
AQUATIC RESEARCH    

               E-ISSN 2618-6365 

 

 

191 

Effects of live transfer on serum biochemistry and oxidative 
stress parameters in the Turkish Salmon candidate fish 

Utku DURAN1, Esen KULAÇ POLAT2, Sena ÇENESİZ3, Büşra ERDOĞAN3, Recai ACİ4 

Cite this article as: 
Duran, U., Kulaç Polat, E., Çenesiz, S., Erdoğan, B., Aci, R. (2026). Effects of transfer on serum biochemistry and oxidative stress  
parameters in the Turkish Salmon candidate fish. Aquatic Research, 9(3), 191–201. https://doi.org/10.3153/AR26016

¹ Zonguldak Bülent Ecevit University, 
Çaycuma Vocational School of Food and 
Agriculture, Laboratory and Veterinary 
Health Program, Zonguldak, Türkiye  

² Central Fisheries Research Institute,  
Department of Aquatic Animal Health, 
Trabzon, Türkiye 

³ Ondokuz Mayıs University, Faculty of 
Veterinary Medicine, Department of 
Veterinary Biochemistry, Samsun,  
Türkiye  

4 Aydın Adnan Menderes University, 
Söke Vocational School of Health  
Services, Department of Medical  
Services and Techniques, Operating 
Room Services Program, Aydın,  
Türkiye 

ORCID IDs of the author(s): 

U.D. 0000-0002-0002-8893 
E.K.P. 0000-0002-7981-073X 
S.Ç. 0000-0002-3544-503X 
B.E. 0000-0002-5245-478X 
R.A. 0000-0002-1517-3356 

Submitted: 13.02.2026 
Revision requested: 16.03.2026 
Last revision received: 30.03.2026 
Accepted: 02.04.2026 
Published online: 27.06.2026 

Correspondence:  
Utku DURAN 

E-mail: utku.duran@beun.edu.tr   

 
© 2026 The Author(s) 
 
Available online at   
http://aquatres.scientificwebjournals.com 

ABSTRACT 

Turkish salmon (Oncorhynchus mykiss) has significant economic importance in Turkish aquacul-
ture and export and is a key species supporting sustainable production, particularly in the Black 
Sea Region. Live fish transfer between facilities is an unavoidable step in the production cycle and 
may induce physiological and biochemical stress responses. Understanding transfer-related stress 
is essential for maintaining fish welfare and improving production efficiency. In this study, the 
effects of live transfer on selected biochemical parameters, serum electrolytes, and oxidative stress 
indicators were investigated in Turkish salmon. A total of 30 healthy fish (400±50 g, 12 months 
old) were divided into a pre-transfer control group and a post-transfer group following road trans-
portation. Serum glucose, urea, uric acid, AST, ALP, LDH, Fe, total protein, and cortisol levels 
were analyzed. Significant increases were detected in glucose, AST, iron, and LDH levels in the 
transfer group compared to the control group (p<0.001), while cortisol levels significantly de-
creased (p<0.001). In addition, total oxidant status (TOS) and oxidative stress index (OSI) values 
significantly increased (p<0.05). These findings indicate that live transfer significantly affects met-
abolic, enzymatic, and oxidative stress responses, and optimization of transfer protocols is critical 
for fish welfare and production success. 

Keywords:  Turkish Salmon, Rainbow Trout (Oncorhynchus mykiss), Live fish transfer,  
Biochemistry, Oxidative stress
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Introduction
The aquaculture sector is gaining increasing importance 
within animal-based food production and has become a lead-
ing component of sustainable food production. Rainbow trout 
(Oncorhynchus mykiss) is extensively cultured in Türkiye 
due to its palatable flesh, low feed conversion ratio (FCR), 
high growth rate, and robustness. With an annual production 
of 75,567 tons (representing 47% of Türkiye’s total aquacul-
ture production), Türkiye is the leading trout-producing coun-
try in Europe. In the Black Sea region of the country, there 
are more than 1,000 freshwater facilities and approximately 
20 marine farming facilities (FAO, 2025). Particularly in the 
Black Sea region, trout are grown to over 1 kg and marketed 
under the name “Turkish salmon.” Turkish salmon has gained 
a strategic position in Türkiye’s seafood exports; especially 
along the Black Sea coasts, it has created significant added 
value for both the domestic market and foreign trade through 
a sustainable production model (Çakmak et al., 2018; 
Yıldırım & Çantaş, 2022; Erol & Erüz, 2023). In the Turkish 
salmon production chain, the term “Turkish salmon candi-
date” generally refers to fish in the grow-out phase that have 
reached approximately 400–600 g before being transferred to 
marine farming. However, transfer weights may vary consid-
erably depending on production strategies, farming practices, 
and production objectives. These fish are typically reared in 
reservoir lakes or freshwater cage systems before being trans-
ferred to sea cages (Çakmak et al., 2024). For Turkish salmon 
production purposes, fish are transferred live multiple times 
from the egg stage until harvest (Duran & Çenesiz, 2023). 
The transfer of live fish may sometimes involve very short 
distances, such as from one cage to another, while in other 
cases, fish may be transported for kilometers by trucks or 
ships. To meet the increasing demand for aquatic products, 
live fish transportation techniques play a very important role 
(Gao et al., 2025). In rainbow trout farming, these transfers 
are generally performed to move fish to alternative produc-
tion areas with more favorable environmental conditions than 
the current farming site. However, these practices, which are 
implemented to improve both the quality and quantity of pro-
duction, may cause various stress factors in fish (Chowdhury 
& Saikia, 2020). Such stressors can create significant changes 
in the physiological and biochemical parameters of fish and 
may negatively affect growth, immune function, and overall 
health status in the long term (Panase et al., 2018). Transfer 
operations, which are commonly applied among aquaculture 
practices, expose fish to mechanical, chemical, and physio-
logical stress factors that pose major risks for fish health and 
welfare (Refaey & Li, 2018). Studies have shown that cortisol 
levels in blood plasma increase and changes occur in blood 
electrolyte balance during fish transportation (van Raaij et al., 

1996; Shabani et al., 2016; Witeska et al., 2022). These bio-
chemical alterations are directly associated with stress re-
sponses in fish and may lead to disruption of homeostatic 
mechanisms. Understanding the physiological responses that 
develop against stress factors during fish transfer will facili-
tate the implementation of preventive measures. 

Although transport-induced stress responses have been 
widely investigated in fish, there is still limited information 
regarding the combined evaluation of biochemical parame-
ters, electrolyte balance, and oxidative stress markers, partic-
ularly in Turkish salmon candidates under commercial pro-
duction conditions. In addition, the Turkish salmon produc-
tion model is relatively new, and data describing physiologi-
cal responses during live transfer within this specific system 
remain scarce. Therefore, this study was conducted to com-
prehensively determine the effects of the transfer process on 
blood electrolyte balance, biochemical parameters, and oxi-
dative stress status in rainbow trout (Oncorhynchus mykiss).  

Materials and Methods 
Animal Material and Transfer Process 

In the study, 40 healthy rainbow trout (Oncorhynchus mykiss) 
with an average weight of 400±50 g and an average age of 12 
months were used. All fish were fasted for 48 hours prior to 
transfer. Within the scope of the study, two different groups 
were formed: control and transfer groups. The experimental 
design was limited to two groups to allow a direct comparison 
of pre-transfer and post-transfer conditions under real com-
mercial production practices.  The control group consisted of 
15 fish sampled prior to transfer to sea cages, after the com-
pletion of all pre-transfer handling procedures (e.g., netting 
and crowding). The transfer group consisted of 15 fish sam-
pled immediately after the transfer process was completed. 

The transfer group was transported from the Gümüşhane 
Kürtün Dam Lake to Trabzon Vakfıkebir Port. The transfer 
distance was approximately 100 km, and the total duration, 
including loading and unloading procedures, lasted 2 hours 
and 30 minutes. For transportation, a truck loaded with five 
fiberglass tanks, each with a volume of 11 m3, was used. Fish 
were stocked at a density of 36 kg/m³ in each tank. The tanks 
were filled with water taken from the dam. This stocking den-
sity and dissolved oxygen reflect routine commercial prac-
tices of the farm and were selected to represent real produc-
tion conditions rather than controlled experimental variation.  
The dam water temperature was measured as 9 °C using a 
digital temperature probe. During transport, the water tem-
perature in the tanks was continuously monitored using a 
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temperature probe integrated into a dissolved oxygen meter 
(Oxyguard® Polaris C DO, Denmark). It remained stable 
around 9 °C throughout the transfer period. For this study, 
ethical approval was obtained from the Local Ethics Commit-
tee for Aquatic Vertebrate Animal Experiments of the Minis-
try of Agriculture and Forestry Central Fisheries Research In-
stitute, with the decision dated 26.01.2026 and numbered 
325.04.02-27, and the study was conducted in accordance 
with current ethical regulations. 

During the transfer process, continuous oxygen supplemen-
tation was provided, and oxygen diffusers were used in each 
tank. The dissolved oxygen level before transfer was meas-
ured as 8 mg/L; however, within the first 10 minutes of trans-
fer, the oxygen level exceeded 30 mg/L, and the probe used 
was not able to measure levels above this value. It was deter-
mined that the dissolved oxygen level remained above 30 
mg/L throughout the entire transfer process. An Oxyguard® 
Polaris C DO (Denmark) handheld oxygen meter was used to 
measure dissolved oxygen in water. 

Anesthesia Protocol and Blood Sampling 

Before and after the transfer, fish were subjected to general 
anesthesia for blood collection. MS-222 (tricaine me-
thanesulfonate) at a concentration of 75 mg/L was used for 
anesthesia (Ross et al., 2008). After the fish were placed into 
tanks containing the anesthetic solution, fish that reached full 
anesthesia were removed, and blood samples were collected 
from the Vena cava using a 21-G long needle (Witeska et al., 
2022). The collected blood samples were transferred into yel-
low-capped silica gel biochemistry tubes without anticoagu-
lant, and serum was obtained by centrifugation at 4000 rpm 
for 10 minutes. The collected serum samples were trans-
ported to the laboratory without breaking the cold chain and 
were stored at - 80 °C until analysis. 

Biochemical Analyses 

Routine biochemical analyses were performed using a Beck-
man Colter AU5800 autoanalyzer. Glucose (Glu), urea 
(Urea), creatinine (Crea), uric acid (Uric acid), sodium (Na+), 
potassium (K+), chloride (Cl-), calcium (Ca), phosphorus (P), 
magnesium (Mg), iron (Fe), aspartate aminotransferase 
(AST), alanine aminotransferase (ALT), alkaline phospha-
tase (ALP), lactate dehydrogenase (LDH), amylase (Amy), 
and total protein (TP) analyses were carried out using reagent 
kits applied according to the manufacturer’s protocols. 

Serum cortisol levels were determined using a commercial 
ELISA kit (BT Laboratory, China) in accordance with the 
manufacturer’s instructions. The analyses were based on the 
competitive enzyme-linked immunosorbent assay (ELISA) 

principle. The color change formed after the substrate (TMB) 
reaction was measured spectrophotometrically at 450 nm, and 
cortisol concentrations were calculated using a standard 
curve. 

For the measurement of total oxidant status (TOS) in serum, 
the iron ion was allowed to form a colored complex with a 
chromogen in an acidic medium. The intensity of the color 
formed by the complex varied depending on the amount of 
oxidants in the sample. The measurement was performed us-
ing a commercially available kit (Total Oxidant Status Assay 
Kit, Rel Assay Diagnostics, RL0024, Turkey), which can be 
evaluated spectrophotometrically. Absorbance was measured 
at 530 nm. The calculation was performed according to the 
following formula: 

Result =
ΔAbs sample
ΔAbs standard

 𝑥𝑥 10 

For the determination of total antioxidant status (TAS) in se-
rum, antioxidants present in the sample were allowed to con-
vert the dark blue-green colored pro-chromogen 2,2’-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) radical 
into its colorless reduced ABTS form. The color change was 
measured using a commercially available kit that can be eval-
uated spectrophotometrically (Total Antioxidant Status As-
say Kit, Rel Assay Diagnostics, RL0017, Turkey). Absorb-
ance was measured at 660 nm. The calculation was performed 
according to the following formula: 

Result =
ΔAbs distiled water −  ΔAbs sample
ΔAbs distiled water −  ΔAbs standard

  

Using the obtained TAS and TOS results, the oxidative stress 
index (OSI) was calculated. In this calculation, since total an-
tioxidant status (TAS) values were obtained in mmol Trolox 
equiv./L, they were converted to µmol/L (mmol × 1000 = 
µmol). Subsequently, OSI was determined according to the 
following formulation: 

𝑂𝑂𝑂𝑂𝑂𝑂 =
𝑇𝑇𝑇𝑇𝑇𝑇 (µ𝑚𝑚𝑚𝑚𝑚𝑚 𝐻𝐻2𝑂𝑂2  𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. 𝐿𝐿−1)
𝑇𝑇𝑇𝑇𝑇𝑇 (µ𝑚𝑚𝑚𝑚𝑚𝑚 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒. 𝐿𝐿−1)  𝑥𝑥 100 

Statistical Analysis 

The sample size of the study was verified by power analysis 
performed using G*Power (v3.1.9.7) software. For compari-
sons between two independent groups (Control and Transfer), 
the minimum required effect size (Cohen's d) was calculated 
as 1.06 to achieve a 5% margin of error (α=0.05) and 80% 
statistical power (1-β). Since the pronounced changes ob-
served in serum biochemistry and oxidative stress parameters 
were above this threshold value, it was determined that the 15 
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fish used per group (total n=30) provided high statistical rep-
resentativeness. The high effect sizes obtained in our study, 
when evaluated together with the marked changes observed 
particularly in metabolic and enzymatic parameters, indicate 
that the sample size used (n=15/group) was sufficient to re-
veal biologically meaningful differences. This suggests that 
the statistical power of the study was high and that the risk of 
type II error remained low. The conformity of the obtained 
data to normal distribution was evaluated using the Shapiro-
Wilk test. The independent samples t-test was used for para-
metric data, while the Mann-Whitney U test was used for 
non-parametric data. The statistical significance level was ac-
cepted as p < 0.05. 

Results and Discussion 
Routine biochemical parameters and cortisol levels of the 
control and transfer groups are presented in Table 1. In the 
transfer group, glucose, urea, uric acid, calcium, phosphorus, 
magnesium, iron, AST, ALT, ALP, LDH, amylase, and total 
protein levels were found to be statistically significantly in-
creased compared to the control group (p<0.05; p<0.001). In 
contrast, no statistically significant differences were detected 
between the groups in terms of creatinine, sodium, potassium, 
and chloride levels (p>0.05). Cortisol levels were determined 
to be significantly lower in the transfer group compared to the 
control group (p<0.001). 

Table 1. Comparison of routine biochemical parameters and cortisol levels in control and transfer groups 

Parameters Control Transfer P Value 
Glu 80.4 ±20.25 204.27 ±25.5 p < 0.001 
Urea 2.4 ±0.74 3.67 ±0.82 p < 0.001 
Crea 0.12 ±0.04 0.14 ±0.06 p > 0.05 

Uric acid 0.13 ±0.06 0.73 ±0.34 p < 0.001 
Na 148.07 ±15.14 151.13 ±4.85 p > 0.05 
K 1.52 ±0.69 1.51 ±0.29 p > 0.05 
Cl 124.6 ±14.26 119.47 ±4.1 p > 0.05 
Ca 10.38 ±1.47 13.03 ±0.8 p < 0.001 
P 13.11 ±2.35 17.09 ±2.6 p < 0.001 

Mg 2.39 ±0.34 3.4 ±0.45 p < 0.001 
Fe 38.2 ±20.52 72.87 ±32.42 p < 0.05 

AST 134.4 ±61.51 401.6 ±106.83 p < 0.05 
ALT 1.47 ±0.92 2.93 ±1.91 p < 0.05 
ALP 94.8 ±31.87 151.67 ±70.01 p < 0.05 
LDH 400.6 ±328.15 4542.47 ±1837.65 p < 0.001 

Amylase 684.93 ±398.47 1052.93 ±319.24 p < 0.05 
TP 25.7 ±3.9 35.91 ±4.11 p < 0.001 

Cortisol 43.2 ±11.22 26.7 ±11.99 p < 0.001 
Oxidative stress parameters of the control and transfer groups are presented in Table 2. No statistically significant 
difference was determined between the groups in terms of total antioxidant status (TAS) values (p>0.05). In con-
trast, total oxidant status (TOS) and oxidative stress index (OSI) values were found to be statistically significantly 

increased in the transfer group compared to the control group (p<0.05) (Table 2) 

Table 2. Comparison of oxidative stress parameters levels in the control and transfer groups 

Parameters Control (Mean ± SD) Transfer (Mean ± SD) P Value 

TAS 0.46 ± 0.24 0.42 ± 0.35 p > 0.05 

TOS 10.75 ± 0.67 14.63 ± 5.66 p < 0.05 

OSI 3.27 ± 2.1 7.15 ± 6.45 p < 0.05 

These findings indicate that the transfer process increases oxidative load and leads to an elevation in oxidative stress levels. The distribu-
tions and mean±standard deviation levels of TAS, TOS, and OSI values for the groups are visually presented in Figure 1 
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Figure 1. Distributions of serum total antioxidant status (TAS), total oxidant status (TOS), and oxidative stress index (OSI) 
values in the control and transfer groups. Individual measurement values, group means, and standard deviation (mean ± SD) 

are presented together in the graphs
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It has been reported in many previous studies that procedures 
such as vaccination, grading, and transfer, which are applied 
to increase efficiency in aquaculture production, are all 
stress-inducing factors for fish (Ward et al., 1985; Berka, 
1986; Midtlyng & Lillehaug, 1998; Schreck et al., 2016; 
Wischhusen et al., 2020). Although these applications are in-
tended to improve production efficiency, they can trigger 
physiological stress responses in fish, leading to performance 
losses and even mortality. These losses are often considered 
normal in aquaculture practices (Duran & Çenesiz, 2023). 
Turkish salmon refers to large-sized rainbow trout produced 
in Türkiye using a production chain consisting of hatchery, 
reservoir, and marine cage systems and marketed under the 
name “Turkish Salmon.” In this production model, the trans-
fer of fish defined as Turkish salmon candidates, weighing 
approximately 400 – 600 g, from freshwater systems to sea 
cages constitutes one of the most critical stages of the pro-
duction process (Yıldırım & Çantaş, 2022; Çakmak et al., 
2024). Despite the rapid growth in the sector, uncontrolled 
fish transport, in addition to diseases and improper manage-
ment practices, is considered among the major causes of low 
survival rates observed in Turkish salmon production 
(Çakmak et al., 2024). During transfer, fish are exposed to 
high stocking densities in limited volumes, may encounter 
hypoxic or hyperoxic conditions, and impairments in osmo-
regulatory mechanisms may develop due to the inability to 
remove metabolic wastes from the environment (Kamalam  et 
al., 2017; Devkota et al., 2023; van Berkum, 2017; Duran & 
Çenesiz, 2025). Understanding the physiological responses 
that occur during this process is important for reducing po-
tential losses during transfer. In this context, our study aimed 
to evaluate the effects of the transfer process on biochemical 
parameters and electrolyte balance in fish. 

Many biomarkers are used to evaluate the health status of 
fish. Various factors may lead to changes in the levels of bi-
omarkers, particularly glucose. Some of these factors are as-
sociated with metabolic changes that occur as part of the or-
ganism’s adaptation or coping mechanisms. In contrast, oth-
ers are related to researcher-induced stress during the blood 
sampling process. Procedures such as transport, capture, and 
crowding trigger a neuroendocrine response in fish, begin-
ning with hypothalamic stimulation, which leads to the re-
lease of catecholamines and cortisol into the bloodstream 
(Martínez-Porchas et al., 2009). During stress conditions, 
these hormones alter metabolic pathways to meet the in-
creased energy demand of the organism; catecholamines pro-
mote rapid glycogenolysis, while cortisol primarily activates 
gluconeogenesis processes (Vijayan et al., 1994; Martínez-
Porchas et al., 2009). In addition, cortisol functions as a hy-

perglycemic hormone by mobilizing glucose production (Ku-
bilay & Uluköy, 2002). As a result of these processes, blood 
glucose levels increase to maintain homeostasis, leading to 
hyperglycemia (Martínez-Porchas et al., 2009). In the litera-
ture, increased glucose is defined as a “secondary stress re-
sponse” following hormone release and is considered one of 
the most common and reliable physiological indicators of 
transport stress (Kubilay & Uluköy, 2002; Madaro et al., 
2023). In our study, a marked increase in glucose levels was 
observed (p<0.001). Therefore, the increase in glucose ob-
served in this study is considered a metabolic adaptation 
mechanism developed by fish in response to stress and in-
volving the mobilization of energy reserves. 

In addition, in our study, cortisol levels measured in the trans-
fer group samples collected after the 2-hour transport process 
were found to be significantly lower than those in the control 
group. Previous studies have reported increased cortisol lev-
els after transport in sea bass (Rusco et al., 2026) and signif-
icant increases in cortisol levels in Amur carp exposed to high 
stocking density (Ramteke et al., 2025). Similarly, Tuna 
Keleştemur and Özdemir (2008) reported increased cortisol 
levels following anesthesia in rainbow trout (Oncorhynchus 
mykiss). However, in the present study, control group sam-
ples were collected at the moment when fish were confined 
by net crowding, indicating that they were subjected to high 
stocking density and acute capture stress (Tuna Keleştemur 
& Özdemir, 2008). Therefore, the elevated cortisol levels ob-
served in the control group likely reflect an acute stress re-
sponse rather than a baseline physiological condition. In par-
allel, increased blood glucose levels observed in this study 
can be attributed to cortisol-mediated gluconeogenesis and 
glycogenolysis. In contrast, the lower cortisol levels observed 
in the transfer group samples may reflect progression beyond 
the acute stress phase, potentially associated with physiolog-
ical adaptation and regulatory feedback mechanisms within 
the stress response during transport. Under prolonged or sus-
tained stress conditions, suppression of the hypothalamus–pi-
tuitary–interrenal (HPI) axis may occur, resulting in reduced 
cortisol secretion (Wendelaar Bonga, 1997; Mommsen et al., 
1999). Additionally, fasting fish for 48 hours prior to 
transport may have contributed to reduced metabolic activity 
and ammonia production, thereby supporting water quality 
and mitigating stress (Berka, 1986). Overall, these findings 
suggest that the acute stress response induced during capture 
diminished over the course of transport and that fish may 
have partially adapted to the prevailing environmental condi-
tions. 

The significant increase observed in urea and uric acid levels 
after transfer suggests that protein metabolism is reorganized 
under acute stress conditions and that protein catabolism may 
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be activated to meet energy requirements. During the stress 
response in fish, increased secretion of cortisol and catechol-
amines affects not only carbohydrate metabolism but also 
protein breakdown, supporting the use of amino acids for en-
ergy production via gluconeogenesis (Mommsen et al., 
1999). Particularly in conditions where fasting and stress oc-
cur simultaneously, the catabolism of muscle proteins in-
creases, which may lead to elevated circulating levels of ni-
trogenous metabolites (Vijayan & Moon, 1992). It has also 
been previously reported that transport stress can signifi-
cantly alter blood biochemical parameters in fish and may 
lead to increases in nitrogen metabolism products (Refaey & 
Li, 2018). In this context, the increase in urea and uric acid 
levels can be interpreted as a reflection of increased amino 
acid deamination and nitrogen excretion processes. Indeed, 
under acute stress conditions, the use of proteins as an energy 
substrate is defined as one of the metabolic components of 
the secondary stress response (Mazeaud et al., 1977). In con-
trast, the absence of a statistically significant change in creat-
inine levels suggests that, considering the short-term and 
acute nature of the transfer process, there was no marked im-
pairment in glomerular filtration capacity or renal perfusion. 
Creatinine is generally a more stable end product of muscle 
metabolism and is less affected by acute metabolic fluctua-
tions compared to urea (Wedemeyer & Chatterton, 1970). 
Therefore, the increase observed in urea and uric acid in our 
study is considered to be primarily associated with metabolic 
stress and protein catabolism rather than renal dysfunction. 
Our findings support that live transfer has pronounced ef-
fects, particularly on nitrogen metabolism, and that protein 
resources are mobilized to meet energy requirements. 

It has previously been reported that live fish transfer can af-
fect ionoregulatory mechanisms in the gills and may lead to 
changes in plasma Na+ and Cl- levels, particularly in salmonid 
species, depending on the stress response (Wedemeyer & 
Chatterton, 1970; Wedemeyer, 1997; Barton, 2002). This 
mechanism is mostly associated with increased cortisol lev-
els, and it is stated that cortisol modulates ion transport by 
affecting Na+/K+-ATPase activity in the gills. However, in 
our study, the lower cortisol levels observed in the transfer 
group compared to the control group, together with the ab-
sence of statistically significant changes in Na+, K+, and Cl- 
concentrations, suggest that live fish transfer did not create a 
pronounced osmotic stress on the ionoregulatory system. The 
fact that sampling in the control group was performed under 
acute capture and crowding stress may have caused the pri-
mary stress response to be more pronounced at this stage. In 
contrast, it is considered that fish may have developed partial 
physiological adaptation during the transfer process. In addi-

tion, the relatively short transfer duration, the absence of tem-
perature fluctuations, and the high and stable dissolved oxy-
gen levels may have contributed to the preservation of gill 
epithelial integrity and maintenance of ion homeostasis. In 
the literature, it has been reported that ion loss generally be-
comes more evident under longer-term, intense, or repeated 
stress conditions (Barton, 2002). These results indicate that 
when appropriate transport conditions are provided, live fish 
transfer may not disrupt ion balance in the acute phase. 

Acute stressors, such as a transfer, trigger a series of physio-
logical responses in fish, the most prominent of which is an 
increase in cortisol levels, known as the primary stress hor-
mone. Elevated cortisol levels reorganize metabolic pro-
cesses to meet the increased energy demand of the body. The 
increases observed in serum calcium (Ca2+), phosphorus (P), 
and magnesium (Mg2+) levels in this study may be considered 
part of the reorganization of mineral metabolism under stress 
conditions (Tacchi et al., 2010). The increase in phosphorus 
(P) levels, in particular, is a critical finding due to its direct 
relationship with energy metabolism. Phosphorus is a struc-
tural component of adenosine triphosphate (ATP), the funda-
mental energy molecule at the cellular level, and is indispen-
sable for ATP production. Transfer stress activates the fish’s 
“fight or flight” response, creating an immediate energy de-
mand. To meet this demand, metabolic pathways such as gly-
cogenolysis and gluconeogenesis accelerate, and these pro-
cesses require intensive ATP consumption and resynthesis. 
Therefore, activation of energy metabolism under stress may 
increase the circulating phosphorus pool to support ATP pro-
duction (Suarez-Bregua et al., 2018). In our study, serum Ca, 
Mg, and P levels showed statistically significant increases in 
the transfer group compared to the control group (p<0.001). 
Although pre-transfer preparation procedures in the control 
group also constituted a stress factor for fish, the hyperoxic 
conditions during transfer and the transfer process itself ap-
pear to have caused marked increases in serum electrolyte 
levels. Increases in the mineral parameters Ca, P, and Mg lev-
els may be associated with the reorganization of mineral me-
tabolism under stress conditions. Phosphorus metabolism, in 
particular, is directly related to energy metabolism and is crit-
ical for ATP production. Activation of energy metabolism 
due to transfer stress may lead to an increase in phosphorus 
levels. 

The increase observed in iron levels may be associated with 
the activation of oxidative processes related to transfer stress. 
It is known that free Fe2+ ions can participate in redox reac-
tions and increase the formation of reactive oxygen species 
(Carriquiriborde et al., 2004). In addition, it has been reported 
that iron may be mobilized into circulation under acute stress 
conditions and may be associated with oxidative processes. 
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Previous studies have shown that iron metabolism can be af-
fected by stress, infection, and environmental factors (Fazio 
et al., 2021; Esposito et al., 2024). In our study, the clinically 
healthy status of the fish suggests that the increase in Fe2+ is 
more likely related to transfer stress rather than infection. 

Significant increases in AST and ALP levels were detected in 
transferred fish. Increases in liver enzyme activities are gen-
erally associated with hepatocellular stress or increased cell 
membrane permeability (Suárez et al., 2015). It has been re-
ported that enzyme activities may increase under acute stress 
conditions (Naderi et al., 2018). Transfer stress has been re-
ported to increase AST and ALP activities in salmonids, and 
this increase may be associated with alterations in cell mem-
brane integrity (Mazeaud et al., 1977; Mommsen et al., 1999).  

The increases observed in amylase and GGT levels suggest 
that transfer stress may affect both the digestive system and 
the hepatobiliary system. Amylase is of pancreatic origin and 
plays a role in carbohydrate digestion. Sympathetic activation 
during transfer may influence pancreatic enzyme secretion. 
The increase in GGT is considered an indicator of hepatobil-
iary system stress (Suárez et al., 2015). In contrast, the de-
crease observed in lipase levels may be associated with 
stress-related metabolic reorganization in lipid metabolism. 

The increase in total protein levels may be associated with 
hemoconcentration, acute phase protein response, or altera-
tions in protein metabolism. Proteins play an important role 
in immune response, osmoregulation, and maintenance of ho-
meostasis. The effects of transfer stress on protein metabo-
lism have been previously reported (Refaey & Li, 2018). In-
creases in albumin and total protein levels may be considered 
an adaptive response aimed at maintaining osmotic balance 
(Chowdhury & Saikia, 2020). 

One of the most fundamental physiological indicators of 
stress response in fish is the cortisol hormone released fol-
lowing activation of the Hypothalamic Pituitary Interrenal 
(HPI) axis (Rusco et al., 2026). The general literature demon-
strates that transport, handling, chemical exposure, and envi-
ronmental changes cause significant increases in plasma cor-
tisol levels (Tuna Keleştemur & Özdemir, 2010; Rusco et al., 
2026). For example, Rusco et al. (2026) detected increased 
cortisol levels after transport and handling in sea bass juve-
niles (Rusco et al., 2026). However, in the present study, cor-
tisol levels measured after transfer were found to be signifi-
cantly lower than those in the pre-transfer (control) group. 
This situation may be explained by the dynamics of stress 
created by sampling timing and applied procedures. 

It has been previously reported that the transfer process can 
trigger oxidative stress responses in fish. In this study, alt-
hough no statistically significant difference was determined 
between the groups in terms of TAS levels, TOS and OSI val-
ues were found to be significantly increased in the transfer 
group. This finding suggests that the transfer process may in-
crease the oxidant load in fish, leading to a shift in redox bal-
ance toward the oxidative direction. During transfer, fish may 
be exposed to stress factors such as high stocking density, hy-
poxia/hyperoxia fluctuations, and accumulation of metabolic 
wastes, all of which can increase the production of reactive 
oxygen species (ROS) (Kamalam J et al. 2017; Devkota et al., 
2023). It is well known that increased ROS production under 
stress conditions can lead to cellular lipid, protein, and DNA 
damage and plays a fundamental role in the development of 
oxidative stress (Chowdhury & Saikia, 2020). Wischhusen et 
al. (2020) reported that oxidative stress responses increased 
in rainbow trout under acute hypoxia conditions and that the 
antioxidant system showed an adaptive response to this con-
dition (Wischhusen et al., 2020). Similarly, Panase et al. 
(2018) demonstrated that environmental stress factors can 
disrupt oxidative balance in fish and affect physiological per-
formance (Panase et al., 2018). Refaey and Li (2018) also re-
ported that transport stress has pronounced effects on the an-
tioxidant defense system (Refaey & Li, 2018). In this study, 
the absence of a significant change in TAS levels suggests 
that the antioxidant defense system may have attempted to 
compensate for the increase in oxidants. In contrast, the in-
creases in TOS and OSI indicate that transfer stress is an im-
portant stress factor that increases oxidative load in fish. 
These findings support that ensuring appropriate transport 
conditions to minimize oxidative stress during transfer is crit-
ical for fish welfare and production efficiency. 

Conclusion 
In conclusion, this study demonstrated that the transfer pro-
cess induces a marked physiological stress response in rain-
bow trout and that this stress leads to measurable changes in 
mineral metabolism, liver functions, protein metabolism, and 
oxidative balance. The particularly high cortisol levels ob-
served in the control group suggest that pre-transfer prepara-
tion procedures may create stress comparable to the transfer 
process itself and indicate that, in addition to being a primary 
stress biomarker, cortisol may be metabolized more rapidly 
than other stress indicators. The increase in Fe levels and the 
elevation of liver enzyme activities after transfer further sup-
port the biochemical reflections of transfer stress. These find-
ings emphasize the critical importance of developing scien-
tifically based transport protocols to minimize transfer-re-
lated losses and improve fish welfare in Turkish salmon aq-
uaculture. Furthermore, it should be noted that transfer 



199 

Aquatic Research 9(3), 191-201 (2026) • https://doi.org/10.3153/AR26016    Research Article 

weights in Turkish salmon production can vary considerably 
(approximately 300–1000 g) depending on production strate-
gies, environmental conditions, and market-driven harvest 
targets, which may influence the magnitude of physiological 
and biochemical responses observed during transfer. Future 
research should investigate the combined effects of key oper-
ational factors, including stocking density, water tempera-
ture, fish size, and transport distance, to provide a more com-
prehensive understanding of stress physiology in transported 
fish. 
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