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Seriola dumerili is a fast-growing species under culture conditions with

significant potential for diversification of marine aquaculture. The interest in

this species raises new challenges for its culture, such as the design of suitable

procedures and appropriate conditions in order to determine the adequate

operational parameters for animal welfare, which will also allow the generation

of management protocols that guarantee these conditions. These parameters

include stocking density and photoperiod, which can be decisive in the welfare of

the farmed fish. Therefore, the overall objective of this study was to investigate

the combined effect of different culture conditions (stocking density and

photoperiod) on different biochemical indicators of stress, including plasma

and skin mucus parameters, immune response, oxidative damage and

antioxidant response in S. dumerili. Adult specimens were divided into four

groups and maintained under two stocking densities (2.5 kg m-³ and 5.0 kg

m-³) and two photoperiods (12L:12D and 16L:8D) (n=9 for each condition). The

results showed that after 30 days, there were no negative effects on the growth

performance of fish stocked at higher density or long photoperiod. There were

also no changes in plasma stress markers or immune parameters. However,

under long photoperiod, higher cortisol levels were found in skin mucus, along

with alterations in antioxidant activities in key tissues such as liver or gills, as well

as, lipid peroxidation in liver, brain and muscle, indicating some degree of

oxidative stress. In contrast, variations in different stocking densities did not

lead to significant alterations in these parameters. This study offers new insights

into the mechanisms involved in the stress response of S. dumerili, aiming to

evaluate different culture conditions and determine stress-inducing factors for

this species.
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1 Introduction

Greater amberjack (Seriola dumerili, Risso 1810) is a promising

candidate for marine aquaculture development due to its high-

quality meat, high market price and rapid growth (normally

reaching more than 6 kg after 2.5 years of culture) (Mazzola

et al., 2000). Despite the encouraging qualities shown by

amberjack, there is still limited research available on the stress-

inducing factors affecting this species. This includes the effects of

diverse culture conditions, such as temperature, photoperiod,

stocking density, and water quality, all of which can influence the

health and welfare of this species. In this context, it is essential to

provide suitable rearing conditions, particularly regarding stocking

density and photoperiod, to promote their overall welfare.

Each teleost species has a specific response to a given stressor,

which can also vary significantly depending on its intensity and

duration (Schreck, 2010). Light influences the entire life cycle of

teleost fishes, as it does for most living organisms in a rhythmic

environment shaped by the Earth’s rotation and its orbit around the

Sun (Villamizar et al., 2011; Wei et al., 2019). Internal clocks have

evolved in almost all organisms as an adaptative response to

environmental cycles. When external rhythms synchronize with

the internal clocks of animals, their behavior, growth performance,

and health status significantly improve (Reebs, 2011). These

fundamental rhythms provide an internal representation of day

length and optimize physiology and behavior to meet the demands

of photoperiod (Boeuf and Le Bail, 1999).

In an artificial aquaculture system, the photoperiod is crucial for

aquatic species, as it plays an important role in a variety of biological

processes, including survival, growth performance, metamorphosis,

foraging behavior, and gonadal development (Puvanendran and

Brown, 2002; Blanco-Vives et al., 2010; Imsland et al., 2018).

Moreover, photoperiod can influence the ability to visualize food,

the utilization of energy derived from feeding, and even the social

behavior of farmed fish, which in turn affects both growth and

survival (Al-Emran et al., 2024). The effect of seasonal cycles on fish

physiology has been widely demonstrated (Bowden et al., 2007),

and an imbalance in it can cause chronic stress. In general, an

optimal photoperiod must be provided for normal development

and growth, which should be specific for each fish species in

accordance with its habits (Wei et al., 2019). Additionally,

manipulating photoperiod regimes such as short days (6L:18D)

and long days (18L:6D) has been used to control growth, and stress

responses in various fish species (Al-Emran et al., 2024).

Additionally, factors as fish stocking density have been shown

to influence fish physiology and welfare (Ellis et al., 2002; Conte,

2004; Mylonas et al., 2010). The importance of stocking density as a

critical husbandry factor in intensive aquaculture is widely

acknowledged. The optimal stocking density for a given species

varies, with both high and low densities negatively impacting the

physiological responses of fish (Roy et al., 2021). Excessive stocking

densities can lead to crowding stress, which negatively influences

the growth performance, physiology, and welfare of many farmed

fish (Liu et al., 2016; Datta et al., 2017). High stocking density has

been found to result in growth inhibition, reduced flesh quality and
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disturbance of several serum biochemical parameters in tilapia

(Oreochromis niloticus) (Wu et al., 2018). Also, elevated stocking

densities inhibited the activity of metabolic and antioxidant

enzymes in rainbow trout (Oncorhynchus mykiss) (Aksakal et al.,

2011). In contrast, low stocking densities did not fully utilize the

available culture space and therefore did not result in higher

production and economic benefits (Zhu et al., 2011; Badiola et al.,

2012; Hoseini et al., 2019, Hoseini et al., 2019; Wang et al., 2020).

Thus, identifying the optimal stocking density for a specific farmed

species is crucial.

Both, photoperiod and stocking density, have been identified as

potential sources of chronic stress, which can impact multiple

physiological functions such as metabolism, growth (Ellis et al.,

2002; Portz et al., 2006), reproduction (Rodrıǵuez-Barreto et al.,

2014), immune response (Sneddon et al., 2016; Barreto et al., 2022)

or the antioxidant system (Schreck and Tort, 2016), leading to

disrupt homeostasis, diseases or even mortalities. However, the

effects of stocking density and photoperiod have been scarcely

studied in S. dumerili. A few previous studies have reported that

lower stocking densities and longer photoperiod may enhance

reproductive performance and hormonal regulation (Rodrıǵuez-

Barreto et al., 2017; Nyuji et al., 2018). Specifically, stocking

densities of 5 kg m3 have been shown to negatively impact

patterns of body lipid deposition (Rodrıǵuez-Barreto et al., 2017).

Also, high stocking densities can lead to increased aggression and

reduce survival in S. dumerili juveniles (Miki et al., 2011).

Otherwise, long photoperiods (18 hours light: 6 hours dark) have

been shown to stimulate ovarian development in previtellogenic S.

dumerili (Nyuji et al., 2018). In larvae, an 18L:6D photoperiod

during the first 15–20 days resulted in improved survival and

growth compared to shorter light periods (Hashimoto et al.,

2013). However, there is currently a notable absence of direct

studies investigating the synergistic effects of stocking density and

photoperiod on this species.

In this context, the aim of this study was to evaluate the

combined effect of stocking density and photoperiod on the

welfare of S. dumerili specimens, in order to identify stress-

inducing factors related to the rearing conditions in this species.

To this end, we tested two photoperiod regimes (natural vs. 18L:6D)

and two stocking densities (2.5 vs. 5 kg/m³). We assessed different

stress biomarkers from skin mucus and plasma, humoral immune

response in serum and oxidative stress in various tissues.
2 Materials and methods

2.1 Fish and experimental design

For this study, a group of 42 greater amberjacks (S. dumerili)

fish (9.5 ± 1.6kg and 74.9 ± 4.3 cm) born in captivity in the

experimental culture facilities of the Centro Oceanográfico de

Canarias (COC-IEO), CSIC (28°29’56.1”N 16°11’44.2”W), were

used. The fish were born and raised in captivity in an outdoor

500 m³ tank, which was supplied with seawater at an ambient

temperature and photoperiod (10 renewals per day-1) until the start
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of the experiments in the experimental culture facilities. Each fish

was individually identified with Passive Integrated Transponder

(PIT) tags, and randomly distributed in 12 indoor tanks

(3.0×3.0×1.0m; usable capacity 10 m3), with 3 fish per tank.

Four treatments (combination of two conditions for stocking

density and two conditions for photoperiod) were evaluated with

three replicates per treatment. Half of the fish were kept under a

natural photoperiod (NP) regime increasing according to latitude,

from 11 to 12 hours of daylight between the beginning and end of

the study, while the other half were exposed to a long photoperiod

(LP) regime with 18 h of light and 6 h of dark (18L:6D). The

photoperiod was regulated by light sources that were programmed

at the corresponding times and switched on and off progressively.

To establish a 30-day experimental duration, the photoperiod was

adjusted prior to the initiation of the experiment. In the long

photoperiod (LP) treatment, the daylight duration was gradually

increased by 20 minutes each day over a 15-day period, ultimately

achieving the target photoperiod of 16 hours. Regarding stocking

density, half of the fish were maintained at a density of 2.5 kg m-3

(lower density, LD), and the others at a density of 5.0 kg m-3 (higher

density, HD). In all four treatments, there was no alteration in water

temperature despite changes in photoperiod.

The tanks were maintained with a continuous seawater supply

(100% renewal per hour). During the experiment (30 days), fish were

fed to apparent satiety with commercial pellets, and daily fed intake

(0.77 ± 0.14% biomass day-1), seawater temperature (19.4 ± 0.2°C)

and dissolved oxygen (6.5 ± 0.1 mg L-1) were recorded once a day.

All experimental procedures were performed according to the

EU Directive 2010/63/EU for animal experiments and the Spanish

Executive Order 53/2013 for the protection of animals for

experimentation or other scientific purposes. The experimental

design was previously approved by the CSIC Ethical Committee

(1208/2022) and authorized by the National Competent Authority.
2.2 Sampling collection

All fish were sampled four times within a month (n=9 for each

condition). Before sampling, the fish were subjected to a 24-hour fast.

At baseline (day 0) and at days 10, 20 and 30, fish were anaesthetized

with chlorobutanol (0.3 mL L−1). Thereafter, total length and weight

were measured, and blood was drawn from the caudal vessels using

heparinized syringes and centrifuged at 12,000 rpm for 5 min to get

rid of blood cells. Aliquots of the plasma samples were stored at -80°C

until needed for hematological and biochemical analysis.

At the end of the experiment (day 30), all fish were sacrificed and

samples of gills, brain, liver and muscle tissue were rapidly frozen in

liquid nitrogen, and subsequently stored at -80°C until analysis.
2.3 Growth performance

During the study, the specific growth rate (SGR, % day-1),

coefficient of variation for weight (CV, %), condition factor (CF, g
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cm-3) and hepatosomatic index (HSI, %) were determined as

follows:

SGR = 100� (ln final Body weight (g)� ln initial Body weight (g))

� days� 1

CV = 100� Tank Standard deviation weight

� Tank Mean weight� 1

CF = 100� Body weight (g) � Total length� 3(cm)

HSI = 100� Liver weight (g)� Body weight� 1(g)
2.4 Stress biomarkers

The plasma biochemical parameters selected for the study were

the most indicative of chronic stress and health status of fish, so

changes in their levels will indicate an acute or chronic stress

response (Barton et al., 2002; Schreck and Tort, 2016). Therefore,

cortisol, glucose, lactate levels in plasma and skin mucus, the

antioxidant activity levels, together with some activities related to

the humoral immune response (bactericide, peroxidase,

antiprotease and lysozyme activity) in plasma and the antioxidant

response in tissues were analyzed.

2.4.1 Stress plasma and skin mucus parameters
Cortisol level in plasma and skin mucus was determined by

using the cortisol competitive human ELISA kit (Invitrogen,

Thermo Fisher Scientific, Frederick, MD, USA) and following the

manufacturer’s instructions as previously described (Garcıá-Beltrán

et al., 2024). Briefly, 5 μL of plasma or 20 μL of skin mucus were

used together with a standard curve of cortisol made of serial

dilutions from an initial concentration of 3,200 pg mL-1. After the

reaction, the optical density (OD) was measured at 450 nm using a

plate reader (MultiskanGo, Thermo Fisher Scientific, Waltham,

MA, USA). Wells with assay buffer instead of sample and without

cortisol antibody were used as blanks, and results were expressed as

ng mL-1.

Glucose level in plasma and skin mucus samples was

determined by using the Glucose-HK enzymatic kit (Spinreact,

Girona, Spain) in accordance with the manufacturer’s instructions

following Garcıá-Beltrán et al. (2024). For that, 4 μL of either

plasma, skin mucus or glucose standard (100 mg dL-1) were used for

sample analysis or as a positive control in the case of glucose. The

data were corrected with the blank levels performed using only the

working reagent, and results were expressed as mg dL-1.

Lactate level in plasma and skin mucus samples was determined

by using the Lactate LO-POD enzymatic kit (Spinreact), adhering to

the manufacturer’s instructions as stated by Garcıá-Beltrán et al.

(2024). Thus, 4 μL of plasma or skin mucus were used for each

analysis, while a lactate standard (10 mg dL-1) instead of a sample
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was used as a positive control. The blanks were performed using

only working buffer, and results were expressed as mg dL-1.

Total antioxidant activity of plasma samples was analyzed by

the 2,2’-azino-bis-3-(ethylbenzothiazoline-6-sulphonic acid)

(ABTS) method described by Arnao et al. (1999). The assay is

based on the ability of the antioxidants in the sample to reduce the

radical cation of ABTS, as determined by the decoloration of

ABTS·+, and measuring the quenching of the absorbance at 730

nm. Samples of 10 μL of plasma each were run in duplicates.

Activity is calculated by comparing the values of the sample with a

standard curve of ascorbic acid and expressed as ascorbic acid

equivalents (mmol) mg-1 protein.

2.4.2 Immune response in plasma
The lysozyme activity of plasma was spectrophotometrically

analyzed based on a turbidimetric method that uses the lysis of

Micrococcus lysodeikticus for the determination of the lysozyme

activity using hen egg-white lysozyme as a standard (Parry et al.,

1965; Valero et al., 2014). Samples of 100 μL of plasma each were

run in duplicates. One unit (U) of lysozyme activity was defined as a

reduction in the absorbance of 0.001 min-1. The results were

expressed as U mL-1 of plasma.

Antiprotease activity in plasma samples was determined as the

ability of samples to inhibit the hydrolysis of azocasein by the same

volume of 2 mg mL-1 proteinase K using a modified protocol

previously published (Charney and Tomarelli, 1947; Chaves-Pozo

et al., 2019). 10 mL of plasma was used. The activity was determined

by measuring the amount of free amino acid released in the different

reactions and compared to a blank (no protease activity) and a

negative control (100% of activity). Phosphate-buffered saline (PBS)

replaced both the plasma samples and the proteinase K in the blank,

or only the plasma samples in the negative control. The percentage

of inhibition of protease activity for each sample was calculated as

[100-(% of protease activity)]. Results were expressed as %

of activity.

Plasmatic antibacterial activity was determined by evaluating

the inhibition on the bacterial growth of Vibrio harveyi curves with

a method previously published (Sunyer and Tort, 1995) and slightly

modified (Cervera et al., 2024). 10 μL of plasma was used.

Bactericide activity was expressed as [100-(% of bacterial

growth)]. Results were corrected with absorbance measured in

each sample at the initial time point and expressed as % of plasma.

The peroxidase activity in greater amberjack plasma was

measured according to a protocol previously published (Quade

and Roth, 1997; Chaves-Pozo et al., 2019). The reactive oxygen

species (ROS) produced by the peroxidase reaction in the presence

of H2O2 transform the 3,3’, 5,5’-tetramethylbenzidine solution into

a detectable chromogen. Samples of 5 μL of plasma or 10 μL of skin

mucus each were run in triplicate. One U was defined as the amount

of activity producing an absorbance change of 1, and the activity

was expressed as U mL-1 plasma.

2.4.3 Antioxidant response
For the analysis of thiobarbituric acid reactive substances

(TBARS), and antioxidant enzymes, gills and brain samples (200
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mg) were diluted 1:5 (w/v) and homogenized in an ice-cold 20 mM

Tris HCl (w/v) buffer (pH 7.6) with protease inhibitors (Complete®,

Sigma, Madrid, Spain). Nevertheless, liver and muscle samples (200

mg) were diluted 1:5 and 1:4 (w/v), respectively, and homogenized

in an ice-cold 100 mM Tris HCl buffer (pH 7.8) containing 0.1% (v/

v) Triton X-100 with protease inhibitors (Complete®, Sigma,

Madrid, Spain). Homogenates were centrifuged at 15,000× g for

30 min at 4°C and the resulting supernatants were separated into

aliquots and stored at -80°C for further assays. All the assays were

performed with a BioTek Synergy HT microplate reader (Winooski,

VT, USA) in triplicate.

For the analysis of antioxidant response enzymes, catalase

(CAT; EC 1.11.1.6) activity was determined using 52.4 mM H2O2

as substrate according to Aebi (1984). The decrease in hydrogen

peroxide concentration was measured at 240 nm. The molar

extinction coefficient (Ɛ) of H2O2 used was 40 M-1cm-1. One unit

of enzyme activity (U) of CAT was defined as the amount of enzyme

required to transform 1 μmol of substrate per minute (μmol min-1)

under the assay conditions.

Superoxide dismutase (SOD; EC 1.15.1.1) activity was

determined using 30 mM pyrogallol as substrate following Mesa-

Herrera et al. (2019). One U of SOD activity was defined as the

equivalency to the amount of enzyme that provides a 50%

inhibition of the auto-oxidation of pyrogallol. The increase in

absorbance min-1 was measured at 320 nm.

The glutathione-S-transferase (GST; EC 2.5.1.18) reaction was

determined with 1 mM reduced glutathione (GSH), and 1 mM 1-

chloro-2,4-dinitrobenzene (CDNB) as substrates (Habdous et al.,

2002). Absorbance was read at 340 nm, and the activity was

quantified using the molar extinction coefficient of Mesenheimer

complex (Ɛ = 9.6 mM-1cm-1). One U was defined as the amount of

enzyme required to transform 1 nmol of substrate per minute (nmol

min-1) under the assay conditions.

2.4.4 Oxidative damage
The lipid peroxidation levels were determined as the content of

malondialdehyde (MDA), evaluated by the TBARS (thiobarbituric

acid reactive substances) assay following Ohkawa et al. (1979).

Samples were measured fluorometrically with excitation at 485 nm

and emission at 535 nm and MDA content (nmol MDA mg-1

protein) was calculated using a standard curve of 1,1,3,3-

tetramethoxipropane (TMP), as defined by Galindo et al. (2022).

Protein concentration of plasma, skin mucus and tissue samples

homogenizes was analyzed according to Bradford (1976) using

bovine serum albumin (BSA) as standard to report the activities

per mg of protein.
2.5 Statistical analysis

The results are shown as means ± standard error (SEM).

Normality and homogeneity of variances were analyzed using

Shapiro-Wilk´s test and Levene´s test, respectively. Data were

logarithmically transformed when necessary to normalize

variances prior to analysis. A nested two-way ANOVA was also
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carried out to test for significant differences between groups, with

photoperiod (natural and long), stocking density (lower and

higher), and tank (as the nested variable) as the factors of

variance. Also, differences between groups for plasmatic variables

were tested using nested repeated-measures ANOVA with

photoperiod (natural and long), stocking density (lower and

higher), time (repeated measures at 10, 20, and 30 days) and tank

(as the nested variable) as the factors of variance. Pairwise

differences between means were also tested using Student’s t-tests.

Statistical significance was set at p< 0.05. Statistical analysis was

performed using the SPSS statistical package (Version 25.0)

software for Windows.
3 Results

3.1 Growth parameters and body indexes

Regardless of the different conditions assessed, survival at the

end of the experiment was 100% for each group. Moreover, the

different photoperiod and stocking density conditions did not affect

fish growth parameters or body indexes (Table 1).
3.2 Stress plasma and skin mucus
parameters

To investigate the impact of stocking density and manipulated

photoperiod on fish welfare and health, several plasma and skin

mucus parameters that serve as stress biomarkers were analyzed.

Regarding plasma parameters, lower cortisol levels were recorded

under the long photoperiod for both stocking densities on day 10

(p< 0.05) (Figure 1A, Supplementary Table S1). However, no

significant differences (p > 0.05) were detected at 20 and 30 days.

As for secondary stress parameters such as glucose and lactate, no

significant differences were detected related to either photoperiod or

stocking density (Figures 1B, C). Instead, a significant increase in

glucose and lactate levels was observed over time, with higher values

recorded at the end of the experiment (p = 0.002 and 0.000,

respectively; nested repeated-measures ANOVA) (Supplementary
Frontiers in Marine Science 05
Table S2). Concerning the total antioxidant activity (ABTS), only a

significant interaction between stocking density and photoperiod

was observed on day 20 (p< 0.05), with slightly higher values noted

under the natural photoperiod at high stocking densities (t-test, p =

0.019) (Figure 1D; Supplementary Table S1).

The analysis of stress response mucus parameters revealed

distinct patterns in the responses of cortisol, glucose and lactate

(Figure 2). Significant differences were observed in cortisol levels

(Figure 2A; Supplementary Table S1) due to photoperiod and

stocking density at day 30 (p< 0.05), with the longer photoperiod

and lower stocking density associated with higher mucus cortisol

levels. Concerning glucose levels (Figure 2B), significant alterations

attributable to photoperiod were observed at days 10 and 20, with a

notable interaction between both factors at day 20 (p< 0.05)

(Supplementary Table S1). Lactate levels demonstrated differences

due to stocking density at time 30 (p< 0.05), with elevated levels

observed at lower density (Figure 2C; Supplementary Table S1).

Although the data showed high variability, lower levels were

detected for high density group compared to lower density under

both natural and long photoperiod (t-test, p = 0.034 and p = 0.029

for natural and long photoperiod respectively).
3.3 Immune response

Concerning humoral immune activities, the results revealed

that there was no consistent pattern in most of them in response to

the photoperiod and stocking density conditions studied (Figure 3).

Nevertheless, a significant variation of bactericide activity over the

time was detected, showing a decreasing trend throughout the trial

(p = 0.001) and a significant interaction with photoperiod (p =

0.033) (nested repeated-measures ANOVA, Supplementary

Table S2).
3.4 Antioxidant response

The activity of the antioxidant response enzyme CAT was

significantly influenced by the photoperiod in both gills and liver

(Figure 4; Supplementary Table S3). Specifically, individuals under

a long photoperiod showed a decrease in CAT activity in the liver

(Figure 4A), while an increase was observed in the gills (Figure 4B)

compared to those under a normal photoperiod. No significant

differences were observed in brain (Figure 4C) and muscle

(Figure 4D), where activity values remained relatively constant for

the different conditions. Concerning stocking densities, CAT

activity remained stable in all tissues under both HD and LD

conditions (Figure 4).

For SOD, no significant differences were found concerning

photoperiod or stocking density in any of the tissues analyzed

(Figure 5; Supplementary Table S3). However, a trend observed in

liver and muscle of the LD group, with higher values under long

photoperiod (Figures 5A, C). Regarding stocking densities, a trend

was observed in the muscle (Figure 5C), where higher SOD enzyme

activity appeared to be associated with the LD condition.
TABLE 1 Growth parameters and body indexes of S. dumerili reared
under the different treatments at the end of the study.

NP LP

LD HD LD HD

SGR 0.19 ± 0.67 0.21 ± 1.09 0.18 ± 0.30 0.19 ± 0.29

CV 12.22 ± 0.67 7.57 ± 1.43 13.82 ± 5.52 15.49 ± 2.71

CF 1.96 ± 0.07 2.07 ± 0.09 2.07 ± 0.07 2.13 ± 0.06

HSI 1.02 ± 0.15 1.16 ± 0.14 0.95 ± 0.05 1.11 ± 0.12
Results are presented as means ± SEM (n = 9). LD, lower density; HD, higher density;
NP, natural photoperiod; LP, long photoperiod; SGR, Specific growth rate (% day-1);
CV, coefficient of variation for weight-1 (%); CF, condition factor (g cm-3) and HSI,
hepatosomatic index (%).
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The results of the GST assays showed significant differences

between groups under different photoperiods in the liver and gills

(Figures 6A, B; Supplementary Table S3). Similar to the patterns

observed for CAT activity, a longer photoperiod resulted in a

significant decrease in GST activity in the liver for both stocking

densities, compared to natural photoperiod (Figure 6A). In

contrast, the gills exhibited an increase in activity under the same

conditions (p< 0.05) (Figure 6B). No significant differences were

observed in any of the tissues when comparing stocking densities

under the same photoperiod condition (Figures 6A–D).
Frontiers in Marine Science 06
3.5 Oxidative damage

A notable increasing trend in lipid peroxidation (MDA content)

can be observed in response to the long photoperiod, with higher

values observed in all tissues (Figure 7; Supplementary Table S3).

Specifically, in the liver (Figure 7A), brain (Figure 7C) and muscle

(Figure 7D), these values were significantly higher (p< 0.05)

compared to those obtained under natural photoperiod. However,

a higher stocking density (5.0 kg/m3) did not result in significant

effects on oxidative damage in any of the tissues.
FIGURE 1

Effect of different photoperiods (NP, natural photoperiod, and LP, long photoperiod) and stocking densities (LD, lower density and HD, higher
density) on plasma. (A) Cortisol (ng mL-1), (B) glucose (mg dL-1), (C) lactate (mg dL-1) and (D) ABTS (nmol mg-1 protein) levels of S. dumerili over time
(10, 20 and 30 days). Values are expressed as group mean ± SEM; n=9. The significant difference due to photoperiod is denoted by asterisk (*) (Two-
way nested ANOVA, p< 0.05). The a and b symbols above the histogram bars indicate the differences observed due to photoperiod for the same
stocking density (t-test, p< 0.05). (Phot, photoperiod effect; Stock, stocking density; NS, non-significant - Two-way nested ANOVA). The significant
difference due to time is denoted by black dot (•) (Nested repeated-measures ANOVA, p< 0.05).
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4 Discussion

The increasing interest in farming greater amberjack presents

new challenges in designing optimal procedures and conditions that

guarantee animal welfare. Establishing the right operational

parameters will enable the development of management protocols

to ensure the welfare of this farmed species.

Very few studies have addressed the effect of culture conditions

on the growth-out of S. dumerili. Most research on this species has

primarily focused on nutritional aspects (Sato et al., 2016; Monge-

Ortiz et al., 2018; Navarro-Guillén et al., 2022). Additionally, only a

limited number of studies have examined zootechnical parameters,

specifically the effects of temperature (Fernández-Montero et al.,
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2020) and aggressive behavior due to multiple factors (Miki

et al., 2011).

Other factors, such as photoperiod, can have a significant

impact on the welfare of this species. Photoperiod regulates

biological rhythms, which play a key role in maintaining

physiological equilibrium (Shahjahan et al., 2022). Additionally,

in the aquaculture industry, stocking density is an important factor

influencing fish health responses and growth performance (Roy

et al., 2021). High stocking densities give rise to chronic stress,

which affects the animal’s metabolism and impairs its growth

performance. In the present study, the combination of these two

factors did not affect biometric parameters or survival in this species

under the assayed conditions. Previous studies on photoperiod in
FIGURE 2

Effect of different photoperiods (NP, natural photoperiod, and LP, long photoperiod) and stocking densities (LD, lower density and HD, higher
density) on mucus. (A) Cortisol (ng mL-1), (B) glucose (mg dL-1) and (C) lactate (mg dL-1) levels of S. dumerili over time (10, 20 and 30 days). Values
are expressed as group mean ± SEM; n=9. The significant difference due to photoperiod is denoted by asterisk (*) (Two-way nested ANOVA, p<
0.05). The significant difference due to stocking density is denoted by hash (#) (Two-way nested ANOVA, p< 0.05). The a and b letters above the
histogram bars indicate significant differences between the stocking density groups (t-test, p< 0.05). (Phot, photoperiod effect; Stock, stocking
density; NS, non-significant - Two-way nested ANOVA).
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greater amberjack have been limited to broodstock and larval

culture (Hashimoto et al., 2013; Nyuji et al., 2018). For larvae,

survival and growth tended to improve in the tanks under a long

photoperiod, as used in the present study (18L:6D) (Hashimoto

et al., 2013). In other species, it has also been shown that

manipulation of photoperiod can, in most cases, significantly

enhance growth (Al-Emran et al., 2024). However, it is important

to note that most of these studies tested a long-day photoperiod

(24L:0D) and involved significantly longer exposure periods.

Regarding stocking density, there are limited studies on this

parameter in S. dumerili. Only Fernández-Montero et al. (2020)

observed a significant (p< 0.05) reduction in the growth

performance of juvenile greater amberjack at high stocking
Frontiers in Marine Science 08
density. However, this occurred at nearly twice the density tested

in this study (8.8 kg/m3) and during a 90-day trial. As previously

mentioned and in contrast to the studies in when only one factor

(photoperiod or density) is modifying, our data showed no effects

on growth performance of S. dumerili under the present

experimental conditions.

Although growth and growth rates have long been used as

welfare indicators, other physiological stress biomarkers provide

more comprehensive insights into physiological homeostasis in

response to environmental changes. Haemato-biochemical

parameters in farmed fish are particularly effective indicators of

their physiological state and overall health (Fazio, 2019). In

particular, plasma cortisol levels are commonly used as a
FIGURE 3

Effect of different photoperiods (NP, natural photoperiod and LP, long photoperiod) and stocking densities (LD, lower density and HD, higher density)
on (A) bactericide activity (% of plasma), (B) plasma antiprotease (% of activity), (C) peroxidase (U mL-1 plasma) and (D) lysozyme (U mL-1 plasma)
levels of S. dumerili with over time (10, 20 and 30 days). Values are expressed as group mean ± SEM; n=9. (Phot, photoperiod effect; Stock, stocking
density; NS, non-significant - Two-way nested ANOVA). The significant difference due to time is denoted by black dot (•) (Nested repeated-
measures ANOVA, p< 0.05).
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diagnostic tool to assess stress (Sadoul and Geffroy, 2019; Al-Emran

et al., 2024). Various hematological and enzymatic assessments

have been carried out to identify potential stress in relation to

photomanipulation (Al-Emran et al., 2024) and stocking density

(Ellis et al., 2002; North et al., 2006) in several farmed fish species.

There is extensive literature on the influence of photoperiod on
Frontiers in Marine Science 09
corticosteroid levels, but the responses observed are quite variable

(Akhtar et al., 2020). For example, both increased plasma cortisol

levels during the dark phase and increased cortisol levels under long

photoperiods have been reported (Biswas et al., 2005; Almazán-

Rueda et al., 2005; Zou et al., 2016). On the other hand, evidences of

an increase in cortisol have been observed in different species due to
FIGURE 4

Catalase activity (U min-1 mg-1 protein) of S. dumerili reared at different photoperiods (NP, natural photoperiod and LP, long photoperiod) and
stocking densities (LD, lower density and HD, higher density). (A) Liver, (B) gills, (C) brain, and (D) muscle. Values are expressed as group mean ±
SEM; n=9. The significant differences due to photoperiod are denoted by an asterisk (*). (Phot, photoperiod effect; Stock, stocking density; NS, non-
significant - Two-way nested ANOVA).
FIGURE 5

Superoxide dismutase activity (U min-1 mg-1 protein) of S. dumerili reared at different photoperiods (NP, natural photoperiod and LP, long
photoperiod) and stocking densities (LD, lower density and HD, higher density). (A) Liver, (B) brain, and (C) muscle. Values are expressed as group
mean ± SEM; n=9. (Phot, photoperiod effect; Stock, stocking density; NS, non-significant - Two-way nested ANOVA).
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the effects of high stocking density (North et al., 2006; Laiz-Carrión

et al., 2012).

In the present study, no significant effects of photoperiod or

stocking density on plasma cortisol levels were observed after 30

days of the experiment, although concentrations were highly

variable and slight differences in photoperiod were observed at

the beginning of the trial. In contrast, skin mucus cortisol levels

increased in response to the long photoperiod, suggesting a stress
Frontiers in Marine Science 10
response that could potentially compromise fish welfare. The

determination of cortisol levels in skin mucus has been proposed

as a minimally invasive alternative to blood sampling for assessing

stress (Guardiola et al., 2016). Although there is no evidence of local

cortisol production in fish skin (Gozdowska et al., 2022), studies

have demonstrated that cortisol levels in skin mucus can reflect

acute stress responses in fish subjected to various stressors (De

Mercado et al., 2018). Furthermore, some studies indicate that
FIGURE 6

Glutathione-S-Transferase (U min-1 mg-1 protein) of S. dumerili reared at different photoperiods (NP, natural photoperiod and LP, long photoperiod)
and stocking densities (LD, lower density and HD, higher density). (A) Liver, (B) gills, (C) brain, and (D) muscle. Values are expressed as group mean ±
SEM; n=9. Significant differences due to photoperiod are denoted by an asterisk (*). (Phot, photoperiod effect; Stock, stocking density; NS, non-
significant - Two-way nested ANOVA).
FIGURE 7

Content of malondialdehyde (MDA) (nmol MDA mg-1 protein) of S. dumerili reared at different photoperiods (NP, natural photoperiod and LP, long
photoperiod) and stocking densities (LD, lower density and HD, higher density). (A) Liver, (B) gills, (C) brain, and (D) muscle. Values are expressed as
group mean ± SEM; n=9. Significant differences due to photoperiod are denoted by an asterisk (*). (Phot, photoperiod effect; Stock, Stocking
density; NS, non-significant - Two-way nested ANOVA).
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higher plasma cortisol levels may be linked to an increase in mucus

cortisol (Guardiola et al., 2016; Lemos et al., 2023). In fish, plasma

cortisol levels peak approximately 1 to 4 hours after a stress event

and then decline. In contrast, mucus cortisol peaks later, typically

between 12 to 24 hours, and remains elevated for a longer period,

indicating a slower clearance and a longer half-life in mucus

compared to plasma (Fanjara et al., 2024). Therefore, cortisol

levels in mucus and plasma are significantly correlated, but

mucus shows delayed and prolonged elevation. While plasma

cortisol reflects immediate, acute stress, mucus cortisol can

provide a longer-term integrated measure of stress, potentially

reflecting chronic or cumulative stress exposure (Carbajal et al.,

2019). To the best of our knowledge, there are no published studies

analyzing the effect of photoperiod on plasma and skin mucus

cortisol in S. dumerili. Although the lack of increase in plasma

cortisol levels after 30 days could suggest that the seriola may have

the ability to habituate to such stressors, the increase in mucus

cortisol might indicate that the specimens were subjected to some

kind of chronic stress under the long photoperiod condition. While

the cortisol response depends on the intensity of the stressor and the

length of the habituation period (Schreck, 2010), the stress response

is also influenced by the predictability and controllability of the

stressor (Schreck and Tort, 2016). On the other hand, although

there is a well-established link between high plasma cortisol levels

and increased stress, it’s important to note that plasma cortisol

levels do not always accurately reflect tissue stress responses. In

instances of chronic stress, as in the present experiment, plasma

cortisol levels can normalize even though the individual is still

experiencing stress (Mommsen et al., 1999).

Other secondary stress parameters include blood glucose and

lactate, whose levels are subject to change in response to chronic

stress or repeated acute stress (Cnaani et al., 2004; McDonald and

Milligan, 1997). Acute stress has been shown to induce an increase

in energy demand, resulting in the release of glucose from body

stores and the subsequent production of lactate through anaerobic

pathways. The results of this study demonstrate that no statistically

significant changes in plasma levels of these parameters were

observed in response to variations in photoperiods and stocking

density tested. This finding aligns with expectations, as cortisol

levels are known to partially regulate glucose and lactate levels

(Iwama et al., 2006). Additionally, no significant changes in plasma

antioxidant activity were identified. Nevertheless, a few significant

differences were detected in glucose and lactate levels of skin mucus

although the data exhibited significant variability, particularly in

glucose levels, which prevented clear conclusions from being drawn.

Taken together, these findings suggest that the potential chronic

stress associated with photomanipulations and increased stocking

density did not affect plasma stress biomarkers, even though it did

impact skin mucus stress biomarkers.

Stress-induced immunosuppression has been reported as a

consequence of artificial photoperiods (Leonardi and Klempau,

2003; Valenzuela et al., 2006) and varying stocking densities

(Costas et al., 2013; Yarahmadi et al., 2015) in fish. Fish exhibit

circadian rhythms that regulate various biological functions,

including immune responses. Changes in photoperiod can disrupt
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these rhythms, affecting immune cell production and cytokine

release (Esteban et al., 2006). Moreover, investigations at the

molecular level have shown that high stocking density affects the

expression of genes involved in the innate immune system, such as

interleukin 1b, g-LZM, and hepcidin (Yarahmadi et al., 2015),

significantly reducing the levels of immune-related proteins across

different species. Lysozyme is frequently used as an indicator of

immune status and stress conditions (Murray and Fletcher, 1976).

A substantial body of literature exists regarding the influence of

photoperiod and stocking density on lysozyme activity; however,

results are often species-specific (Esteban et al., 2013). In the present

study, seriola plasmatic lysozyme activity levels did not vary with

changes in photoperiod or stocking density, which aligns with

previous findings in Atlantic halibut (Hippoglossus hippoglossus),

European sea bass (Dicentrarchus labrax), and Nile tilapia (Atwood

et al., 2003; Bowden et al., 2007; Esteban et al., 2006). Similarly, the

release of peroxidase into the bloodstream has been employed as an

indicator of the active immune status of circulating leukocytes

(Esteban et al., 2013). In this study, S. dumerili did not exhibit

significant variations in plasma peroxidase activity in response to

alterations in photoperiod or stocking density, consistent with

observations made in other fish species (Esteban et al., 2013).

Also, bactericidal activity displayed no clear trends, indicating

that it may remain constant regardless of environmental

conditions. Therefore, our study found that humoral innate

immune activities were unaffected by photoperiod or

stocking density.

Nevertheless, we observed changes over time in plasma lactate,

glucose, peroxidase, and bactericidal activities throughout the

experiment, independent of photoperiod and stocking density.

These variations may be attributed to the presence of a seasonal

rhythm influencing immune parameters in this species. Seasonal

changes in the non-specific humoral immunity have been

documented in rainbow trout and European sea bass, reporting

an increase in leukocyte counts and lysozyme activities between

May and June (Morgan et al., 2008; Pascoli et al., 2011). However,

other factors could also account for these temporal effects. For

instance, it is possible that sampling procedures—such as handling

—may have induced acute stress in the subjects. Furthermore, since

stocking density increased gradually throughout the experiment as

animals grew, this gradual change could have naturally led to

temporary physiological effects.

As discussed above, it is important to note that plasma stress

biomarkers and immune parameters do not always accurately

reflect tissue stress responses. In cases of chronic stress, as in the

present experiment, plasma levels may normalize even though the

individual continues to experience stress (Mommsen et al., 1999).

Aerobic organisms naturally produce ROS, and their

production and elimination remain balanced under normal

cellular conditions. Reactive oxygen species have been shown to

cause damage to cellular components such as lipids, proteins, and

nucleic acids, which can lead to physiological dysfunction, cell

death, and ageing (Wei et al., 2019). Oxidative stress occurs when

there is an increase in free radicals or a decrease in the mechanisms

that manage these substances (Song et al., 2023). Cellular defense
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mechanisms, which include both enzymatic and non-enzymatic

systems, play a crucial role in repairing damage caused by these

compounds in tissues (Birnie-Gauvin et al., 2017). Aquatic

organisms use antioxidant enzymes such as SOD and CAT, as

well as detoxification enzymes such as GST, to combat the harmful

effects of ROS and prevent oxidative damage (Mates, 2000;

Martıńez-Álvarez et al., 2005).

The findings of the present study indicate a notable influence of

photoperiod on antioxidant enzyme activities. Specifically, specimens

subjected to a long photoperiod exhibited a reduction in CAT and

GST activities in the liver, whereas they increased in the gills. Our data

are similar to those previously published in other fish species, where

photoperiodic manipulations have been shown to influence stress-

related enzyme activities (Al-Emran et al., 2024). Extended

photoperiods can deplete intracellular antioxidants and reduce the

activity of key antioxidant enzymes, making fish more vulnerable to

oxidative damage (Yin et al., 2023). Decreases in catalase activity

under long photoperiods have been observed in various species,

including rainbow trout (Xu et al., 2022), European sea bass (Li

et al., 2021), and black sea bass (Micropterus salmoides) (Malinovskyi

et al., 2021). Regarding lipid peroxidation (LPO), the present study

also revealed that the long photoperiod resulted in elevated levels of

lipid peroxidation, particularly in the liver, muscle and brain, with

significantly higher values than those observed under a natural

photoperiod. It is well known that lipid peroxidation is a

consequence of oxidative stress that results in the deterioration of

cellular function (Del Rio et al., 2005). In fact, MDA has been

extensively employed as a biomarker of lipid peroxidation in

response to external stressors (Lushchak, 2016). Longer photoperiod

can stimulate metabolic activity and growth, which increase oxygen

consumption resulting in higher ROS generation in tissues such as the

liver and muscle (Yin et al., 2023). While fish upregulate antioxidant

enzymes in response to increased ROS, long photoperiod can deplete

antioxidant reserves, leading to accumulation of oxidative damage

markers like MDA (Malinovskyi et al., 2021; Yin et al., 2023). In

conclusion, the present study indicates that a long photoperiod may

alter the antioxidant defense system and cause oxidative stress,

ultimately compromising the welfare of S. dumerili. Thus, while

some long photoperiods may initially promote growth, prolonged

exposure leads to negative health consequences, including lower stress

resilience, and poorer overall physiological status.

On the contrary, the current study did not reveal any significant

differences in the various oxidative stress parameters concerning

stocking density. Our data showed that lower stocking densities did

not have impact on chronic stress, consistent with findings in other

species cultured under similar lower stocking densities (Sadhu et al.,

2014; Yarahmadi et al., 2015; Lee et al., 2022). Additionally, a

stocking density of 5.0 kg m-³ did not result in significant effects on

the oxidative stress parameters quantified. Previous studies on S.

dumerili also found no evidence of adverse effects on stress at a

density of 4.2 kg m-³, but higher stocking density (8 kg m-3) induced

an elevation of plasma cortisol and a reduction of weight gain

(Fernández-Montero et al., 2020). Therefore, higher stocking

densities, which are common in commercial aquaculture, could

lead to alterations in growth and welfare.
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In summary, the present study did not observe any negative

effects on the growth of fish stocked at 5 kg m-3 and long

photoperiod after 30 days. The absence of changes for plasma

stress markers and immune parameters could be interpreted as

evidence that the fish were not subjected to chronic stress under the

tested conditions. However, the higher levels of cortisol in skin

mucus, along with alterations in antioxidant activities in key tissues

such as liver or gills, as well as the lipid peroxidation detected in the

liver, brain and muscle under long photoperiod, indicate a certain

degree of acute and oxidative stress. Although the use of

photoperiod manipulation in aquaculture has been shown to be

effective in the regulation of reproductive cycles, the oxidative stress

could impair the antioxidant defense system and potentially affect

the welfare of S. dumerili. Further in-depth studies are required to

explore the relationships between external factors, such as

photoperiod, and internal factors, including stress responses,

physiological homeostasis, growth, immune function, and

reproductive processes. However, based on these findings, it is

recommended to maintain stocking densities up to 5 kg m³ and

to limit exposure to prolonged photoperiods to minimize

physiological stress in S. dumerili culture.
Data availability statement

The original contributions presented in the study are included

in the article/Supplementary Material. Further inquiries can be

directed to the corresponding author/s.
Ethics statement

The animal studies were approved by CSIC Ethical Committee

(1208/2022). The studies were conducted in accordance with the

local legislation and institutional requirements. Written informed

consent was obtained from the owners for the participation of their

animals in this study.
Author contributions

MB-B: Writing – original draft, Data curation, Formal analysis,

Investigation,Writing – review & editing, Methodology, Visualization.

SJ: Resources, Methodology, Writing – review & editing, Validation,

Conceptualization, Investigation, Supervision. JG-B: Writing – review

& editing, Formal analysis, Data curation, Methodology, Investigation,

Visualization. BF: Formal analysis, Writing – review & editing,

Methodology, Data curation, Resources, Visualization. AG: Data

curation, Visualization, Writing – review & editing, Formal analysis,

Methodology. EC-P: Validation, Visualization, Conceptualization,

Funding acquisition, Investigation, Supervision, Writing – review &

editing. MM: Methodology, Investigation, Supervision, Writing –

review & editing, Funding acquisition, Conceptualization, Project

administration, Visualization, Data curation, Writing – original

draft, Validation.
frontiersin.org

https://doi.org/10.3389/fmars.2025.1657602
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Barreto-Bailet et al. 10.3389/fmars.2025.1657602
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This study has received

funding from the project ‘Identifications of OWIs (Operational welfare

indicators) in two aquaculture spp (OWI-TWO)’ FEMP NTS-ES-

161088 v.1, 17-12-2021; and from the programme ThinkInAzul

(Spanish Ministerio de Ciencia e Innovación with funding from

European Union NextGeneration EU (PRTR-C17.I1) and Gobierno

de Canarias). AG is sponsored by Catalina Ruiz Programme, funded by
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Garcıá-Beltrán, J. M., Johnstone, C., Arizcun, M., Cuesta, A., Pérez, M., and Chaves-
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