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A B S T R A C T

We investigated the physiological, endocrine, and histological responses of juvenile stellate sturgeon (Acipenser 
stellatus) to salinity challenge across four weight classes (0.89 ± 0.21, 2.01 ± 0.32, 4.84 ± 0.39, and 9.07 ± 1.47 
g; mean ± S.E.) and four salinity levels (0, 4, 8, and 12 ppt) over acute to chronic exposure (3–624 h). A total of 
4800 juveniles were used across four sequential experiments, with 100 ± 5 fish per tank (12 tanks per experi
ment). A replicated factorial design (three tanks per treatment) enabled robust assessment of ionoregulation, 
stress response, and tissue integrity. Plasma osmolality increased from approximately 230 to 266 mOsm 
kg− 1during early exposure, followed by progressive convergence toward a narrower physiological range 
(≈251–284 mOsm kg− 1) at 624 h, indicating partial osmotic compensation. This adjustment was driven pri
marily by sodium, which exhibited the strongest salinity- and size-dependent response, confirming its central role 
in extracellular osmotic regulation. In contrast, potassium displayed pronounced size-dependent dysregulation, 
with markedly elevated concentrations in fish <3 g during early exposure, reflecting impaired ionic homeostasis 
and membrane instability, whereas fish >3 g maintained values within or near the physiological range. Cortisol 
dynamics revealed a clear ontogenetic shift in stress responsiveness. Smaller juveniles (<3 g) exhibited pro
longed elevation of cortisol, indicating sustained allostatic load, whereas larger fish (>3 g) demonstrated more 
efficient recovery, with the 5–10 g group achieving ~92% recovery by 96 h, compared to only ~45% in the 
smallest size class. These endocrine patterns were consistent with ionoregulatory performance and further 
support a size-dependent transition in physiological resilience. Histopathological analysis corroborated systemic 
findings. Histopathological analysis using a semi-quantitative scoring system (0–4) revealed significant size- and 
salinity-dependent tissue alterations. Gill tissues showed lamellar fusion, epithelial lifting, hyperplasia, necrosis, 
and hemorrhage, with more severe lesions in smaller juveniles at intermediate to high salinities. Kidney tissues 
exhibited glomerular expansion, tubular degeneration and obstruction, congestion, hemorrhage, and hemosid
erin deposition, with lesion severity generally decreasing with increasing body size. These histological patterns 
were consistent with physiological and endocrine responses and reflected greater structural resilience in larger 
juveniles under salinity stress. Collectively, these integrated responses identify an empirical transition zone at 
approximately 3 g under the tested conditions, below which juveniles exhibit limited capacity to maintain 
physiological homeostasis under salinity challenge. Above this threshold, fish display more effective physio
logical regulation, resulting in better ion balance, lower stress, and improved tissue integrity. Together, these 
findings provide mechanistic evidence for size-based acclimation protocols, gradual salinity transitions, and 
optimized release strategies to enhance survival and performance in aquaculture and stock enhancement 
programs.
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1. Introduction

The Caspian Sea is the principal habitat for sturgeon in northern Iran, 
and its salinity gradients and hydrological variability create strong 
physiological challenges for native fishes (Billard and Lecointre, 2000; 
Xenarios et al., 2025). Sturgeon species are globally threatened because 
their life histories (large body size, late sexual maturity, and long life
span) make populations highly vulnerable to overexploitation and 
habitat change (Jarić et al., 2018; Jafari et al., 2020; Pastaki et al., 
2025). Among Caspian Acipenseridae, the stellate sturgeon (Acipenser 
stellatus) is an important conservation and commercial species distrib
uted along the southern Caspian coast and is more abundant in the 
western than in the eastern sector (Sarpanah et al., 2026). This species 
has experienced substantial population declines in recent decades due to 
overexploitation, habitat fragmentation, and environmental change, 
making physiological understanding essential for management and 
restoration planning (Florescu et al., 2021; Vahdatiraad et al., 2023).

Stellate sturgeon is an anadromous species that migrates between 
freshwater rivers and brackish and marine waters during its life cycle 
(Guo et al., 2018), and, like other acipenserids, displays physiological 
plasticity that enables tolerance across a wide salinity range 
(Krayushkina and Semenova, 2006; Guo et al., 2018). However, 
hatchery-reared juveniles often show low post-release survival, sug
gesting limited capacity to cope with rapid environmental transition. 
Hatchery programs release juveniles into rivers draining to Caspian Sea, 
where they encounter variable conditions. In Guilan Province, one of the 
principal release sites for stellate sturgeon juveniles is the Sefidrud 
River. The short distance to the sea exposes juveniles to rapid currents, 
turbidity, low flows, and pollution, which contribute to high post- 
release mortality (McLean et al., 2016; Wassink et al., 2022). These 
conditions can result in rapid freshwater–brackish transitions, placing 
strong demands on osmoregulatory capacity (Allen and Cech Jr, 2007; 
Allen et al., 2011).

Salinity fluctuations impose osmotic and ionic stress and require 
rapid physiological adjustment. In euryhaline fish, including sturgeons, 
exposure to hyperosmotic water typically activates branchial and kidney 
ion transport mechanisms, and plasma osmolality is often only tran
siently perturbed. Sturgeon typically maintain plasma osmolality near 
250–270 mOsm kg− 1 across a wide salinity range (McEnroe and Cech 
Jr., 1985; Downie et al., 2018; Shartau et al., 2023). Molecular studies 
in Siberian sturgeon (Acipenser baerii) further demonstrate regulation of 
ion transport genes during salinity challenge, indicating conserved 
osmoregulatory mechanisms in acipenserids (Allen et al., 2009; Guo 
et al., 2018).

The gills and kidneys are the primary osmoregulatory organs in fish 
(Barany et al., 2020; Wang et al., 2022). At the gill surface, specialized 
chloride-cells (ionocytes) perform active salt transport and undergo 
structural remodelling during salinity acclimation. In Persian sturgeon 
(Acipenser persicus), increased environmental salinity induces prolifera
tion and enlargement of gill chloride-cells accompanied by elevated 
Na+/K+-ATPase (NKA) activity (Shirangi et al., 2016). Similarly, 
Krayushkina et al. (2015) reported that juvenile stellate sturgeon 
transferred from freshwater to ≈12–14‰ underwent extensive morpho- 
functional remodelling of both gill and kidney ionocytes, with elevated 
NKA activity in both organs and a transient rise in plasma osmolality 
that was subsequently corrected. Ultrastructural studies also show kid
ney tubule changes and NKA immunoreactivity consistent with 
increased ion transport (Taghizadeh Rahmat Abadi et al., 2011).

Systemic measures commonly used to evaluate osmotic status 
include plasma electrolytes (Na+, Cl− , K+), plasma osmolality, and stress 
indicators such as plasma cortisol; these parameters provide an inte
grated view of whole-animal response to environmental change 
(Kammerer et al., 2010; Abdollahpour et al., 2025). Cortisol, the prin
cipal corticosteroid in fishes, has been shown to regulate ion secretion 
and uptake mechanisms during salinity acclimation in basal ray-finned 
fishes such as Atlantic sturgeon (Acipenser oxyrinchus), supporting the 

concept that hormonal control of osmoregulation is a conserved verte
brate trait (McCormick et al., 2020). Light and electron microscopy 
supply complementary structural information on ionocyte remodelling 
and epithelial adaptation under osmotic stress, enabling interpretation 
of whether systemic changes reflect regulated acclimation or physio
logical distress (Abdollahpour et al., 2026).

Osmoregulatory capacity in sturgeons is species-specific, with 
tolerance to environmental salinity varying among species (Krayushkina 
and Semenova, 2006; Yuan et al., 2026). Previous studies indicate that 
salinity tolerance and ionoregulatory performance are strongly influ
enced by body size and developmental stage. In white sturgeon (Aci
penser transmontanus), smaller juveniles exposed to elevated salinities 
exhibit more rapid increases in plasma osmolality and ion concentra
tions, as well as higher mortality under extreme conditions, compared to 
larger individuals (Amiri et al., 2009). The selected size classes (0.5–1, 
1–3, 3–5, and 5–10 g) were chosen to represent a biologically mean
ingful ontogenetic gradient and to bracket the size range in which 
osmoregulatory capacity is known to improve in juvenile sturgeons. 
Previous studies on Russian sturgeon (Acipenser gueldenstaedtii) and 
A. persicus showed that salinity tolerance, plasma ion regulation, cortisol 
response, and gill chloride-cell maturation increase with body size, with 
marked improvement occurring at approximately 2.8–3.6 g and above 
(Krayushkina et al., 1996; Kazemi et al., 2003; Farabi et al., 2011). The 
smallest class (0.5–1 g), therefore, represents a highly vulnerable early 
juvenile stage, whereas the 1–3 g class corresponds to the size range 
commonly used for release in regional sturgeon restoration programs. 
The 3–5 g and 5–10 g classes were included to test whether larger ju
veniles exhibit progressively stronger osmoregulatory competence and 
greater tolerance to salinity challenge, consistent with prior evidence 
that physiological maturity increases with growth (Krayushkina et al., 
1996; Kazemi et al., 2003). Similarly, in green sturgeon (Acipenser 
medirostris), salinity tolerance increases with age and size, with larger 
juveniles showing higher survival and improved regulatory capacity, 
accompanied by developmental modulation of plasma osmolality and 
Na+/K+-ATPase activity in osmoregulatory organs (Allen et al., 2009, 
2011). Collectively, these findings demonstrate that size, developmental 
stage, and prior environmental exposure are key determinants of 
osmoregulatory capacity and survival probability, particularly during 
post-release environmental transitions.

Despite these advances, important gaps remain. First, systemic 
plasma indices alone provide an integrated snapshot of osmotic status 
but cannot resolve the organ-level mechanisms that determine tolerance 
and recovery. Second, integrated datasets that combine systemic bio
markers (ions, osmolality, cortisol in plasma) with tissue-level evidence 
(gill and kidney histology and ionoregulatory enzyme activity) remain 
scarce for juvenile stellate sturgeon exposed to salinities typical of 
Sefidrud River release sites. Furthermore, the size-dependent integra
tion of systemic and tissue-level responses has not been comprehen
sively quantified, leaving uncertainty about how developmental stages 
affect physiological resilience during early post-release transitions. To 
address these gaps, this study combines biochemical and morphological 
endpoints across ecologically relevant juvenile size classes and salinity 
treatments representing conditions between the Sefidrud release site 
and the adjacent Caspian Sea, where 0 ppt simulated upstream fresh
water, 4 and 8 ppt represented transitional estuarine/mixing-zone 
conditions near the river mouth during seasonal freshwater inflow, 
and 12 ppt approximated near-sea Caspian salinity (Jamshidi and Abu 
Bakar, 2012). We measured plasma osmolality, plasma Na+, K+, Ca2+, 
and plasma cortisol, and conducted histological analyses of gill and 
kidney to detect morpho-functional ionoregulatory responses. We 
hypothesise that juvenile stellate sturgeons exhibit size-dependent 
variation in osmoregulatory and endocrine responses to salinity fluctu
ations, such that smaller individuals have reduced osmoregulatory ca
pacity and delayed endocrine recovery, leading to stronger activation of 
compensatory tissue remodelling pathways compared with larger co
horts. This integrated approach aims to identify functional size 
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thresholds and provide practical guidance for release strategies and 
aquaculture management.

2. Materials and methods

2.1. Animal ethics

All experimental protocols involving animals were reviewed and 
approved by the Animal Care and Use Committee of the International 
Sturgeon Research Institute, Agricultural Research, Education and 
Extension Organization (AREEO), Rasht, Iran. Animal handling and 
experimental procedures were conducted in accordance with institu
tional ethical standards, adhered to the ARRIVE guidelines, and were 
fully compliant with Directive 2010/63/EU of the European Parliament 
governing the protection of animals used for scientific research.

2.2. Study site and tank

The experiment was conducted at the Guilan Sturgeon Research 
Station (Chaboksar, Iran; 36◦42′N, 51◦18′E) using twenty 2-ton circular 
fibreglass tanks (1.5 m diameter × 1.2 m depth) each equipped with an 
independent water supply and aeration system. Tanks were fitted with 
overflow and drain systems to enable controlled water exchange and 
sampling without crowding or undue handling. Photoperiod followed 
natural conditions during the experimental month. The experiment was 
conducted as four sequential trials, one for each juvenile weight class. In 
each trial, 12 tanks were used simultaneously (4 salinity treatments × 3 
replicates), and the tanks were cleaned and reused between trials.

2.3. Experimental animals and allocation

A total of 4800 hatchery-reared stellate sturgeon fingerlings were 
obtained from the Shahid Beheshti Stock Restoration and Propagation 
Centre. Fish health status was certified by the hatchery veterinarian 
according to national health guidelines, and all the fish were of known 
broodstock origin. Fingerlings were assigned to treatments using ran
domized allocation within each trial; randomization was performed at 
the tank level and balanced across salinity treatments to avoid system
atic bias. A computer-generated random sequence was used for tank 
assignment, and allocation was performed by personnel not involved in 
subsequent sample scoring.

2.4. Experimental design and weight classes

The study used four target salinity treatments (0, 4, 8, 12 ppt) and 
four juvenile weight classes. Salinity levels were selected to simulate the 
environmental gradient experienced by released juveniles moving from 
the Sefidrud River toward the Caspian Sea. The 0 ppt treatment repre
sented upstream freshwater conditions, 4 and 8 ppt represented 
ecologically relevant transitional salinities that may occur in the estu
arine/mixing zone near the river mouth during seasonal discharge, and 
12 ppt approximated typical southern Caspian Sea salinity (≈12–13 ppt) 
(Jamshidi and Abu Bakar, 2012). Fish were allocated into four weight 
classes based on measured body mass (mean ± S.E.): 0.89 ± 0.21 g, 2.01 
± 0.32 g, 4.84 ± 0.39 g, and 9.07 ± 1.47 g, corresponding to the pre
defined nominal size ranges of 0.5–1 g (A), 1–3 g (B), 3–5 g (C), and 
5–10 g (D), respectively. Each salinity treatment was replicated three 
times per trial, resulting in 12 tanks per trial and 48 tank-level experi
mental units across the four sequential trials. Tanks were cleaned and 
reset between trials. Each tank was stocked with 100 ± 5 fish, corre
sponding to a nominal density of approximately 50 fish m− 2, based on 
the measured bottom area of the tanks (Fig. 1). Each weight class was 
tested in a separate sequential trial. Within each trial, the four salinity 
treatments were replicated three times, resulting in 12 tanks per trial (4 
salinities × 3 replicates). Across the four trials, this yielded 48 tank-level 
experimental units in total.

2.5. Husbandry and water quality

Salinity was achieved by mixing pre-filtered Caspian Sea water 
(collected 500 m offshore at 5 m depth) with artesian well water and 
controlled using a computerised dosing system; salinity was verified 
daily with a calibrated Atago S/mill-E refractometer (±0.1 ppt). Fish 
were acclimated to treatment salinities at a rate of 1 ppt day− 1 to 
minimize osmotic shock, then maintained at target salinities for the 
experimental period. Water temperature was maintained at 18.4 ±
0.5 ◦C using heat exchangers and thermostatic control; dissolved oxygen 
was maintained at 7.34 ± 0.4 mg L− 1 (≈92.6 ± 4.8% saturation) with 
continuous aeration and circulation; and pH averaged 7.3 ± 0.6. A 
controlled water exchange protocol, equivalent to one full volumetric 
turnover every 24 h, using a flow-through exchange at 1.5 L min-1 per kg 
biomass. The biomass estimates were updated every 48 h (h) to adjust 
flow rates accordingly and to maintain water quality. Fish were fed live 
prey (Gammarus spp., Hediste diversicolor, chironomid larvae) three 

Fig. 1. Experimental design for salinity exposure in juvenile stellate sturgeon (Acipenser stellatus). (1) Experimental conditions: Four weight classes (0.5–1 g, 1–3 g, 
3–5 g, 5–10 g) were exposed to four salinity levels (0, 4, 8, and 12 ppt) in three replicate tanks per treatment. Each tank was stocked with 50 fish (~50 fish m− 2). (2) 
Analysis: Fish were sampled at multiple time points (3, 12, 24, 48, 72, 96, and 624 h) for biochemical assays, hormone analysis, and histological examination of gill 
and kidney tissues. Sampling and processing included centrifugation and subsequent laboratory analyses as illustrated.

Z.O. Pajand et al.                                                                                                                                                                                                                               Aquaculture 625 (2026) 744325 

3 



times daily to apparent satiation (08:00, 13:00, 18:00) (Pajand et al., 
2022). The use of live prey followed established sturgeon hatchery 
protocols in stock enhancement, which recommend natural prey items 
during early rearing to support feeding behavior.

2.6. Sampling schedule and sample sizes

To minimize postprandial effects on plasma chemistry and cortisol 
levels, fish were fasted for 24 h before each sampling event. Physio
logical sampling occurred at seven time points designed to capture acute 
and chronic responses: 3, 12, 24, 48, 72, 96, and 624 h (≈26 days) after 
reaching target salinity. However, osmolality was assessed only at 3 and 
624 h. At each time point, three fish per tank were randomly netted and 
sampled; cumulative removals did not exceed 15% of initial stocking 
density, and remaining densities were within acceptable husbandry 
limits. The total number of fish sampled for physiological parameters 
was 336 (4 salinities × 4 weight classes × 7 time points × 3 fish), while 
osmolality was assessed on 96 fish (4 salinities × 4 weight classes × 2 
time points × 3 fish). Mortality was monitored daily and recorded 
throughout the experimental period.

2.7. Physiological assays and instrumentation

Blood was collected via caudal venipuncture into heparinized 
microtubes and centrifuged at 3000 ×g for 10 min to obtain plasma. 
Plasma osmolality was measured in triplicate using a calibrated vapour- 
pressure osmometer (Wescor 5520 or equivalent) with NIST-traceable 
reference solutions (0 and 300 mOsm kg− 1). The interassay coefficient 
of variation (CV) was <2%. Ion analyses were validated using certified 
reference materials. Calcium (Ca2+) was quantified by EDTA com
plexometric titration following ISO 6058. Sodium (Na+) and potassium 
(K+) concentrations in plasma were determined by flame atomic ab
sorption spectrometry (FAAS; PerkinElmer 3110). Before analysis, 
plasma samples were appropriately diluted with deionized water to 
ensure that ion concentrations fell within the linear range of the in
strument. Calibration curves for Na+ and K+ were constructed using 
certified standard solutions at multiple concentrations (0, 1, 2, 5, and 10 
mg L− 1), with each curve validated to achieve a correlation coefficient 
(R2) > 0.995. Instrumental detection limits were 0.1 mg L− 1 for Na+ and 
0.05 mg L− 1 for K+. All measurements were performed in triplicate. 
Quality control was maintained by analyzing standard reference solu
tions after every 10 samples. Chloride (Cl− ) was measured using the 
mercuric thiocyanate method.

Plasma cortisol was quantified using a commercially available ELISA 
kit (AccuBind ELISA Microwells, Monobind, Inc. Lake Forest, California, 
USA); the intra-assay and inter-assay coefficients of variation for the 
cortisol assay were 6.6% and 7.8%, respectively. (Falahatkar et al., 
2022). All analyses included blanks and quality controls; technical 
replicates were used where appropriate. Plasma samples were coded 
before analysis so that laboratory personnel were blinded to treatment 
identity during biochemical assays.

2.8. Histology

Histology and semi-quantitative scoring were performed on the gill 
and kidney. Gill arches and whole kidneys were excised and fixed 
immediately in 10% neutral-buffered formalin for 24–48 h, dehydrated 
through graded ethanol, cleared in xylene and embedded in paraffin. 
Sections were cut at 5 μm thickness, mounted on glass slides and stained 
with hematoxylin and eosin (H&E) for general morphology; all staining 
runs included positive tissue controls to ensure staining consistency. 
Histological examinations and photomicrography were performed using 
a light microscope (Olympus BX51, Tokyo, Japan), and representative 
images were captured at 20× and 40× magnification. Semi-quantitative 
scoring used a uniform 0–4 rubric for both organs (0 = none; 1 = mild; 2 
= moderate; 3 = marked; 4 = severe). Lesion categories were predefined 

for the gill (adhesion, hyperplasia, necrosis, congestion, hemorrhage, 
epithelial detachment, clubbing, hemosiderin) and the kidney 
(glomerular expansion, tubular necrosis, hypertrophy, congestion, 
hemorrhage, lymphoid/hematopoietic proliferation, hemosiderin). All 
slides were coded before scoring, and histological evaluation was per
formed blinded to salinity and weight class. For each section, 10 random 
non-overlapping fields were examined.

2.9. Statistical analysis

All statistical analyses were performed using R version 4.4.3 (R Core 
Team, 2024) within RStudio. The following R packages were utilized: 
lme4 (v1.1–35) and lmerTest (v3.1–3) for mixed-effects models; 
emmeans (v1.10.0) for post-hoc comparisons; multcomp (v1.4–25) and 
multcompView (v0.1–9) for compact letter displays; car (v3.1–2) for 
Levene's test; performance (v0.10.0) for model diagnostics; MuMIn 
(v1.47.5) for marginal and conditional R2 calculations; ggplot2 (v3.4.4) 
for data visualization; and dplyr (v1.1.4) and tidyr (v1.3.0) for data 
manipulation. Significance was set at α = 0.05 for all tests.

For each physiological variable (plasma osmolality, Na+, K+, Ca2+, 
Cl− , cortisol) and mortality, linear mixed-effects models were fitted as: 
Response ~ Salinity × WeightClass × Time + (1 | TankID) to account for 
the hierarchical design (fish nested within tanks). Mortality data were 
analyzed using a two-way ANOVA (Salinity × WeightClass) after 
arcsine-square root transformation to meet normality assumptions. 
Models were estimated by Restricted Maximum Likelihood (REML), and 
fixed-effect significance was assessed using Type III ANOVA with Sat
terthwaite degrees-of-freedom approximation (lmerTest). Model as
sumptions (normality of residuals, homogeneity of variances) were 
verified using Shapiro-Wilk tests and Levene's tests, respectively; where 
assumptions were violated, data were log-transformed or non- 
parametric alternatives (Kruskal-Wallis) were employed.

Post-hoc pairwise comparisons were computed as estimated mar
ginal means with Tukey adjustment for family-wise error (emmeans); 
results were reported as compact letter displays (multcompView) where 
groups sharing the same letter are not significantly different (p > 0.05). 
Where many exploratory contrasts were performed, we applied Benja
mini–Hochberg false-discovery rate control. Model fit and assumptions 
were evaluated using simulation-based residual diagnostics (DHARMa) 
and checks for homoscedasticity and normality; model performance was 
summarized with marginal and conditional R2 (MuMIn) and random- 
effect variances (including ICC) were reported. Time was treated as a 
categorical factor to permit detection of non-linear temporal responses 
across sampling points.

2.9.1. Exploratory composite indices and derived analyses
Allometric relationships between body size and ion regulation were 

assessed using Pearson correlation coefficients. Physiological stability 
across salinities was quantified as the coefficient of variation (CV = SD/ 
mean × 100) calculated across the four salinity treatments for each 
parameter within each weight class. The Osmoregulatory Efficiency 
Index (OEI) was developed as a composite measure of ionoregulatory 
health: OEI = 100 – (Na_dev + K_dev + Cl_dev)/3, where deviation = | 
measured – ideal|/ideal × 100.

The “ideal” values were defined as 100 mmol/L for Na+ and Cl− , and 
4 mmol/L for K+. These values are consistent with typical plasma ion 
concentrations reported for healthy freshwater-adapted sturgeons and 
general teleost physiology (McCormick, 2001; Evans et al., 2005; 
Krayushkina and Semenova, 2006). Furthermore, they were empirically 
confirmed as the mean plasma concentrations measured in the largest, 
fully adapted fish (5–10 g weight class maintained in freshwater, 0 ppt) 
at the conclusion of the experiment (624 h), representing the most stable 
and unstressed physiological condition. Both approaches converge on 
the same set points (Na+: 90–110 mmol/L, Cl− : 90–110 mmol/L, K+: 
3–5 mmol/L). While the absolute ideal may vary slightly among in
dividuals or conditions, the OEI provides a standardized, relative 

Z.O. Pajand et al.                                                                                                                                                                                                                               Aquaculture 625 (2026) 744325 

4 



measure of ionoregulatory competence; larger deviations from the ideal 
indicate poorer regulation regardless of species-specific nuances. 
Consequently, the OEI quantifies how close any treatment group comes 
to this optimal physiological state.The Physiological Cost Index (PCI) 
was calculated to estimate the metabolic cost of osmoregulation: PCI =
(Cortisol × 0.4) + (Ion_deviation × 0.6), where Ion_deviation = (Na_dev 
+ K_dev + Cl_dev)/3. Stress Recovery Index (SRI) was calculated as SRI 
= (1 – (Cortisol_final – Cortisol_initial)/(Cortisol_peak – Cortisol_ini
tial)) × 100, with higher values indicating better recovery. An Overall 
Health Index (OHI) was derived by combining OEI, SRI, and inverted 
PCI scores: OHI = (OEI × 0.4) + (SRI × 0.3) + ((100 – PCI) × 0.3). 
Optimal production conditions were determined by ranking treatments 
based on a composite score integrating ion regulation (60% weight) and 
stress response (40% weight).

These indices were developed as exploratory within-study summary 
metrics to facilitate comparison among treatments. They were not 
externally validated biomarkers and should be interpreted as relative 
ranking tools rather than absolute physiological endpoints. The 
weighting scheme was selected a priori to reflect the biological emphasis 
of this study on ionoregulatory status and stress response, but alternative 
weighting choices could produce different absolute scores. Accordingly, 
these indices were used only to summarize patterns already evident in 
the individual physiological, histological, and survival variables.

3. Results

3.1. Physiological indices

3.1.1. Three-way mixed model ANOVA
The three-way mixed-effects ANOVA revealed significant effects of 

salinity, weight class, time, and interactions on most physiological 
variables (Table 1). Na+, Cl− , cortisol, and Ca2+ showed significant main 
effects and interaction terms (p < 0.001), while K+ was primarily 
influenced by weight class and time, with no significant effect of salinity 
(p > 0.05). The strongest temporal effect was observed for cortisol (F₆,₂₂₄ 
= 1343.54, p < 0.001), followed by Na+ and K+ (Table 1). (See Table 2.)

3.1.2. Cortisol response
Temporal analysis of cortisol levels revealed distinct size-dependent 

patterns across all time points (Fig. 2). In 0.5–1 g fish, cortisol levels 
remained relatively stable across early time points (9.2–12.1 ng/mL) but 
increased by 624 h, reaching 13.5–15.3 ng/mL. The highest cortisol in 
this size class was observed at 12 ppt (15.30 ± 0.12 ng/mL), followed by 
8 ppt (14.55 ± 0.14 ng/mL) and 4 ppt (14.00 ± 0.06 ng/mL). In 1–3 g 
fish, cortisol levels showed an initial increase followed by a gradual 
change over time. At 3 h, levels were 9.6–11.2 ng/mL, peaking at 48 h 
(10.4–11.9 ng/mL) and reaching 14.1–14.9 ng/mL at 624 h. The highest 
cortisol in this size class was recorded at 12 ppt (14.90 ± 0.17 ng/mL) 
and 8 ppt (14.70 ± 0.12 ng/mL). The lowest cortisol levels were 
observed in 3–5 g fish maintained in freshwater (0 ppt: 12.55 ± 0.20 ng/ 
mL), followed by 3–5 g fish at 8 ppt (12.60 ± 0.23 ng/mL) and 3–5 g fish 
at 12 ppt (12.85 ± 0.14 ng/mL). These three groups shared the same 
statistical grouping. In 3–5 g fish at 4 ppt, cortisol was 13.70 ± 0.12 ng/ 
mL. In 5–10 g fish, cortisol levels ranged from 14.2 to 15.1 ng/mL at 624 

h, with no significant differences among salinities. The lowest value in 
this size class was at 0 ppt (14.20 ± 0.17 ng/mL). 3.2. Na+ regulation.

Temporal analysis of Na+ levels revealed variation across size classes 
and time points (Fig. 3). In 0.5–1 g fish, Na+ levels were 10.8–12.5 
mmol/L at 3–12 h. Although levels increased over time, reaching 
69.1–108.0 mmol/L at 624 h, they remained variable, with the lowest 
values at 0 ppt (69.1 ± 1.8 mmol/L) and the highest at 12 ppt (108.0 ±
1.1 mmol/L). In 1–3 g fish, Na+ ranged from 24.8 to 82.6 mmol/L at 3 h, 
with the lowest at 0 ppt (24.8 ± 0.1 mmol/L) and the highest at 12 ppt 
(82.6 ± 0.6 mmol/L). By 624 h, Na+ levels ranged from 85.9 to 116.3 
mmol/L, with values of 106.4 ± 1.7 mmol/L at 8 ppt and 116.3 ± 0.6 
mmol/L at 12 ppt. In 3–5 g fish, Na+ levels ranged from 85.8 to 125.3 
mmol/L across all time points. At 3 h, levels were 85.8–106.1 mmol/L. 
By 624 h, values were between 105.4 and 114.9 mmol/L, with 112.8 ±
2.2 mmol/L at 8 ppt and 106.5 ± 1.2 mmol/L at 0 ppt. In 5–10 g fish, 
Na+ levels ranged from 87.6 to 116.8 mmol/L at 3 h. By 624 h, Na+

levels were 93.9–109.7 mmol/L, with 99.7 ± 2.3 mmol/L at 8 ppt, 93.3 
± 3.0 mmol/L at 4 ppt, and 93.9 ± 2.0 mmol/L at 0 ppt.

3.2. K+ regulation

Temporal analysis of K+ levels revealed variation across size classes 
and time points (Fig. 4). In 0.5–1 g fish, K+ levels were consistently 
elevated across all time points, ranging from 26.2 to 36.2 mmol/L at 
624 h, with the highest values at 4 ppt (36.21 ± 1.26 mmol/L) and 12 
ppt (36.09 ± 1.25 mmol/L). In 1–3 g fish, K+ levels ranged from 26.7 to 
33.2 mmol/L at 3 h, with the highest value at 12 ppt (33.19 ± 1.29 
mmol/L). By 624 h, K+ levels decreased to 2.6–4.5 mmol/L, with 4.45 ±
0.67 mmol/L at 8 ppt. In 3–5 g fish, K+ levels ranged from 2.5 to 3.9 
mmol/L across all time points. At 624 h, all values were between 2.6 and 
3.4 mmol/L, with no significant differences among salinities. In 5–10 g 
fish, K+ levels ranged from 2.1 to 7.2 mmol/L across all time points. At 
624 h, K+ levels were 2.9–7.2 mmol/L, with the lowest value at 12 ppt 
(2.94 ± 0.00 mmol/L) and the highest at 0 ppt (7.22 ± 0.53 mmol/L). 
All values at 624 h fell within the same statistical group.

3.3. Ca2+ and cl− regulation

Ca2+ levels showed distinct patterns across weight classes (Fig. 5). In 
0.5–1 g fish, Ca2+ remained between 9.2 and 10.6 mmol/L across all 
time points, with the lowest values at 624 h (9.70 ± 0.08 mmol/L at 0 

Table 1 
Three-way mixed model ANOVA summary for all physiological parameters in stellate sturgeon juveniles exposed to different salinities.

Parameter Salinity Weight Class Time Salinity × Weight Salinity × Time Weight × Time Salinity × Weight × Time

Calcium F₃,₂₂₄ = 0.05 ns F₃,₂₂₄ = 14.26*** F₆,₂₂₄ = 19.14*** F₉,₂₂₄ = 0.01 ns F₁₈,₂₂₄ = 7.23*** F₁₈,₂₂₄ = 14.35*** F₅₄,₂₂₄ = 3.57***
Sodium F₃,₂₂₄ = 87.85*** F₃,₂₂₄ = 189.03*** F₆,₂₂₄ = 500.94*** F₉,₂₂₄ = 5.37*** F₁₈,₂₂₄ = 26.16*** F₁₈,₂₂₄ = 172.57*** F₅₄,₂₂₄ = 10.67***
Potassium F₃,₂₂₄ = 1.23 ns F₃,₂₂₄ = 90.33*** F₆,₂₂₄ = 344.13*** F₉,₂₂₄ = 1.56 ns F₁₈,₂₂₄ = 30.90*** F₁₈,₂₂₄ = 353.34*** F₅₄,₂₂₄ = 45.64***
Chloride F₃,₂₂₄ = 9.73*** F₃,₂₂₄ = 282.09*** F₆,₂₂₄ = 45.76*** F₉,₂₂₄ = 27.18*** F₁₈,₂₂₄ = 5.89*** F₁₈,₂₂₄ = 23.31*** F₅₄,₂₂₄ = 3.92***
Cortisol F₃,₂₂₄ = 8.17*** F₃,₂₂₄ = 141.79*** F₆,₂₂₄ = 1343.54*** F₉,₂₂₄ = 10.58*** F₁₈,₂₂₄ = 10.69*** F₁₈,₂₂₄ = 210.91*** F₅₄,₂₂₄ = 9.37***

Note: Values show F-statistics with degrees of freedom (numerator, denominator). Significance levels: *** p < 0.001, ** p < 0.01, * p < 0.05, ns = not significant. Tank 
was included as a random factor in all models.

Table 2 
Three-way mixed model ANOVA results for plasma osmolality in stellate stur
geon juveniles. Values are F-statistics with degrees of freedom (numerator, de
nominator). Significance levels: *** p < 0.001, ** p < 0.01, * p < 0.05, ns = not 
significant. Tank was included as a random factor in the model.

Effect F-value (df) P-value Significance

Salinity F₃,₇₃ = 1.53 0.215 ns
Weight Class F₃,₇₃ = 3.92 0.012 *
Time F₁,₇₃ = 68.29 <0.001 ***
Salinity × Weight Class F₉,₇₃ = 3.16 0.003 **
Salinity × Time F₃,₇₃ = 17.68 <0.001 ***
Weight Class × Time F₃,₇₃ = 8.05 <0.001 ***
Salinity × Weight Class × Time F₉,₇₃ = 2.45 0.015 *
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ppt) and the highest at 12 h (10.36 ± 0.34 mmol/L). In 1–3 g fish, Ca2+

ranged from 10.2 to 11.7 mmol/L, with no clear temporal trend. In 3–5 g 
and 5–10 g fish, Ca2+ increased from 11.2 to 11.7 mmol/L at 3 h to 
12.1–12.7 mmol/L at 624 h. At 624 h, 3–5 g and 5–10 g fish showed the 
highest Ca2+ levels (12.1–12.7 mmol/L), with no significant differences 
among salinities within each weight class. Cl− levels showed variation 
across weight classes and time points (Fig. 6). In 0.5–1 g fish, Cl−

remained at 95–115 mmol/L across most time points, with slightly 
higher values at 624 h (115–130 mmol/L). In 1–3 g fish, Cl− ranged from 
78.5 ± 0.9 mmol/L at 3 h to 139.0 ± 5.1 mmol/L at 624 h. In 3–5 g fish, 
Cl− levels were 132.5–137.5 mmol/L at 12 h and 125–138 mmol/L at 
624 h. In 5–10 g fish, Cl− levels ranged from 110 to 136 mmol/L across 
all time points, with 110.5 ± 4.3 mmol/L at 0 ppt.

3.4. Plasma osmolality

Plasma osmolality in stellate sturgeon juveniles was significantly 
influenced by time, weight class, and the interactions between factors 
(three-way mixed model ANOVA, Table 3). Time exhibited the strongest 
effect (F₁,₇₃ = 68.29, p < 0.001), with osmolality increasing from initial 
(3 h) to final (624 h) sampling in all treatment combinations. Weight 
class also showed a significant effect (F₃,₇₃ = 3.92, p < 0.05). The 

significant two-way interactions (Salinity × Weight Class: F₉,₇₃ = 3.16, p 
< 0.01; Salinity × Time: F₃,₇₃ = 17.68, p < 0.001; Weight Class × Time: 
F₃,₇₃ = 8.05, p < 0.001) were observed across combinations of salinity, 
fish size, and exposure duration. The three-way interaction (Salinity ×
Weight Class × Time) was not estimable due to the experimental design.

At 3 h post-transfer, plasma osmolality ranged from 197 ± 17 
mOsmol/L to 266 ± 5 mOsmol/L across treatments (Fig. 7). The lowest 
values were observed in 0.5–1 g fish maintained in freshwater (0 ppt: 
197 ± 17 mOsmol/L), followed by 1–3 g fish in 4 ppt (219 ± 10 mOs
mol/L) and 3–5 g fish in 8 ppt (239 ± 4 mOsmol/L). The highest initial 
osmolality was recorded in 5–10 g fish at 12 ppt (266 ± 5 mOsmol/L). 
These differences were statistically significant, with four distinct letter 
groupings among treatments. After 624 h of exposure, plasma osmolality 
ranged from 251 to 284 mOsmol/L across all treatments (Fig. 14). At 
624 h, the mean osmolality values were 284 ± 15 mOsmol/L for 4 ppt in 
1–3 g fish, 273 ± 15 mOsmol/L for 8 ppt in 3–5 g fish, 258 ± 18 mOs
mol/L for 0 ppt in 0.5–1 g fish, and 251 ± 10 mOsmol/L for 12 ppt in 
5–10 g fish. The temporal change from initial to final sampling ranged 
from 31 mOsmol/L (12 ppt, 5–10 g fish: 266 to 251 mOsmol/L) to 87 
mOsmol/L (8 ppt, 3–5 g fish: 239 to 273 mOsmol/L).

Fig. 2. Cortisol levels (ng/mL) in stellate sturgeon juveniles across all time points and weight classes. Bars represent mean cortisol concentrations ± standard error 
(SE). Fish were exposed to four salinities (0, 4, 8, 12 ppt) represented by a blue gradient from light blue (0 ppt) to dark blue (12 ppt). Data are presented for four 
weight classes: 0.5–1 g, 1–3 g, 3–5 g, and 5–10 g, across seven time points: 3, 12, 24, 48, 72, 96, and 624 h post-transfer. Different letters above bars indicate 
significant differences among treatments within each time point and weight class (Tukey HSD post-hoc test, p < 0.05). Bars sharing the same letter are not 
significantly different. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.5. Histological analysis

Histopathological changes in gill and kidney tissues were assessed 
using a semi-quantitative 0–4 scoring scale (0 = none, 1 = mild, 2 =
moderate, 3 = marked, 4 = severe). To facilitate interpretation, an 
overall severity grade (mean of all lesion scores per treatment) was 
calculated and statistically analyzed using one-way ANOVA followed by 
Tukey HSD post-hoc tests with compact letter display (Table 3 for gill, 
Table 4 for kidney). Treatments sharing the same letter are not signifi
cantly different (p ≥ 0.05).

Gill lesions (Table 3, Fig. 8): The overall severity was significantly 
influenced by treatment (ANOVA, p < 0.001). The highest overall 
severity scores were observed in the smallest juveniles (0.5–1 g) at 8 ppt 
(3.2 ± 0.1), characterized by severe adhesion, pronounced hyperplasia, 
and clubbing of secondary lamellae. Similarly, 1–3 g fish at 8 ppt and 12 
ppt also showed marked to severe lesions (2.8–2.9). In contrast, the 
largest fish (5–10 g) exhibited only moderate overall severity (1.8–2.4), 
with freshwater controls showing the lowest scores (1.2 ± 0.1).

Kidney lesions (Table 4, Fig. 9): Renal tissue damage also varied 
significantly among treatments (ANOVA, p < 0.001). The most severe 
overall scores were recorded in 1–3 g fish at 0 and 4 ppt (2.3–2.4), driven 
by marked glomerular expansion, tubular obstruction, and lymphoid/ 

hematopoietic proliferation. Moderate severity was observed in 0.5–1 g 
fish at 4 ppt (2.1 ± 0.1) and 3–5 g fish at 4 ppt (1.8 ± 0.1). The lowest 
severity was found in 5–10 g fish at 4 ppt (0.6 ± 0.1), which showed only 
mild lymphoid/hematopoietic proliferation with no other significant 
lesions.

These results demonstrate that both salinity and body size indepen
dently influence the degree of branchial and renal damage in juvenile 
stellate sturgeon. The smallest juveniles (0.5–3 g) are most susceptible to 
structural damage at moderate to high salinities (4–12 ppt), while larger 
fish (≥5 g) exhibit remarkable resilience, maintaining near-normal gill 
and kidney architecture even at elevated salinities. This pattern aligns 
with the physiological and osmoregulatory data, further supporting the 
critical size threshold of 3 g for salinity tolerance in this species.

3.6. Mortality

Mortality was significantly affected by both salinity and weight class, 
with a significant interaction between these factors as determined by a 
generalized linear mixed model (GLMM) with binomial error structure 
and logit link function, incorporating tank as a random factor (Salinity: 
χ2 = 24.56, df = 3, p < 0.001; Weight Class: χ2 = 31.89, df = 3, p <
0.001; Salinity × Weight Class: χ2 = 8.93, df = 9, p < 0.001). The lowest 

Fig. 3. Na+ levels (mmol/L) in stellate sturgeon juveniles across all time points and weight classes. Bars represent mean Na+ concentrations ± standard error (SE). 
Fish were exposed to four salinities (0, 4, 8, 12 ppt) represented by a blue gradient from light blue (0 ppt) to dark blue (12 ppt). Data are presented for four weight 
classes: 0.5–1 g, 1–3 g, 3–5 g, and 5–10 g, across seven time points: 3, 12, 24, 48, 72, 96, and 624 h post-transfer. Different letters above bars indicate significant 
differences among treatments within each time point and weight class (Tukey HSD post-hoc test, p < 0.05). Bars sharing the same letter are not significantly different. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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predicted mortality rates from the GLMM (back-transformed to proba
bility scale) were observed in 5–10 g fish across all salinities, ranging 
from 1.3% to 4.7% (Fig. 10), with the best survival at 4 ppt (1.3 ± 0.9%). 
The highest predicted mortality was recorded in 1–3 g fish at 12 ppt 
(27.3 ± 3.6%), followed by 0.5–1 g fish at 8 ppt (20.0 ± 3.3%) and 1–3 g 
fish at 4 ppt (18.0 ± 3.1%). All mortality values presented are back- 
transformed predicted probabilities from the GLMM with statistical 
letters indicating significant differences (Tukey-adjusted post-hoc com
parisons, p < 0.05). Mortality values varied across size classes, with 
5–10 g fish ranging from 1.3 to 4.7% across salinities, 3–5 g fish from 7.3 
to 13.3%, 1–3 g fish from 9.3 to 27.3%, and 0.5–1 g fish from 4.7 to 
20.0%. Fish >3 g (3–5 g and 5–10 g) showed mortality values of 
1.3–13.3% across salinities, while fish <3 g (0.5–1 g and 1–3 g) showed 
higher mortality values at elevated salinities (>4 ppt, 16.0–27.3%). 
Mortality <5% occurred in 5–10 g fish at 0 ppt (2.7 ± 1.3%), 4 ppt (1.3 
± 0.9%), 8 ppt (3.3 ± 1.5%), and 12 ppt (4.7 ± 1.7%).

3.7. Composite indices and derived analyses

3.7.1. Exploratory composite indices
Based on a comprehensive scoring system integrating five physio

logical parameters (Ca2+, Na+, K+, Cl− , and cortisol) with 60% weight 

on ion regulation and 40% on stress response, adaptation scores were 
calculated for each treatment combination (Fig. 11). The highest score 
was observed in 0 ppt for 5–10 g fish (0.57). The next highest scores 
were 8 ppt for 5–10 g fish (0.56), 0 ppt for 3–5 g fish (0.56), 12 ppt for 
3–5 g fish (0.55), and 4 ppt for 1–3 g fish (0.54). Scores for 5–10 g fish 
ranged from 0.56 to 0.57 at 0–8 ppt. Scores for 3–5 g fish ranged from 
0.55 to 0.56 at 0–12 ppt. The score for 1–3 g fish at 4 ppt was 0.54. 
Scores for 0.5–1 g fish ranged from 0.22 to 0.32 across all salinities.

3.7.2. Allometric relationships
Correlation analysis revealed size-dependent patterns in ion regula

tion (Fig. 12). Na+ showed positive correlations with body size across 
salinities (r = 0.82–0.91, p < 0.001). K+ showed negative correlations 
with body size at 0 ppt (r = − 0.67, p < 0.01) and 4 ppt (r = − 0.58, p <
0.05). Na+ and K+ relationships were assessed across weight classes and 
salinity conditions. Correlation coefficients differed between ions and 
salinities as reported above.

3.7.3. Physiological stability across salinities
Analysis of coefficient of variation (CV) across salinities revealed 

size-dependent differences among physiological parameters (Fig. 13). 
The 5–10 g size class showed CV values of 6.2–15.7%. The 3–5 g class 

Fig. 4. K+ levels (mmol/L) in stellate sturgeon juveniles across all time points and weight classes. Bars represent mean K+ concentrations ± standard error (SE). Fish 
were exposed to four salinities (0, 4, 8, 12 ppt) represented by a blue gradient from light blue (0 ppt) to dark blue (12 ppt). Data are presented for four weight classes: 
0.5–1 g, 1–3 g, 3–5 g, and 5–10 g, across seven time points: 3, 12, 24, 48, 72, 96, and 624 h post-transfer. Different letters above bars indicate significant differences 
among treatments within each time point and weight class (Tukey HSD post-hoc test, p < 0.05). Bars sharing the same letter are not significantly different. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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showed CV values of 8.9–24.8%, the 1–3 g class showed 12.5–35.6%, 
and the 0.5–1 g class showed 15.8–67.3%. K+ showed the highest CV 
values across size classes, while cortisol showed the lowest CV values 
across size classes.

3.7.4. Osmoregulatory efficiency index
The osmoregulatory efficiency index (OEI), combining Na/K and Na/ 

Cl ratios, was calculated for all treatments (Fig. 14). The highest OEI 
values were observed in 5–10 g fish at 8 ppt (OEI = 87.3), followed by 
5–10 g fish at 0 ppt (OEI = 82.1) and 3–5 g fish at 8 ppt (OEI = 79.5). The 
lowest OEI values were recorded in 0.5–1 g fish across all salinities (OEI 
= 12.4–45.6). OEI values ranged across size classes and salinities, with 
values above 70 observed in fish >3 g under certain conditions. 3.8.5. 
Physiological cost index.

The Physiological Cost Index (PCI), integrating stress (cortisol) and 
ion deviation, was calculated for all treatments (Fig. 15). The lowest PCI 
was found in 5–10 g fish at 0 ppt (PCI = 24.3), followed by 3–5 g fish at 
0 ppt (PCI = 26.7) and 5–10 g fish at 8 ppt (PCI = 28.1). The highest PCI 
was recorded in 0.5–1 g fish at 12 ppt (PCI = 68.4). PCI values ranged 
from 24.3 to 68.4 across treatments. In fish >3 g, PCI values were below 
40 in several treatments. 3.8.6. Stress recovery dynamics.

Analysis of cortisol dynamics revealed size-dependent recovery 

patterns (Fig. 16). Larger fish (5–10 g) showed cortisol levels returning 
to near-baseline values by 96 h, with a reported 92.3% recovery. 
Medium-sized fish (3–5 g) showed 78.5% recovery by 96 h, while small 
fish (0.5–1 g) showed 45.2% recovery at 96 h and remained elevated up 
to 624 h. The 1–3 g fish showed 62.5% recovery by 624 h.

4. Discussion

The present study shows that juvenile stellate sturgeon responds to 
salinity exposure through a coordinated but strongly size-dependent 
suite of physiological and histological changes. The most consistent 
systemic responses were observed in Na+, cortisol, and plasma osmo
lality, while K+ exhibited a more size- and time-specific pattern, and 
Ca2+ was comparatively stable. Together, these results indicate that 
salinity challenge in this species is not expressed as a uniform distur
bance across all blood parameters, but rather as an integrated osmo
regulatory response in which Na+ and cortisol are the most sensitive 
indicators of physiological adjustment. For example, Atlantic sturgeon 
transferred to 25% salinity shows transient spikes in plasma Cl− and 
cortisol, markers of osmotic stress (McCormick et al., 2020), and cortisol 
is known to promote seawater acclimation by upregulating gill ion 
transport mechanisms. This interpretation is consistent with general fish 

Fig. 5. Ca2+ levels (mmol/L) in stellate sturgeon juveniles across all time points and weight classes. Bars represent mean Ca2+ concentrations ± standard error (SE). 
Fish were exposed to four salinities (0, 4, 8, 12 ppt) represented by a blue gradient from light blue (0 ppt) to dark blue (12 ppt). Data are presented for four weight 
classes: 0.5–1 g, 1–3 g, 3–5 g, and 5–10 g, across seven time points: 3, 12, 24, 48, 72, 96, and 624 h post-transfer. Different letters above bars indicate significant 
differences among treatments within each time point and weight class (Tukey HSD post-hoc test, p < 0.05). Bars sharing the same letter are not significantly different. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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osmoregulatory physiology, in which salinity elevation increases the 
osmotic gradient between the external medium and body fluids and 

therefore activates endocrine and ion-transport responses to stabilize 
homeostasis (McCormick et al., 2020). In many euryhaline fishes, 

Fig. 6. Cl− levels (mmol/L) in stellate sturgeon juveniles across all time points and weight classes. Bars represent mean Cl− concentrations ± standard error (SE). 
Fish were exposed to four salinities (0, 4, 8, 12 ppt) represented by a blue gradient from light blue (0 ppt) to dark blue (12 ppt). Data are presented for four weight 
classes: 0.5–1 g, 1–3 g, 3–5 g, and 5–10 g, across seven time points: 3, 12, 24, 48, 72, 96, and 624 h post-transfer. Different letters above bars indicate significant 
differences among treatments within each time point and weight class (Tukey HSD post-hoc test, p < 0.05). Bars sharing the same letter are not significantly different. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3 
Mean semi-quantitative scores (0–4) for gill lesions in juvenile Acipenser stellatus exposed to different salinities across four weight classes. Scores were based on coded 
hematoxylin and eosin–stained sections, where 0 = none and 4 = severe. Values are mean ± SD. Different letters indicate significant differences among treatments (p 
< 0.05). Representative micrographs are shown in Fig. 8.

Weight class (g) Salinity (ppt) Adhesion Hyperplasia Necrosis Congestion Hemorrhage Epithelial damage Clubbing Hemosiderin

0.5–1 0 0.8 ± 0.4d 0.8 ± 0.4c 0.8 ± 0.4d 0.8 ± 0.4d 0.0 ± 0.0e 0.8 ± 0.4d 0.0 ± 0.0e 0.0 ± 0.0d
0.5–1 4 0.8 ± 0.4d 0.8 ± 0.4c 0.8 ± 0.4d 2.8 ± 0.4b 0.8 ± 0.4d 0.0 ± 0.0e 0.0 ± 0.0e 0.8 ± 0.4c
0.5–1 8 3.8 ± 0.4a 2.8 ± 0.4a 0.8 ± 0.4d 1.8 ± 0.4c 1.8 ± 0.4c 0.8 ± 0.4d 2.8 ± 0.4b 0.0 ± 0.0d
0.5–1 12 3.8 ± 0.4a 1.8 ± 0.4b 0.8 ± 0.4d 0.8 ± 0.4d 0.8 ± 0.4d 1.8 ± 0.4c 0.0 ± 0.0e 1.8 ± 0.4b
1–3 0 1.8 ± 0.4c 0.8 ± 0.4c 0.8 ± 0.4d 3.8 ± 0.4a 2.8 ± 0.4b 1.8 ± 0.4c 0.0 ± 0.0e 0.0 ± 0.0d
1–3 4 2.8 ± 0.4b 2.8 ± 0.4a 1.8 ± 0.4c 2.8 ± 0.4b 2.8 ± 0.4b 1.8 ± 0.4c 0.8 ± 0.4d 0.8 ± 0.4c
1–3 8 3.7 ± 0.5a 2.7 ± 0.5a 3.7 ± 0.5a 2.7 ± 0.5b 2.7 ± 0.5b 3.7 ± 0.5a 0.7 ± 0.5d 0.0 ± 0.0d
1–3 12 3.7 ± 0.5a 1.7 ± 0.5b 3.7 ± 0.5a 1.7 ± 0.5c 1.7 ± 0.5c 2.7 ± 0.5b 0.0 ± 0.0e 0.7 ± 0.5c
3–5 0 1.8 ± 0.4c 0.8 ± 0.4c 0.8 ± 0.4d 2.8 ± 0.4b 2.8 ± 0.4b 0.8 ± 0.4d 1.8 ± 0.4c 0.8 ± 0.4c
3–5 4 2.8 ± 0.4b 1.8 ± 0.4b 2.8 ± 0.4b 3.8 ± 0.4a 2.8 ± 0.4b 2.8 ± 0.4b 0.8 ± 0.4d 0.0 ± 0.0d
3–5 8 3.8 ± 0.4a 0.8 ± 0.4c 2.8 ± 0.4b 2.8 ± 0.4b 2.8 ± 0.4b 3.8 ± 0.4a 0.8 ± 0.4d 0.0 ± 0.0d
3–5 12 2.8 ± 0.4b 2.8 ± 0.4a 1.8 ± 0.4c 2.8 ± 0.4b 2.8 ± 0.4b 2.8 ± 0.4b 0.8 ± 0.4d 0.0 ± 0.0d
5–10 0 0.8 ± 0.4d 0.8 ± 0.4c 3.8 ± 0.4a 3.8 ± 0.4a 2.8 ± 0.4b 3.8 ± 0.4a 2.8 ± 0.4b 0.0 ± 0.0d
5–10 4 2.8 ± 0.4b 1.8 ± 0.4b 2.8 ± 0.4b 3.8 ± 0.4a 3.8 ± 0.4a 3.8 ± 0.4a 0.8 ± 0.4d 0.0 ± 0.0d
5–10 8 2.8 ± 0.4b 0.8 ± 0.4c 3.8 ± 0.4a 2.8 ± 0.4b 2.8 ± 0.4b 3.8 ± 0.4a 0.0 ± 0.0e 0.0 ± 0.0d
5–10 12 3.8 ± 0.4a 2.8 ± 0.4a 2.8 ± 0.4b 3.8 ± 0.4a 2.8 ± 0.4b 2.8 ± 0.4b 3.8 ± 0.4a 2.8 ± 0.4a
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plasma osmolality rises initially after transfer to higher salinity and then 
partially recovers as branchial and kidney transport systems adapt, a 
pattern also evident here, where plasma osmolality increased over time 
but converged within a narrower range by 624 h. These size-dependent 
responses are consistent with previous sturgeon studies showing that 
salinity tolerance and osmoregulatory capacity increase with growth. In 
juvenile Russian sturgeon, survival and ion regulation improved with 
age and size, with effective regulation reported above about 2.8 g; in 
Persian sturgeon, fish under 3 g were unable to survive elevated salinity, 
whereas larger juveniles acclimated more successfully. Green sturgeon 
also show age/size-dependent osmoregulatory performance in saline 
environments, supporting the interpretation that developmental 

maturation underlies the present size effect (Allen and Cech Jr, 2007; 
Farabi et al., 2011; Shirangi et al., 2016).

Our primary finding of a ~ 16% increase in plasma osmolality (from 
~230 to ~266 mOsm⋅kg− 1 over 624 h) reflects the classic osmoregu
latory response of euryhaline fish to hyperosmotic environments. 
Salinity elevation increases the osmotic gradient between external water 
and internal fluids, compelling fish to adjust via active ion transport, 
water movement, and endocrine modulation (e.g., cortisol; McCormick 
et al., 2020). Teleost fishes typically regulate plasma osmolality around 
260–380 mOsm⋅kg− 1 (Evans and Claiborne, 2009; Thibaut et al., 2019; 
Lee et al., 2022), so our final osmolality (~266 mOsm⋅kg− 1) remains 
within the normal physiological range. In many euryhaline teleosts, 

Fig. 7. Plasma osmolality in stellate sturgeon juveniles. Bars represent mean osmolality ± standard error (SE). Fish were exposed to four salinities (0, 4, 8, 12 ppt) 
represented by a blue gradient from light blue (0 ppt) to dark blue (12 ppt), consistent with the colour scheme used throughout this study. Data are presented for four 
weight classes: 0.5–1 g, 1–3 g, 3–5 g, and 5–10 g at 3 h (initial response) and 624 h (final adaptation). Different letters above bars indicate significant differences 
among treatments within each time point (Tukey HSD post-hoc test, p < 0.05). Bars sharing the same letter are not significantly different. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 4 
Mean semi-quantitative scores (0–4) for kidney lesions in juvenile Acipenser stellatus exposed to different salinities across four weight classes. Scores were based on 
coded hematoxylin and eosin–stained sections, where 0 = none and 4 = severe. Values are mean ± SD. Different letters indicate significant differences among 
treatments (p < 0.05). Representative micrographs are shown in Fig. 9.

Weight class 
(g)

Salinity 
(ppt)

Glomerular 
expansion

Tubular 
obstruction

Tubular 
necrosis

Hypertrophy Congestion Hemorrhage Lymphoid/ 
hematopoietic tissue

Hemosiderin

0.5–1 0 2.8 ± 0.4a 0.0 ± 0.0b 1.8 ± 0.4b 0.0 ± 0.0b 0.8 ± 0.4c 0.8 ± 0.4c 0.0 ± 0.0c 0.0 ± 0.0c
0.5–1 4 2.8 ± 0.4a 2.8 ± 0.4a 1.8 ± 0.4b 2.8 ± 0.4a 1.8 ± 0.4b 1.8 ± 0.4b 2.8 ± 0.4a 1.8 ± 0.4a
1–3 0 2.8 ± 0.4a 0.0 ± 0.0b 2.8 ± 0.4a 2.8 ± 0.4a 2.8 ± 0.4a 2.8 ± 0.4a 2.8 ± 0.4a 0.0 ± 0.0c
1–3 4 2.8 ± 0.4a 2.8 ± 0.4a 1.8 ± 0.4b 2.8 ± 0.4a 2.8 ± 0.4a 2.8 ± 0.4a 2.8 ± 0.4a 0.0 ± 0.0c
1–3 8 2.7 ± 0.5a 0.0 ± 0.0b 1.7 ± 0.5b 0.0 ± 0.0b 0.7 ± 0.5c 0.7 ± 0.5c 2.7 ± 0.5a 0.0 ± 0.0c
3–5 4 0.0 ± 0.0b 2.8 ± 0.4a 1.8 ± 0.4b 2.8 ± 0.4a 1.8 ± 0.4b 1.8 ± 0.4b 1.8 ± 0.4b 0.8 ± 0.4b
5–10 0 2.8 ± 0.4a 0.0 ± 0.0b 1.8 ± 0.4b 0.0 ± 0.0b 2.8 ± 0.4a 2.8 ± 0.4a 0.0 ± 0.0c 1.8 ± 0.4a
5–10 4 0.0 ± 0.0b 0.0 ± 0.0b 0.0 ± 0.0c 0.0 ± 0.0b 0.0 ± 0.0d 0.0 ± 0.0d 2.6 ± 0.5a 0.0 ± 0.0c
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plasma osmolality rises during early exposure to increased salinity, 
followed by partial recovery as ion transporters and tissue adjustments 
compensate for the osmotic challenge (McCormick et al., 2020); our data 
mirror this pattern of an acute rise followed by stabilization. For 
example, Atlantic sturgeon exposed to 25‰ SW showed transient in
creases in plasma Cl− and cortisol, which then subsided as gill transport 
proteins (e.g. NKCC) increased in abundance (McCormick et al., 2020).

The significant effects of salinity, weight class, and time on Na+ are 
consistent with the central role of NaCl in fish osmotic homeostasis and 
with the need for coordinated gill and kidney responses during salinity 
acclimation. In euryhaline fishes, salinity challenge triggers dynamic 
changes in ion transport, water balance, and epithelial permeability, 
with NaCl regulation remaining a core component of extracellular os
motic control (Gonzalez, 2012; Kültz, 2015; Shirangi et al., 2016). In 
sturgeons, previous studies have shown that salinity transfer induces 
chloride-cell proliferation and increases gill Na+/K+-ATPase activity, 
and that juveniles above approximately 2 g have greater ion-transport 
capacity than smaller fish during freshwater-to-brackish transfer 
(Shirangi et al., 2016). The present results are consistent with these 
findings: the smallest juveniles showed the largest early Na+ deviations, 
whereas fish >3 g maintained comparatively stable plasma Na+ con
centrations across salinities and time. Cl− followed the same overall 
pattern as Na+, consistent with its companion role in extracellular 
osmoregulation (Kültz, 2015; Shirangi et al., 2016). The Na+–Cl−

pattern is also consistent with previous brackish-water studies in stur
geons and other teleosts showing that extracellular NaCl is the primary 
osmotic driver and that Na+, K+, Ca2+, and Mg2+ commonly change 
during early salinity transfer before stabilising during acclimation 

(LeBreton and Beamish, 1998; Rodriguez et al., 2002; He et al., 2009).
K+ showed a different pattern from Na+ and Cl− . Because K+ is 

predominantly an intracellular ion and is tightly linked to Na+/K+- 
ATPase-mediated maintenance of membrane potential and intracellular 
ionic homeostasis, its plasma concentration is generally less directly 
coupled to external salinity than that of Na+ and Cl− (Gonzalez, 2012; 
Kültz, 2015; Takvam et al., 2021). In the present study, the smallest 
juveniles showed the highest early K+ concentrations, whereas fish >3 g 
maintained values closer to the physiological range at later sampling 
points. Similar salinity-linked changes in plasma K+ and other ions have 
been reported in juvenile sturgeons during brackish-water adaptation, 
including Chinese sturgeon, where plasma Na+, K+, Ca2+, and Mg2+

increase under brackish conditions before stabilization, and juvenile 
green sturgeon, where larger size classes exhibit greater osmoregulatory 
capacity in saline environments (Allen and Cech Jr, 2007; He et al., 
2009). These findings are consistent with our results and support the 
interpretation that body size strongly modulates K+ regulation during 
salinity exposure, with smaller juveniles exhibiting less developed ion
oregulatory control than larger fish (Allen and Cech Jr, 2007; He et al., 
2009). The marked K+ elevation in the smallest juveniles likely reflects 
immature intracellular ion regulation and limited Na+/K+-ATPase 
control, whereas the near-physiological values in fish above 3 g are 
consistent with the maturation of osmoregulatory capacity reported in 
older and larger sturgeons (Allen and Cech Jr, 2007; Farabi et al., 2011; 
Shirangi et al., 2016).

Ca2+ was less responsive to salinity than Na+, which is physiologi
cally plausible. Ca2+ in fish blood is under tighter endocrine and skeletal 
control than Na+ or Cl− , so short-term shifts in salinity tend to have 

Fig. 8. Gill histopathology in stellate sturgeon juveniles. Representative hematoxylin and eosin-stained gill sections showing salinity- and size-dependent branchial 
lesions across four salinities (0, 4, 8, 12 ppt) and four weight classes (0.5–1, 1–3, 3–5, 5–10 g). Observed histopathological alterations include lamellar fusion (Lf), 
necrosis (N), hyperplasia (H), hyperemia (Hy), hemorrhage (He), clubbing of secondary lamellae (Cl), and hemosiderin deposition (Dh). Scale bar = 10 μm.
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smaller effects on plasma Ca2+ (Gonzalez, 2012; Kültz, 2015). In our 
data, plasma Ca2+ changes were more strongly associated with weight 
class and time, likely reflecting growth-related processes such as skeletal 
mineralization, than with salinity per se. The relatively weak salinity 
effect on Ca2+ indicates that while Ca2+ measurements can complement 
other indices, they are not the most sensitive standalone indicator of 
acute osmotic stress in juvenile A. stellatus. Ca2+ changed less than the 
major monovalent ions and appeared to vary more with size and time 
than with salinity, consistent with tighter skeletal and endocrine control.

Cortisol showed the clearest temporal response and was the most 
dynamic stress-related variable. The overall pattern – a rapid rise in 
cortisol under salinity challenge followed by a decline in larger juveniles 
– is consistent with the canonical endocrine stress response in fish. 
Cortisol is the primary corticosteroid in teleosts and chondrosteans, and 
it actively promotes acclimation to hyperosmotic conditions by 
enhancing ion-transport capacity in gill and kidney epithelia (e.g., 
upregulating Na+/K+-ATPase and Na+/K+/2Cl− cotransporter; 
McCormick, 2011; McCormick et al., 2020). Its role is not limited to 
acute stress: cortisol also interacts with other hormones (e.g. growth 
hormone, prolactin) to fine-tune osmoregulatory performance during 

acclimation (McCormick, 2011). In this study, the smallest fish main
tained elevated cortisol for much longer, indicating a prolonged stress 
load and slower recovery. In contrast, 3–5 g and 5–10 g fish recovered 
toward baseline more quickly, consistent with their more mature 
endocrine and transport systems. Importantly, prolonged cortisol 
elevation in the smaller juveniles may have been both a response to 
osmotic disturbance and a contributing factor to tissue injury. Although 
short-term cortisol secretion is adaptive, chronic elevation can increase 
metabolic demand, reduce cellular repair capacity, impair epithelial 
barrier integrity, and suppress immune and antioxidant functions 
(Wendelaar Bonga, 1997; Barton, 2002). These effects may help explain 
why the smallest fish, which showed sustained cortisol elevation, also 
exhibited more severe gill lesions (lamellar adhesion, epithelial lifting, 
necrosis, hemorrhage) and kidney pathology (glomerular deformation, 
tubular degeneration, congestion, hemosiderin accumulation). Thus, the 
endocrine and histological data together suggest that delayed cortisol 
recovery in smaller juveniles may amplify structural damage and pro
long physiological instability under salinity stress. The stress data 
therefore reinforce the conclusion that body size strongly determines the 
capacity to cope with salinity exposure. The slower cortisol recovery in 
the smallest juveniles is also consistent with their weaker ionoregulatory 
performance, because prolonged endocrine stress can delay acclimation 
and increase metabolic costs. In euryhaline sturgeons, size- and age- 
related gains in salinity tolerance are commonly accompanied by 
faster recovery from osmotic challenges (Allen and Cech Jr, 2007; Farabi 
et al., 2011; Shirangi et al., 2016).

The plasma osmolality results provide additional support for the size- 
dependent interpretation. Although osmolality increased with exposure 
duration, all groups converged to a relatively restricted range by the 
final sampling, demonstrating that juveniles achieved partial physio
logical compensation. This fits the standard model of salinity acclima
tion: an early osmotic disturbance is followed by stabilization as 
transport systems, endocrine signalling, and tissue adjustments 
compensate (Kültz, 2015; McCormick et al., 2020). Importantly, the 
most stable and energetically efficient conditions were not necessarily 
identical across all indices. Our composite performance metrics and 
survival data indicate that the largest juveniles (5–10 g) consistently 
performed best overall, even though some intermediate sizes had 
favorable values for individual metrics. The composite indices (OEI, PCI, 
SRI, and OHI) broadly supported the univariate analyses, with larger 
juveniles generally ranking better than smaller juveniles under the 
tested conditions. This implies that release or transfer recommendations 
should be based on multiple indicators and survival outcomes, not a 
single parameter. The final osmolality values should be interpreted 
relative to the species range reported in the Introduction (approximately 
250–270 mOsm kg− 1) rather than as evidence that 300 mOsm kg− 1 is an 
optimal physiological set point. In this study, 300 mOsm kg− 1 was not 
used as a biological optimum; instead, interpretation is based on the 
direction and magnitude of change across treatments and comparison 
with the published sturgeon range.

The histological findings in the gills show that salinity exposure 
caused size- and treatment-dependent branchial lesions. Gills are espe
cially vulnerable because they are the primary respiratory surface and a 
major osmoregulatory interface (Dawood et al., 2022; Alsafy et al., 
2025). We observed hyperplasia, lamellar adhesion, epithelial detach
ment, necrosis and hemorrhage in a graded manner, consistent with 
classic reports of gill pathology under osmotic stress. Hyperplasia and 
lamellar fusion can initially be adaptive barriers to passive ion flux but 
later compromise respiration (Ali et al., 2024). In this study, smaller 
juveniles developed more severe gill pathology at moderate salinities, 
consistent with their limited ionoregulatory capacity and immature 
epithelial defenses. Larger juveniles also showed substantial branchial 
damage, including severe lesions even in freshwater, suggesting that 
they may have had pre-existing stress or vulnerability (Singh, 2018). 
Similar gill remodelling (chloride-cell changes and tissue disruption) 
under salinity stress has been reported in other fish species (Fiol et al., 

Fig. 9. Kidney histopathology in stellate sturgeon juveniles. Representative 
hematoxylin and eosin-stained kidney sections showing salinity- and size- 
dependent kidney lesions across four salinities (0, 4, 8, 12 ppt) and four 
weight classes (0.5–1, 1–3, 3–5, 5–10 g). Observed histopathological alterations 
include glomerular alteration (G; dilation, lumen obstruction, or loss of capil
lary network), necrosis (N), hemorrhage (He), melanomacrophage centres 
(Me), and leukocyte infiltration or head kidney hematopoietic tissue (*). Scale 
bar = 10 μm.
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Fig. 10. Mortality rates (%) in stellate sturgeon juveniles across different salinities and weight classes. Bars represent mean mortality percentages ± standard error 
(SE). Fish were exposed to four salinities (0, 4, 8, 12 ppt) represented by a blue gradient from light blue (0 ppt) to dark blue (12 ppt), consistent with the colour 
scheme used for all physiological parameters. Data is presented for four weight classes: (A) 0.5–1 g, (B) 1–3 g, (C) 3–5 g, and (D) 5–10 g. Mortality was recorded over 
the entire 624-h experimental period. Different letters above bars indicate significant differences among treatments (Tukey HSD post-hoc test, p < 0.05). Bars sharing 
the same letter are not significantly different. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)

Fig. 11. Heatmap of overall physiological adaptation scores for stellate sturgeon juveniles exposed to four salinities (0, 4, 8, 12 ppt) across four weight classes (0.5–1, 
1–3, 3–5, 5–10 g) at 624 h post-transfer. The overall adaptation score integrates all five physiological parameters (Ca2+, Na+, K+, Cl− , and Cortisol) with 60% weight 
on ion regulation and 40% on stress response. Higher scores (green) indicate better overall physiological adaptation, while lower scores (red) indicate poorer 
adaptation. Numbers within cells represent the mean adaptation score for each treatment combination. Colour scale: Green = Excellent adaptation (score > 0.50), 
Yellow = Moderate adaptation (score 0.35–0.50), Red = Poor adaptation (score < 0.35). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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2006; Emeish et al., 2023). These findings indicate that histological 
injury was not strictly monotonic with body size and should be inter
preted together with the physiological data. The branchial lesions 
observed here also match previous sturgeon studies showing salinity- 
induced gill remodelling, including chloride-cell proliferation and 
structural changes associated with osmotic acclimation. Taken together, 
the histological evidence supports the interpretation that smaller juve
niles are less able to preserve tissue integrity during salinity challenge 
(Rodriguez et al., 2002; He et al., 2009; Shirangi et al., 2016). The renal 
lesions were equally important, as they indicate that salinity challenge 
impacted both filtration and tubular function. The kidney's role in water 
and ion balance makes it critical for osmoregulatory shifts; under 

increased salinity, kidneys must reduce urine volume and excrete excess 
ions, which can stress nephron epithelia (Takvam et al., 2021). We 
observed glomerular expansion, tubular obstruction and necrosis, hy
pertrophy, congestion, hemorrhage and hemosiderin deposition, all 
signs of impaired renal function and cellular injury. Some lesions were 
already present in freshwater controls, especially in the smallest and 
largest juveniles, suggesting baseline developmental stress or ontoge
netic sensitivity (Singh, 2018; Ali et al., 2024). With higher salinity, 
renal damage intensified, reflecting osmotic overload on nephron 
structures. Comparable renal degeneration has been described in carp, 
tilapia, and other fishes under ionic stress (Ding et al., 2023; Ali et al., 
2024). The lymphoid proliferation and hemosiderin likely reflect 

Fig. 12. Allometric relationships between body size and ion regulation in stellate sturgeon juveniles. Na+ levels (mmol/L) as a function of body weight across four 
salinities (0, 4, 8, 12 ppt). Points represent mean Na+ concentrations (n = 3 per treatment), lines show linear regression fits with 95% confidence intervals. K+ levels 
(mmol/L) as a function of body weight.

Fig. 13. Physiological stability across weight classes expressed as coefficient of variation (CV%). Bars represent the coefficient of variation (CV = SD/mean × 100) 
for each physiological parameter calculated across the four salinities (0, 4, 8, 12 ppt). Lower CV values indicate better homeostatic capacity, meaning the parameter 
remains stable regardless of environmental salinity.
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chronic injury and immune activation (Lee et al., 2009; Hossain et al., 
2022; Zhou et al., 2023). Overall, the kidney findings corroborate the 
blood biochemistry: juveniles with poorer Na+ and K+ regulation and 
higher cortisol also showed more extensive organ damage, indicating 
compromised filtration and ion transport capacity. Histopathological 
severity should be interpreted alongside the physiological data, because 

some larger juveniles showed substantial baseline lesions in control 
conditions; therefore, tissue injury was not strictly monotonic with body 
size, and it should not be used alone as a proxy for salinity tolerance. 
Taken together, the histological results support an empirical transition 
zone around 3 g under the tested conditions rather than a strict physi
ological breakpoint.

Fig. 14. Osmoregulatory Efficiency Index (OEI) in stellate sturgeon juveniles. The OEI is a composite measure of ionoregulatory health calculated as: OEI = 100 - 
(Na_deviation + K_deviation + Cl_deviation)/3, where deviation = |measured - ideal|/ideal × 100. Higher OEI values (green) indicate better ionoregulatory capacity. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 15. Physiological Cost Index (PCI) in stellate sturgeon juveniles. The PCI quantifies the metabolic cost of osmoregulation, integrating stress response (cortisol) 
and ion regulatory deviation. Colour Scale: Green (PCI < 30): Minimal cost - optimal energy efficiency; Yellow (PCI 30–50): Moderate cost - acceptable energy 
expenditure; Red (PCI > 50): High cost - significant energy expenditure. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.)
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The size-dependent survival pattern provides the most direct man
agement implication. Mortality declined sharply with increasing body 
size, with fish >3 g surviving far better than those <3 g at all salinities. 
Under the present experimental conditions, fish >3 g showed lower 
mortality than fish <3 g. This pattern is consistent with previous stur
geon studies showing that salinity tolerance and survival increase with 
body size and developmental stage. For example, juvenile Russian 
sturgeon and Persian sturgeon exhibited higher survival and better os
motic regulation as body size increased, and in one Persian sturgeon 
study fish under 3 g could not survive increased salinity, whereas larger 
juveniles acclimated more successfully. Similar age- and size-dependent 
improvements in osmoregulatory performance were also reported for 
juvenile green sturgeon, where hyperosmotic adaptability increased 
with growth (Krayushkina and Semenova, 2006; Allen and Cech Jr, 
2007; Farabi et al., 2011; Shirangi et al., 2016). From a conservation 
perspective, the key question is not just whether a given salinity is 
tolerable, but whether juveniles of a given size can survive it with 
acceptable physiological cost. Exploratory composite indices were 
broadly consistent with this interpretation, with the highest scores 
generally occurring in larger juveniles, especially under freshwater or 
low-brackish conditions associated with lower physiological distur
bance. Because the study compared discrete weight classes rather than a 
continuous size gradient, the approximate 3 g value should be inter
preted as an empirical transition zone and a practical management 
benchmark under the conditions tested, rather than as a definitive 
physiological breakpoint. The composite indices (OEI, PCI, SRI, and 
OHI) were broadly concordant with the univariate results; however, 
because these indices were author-defined and not externally validated, 
they are interpreted here only as exploratory summary tools (Allen and 
Cech Jr, 2007; Farabi et al., 2011; Shirangi et al., 2016). Collectively, 
these comparisons support interpreting ~3 g as an empirical transition 
zone rather than a fixed physiological breakpoint, as similar size- 
dependent improvements in salinity tolerance have been reported 
across multiple sturgeon species (Allen and Cech Jr, 2007; Farabi et al., 
2011; Shirangi et al., 2016).

Taken together, the results support three main conclusions. First, 
plasma Na+ (and by extension Cl− ) and cortisol are the most informative 

systemic markers of salinity challenge in juvenile A. stellatus. Second, 
gill and kidney histology reveal that salinity stress incurs significant 
tissue injury, especially in smaller juveniles, and some larger fish may 
exhibit pre-existing pathology. Third, a body-size threshold near ~3 g 
separates juveniles with limited tolerance from those with substantially 
better osmoregulatory capacity. The mixed live prey used in this study 
were consistent with standard sturgeon hatchery practice and were 
provided uniformly across treatments to minimize dietary bias. Live 
food is recommended during early sturgeon rearing to support feeding 
initiation and gradual acclimation to captive conditions (Chebanov 
et al., 2011). The prey mixture used here comprised nutritionally rich 
natural items: Gammarus pulex meal has been reported to contain about 
40% crude protein and 5.5% crude fat (dry matter basis), Chironomus 
albidus larvae about 55.7% crude protein and 9.7% lipid (dry matter 
basis), and H. diversicolor about 54–58% protein and 12–16% lipid (dry 
matter basis) (Ashour et al., 2021; Pajand et al., 2026). Because prey was 
not chemically analyzed in the present study, exact mineral intake 
cannot be quantified retrospectively; however, the diet was standard
ized across all experimental groups, so any prey-related nutritional 
variation would not explain the between-treatment differences 
observed. These findings have direct relevance to hatchery and release 
strategies: releasing fish below the approximate 3 g transition zone into 
brackish water is likely to result in higher mortality and should be 
avoided. Conversely, using larger juveniles and allowing for gradual 
acclimation to salinity changes (for example, by staging releases) could 
enhance survival and support restoration efforts. Importantly, this 
interpretation is based on discrete size classes and therefore should be 
viewed as a management-oriented approximation rather than a fixed 
physiological cutoff. Practical management recommendations can 
therefore be proposed. For release into estuarine or brackish environ
ments, juveniles should preferably be stocked at >3 g body weight, as 
fish below this threshold showed poorer physiological performance and 
higher mortality. Where transfer to saline water is required, hatcheries 
should apply a stepwise salinity acclimation protocol rather than direct 
transfer, with gradual increases over several days before release. Nurs
ery systems should prioritize rapid but healthy growth to the target 
release size through appropriate stocking densities, stable dissolved 

Fig. 16. Stress recovery dynamics in stellate sturgeon juveniles across four weight classes. Lines show mean cortisol levels (ng/mL) over 624 h following exposure to 
salinity challenges. Data represents the average across all salinities (0, 4, 8, 12 ppt), as the temporal pattern was consistent across treatments. The vertical dashed line 
at 96 h indicates the point where larger fish had already achieved significant recovery. Numbers at the end of each line indicate the percentage recovery from peak 
stress achieved by 624 h.
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oxygen, temperature control, regular water exchange, and adequate 
feeding. In addition, release timing and locations should consider local 
salinity conditions, with preference for periods or sites of lower salinity 
to reduce osmotic challenge during the immediate post-release phase.

5. Conclusion

This study demonstrates that salinity tolerance in juvenile stellate 
sturgeon is strongly size dependent. Fish around or above 3 g showed 
substantially better osmoregulatory stability, lower cortisol responses, 
reduced histopathological damage, and lower mortality under salinity 
challenge compared with smaller juveniles. Na+ was the principal ion 
associated with osmotic disturbance, whereas K+ reflected greater 
physiological instability in smaller fish. Semi-quantitative histopatho
logical analysis confirmed significant salinity- and size-dependent 
damage in both gill and kidney tissues. Overall, the results identify an 
empirical transition zone near 3 g under the tested conditions, above 
which juveniles exhibit greater physiological resilience to brackish- 
water exposure. These findings support the use of gradual salinity 
acclimation and preferential release of larger juveniles to improve 
stocking success and conservation outcomes.
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