adapted each week
to simulate the natural environment, with 12 h of light and 12 h of darkness [19]. Every
day, leftover feed and faeces were emptied from the aquaria to make sure that the feed
and excretion did not affect the pH value [1,19]. The rate of water flow ensured that the
dissolved oxygen (DO) remained above 5.5.

Based on the assessment by the IPCC [20], three different acidification treatments were
used to culture the juveniles. Anthropogenic CO2 does indeed affect freshwater carbon
hydrogeochemistry. The pCO2-dependent acidification rate is expected to decrease by
3–0.5 pH units until 2100, at the same rate as observed in the oceans [21]. Investigated
reservoirs appear to be climate change sentinels, acidifying at a faster rate of 0.01 pH units
per year. As demonstrated by Phillips et al. [21], the effect of increased pCO2 on freshwater
pH is consistent with current IPCC projections for the growth in atmospheric pCO2 from
the present to 2100. Three distinct CO2 partial pressures were used in the acidification
process (pCO2), derived from the IPCC projections. Control was set at 400 µatm, while
the simulated scenarios used 700 µatm and 1000 µatm. Climate forecasts show that the
water will attain approximately 1000 µatm pCO2 within the next century, whereas 700 µatm
was based on the IPCC’s report for the upcoming 50 years [20]. Water quality during the
experimental period is tabulated in Table 1. Continuous pH measurements were taken, and
the system was programmed to control a solenoid valve connected to a CO2 cylinder. This
valve was used to regulate the CO2 being infused into the fish aquaria. pH was controlled
in each aquarium to within ±0.05 pH units using a continuous pH-stat system (IKS) that
controlled the addition of CO2 into the beakers, which were continuously aerated with
CO2-free air. A multi-probe HI98194 was used to measure pH and temperature (Hanna
Instruments, Woonsocket, Rhode Island USA). Total alkalinity was determined weekly by
mixing 15 mL of HCl (0.01 M) with a 50 mL sample of filtered water (200 µm nylon mesh).

Table 1. Water quality (mean ± standard deviation, SD) of mahseer during experimental period.
Different superscript letters indicated significance difference among treatments.

pCO2 (µatm) Temperature
(◦C)

Total Alkalinity
(mg L−1) pH Dissolved Oxygen

(mg L−1)
Total Ammonia

(mg/L)
Nitrite
(mg/L)

Nitrate
(mg/L)

Current 407.2 ± 10.5 a 28.3 ± 0.1 19 ± 2 8.2 ± 0.1 5.8 ± 0.2 0.6 ± 0.1 0.1 ± 0.1 0.1 ± 0.0
Mild 725.7 ± 20.1 b 28.3 ± 0.2 12 ± 1 7.9 ± 0.1 5.6 ± 0.4 0.7 ± 0.1 0.2 ± 0.1 0.1 ± 0.1
High 1020.6 ± 9.2 c 28.1 ± 0.3 5 ± 1 7.7 ± 0.1 5.5 ± 0.3 0.7 ± 0.2 0.2 ± 0.1 0.1 ± 0.1

A macro CO2 system was run in Microsoft Excel with the constants from Kortazar
et al. to compute the water carbonate chemistry [22]. After reaching the desired pCO2
concentration, mahseer were cultured for 4 months in flow-through freshwater systems
with a water exchange rate of 2 L per minute in 500 L aquaria (1.0 m × 0.6 m × 0.3 m) with
different pCO2 levels (Figure 1). Mahseer fish were collected at the end of the experimental
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period for growth and vertebral column formation analyses, which are described in detail
in the following sections.
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2.2. Growth Properties

The body weight of the fish was determined via an electronic balance (XPR204S,
Mettler Toledo, Columbus, OH, USA), and they were anaesthetised for 10 min with MS222
solution (20 mg per 1 L of water, Sigma Aldrich, St. Louis, MO, USA). The survival rate
was calculated and converted to a percentage for each aquarium based on the number of
mahseer that survived at the beginning and end of the experiment. The following equations
were used to determine the growth features [18]:

Body weight gain, BWG (g) = (W2 − W1) × n

Specific growth rate, SGR = [(ln W2 − ln W1)/T] × 100,

where W1 is the initial weight of the fish, W2 is the final weight of the fish, and T is the
length of the duration of the study.

2.3. Vertebral Column Formation

On the final experimental day, three mahseer were sacrificed and fixed for 24 h in a
10% buffered formalin solution [8]. Afterwards, the fixed samples were kept in 70% ethanol.
The cartilaginous portion of the skeletal system was stained for 72 h in ethanol and 0.02%
alcian blue. Samples were subsequently immersed in muscle digestion buffer containing
borate until stained cartilage became visible. The sample was transferred to a 0.5% aqueous
potassium hydroxide solution. Alizarin Red S was applied to the mixture until the solution
was dark purple. Samples were left for 36 h and finally stored in 100% glycerol for per-
manent storage. Samples were then detected under stereomicroscope (Leica EZ4, Wetzlar,
Germany). In accordance with reports by Boglione [8], skeletal abnormalities were divided
into four categories (fusion, lordosis, kyphosis, and scoliosis), and the percentage for every
type of deformity in each treated group was determined using the total number of fish.
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2.4. Blood Haematology and Biochemical Parameters

Following the experimental period, three mahseer were obtained from replicates of
each pCO2 condition and anaesthetised for ten minutes within MS222 solution (20 mg
per 1 L of water, Sigma Aldrich). Blood was collected from caudal vein puncture with a
syringe (5 mL) rinsed with 10% EDTA, which acts as an anticoagulant to prevent blood
clotting. Blood samples were taken from caudal blood vessels and separated into two
parts, one of which was mixed with anticoagulant, and the other was centrifuged without
anticoagulant to separate the serum. The Baker and Silverton standard cyanmethemoglobin
method was used to measure haemoglobin [23]. The value of haematocrit was calculated
using the Wintrobe technique and was calculated as a percentage. Blood samples were
loaded into Wintrobe tubes and spun at 3000 rpm for 5 min before being measured [23].
Biochemical analysis of total protein (TP) was performed by assay kits (Thermo Fischer
Scientific, Waltham, MA, USA). A glucose and cholesterol analyser (Vitros DTEII, Johnson
& Johnson, New Brunswick, NJ, USA) was used to determine the levels of glucose and
cholesterol according to quality control protocols established by Johnson & Johnson.

2.5. Statistical Analysis

All statistical analyses of growth, vertebral formation, and blood parameters in this
study were conducted by Minitab version 17 software (Minitab Inc., State College, PA,
USA). The results of this study were derived in terms of mean ± standard deviation. The
values were checked for variance and normality equality prior to one-way ANNOVA. A
Tukey’s HSD post hoc analysis was run to compare whether the specific group means (in
comparison to one another) were statistically different at p < 0.05.

3. Results
3.1. Growth

The survival rate of mahseer at 1000 µatm pCO2 was quarterly reduced compared
to 400 µatm (Figure 2). A significant difference was observed between the pCO2 groups.
Overall, the growth rate of mahseer periodically declined when the culture conditions
reached a high concentration of pCO2 (Figure 3). Based on Figure 3, BWG and SGR had the
same correlation because an increase or decrease in one of the parameters directly affected
other values of growth. The SGR for mahseer was significantly influenced by pCO2 when
the pCO2 rose to 1000 µatm, which caused the SGR value to fall.

3.2. Vertebral Formation

The vertebral column was compared to the red, straight line in Figure 4 to illustrate
the increasing angle of lordosis from 400 (Figure 4b) to 1000 µatm (Figure 4f). Lordosis
is a term referring to the spine’s normal inward curvatures in the cervical and lumbar
regions. At 400 µatm, a regular vertebral column was visible, as illustrated in Figure 4a,b.
The percentages of skeletal abnormalities for each treated group are presented in Table 2.
After 4 months of experimentation under 400 µatm, no skeletal deformities were identified
in the fish. However, fish in 1000 µatm had the highest incidence of lordosis (13.33%),
which was significantly higher than in the other groups. Lordosis followed by spinal
fusion damaged the 11 to 20 vertebrae (Figure 4e,f). Those fish with lordosis demonstrated
generally lethargic behaviour in the aquarium. Several of the fish merely laid on the
bottom side and consumed food whenever it fell directly in front of their mouths. The
results indicated that, as pCO2 concentrations rose, a few deformities became visible in the
mahseer vertebral columns.

3.3. Blood Haematological and Biochemical Parameters

Table 3 shows the results of an experiment on the haematology and biochemistry of
the mahseer fish exposed to different pCO2 levels. In comparison to the control fish, the
fish exposed to acidic conditions (700 and 1000 µatm) had significantly higher haemoglobin
levels. Haematocrit levels were also higher in the acidic conditions. Glucose levels were sig-
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nificantly lower in the acid-condition fishes than in the control group. The total cholesterol
levels in mahseer fish exposed to acidic conditions were reported to be lower.
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Table 2. Vertebral deformities occurrence in mahseer cultured at different levels of pCO2.

pCO2 (µatm) Lordosis (%) Fusion (%) Scoliosis (%) Kyphosis (%)

400 ND ND ND ND
700 6.67 ± 0.0 ND ND ND

1000 13.33 ± 3.33 3.33 ± 00 ND ND
Means from three groups of fish (n = 3) with 10 fish per group. ND = not detected.
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Table 3. Blood haematological and biochemical parameters (mean ± standard deviation, SD) of
mahseer during experimental period. Different superscript letters indicate significant difference
between treatments.

pCO2 (µatm) Hb (g/dL) Hct (%) Glucose (mmol/L) Protein (g/dL) Cholesterol (mmol/L)

Reference interval [24] 8.3–12.3 29.0–30.0 1.9–2.7 3.0–3.9 4.08–4.11
400 9.8 ± 1.1 a 29.1 ± 1.5 a 2.0 ± 0.1 a 3.6 ± 0.3 a 4.1 ± 0.1 a

700 13.8 ± 0.7 b 25.2 ± 2.0 b 1.6 ± 0.2 b 2.9 ± 0.1 b 3.7 ± 0.1 b

1000 14.6 ± 0.5 c 20.5 ± 1.8 c 1.1 ± 0.3 c 2.7 ± 0.1 c 3.5 ± 0.1 c

4. Discussion

We demonstrated in this study that mahseer fish are susceptible to acidification condi-
tions, as the survival rates were significantly reduced. Previous findings may imply that
the mahseer fish’s internal pH is poorly controlled and maintained, resulting in a decrease
in protein biosynthesis [25,26], for example, growth [27], as some studies have shown that
silver carp Hypophthalmichthys molitrix, Nile Tilapia Oreochromis niloticus, rainbow trout
Oncorhynchus mykiss, and pink salmon Oncorhynchus gorbuscha grow less well in elevated-
pCO2 environments [28–31]. Others appear to suggest that fish, such as smallmouth bass
Micropterus dolomieu, Arctic charr Salvelinus alpinus, and also rainbow trout Oncorhynchus
mykiss [32–34], grow well in high-pCO2 environments. The decrease in growth rate under
elevated pCO2 was most probably triggered by acid–base regulatory mechanisms which
mitigate fluid and tissue acidification [35]. These acidosis buffering regulatory mechanisms
typically involve the acquisition and retention of HCO3

− from the surrounding water as ac-
cumulated H+ is excreted [36]. Along with buffering acidosis, most freshwater fish exhibit a
physiological stress reaction in response to acidified water, which needs energy [33]. Thus,
the energetic cost of supporting homeostasis in the presence of acidification can modify the
amount of energy in freshwater fish, resulting in poor growth rates and body weight gain.

As blood is a particularly sensitive tissue to environmental changes, it is frequently
included as an indicator for physiological health responses to endogenous and exoge-
nous modifications in fish [37]. Mahseer’s haematological parameters revealed that they
experience a significant effect in various pCO2 conditions. The present study’s findings
indicate that a high pCO2 concentration decreases the values of haematological parame-
ters such as haemoglobin and haematocrit, which is in agreement with Kaya et al. [38],
who investigated the haematological characteristics of Mozambique tilapia Oreochromis
mossambicus in high pCO2 (>400 µatm) concentrations. Sopinka et al. [39] suggested that
Hct may be one of the most straightforward cardiovascular variables to investigate in fish.
Hct was the most important indicator of Hb levels in their studies due to its high percent
correlation coefficient. HCT values decrease as pCO2 concentration rises and Hb levels
fall. Additionally, Hct values are an excellent indicator of fish health. Blood glucose levels
have been widely used to determine the degree of stress in fish. According to Hoseini
et al. [40], this variable may be notably essential for evaluating the level of stress in fish
exposed to extreme conditions. The findings achieved here support the use of glucose as a
marker of stress in an acidic environment. Vargas-Chacoff et al. [41] previously observed
an increase in glucose values in Atlantic salmon Salmo salar exposed to moderately acidic
water (>700 µatm). Blood total protein illustrates the organism’s state and the modifications
that occur as a result of internal and external factors [34]. Thus, the impact of surrounding
parameters on the total protein concentration has to be taken into account when assessing
their response to extreme conditions and, as a result, their increasing energy demand [42].
The other biochemical parameters, such as cholesterol, were reported to be significantly
higher than in the control group. It is well established that cholesterol contributes to higher
total lipids. The surge in these energy stores in response to environmental stressors can
be accounted for by the opinion that organisms require excess energy reserves (glucose
and cholesterol) to mitigate extreme conditions. This is most likely because increasing the
pCO2 causes stressful conditions which inhibit fish growth. Similar trends were observed



Fishes 2023, 8, 307 9 of 12

as pCO2 had a significant negative effect on the Sagor catfish blood analysis of Hb, Hct,
and glucose since fish weight gain fell correspondingly with the increase in pCO2 [43].

Acidification has a significant impact on the occurrence of vertebral skeletal malfor-
mations. The effect of acidification results in significantly higher levels of malformations.
Vertebral column malformations increase significantly as the environment became more
acidic. Additionally, other research has revealed a higher incidence of abnormalities in
vertebral development in juvenile fish exposed to acidified water [37,44]. It has been sug-
gested that axial deviations can occur during early development as a result of abnormal
development of the notochord and perinotochordal connective sheet [45], which leads to
abnormalities in the vertebral column such as lordosis. These deformities may impair the
fish’s ability to balance their position in the surrounding water. Earlier published research
indicated a decrease in the skeletal deformities of brook charr Salvelinus fontinalis [46],
an increment in the skeletal deformities of gilthead seabream Sparus aurata [45], and no
change in the skeletal deformities of little skate Leucoraja erinacea [44] when exposed to
acidified conditions. One hypothesis that could account for the increased vertebral column
deformation associated with increased pCO2 is the continuation of a trade-off between the
skeletal structure and bone stiffness. While acidification accelerates the development of the
skeleton, bone density reduces, allowing the skeletal structure to be more susceptible to
developing deformities [7].

5. Conclusions

The rate of vertebral column malformations was accelerated by elevated pCO2, imply-
ing stress in mahseer fish blood haematological and biochemical parameters under elevated
pCO2. Thus, the effect of acidification may result in significant physical impairment and,
as a result, a decline in the fitness of mahseer juveniles. The response of mahseer juvenile
fish described in the present investigation includes the perspective that future acidification
may affect the progress of mahseer fish. Future research should take into account the
investigation conducted at various stages of development, with additional analysis of the
muscle and other skeletal segments (the jaw and operculum). Researchers should also
consider key genes of growth with details on the influence of these environmental factors at
higher organisational levels (e.g., population level) on commercially important fish species.
These data can assist managers and policymakers in carrying out effective actions. With
a variety of potential factors, including climatic change and human practices, increasing
dissolved pCO2 in the freshwater environment, it is essential for scientists to initially realise
the implications of freshwater acidification.
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