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ABSTRACT ARTICLE INFO

Nile tilapia (Oreochromis niloticus) exhibits remarkable phenotypic Keywords
plasticity, particularly regarding its adaptability to varying environmental Growth, Nile tilapia,
salinities. This study aimed to comprehensively evaluate the bioenergetic ~Oreochromis niloticus
costs and rearing performance of Nile tilapia subjected to a micro-salinity  Salinity, Survival
gradient. A 30-day in vivo experiment was conducted at the Aquaculture

Laboratory and Experimental Ponds of Universitas Sriwijaya. The study Received

used a completely randomized design comprising five salinity treatments: PO May 31, 2026

(o ppt; freshwater control), P1 (1 ppt), P2 (2 ppt), P3 (3 ppt), and P4 (4 ppt).

The result showed that an optimal survival rate was recorded at 1 ppt (P1; Revised

85%), contrasting sharply with the lowest survival observed in the July 28,2026
freshwater control (Po; 35%). Conversely, somatic growth peaked at 2 ppt

(P2), yielding the highest absolute weight gain (13 g), while the maximum Accepted
length extension (3 cm) was co-dominantly observed in the 2 ppt and 3 ppt  July 29, 2026
treatments. Interestingly, despite recording the lowest survival, the highest

feed efficiency was maintained in the control group (Po; 48.43%). Published
Furthermore, the metabolic cost of osmoregulation peaked at 3 ppt (P3), as  July 31, 2026
evidenced by the maximum oxygen consumption rate (0.26 mg O2 g 1 h™1).

Overall, the data suggest that low-to-moderate salinity levels (1—2 ppt)

provide a substantially more optimal rearing environment compared to

strictly freshwater or higher salinity conditions. Operating within this micro-

salinity range effectively balances osmoregulatory energy expenditure with

maximized growth and survival rates, offering strategic bioenergetic

insights for sustainable tilapia aquaculture operations.
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INTRODUCTION

Nile tilapia (Oreochromis niloticus) remains a dominant species in the global aquaculture
landscape as a highly strategic species, primarily due to its remarkable phenotypic plasticity, rapid
somatic growth, and robust tolerance to fluctuating water quality parameters. As a highly euryhaline
teleost, this species exhibits an exceptional capacity to survive across a broad salinity spectrum,
ranging from strictly freshwater environments (0 ppt) to high-salinity marine conditions exceeding
20 ppt (El-Sayed, 2020; Al Jamali, 2023). In the current era of global climate change, where coastal

aquaculture zones and freshwater reservoirs are increasingly subjected to seawater intrusion and
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unpredictable salinity fluctuations, this physiological adaptability makes Nile tilapia a highly
promising candidate for expansion into brackish water and salinized inland aquatic systems.

However, cultivating tilapia outside its native freshwater habitat requires a profound
understanding of its physiological limits. Salinity is a critical environmental determinant that directly
dictates the energetic costs of osmoregulation, as the fundamental biological mechanism by which
fish maintain hydromineral homeostasis and internal osmotic balance. Exposure to suboptimal or
inappropriate salinity gradients inevitably triggers osmotic stress. Under such conditions,
bioenergetics dictates that metabolic energy originally allocated to somatic growth, immune defense,
and reproduction is diverted to fuel the energetically demanding ion pumps required to maintain
internal equilibrium (Esbaugh, 2025). Consequently, this energy reallocation often manifests as a
significant reduction in feed intake, compromised feed conversion efficiency, and stunted growth.

Furthermore, as Sampaio and Freire (2016) elucidated, the basal metabolic rate and oxygen
consumption of fish escalate sharply in response to suboptimal salinity levels, reflecting the heavy
energetic tax imposed by active osmoregulation. Two significant hormones involved
in osmoregulation are prolactin and cortisol. Prolactin is secreted by Pcells in freshwater
fish pituitary glands and prevents Na+* influx through the permeable membrane. The steroid
hormone cortisol is secreted by the interrenal cells in the kidney heads and plays an essential role in
the euryhaline organism adaptation to different salinities (Trisyani et al., 2025).

While previous literature has documented that certain strains of Nile tilapia can achieve
optimal growth trajectories at low to moderate salinities, typically around 5—10 ppt (Syahrizal et al.,
2021), the physiological responses are highly variable and strictly dependent on fish size, genetic
strain, and concurrent environmental stressors. Moreover, there remains a notable scarcity of
comprehensive data addressing the specific bioenergetic responses of red Nile tilapia to micro-
salinity gradients (e.g., 0—4 ppt), which are highly characteristic of early-stage seawater intrusion or
slightly brackish estuarine systems. Few studies have simultaneously evaluated growth, feed
efficiency, survival, and oxygen consumption across a micro-salinity gradient below 5 ppt. Therefore,
rigorous empirical studies are urgently needed to pinpoint the precise optimal salinity threshold that
minimizes osmoregulatory costs while maximizing production performance. Addressing this critical
knowledge gap, the primary objective of this study is to systematically evaluate the effects of varying
micro-salinity levels on the survival, absolute growth, feed efficiency, metabolic oxygen consumption
rates, and overall rearing water quality of red Nile tilapia. The findings are anticipated to provide
actionable, science-based bioenergetic guidelines for optimizing tilapia aquaculture operations in

systems susceptible to salinity shifts.

METHODS

This study employed a comparative study design, comparing five different salinity
concentrations in tilapia culture: o ppt (Po), 1 ppt (P1), 2 ppt (P2), 3 ppt (P3), and 4 ppt (P4). Each
aquarium was filled with 20 L™! and 20 fish (stocking density of 1 fish L™1). The equipment used
included a 40x40%x40 cm3 aquarium, an aerator, a filter, a dissolved oxygen (DO) meter, a pH meter,

a salinometer, a digital scale, and a ruler. The materials included red tilapia measuring approximately
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10 cm, commercial feed, salt for adjusting salinity, and water. The tanks used for tilapia rearing were
seven 40x40x40 cm3 aquariums. Before use, the aquariums were filled with water and treated with
0.3 g of potassium permanganate, then left to stand for 24 hours. After 24 hours, the rearing tanks
were rinsed with clean water and refilled with 20 L of water. Subsequently, the water was allowed to
settle, and salt was dissolved in the rearing medium.

Before stocking, fish length and weight were measured using a ruler and scale as an initial
sampling. Subsequently, the fish were acclimated and then stocked at a density of 1 fish per liter, or
20 fish per aquarium. Following this, the pH and water temperature in the grow-out tanks were
measured again. Fish were grown out for 30 days, with routine feeding three times a day: morning
(08:00), noon (12:00), and afternoon (16:00), with a feed rate (FR) of 5%. Subsequently, fish behavior
and grow-out tanks were monitored, along with measurements of water quality parameters such as
temperature and pH in the morning and afternoon. During the grow-out period, the body weight of
dead fish was recorded. The parameters observed in this activity include: absolute weight growth,
absolute length growth, feed efficiency, survival rate, specific growth rate, oxygen consumption rate,

and water quality as follows:

Calculation of absolute weight growth according to Effendi (2002), using the following
formula:
W =Wt —-WwW0 (€))
Where W is absolute weight gain, Wt is the weight of the fish at the end of the rearing period, and Wo
is the weight of the fish at the beginning of the rearing period.

Calculation of absolute length growth according to Effendi (2002), using the following
formula:
L=Lt — LO (2)
Where L is absolute length gain, Lt is the length of the fish at the end of the rearing period, and Lo is
the length of the fish at the beginning of the rearing period.

The feed efficiency calculation formula according to NRC (1977) is as follows:
(Wt —Wwo0)

G

Where FE is feed efficiency, Wt is the weight of fish at the end of the rearing period, and Wo is the

FE X 100 3)

weight of fish at the beginning of the rearing period.
Calculation of fish survival rates according to Effendi (2002), using the following formula:

SR—Nt 1 (1)
=§o X100 4

Where SR is the survival rate, Nt is the number of individuals at the end of rearing, and No is the

number of individuals at the beginning of rearing.

The formula for calculating the specific growth rate, according to Tacon (1993), is as follows:
LnWt—-LnWO0
SGR (% per day) = % x 100 (5)

Where SGR is the specific growth rate, Wt is the fish weight at the end of the rearing period, Wo is
the fish weight at the beginning of the rearing period, and t is the cultivation period.
!
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The Oxygen Consumption Rate (OCR) is calculated according to NRC (1977) using the formula:

OCR =~ X(DOto—DO¢t) 6)

wxt

Where v is the volume of water in the tank, DOy, is the dissolved oxygen concentration at the start

of the observation, DOy, is the dissolved oxygen concentration at the end of the observation, w is

fish weight, and t is the duration of observation. All data computations were performed using IBM

SPSS Statistics and Microsoft Excel 2019.

RESULTS AND DISCUSSION
The results of absolute weight gain are shown in Figure 1, and the absolute length

measurements are shown in Figure 2.
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Figure 1. Absolute weight growth of nile tilapia at different salinities
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Figure 2. Absolute length growth of nile tilapia at different salinities

The somatic growth trajectories of Nile tilapia exhibited highly variable, salinity-dependent
responses across the experimental treatments. The highest absolute length extension was achieved
under severe osmotic stress in P2 and P3 (3 cm), while the most substantial absolute weight gain was
recorded in P2 (13 g). The pronounced growth spike at a higher salinity may indicate a stress-induced
compensatory physiological response or acute fluid retention prior to systemic failure. In contrast,
the growth at P2 (13 g) reflects true somatic accretion under manageable environmental conditions.
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The growth observed in P2 was due to osmoregulatory energy activity correlated with growth,
whereby the energy required during the osmoregulation process was lower because the
environmental salinity was at isoosmotic levels, allowing the fish to utilize that energy for growth
(Laudin et al., 2023). Fundamentally, increased salinity dictates tilapia growth by altering energy
allocation; a significant proportion of dietary energy is inevitably diverted from somatic growth to
fuel the energetically demanding Na*/K*-ATPase pumps required to stabilize internal osmotic
balance. Salinity levels that align closely with tilapia's natural physiological and osmoregulatory
capacity can enhance growth by minimizing this energetic tax (Yu et al., 2024). Conversely,
excessively high salinity drastically alters growth dynamics, often decelerating it due to metabolic
overload (Fransisca and Muhsoni, 2021). Biologically, fish growth is driven by the efficient
conversion of ingested nutrients into metabolic energy for cellular synthesis and physical activity
(Mulgan et al., 2017). With strategic feeding management, nutrients can be effectively assimilated,
yielding optimal biomass expansion provided the environmental stress remains within tolerable

limits (Ulum et al., 2020).
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Figure 3. Specific growth rate of tilapia at different salinities

An analysis of the specific growth rates (SGR) further elucidated the physiological impact of
the salinity gradient shows in Figure 3. The documented SGR values were 0.089%/day (Po),
0.68%/day (P1), 2.23%/day (P2), 0.73%/day (P3), and 1.21%/day (P4). The most sustainable and
functionally optimal SGR was found in P2 (2 g L™1) at 2.23%. This robust growth rate indicates that
the fish maintained normal physiological functions and effectively managed the mild environmental
stress imposed during the 30-day rearing period. Typically, the standard SGR for cultivated tilapia
ranges from 1—5%/day. The observed variance in growth rates across treatments is a multifactorial
phenomenon heavily driven by ambient salinity. Beyond simple osmotic pressure, salinity directly
influences basal metabolic energy demands, voluntary feed intake, protein digestibility, and the
secretion of growth-stimulating hormones (e.g., Growth Hormone/IGF-1 axis) (Bhatt et al., 2026).
As Royan et al., (2014) noted, elevated salinity environments prolong the adaptation phase and
ultimately inhibit the long-term growth rate of tilapia due to chronic physiological exhaustion.

Figure 4 shows feed efficiency (FE) metrics demonstrated a pronounced inverse relationship
with increasing salinity beyond the control group. As depicted in Figure 4, the FE values were highest
in the freshwater control at 48.43% (Po), sharply declining to 6% (P1), 32% (P2), 5% (P3), and

culminating at a minimum of 3.11% in P4. Feed intake in treatment P2 was higher, presumably
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because salinity affects the fish’s metabolic rate; fish require more energy to survive in a high-salinity
environment, causing them to consume more feed (Nassar et al., 2021). The stark reduction in feed
efficiency under high-salinity treatments provides clear evidence that escalating osmotic stress
critically impairs nutrient utilization. Elevated salinity induces a state of chronic stress that can
downregulate the activity of key intestinal digestive enzymes, such as proteases and lipases, thereby
diminishing overall feed assimilation (Zamani et al., 2020). High FE values, such as those in Po and
P2, underscore the fish’s biological capacity to efficiently partition dietary energy into muscle
biomass under supportive, low-stress conditions. Conversely, diminished FE indicates a severe
metabolic penalty; most metabolizable energy derived from the feed is exhausted on osmoregulatory

survival mechanisms rather than somatic tissue synthesis (Boyd, 2015; Fu et al., 2007).
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Figure 4. Feed efficiency of nile tilapia at different salinities
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Figure 5. Survival of nile tilapia at different salinities

The survival rates of Nile tilapia under different salinity conditions are shown in Figure 5. The
survival trajectories provided critical insights into the environmental tolerance thresholds of red Nile
tilapia. Survival rates were 35% for Po, 85% for P1, 80% for P2, 75% for P3, and 65% for P4.
Strikingly, the highest survival rate (85%) was achieved in the mildly saline environment of P1 (1 g
L-1), rather than the absolute freshwater control (Po). This suggests that a micro-saline environment
provides an "iso-osmotic relief’ that minimizes physiological stress and reduces rearing mortality.
While Andriyan (2018) established that typical freshwater fish survival ranges from 73.5% to 86.0%,
survival is not solely a function of feed intake; it is heavily dictated by holistic aquaculture
management, including stocking density, water quality stability, and pathogen control (Zaenuddin
et al., 2015). Importantly, as highlighted by Fransisca and Muhsoni (2021), tilapia survival
progressively declines as salinity approaches critical upper limits. Elevated salinity decreases the

solubility of dissolved oxygen in the water column, creating a hypoxic challenge that can trigger mass
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mortality. Furthermore, escalating salinity widens the osmotic gradient between the aquatic medium
and the fish's internal plasma, forcing the tilapia to expend unsustainable levels of metabolic energy

on active ion transport to prevent cellular dehydration (Chakraborty et al., 2021).
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Figure 6. Oxygen consumption rates of nile tilapia at different salinities

Figure 6 shows the oxygen consumption rates of Nile tilapia under different salinity
conditions. Metabolic oxygen consumption rates (OCR) served as a direct proxy for quantifying the
bioenergetic costs of osmoregulation. The recorded OCR values were: 0.23 mg O2 g1 h™1 (Po); 0.25
mg O2 g’ h™! (P1); 0.23 mg O2 g'1 h™1 (P2); a peak of 0.26 mg O2 g1 h™! (P3); and a sudden drop
to 0.19 mg O2 g'! h'! in P4. These values indicate that baseline oxygen requirements remained
adequate to support vital functions across most treatments. Physiologically, oxygen demand
fluctuates based on blood cell morphology, hemoglobin-oxygen affinity, and ambient
physicochemical factors. Higher ambient salinity generally reduces oxygen solubility while
simultaneously increasing the fish's respiratory demand to fuel ion-exchange pumps (Malini &
Muliani, 2016). The peak OCR at P3 represents the maximum metabolic effort exerted by the fish to
maintain homeostasis. Interestingly, the noticeable decline in oxygen consumption at P4 (0.19 mg
O2 g1 h™1) suggests the onset of metabolic depression as a known physiological coping mechanism
where severely stressed aquatic organisms suppress their overall metabolic rate to survive extreme,
energy-draining environmental conditions, as also supported by Barany et al. (2021).

Water quality during fish cultivation is presented in Table 1. Maintaining optimal

physicochemical parameters is a fundamental prerequisite for physiological stability.

Table 1. Water quality during cultivation

Treatments Temperature (°C) pH Salinity (ppt)
Po 28.5 — 33.4 5.05 — 7.61 (o}
P1 27.6 — 34.1 5.83 —7.70 1
P2 26.1 — 30.8 6.50 — 8.20 2
P3 28.7 - 31.3 6.48 — 9.05 3
P4 27.5 — 32.7 6.34 — 8.70 4

According to Table 1, the pH ranges were broadly viable (5.05—7.61 for Po; up to 6.48—9.05
for P3), while temperatures fluctuated between 26.1°C and 34.1°C across all experimental units.
According to the National Standardization Agency (BSN, 2009), the idealized parameters for tilapia
aquaculture dictate temperatures of 25—32°C, dissolved oxygen >3 mg/L, and a pH between 6.5 and

8.5. The success of any aquaculture intervention relies heavily on mitigating environmental
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extremes. Poor water quality, particularly extreme pH or temperature fluctuations, acts as a primary
stressor that compromises the neuroendocrine system, leading to immunosuppression and elevated
mortality risk (McCabe, 2023). Suboptimal conditions also induce anorexia in fish, directly halting
growth by drastically reducing feed intake (Farabi and Latuconsina, 2023). Therefore, rigorous water
quality control remains non-negotiable for commercial Nile tilapia operations (Lamangkaraka et al.,
2024). Environmental pH actively regulates the toxicity of metabolic wastes like ammonia, while
thermal profiles govern the basal metabolic rate. An increase in ambient temperature, within the
optimal thermal tolerance window, directly accelerates kinetic cellular processes, thereby amplifying

both oxygen consumption and potential growth rates (Ririhena and Palinussa, 2021).

CONCLUSION

This study demonstrates that the optimal rearing environment for red Nile tilapia
(Oreochromis niloticus) lies strictly within a micro-salinity gradient of 1—2 ppt. Specifically, 1 ppt
maximizes survivability (85%) by providing critical iso-osmotic relief, while 2 ppt optimizes
sustainable somatic growth. Salinities exceeding 2 ppt impose a severe energetic tax, diverting
metabolic energy from growth to osmoregulation and leading to metabolic depression and reduced
feed efficiency. Furthermore, extreme osmotic stress (= 4 ppt) ultimately breaches the species'
physiological tolerance, resulting in total mortality. Therefore, maintaining a 1—3 ppt salinity range
is strongly recommended to balance bioenergetic costs and maximize production yields, serving as a

viable aquaculture strategy in coastal areas prone to seawater intrusion.
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  W = W t − W 0                                 (1)


  L = L t − L 0                                   (2)


  FE =   ( W t − W 0 )  F    x 100           (3)


  SR  =   N t  N 0    x 100                          (4)


    LnWt − LnW 0 t   x   100    (5)


    v   x  (  DO to −  DO tt )  w   x   t  (6)
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