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Abstract: Live transportation is a critical component of fish farming and hatchery release. To optimize
hatchery-release techniques and improve the survival rate of marbled rockfish (Sebastiscus marmoratus,
Cuvier 1829) juveniles, the effects of varying transport durations (2, 4, 6, and 8 h) and densities (60, 90,
120, and 150 kg m−3) on the physiological indicators of the fish and water quality were investigated
under controlled laboratory conditions. We found that as transport duration and density increased,
water quality significantly deteriorated, with ammonia nitrogen levels rising and dissolved oxygen
content and pH levels decreasing. Physiological indicators including levels of lactate, cortisol, and
malondialdehyde and activities of superoxide dismutase, alkaline phosphatase, and glutamate
oxaloacetate transaminase notably increased, indicating that the fish experienced heightened stress
during transport. Additionally, the mortality rate of juveniles increased significantly with increasing
density and transport duration. The high mortality rate might be associated with sustained elevated
cortisol levels and liver damage. Our results are helpful for determining the optimal transport
conditions for S. marmoratus juveniles and also provide valuable insights for improving transport
techniques for other aquatic animal species.

Keywords: Sebastiscus marmoratus; live transportation; time duration; oscillation; mortality rate

Key Contribution: The most significant contribution of this study is an improved understanding of
the transport-induced stress responses in Sebastiscus marmoratus juveniles under varying densities
and transport durations. Our results provide crucial insights for optimizing transport conditions
for this species. They establish a scientific basis that can enhance survival rates in hatchery-release
programs and potentially improve live transportation methods for other species.

1. Introduction

Live transportation is a critical stage in the hatchery-release process. During transport,
fish are exposed to various stressors, such as capture, changes in density, agitation, hypoxia,
and water quality fluctuations, which contribute to transport stress [1,2]. Transport duration
and density are the important human-controlled factors that influence transport stress. Ex-
cessive transport duration and high density can impair fish physiological functions, reduce
resistance to pathogens, and even result in mortality [3,4]. Moreover, fish are transported
in a confined aquatic environment in which their metabolic waste directly degrades water
quality, which further disrupts normal metabolic functions and reduces survival rates [5].
Although previous studies have attempted to mitigate transportation stress through the
use of sedatives or water treatment methods [6,7], optimizing transportation duration and
density to reduce stress and improve survival rates remains a critical area of focus. This
is particularly critical for juvenile fish, which are primary-release targets that have lower
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immune resistance than adults. Juveniles are more susceptible to environmental changes,
leading to heightened stress and reduced survival during transport.

Multiple transport stressors, as well as their interactions, are likely to provoke various
physiological responses in fish, such as accelerated respiration, increased metabolic rate,
and heightened energy consumption. These changes disrupt the normal physiological and
biochemical processes of the fish, leading to the production of metabolic byproducts such
as lactate and malondialdehyde (MDA) [8,9], which further exacerbate the physiological
burden. During closed-water transport, an accelerated metabolism of the fish increases
oxygen consumption and leads to the accumulation of metabolic waste, causing a rise
in ammonia nitrogen (NH4

+-N) levels [10], a decrease in dissolved oxygen content, and
fluctuations in pH [11,12], which in turn results in water quality deterioration. Typically,
fish respond to stress by adjusting hormone secretion and enzyme activity [13]. For
instance, increased cortisol secretion helps to maintain water–salt balance and enhances
environmental adaptability [14], while elevated superoxide dismutase (SOD) activity helps
preserve the redox balance within cells [15]. Therefore, when examining the effects of
transport stress on fish physiological responses, water quality parameters and fish-related
physiological and biochemical indicators can be used to assess the stress levels in fish.

Marbled rockfish (Sebastiscus marmoratus, Cuvier 1829) is a typical reef-dwelling fish
species that inhabits warm temperate nearshore benthic waters. Its activity is mainly
concentrated in seabed caves, coral reef crevices, and seaweed beds. It is one of the econom-
ically important fish species along the Zhejiang coast [16]. However, due to overfishing and
habitat loss, its population has been severely decreased, with its resources in an overfished
situation. To restore the resources, China has actively promoted the hatchery release of
S. marmoratus, making it one of the primary species released along the Zhejiang offshore
area [17]. Although the hatchery release of S. marmoratus has significant ecological and eco-
nomic potential, the effectiveness of such releases is greatly influenced by the physiological
condition and pre-release survival rate of individual fish. Given the potential transport
stress that S. marmoratus face during hatchery release, it is essential to conduct research
focused on optimizing release conditions to improve survival rates and enhance overall
release efficiency.

The goal of this study was to investigate the physiological stress levels of S. marmoratus
and water quality changes under different transport durations and densities in a controlled
laboratory setting. We aimed to determine suitable transport conditions for S. marmoratus
juveniles that would support their physiological responses and survival. To explore the
stress response levels of the species under varying degrees of transport stress, changes in
water quality and physiological indicators of individual fish were compared under different
transport durations and densities in a controlled laboratory setting. The results of this
study can be applied to transport method development for this species, and they provide
technical support for live transport of other fish species.

2. Materials and Methods
2.1. Sample Collection and Source

The samples of juvenile S. marmoratus were artificially bred at the Xi Xuan Fisheries
Science and Technology Island Hatchery in Zhoushan, Zhejiang Province. The average
body length of the fish used in the experiment was 116.91 ± 4.43 mm, and the average
body weight was 48.96 ± 5.34 g. Before the experiment, the fish were transferred to
a 500 L recirculating water tank for acclimation over the course of one week. The fish
were fed commercial feed (“Yubao”) (Sichuan Yubao Ltd., Mianyang, Sichuan, China) at
09:00 and 16:00 daily, with a daily feed amount equivalent to 3% of their body weight.
To minimize the impact of feed digestion on fish physiology, feeding was stopped 24 h
before the experiment began. The experimental water was sand-filtered seawater with a
temperature of 27.4 ± 0.3 ◦C and a pH of 7.7 ± 0.2. One-third of the tank’s water volume
was exchanged daily.
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2.2. Experimental Design and Indicator Measurement

At the start of the experiment, 5 L of seawater was added to 64 food-grade plastic buck-
ets (25 cm × 25 cm). Following the method of Hu et al. [18], a 4 × 4 two-factor experimental
design was used. Four transport density groups were established (60 kg/m3, 90 kg/m3,
120 kg/m3, and 150 kg/m3). Based on the average body weight of the experimental fish, 6,
9, 12, and 15 fish were placed in the buckets for each density group. The fish were then sub-
jected to oscillation for 2, 4, 6, and 8 h, with four parallel groups for each condition. Based
on the findings of Zhou et al. [19] and Zhu et al. [20], as well as actual transport conditions,
variable-speed multifunctional shakers (HY-4A, Lichen Technology, Changsha, China) were
used for oscillation at a frequency of 80 r/min, chosen to simulate the typical dynamic
conditions commonly observed in land transport (e.g., low-speed movement on uneven
roads and medium-to-high-speed movement on smooth roads) and water transport (e.g.,
mild waves). During oscillation, an air stone was used to continuously aerate the water.

A water quality meter (Bante900P, Bante Instruments, Shanghai, China) was used to
measure NH4

+-N content, pH, and dissolved oxygen (DO) content in the seawater before
and after oscillation. Fish from the culture tanks before placement in the buckets served
as the control group. After oscillation, one fish from each parallel group was randomly
selected, along with 10 individuals from the control group, and they were anesthetized with
eugenol (40 mg/L). Dorsal muscle and liver tissues were collected and stored at –80 ◦C for
further analysis. All samples were sent to Shanghai Enzyme-linked Biotechnology Co., Ltd.
(Shanghai, China), for testing. Lactate content was measured using a microplate method
with a lactate assay kit (Catalog No. MLsh0151, Shanghai Enzyme-linked Biotechnology
Co., Ltd.) following the manufacturer’s protocol. Malondialdehyde (MDA) content was de-
termined using an MDA assay kit (Catalog No. YJ402139), and cortisol level was analyzed
using a cortisol ELISA kit (Catalog No. YJ003467). The activities of superoxide dismutase
(SOD), alkaline phosphatase (ALP), and glutamate oxaloacetate transaminase (GOT) were
measured using their respective assay kits (Catalog Nos. YJ103520, YJ440639, and YJ449051).
All assay kits were provided by Shanghai Enzyme-linked Biotechnology Co., Ltd. Ab-
sorbance for all ELISA assays was measured at 450 nm using a microplate reader (RT-6100,
Rayto Life and Analytical Sciences Co., Ltd., Shenzhen, China). Each measurement was
performed in triplicate to ensure reliability and accuracy. All tests strictly followed the
protocols provided by the kit manufacturer to ensure consistency and reproducibility.

2.3. Statistical Analysis

Experimental data were processed using EXCEL 2021 software and expressed as
mean ± standard error (SE). Transport duration and density were treated as independent
variables. One-way analysis of variance and Student–Newman–Keuls tests were conducted
using SPSS 17.0 (IBM Corp., Armonk, NY, USA), with statistical significance set at p < 0.05.
Spearman correlation analysis was performed to assess the relationship between the fish
sample mortality rates and physiological indicators. Additionally, the maximal information-
based nonparametric exploration (MINE) algorithm was applied to analyze correlations
between various indicators and the mortality rate, with the maximal information coefficient
(MIC) used to measure the strength of these associations. The MINE algorithm was executed
through the minerva package in R software version 4.0.0.

3. Results
3.1. Effects of Transport Duration and Density on Water Quality

NH4
+-N concentration increased across all transport groups with increasing transport

duration and density and was significantly higher in the treatment groups than in the
control group (no transport) (p < 0.01) (Figure 1a). When the transport duration reached 4 h,
a significant difference in NH4

+-N concentration was observed between the 60 kg/m3 and
150 kg/m3 density groups (p = 0.033), and, at 6 h, the concentrations in the 60 and 90 kg/m3

groups differed significantly compared to those in the 120 and 150 kg/m3 groups (p < 0.05).
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Figure 1. Water quality parameters including (a) NH4
+-N (unit: mg L−1), (b) pH, and (c) DO (mg L−1)

for different density groups (60, 90, 120, and 150 kg m−3 represented by the red, reddish brown,
light yellow, and light blue bars, respectively) after different transport durations (0, 2, 4, 6, and 8 h).
Different uppercase letters indicate significant differences between different transport durations
within the same density group (p < 0.05). Different lowercase letters indicate significant differences
between different density groups at the same transport duration (p < 0.05). The same is true for
subsequent figures.

All groups showed a downward trend in pH value with increasing density and
duration (Figure 1b). Significant differences in pH levels compared to the control group
were observed in the 90 kg/m3 group at 4 h and in the 90, 120, and 150 kg/m3 groups at
8 h (p < 0.05). Additionally, only the 8 h group showed significant differences in pH among
density groups at the same duration (p < 0.05).

The DO levels in all groups decreased gradually with increasing duration and density
(Figure 1c). Except for the 60 kg/m3 group, the DO levels in all other transport groups
were significantly lower than that in the control group (p < 0.05). At the same duration, no
significant differences were observed among the groups. The lowest DO level was recorded
in the 120 kg/m3 group after 8 h of transport.
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3.2. Effects of Transport Duration and Density on Physiological Indicators of S. marmoratus

Figure 2 shows changes in the physiological indicators of the fish samples under
different transport durations and densities. As transport duration increased, MDA and
cortisol levels in all four density groups were significantly higher than those in the control
group (p < 0.05) (Figure 2b). Other physiological indicators also showed statistically
significant differences under certain conditions (p < 0.05) (Figure 2c–f). We found that
SOD activity in the 120 kg m−3 group was significantly higher than that of the control
group across all transport durations (p < 0.05) (Figure 2d). ALP activity in the 150 kg m−3

group after 8 h of transport was significantly higher than that in the control group (p = 0.04)
(Figure 2e). Relative to the control group, GOT activity significantly increased in the 120
and 150 kg/m3 groups after 2 h of transport and in the 90 kg/m3 group after 6 h of transport
(p < 0.05) (Figure 2f). However, no significant differences in lactate levels were observed
between any transport group and the control group.
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Figure 2. Physiological indicators including (a) lactate (µmol g−1), (b) MDA (nmol mL−1), (c) cortisol
(ng L−1), (d) SOD (IU mL−1), (e) ALP (IU L−1), and (f) GOT (U L−1) in each density groups (60, 90,
120, and 150 kg m−3 represented by the red, reddish brown, light yellow, and light blue bar) after
different transport duration (0, 2, 4, 6, and 8 h).

As transport density increased, significant differences in MDA levels were observed
between the density groups (p < 0.05) (Figure 2b). Cortisol levels in the 150 kg/m3 group
were significantly higher than those in the other groups (p < 0.05) (Figure 2c). However,
other physiological indicators did not show significant differences among the density
groups, suggesting that density had a relatively smaller impact on these indicators.
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3.3. Mortality Rate of S. marmoratus and Correlation Analysis with Physiological Indicators

In the 60 kg/m3 group, the fish sample exhibited a 100% survival rate across all trans-
port durations. In the 90, 120, and 150 kg/m3 groups, mortality began to occur after 6 h of
transport, with mortality rates of 5.60%, 8.30%, and 13.30%, respectively; after 8 h of trans-
port, the mortality rates increased to 38.90%, 70.80%, and 83.30%, respectively (Figure 3).
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Figure 3. Mortality rates (%) of the samples under different transport durations (2, 4, 6, and 8 h) and
densities (0, 60, 90, 120, and 150 kg m−3).

Under different transport durations and densities, the mortality rate of the fish samples
showed a significant positive correlation with cortisol levels and a significant negative
correlation with MDA level and GOT activity (Figure 4). We used the MINE algorithm to
show the correlation (represented by strength of MIC) between the mortality rate of the
fish samples versus various physiological indicators and obtained the following results:
cortisol (0.709), MDA (0.376), ALP (0.366), GOT (0.344), SOD (0.325), and lactate (0.328).
Cortisol exhibited the highest correlation, which identified it as a key factor influencing the
mortality rate. Although the MIC values of other physiological indicators were lower than
that of cortisol, they still indicated a certain degree of correlation with mortality.

Figure 4. Results of correlation analysis between mortality rate and physiological indicators. The
right bar shows the correlation closeness between 0.6 represented by red and −0.4 represented by
light blue.
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4. Discussion
4.1. Changes in Water Quality

Changes in water quality during transport are a critical abiotic factor contributing to
mortality in aquatic animals [21]. The water quality monitoring in this study showed that
NH4

+-N levels increased with transport duration and density, while pH and DO levels
decreased significantly. NH4

+-N is a primary metabolic byproduct during live transporta-
tion that is usually diffused into the water through fish gills [22]. However, excessively
high concentrations of NH4

+-N in the water can inhibit the normal ammonia excretion
process in fish, thereby influencing their other physiological functions and potentially
leading to death [23]. Thus, NH4

+-N level reflects water quality. The significant increase in
NH4

+-N with higher transport intensities (both duration and density) is in line with those
reported for other fish species, including large yellow croaker (Larimichthys crocea) [24],
goldfish (Carassius auratus) [25], topmouth culter (Culter alburnus) [18], and Yangtze catfish
(Silurus meridionalis) [26], and confirms the pattern that fish metabolic burdens increase
with transport intensity.

Previous studies have shown that the optimal pH range for S. marmoratus survival
rate is between 7.0 and 9.0 [27]. In this study, the pH values of the oscillated water ranged
from 7.34 to 7.71, which, although within the suitable range, still showed a declining trend
under high-intensity transport stress. A decline in pH can have adverse effects, particularly
under conditions of prolonged stress. Specifically, nitrifying bacteria in the water convert
harmful ammonia into harmless nitrates [28]; however, the growth and reproduction of
these bacteria are highly sensitive to water pH levels [29]. Transport-induced increase in
metabolic activity results in an accumulation of CO2, resulting, in turn, in reduced water
pH and the inhibition of the activity of nitrifying bacteria [30]. This may explain why
NH4

+-N levels increased significantly during transport.
Sufficient DO is essential for maintaining the survival and health of aquatic organisms.

It is generally accepted that seawater DO levels must exceed 5 mg/L to sustain normal life
activities in both fish species and nitrifying bacteria [31]. In this study, only the 120 kg/m3

group after 8 h of transport had DO levels below 5 mg/L, and other groups with mortality
had DO levels above 5 mg/L. However, relying on DO levels measured at the end of
the oscillation period may not directly correlate with the mortality rate. In the high-
intensity transport groups, the higher mortality rates may have reduced the overall oxygen
consumption as individual fish died, allowing DO levels to recover. Therefore, the existing
measurement methods may underestimate the impact of DO fluctuations on fish mortality
and experimental results. To address this, we will continue to monitor the DO levels during
transport to enhance the results in future research.

To reduce NH4
+-N accumulation and DO depletion during transport, certain devices

or additives are considered effective. For example, microbubble diffusers can efficiently
increase DO level, ensuring stable DO conditions throughout the transport process [32].
Adding pH buffers such as sodium bicarbonate can effectively stabilize water pH, thereby
reducing the inhibition of nitrifying bacteria. Additionally, zeolite, as an adsorbent ma-
terial, can be used to lower NH4

+-N concentrations in the water [33]. These strategies
will be tested in future studies to enhance the effectiveness and practicality of live fish
transportation management.

4.2. Changes in Lactate, MDA, and Cortisol Levels

Changes in lactate, MDA, and cortisol levels are typically the secondary physiological
responses of fish under stress. Lactate is a key byproduct of anaerobic metabolism, and its
levels generally increase when fish are hypoxic or stressed [34]. Although the fish samples
in this study were stressed under different transport conditions, the difference of their
lactate levels was not significant. This result suggests that S. marmoratus possess a strong
metabolic compensation ability that allows it to adjust its metabolic pathways to cope
with lactate stress to some extent. Li et al. (2023) reported that when oscillation frequency
was kept at or below 100 r/min, stress and anaerobic metabolism in barred knifejaw
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(Oplegnathus fasciatus) remained low; however, once the frequency exceeded this threshold,
lactate levels significantly increased [35]. In the current study, the oscillation frequency was
set at 80 r/min, indicating that the controlled oscillation frequency may have contributed
to preventing a significant increase in lactate levels in the S. marmoratus samples.

MDA is a marker of lipid peroxidation in fish and reflects the level of oxidative
stress [36]. During transport, MDA levels in the fish samples were significantly higher than
that in the control group, indicating that the transport process markedly increased oxidative
stress. This stress may generate large amounts of free radicals, trigger lipid peroxidation,
accelerate metabolism, and lead to the accumulation of metabolic byproducts [37]. Notably,
the MDA levels in the 90 kg/m3 group were the highest across all durations. This may
be related to the competitive effects induced by transport density [38]. Compared to the
lower density group (60 kg/m3) and the higher density groups (120 and 150 kg/m3), the
intermediate transport density of 90 kg/m3 may have created a more challenging environ-
ment. In this scenario, fish may have had neither sufficient space to avoid frequent conflicts,
nor been crowded enough for the reduced activity required to lower their stress levels.
Consequently, the samples in this group may have experienced oxidative stress earlier, with
the cumulative effect of MDA becoming more pronounced over longer transport duration.
Furthermore, during extended transport, high-density groups may experience reduced
competition pressure as some individuals die, thereby decreasing overall oxygen demand
and alleviating some of the stress on the remaining fish.

Cortisol is a critical hormone in fish for responding to stress. In this study, cortisol
levels in the S. marmoratus juveniles subjected to transport stress were significantly higher
than those in the control group, which is consistent with findings from other studies. For
instance, after transport stress, cortisol levels in C. alburnus increased by 1.9 to 2.2 times [18],
cortisol levels in the serum of African catfish (Clarias gariepinus) rose by 4 to 5 times [39],
and serum cortisol levels in silver pomfret (Pampus argenteus) also increased with higher
transport densities [40]. In this study, cortisol levels in the 150 kg/m3 group were signifi-
cantly higher than those in the other density groups, indicating that high-density transport
exacerbated the stress response in S. marmoratus.

4.3. Changes in Enzyme Activities of S. marmoratus

The liver is a crucial organ for maintaining health and adapting to environmental
changes in fish, particularly when they are under stress [41]. ALP and GOT are commonly
used biomarkers in the evaluation of liver function. ALP, a key enzyme involved in
liver metabolism, is primarily responsible for the metabolism of phospholipids in liver
cell membranes and maintaining membrane stability. Elevated ALP activity is typically
associated with liver and biliary system damage. GOT, on the other hand, is a key indicator
for assessing liver damage [42]. When liver cells are damaged or destroyed, GOT is
released into the bloodstream, resulting in increased activity. In addition to liver function,
maintaining a dynamic balance between the antioxidant system and free radicals is essential
for the organism’s stability, particularly when under stress [43]. SOD is a critical enzyme in
the fish antioxidant system that is primarily responsible for scavenging superoxide radicals
generated during metabolic processes [18]. Changes in SOD activity reflect the organism’s
ability to respond to oxidative stress. In this study, the activities of ALP, GOT, and SOD in
the transport groups were generally higher than those in the control group, indicating that
increased oxidative stress and liver damage occurred in S. marmoratus during transport.

However, with prolonged transport duration, certain indicators, such as SOD and
GOT activities, began to decrease. The change in SOD activity aligns with findings from
other studies in which SOD activity initially increased under mild stress to counteract
the accumulation of free radicals but began to decrease under severe stress, indicating
that the organism’s antioxidant capacity has weakened, likely because oxidative stress has
surpassed the body’s self-regulatory ability [19,44]. Unlike SOD, GOT activity typically
increases with escalating stress. In this study, however, the observed decline in GOT
activity suggests that liver function in the experimental samples had already deteriorated
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severely. This reduction in GOT activity may indicate that liver damage had progressed
to the point where liver cells could no longer efficiently release GOT, marking significant
liver dysfunction. However, the specific extent of liver damage caused by transport stress
remains unclear. Future research will utilize histopathological examinations to provide a
more comprehensive assessment.

4.4. Correlation Between Mortality Rate and Physiological Indicators

In this study, the mortality times of the samples were concentrated between 6 and
8 h of transport, particularly in the 90, 120, and 150 kg/m3 density groups, with the later
onset of mortality coinciding with lower transport density. Spearman correlation analysis
revealed a significant positive correlation between the mortality rate and cortisol levels. As
the transport duration and density increased, the cortisol levels gradually rose, leading
to a higher mortality rate. This result aligns with the defense mechanisms observed in L.
crocea [24] and C. auratus [25] under transport density and salinity stress. Additionally, a
significant negative correlation was detected between mortality rate and MDA content
as well as GOT activity. This finding is consistent with changes observed in adult bigfin
reef squid (Sepioteuthis lessoniana) during transport [19]. Because MDA reflects oxidative
stress and GOT signals liver function, lower levels of these indicators suggest advanced
physiological deterioration, correlating with increased mortality.

In recent years, the MINE algorithm has provided a new strategy for analyzing
correlations between nonparametric variables. Unlike traditional regression models based
on specific functions, the MINE algorithm can detect complex relationships driven by
multiple factors. Its primary advantage is the ability to assess the strength of correlations on
a standardized scale, allowing for the identification of the strongest variable pairs [45,46].
The MINE algorithm has been widely applied in studies of the relationships between
biological and environmental parameters and provides a standardized data-mining solution
for analyzing various types of variables [47,48]. In this study, the MINE algorithm identified
cortisol as the physiological indicator most strongly correlated with mortality, which was
consistent with the results from the Spearman correlation analysis. This result further
underscores the importance of cortisol in influencing the mortality rate of S. marmoratus.
Although cortisol is a stress hormone that helps fish to adapt to stress and enhances their
resistance, prolonged elevated cortisol levels can accelerate metabolic rates, reduce disease
resistance, and impair tolerance to hypoxia, ultimately leading to a significant decline in
survival rates [19,49]. This is why high-density transport conditions are associated with
increased fish mortality rates.

Although significant correlations can reveal potential associations, they cannot directly
establish causal relationships between physiological indicators and mortality. Moreover,
fluctuations in hormone levels and enzyme activities during different stages of transport
may be driven by multiple mechanisms. Relying solely on endpoint data for correlation
analysis may fail to capture the dynamic processes of physiological changes induced by
transport stress in fish. Future research will incorporate time-series data monitoring com-
bined with histopathological examinations to further elucidate the complex mechanisms
and dynamic processes of transport stress on fish health.

5. Conclusions

Our results addressed that as duration and density increased, NH4
+-N levels in the

water significantly rose, while DO content and pH levels decreased. The fish also exhibited
a series of physiological and biochemical responses to cope with transport stress. Prolonged
elevated cortisol levels and liver damage might be the factors contributing to the high
mortality rates of S. marmoratus juveniles during transport. Based on these findings, a
transport duration of >6–8 h is not recommended. If the transport duration must be
extended, fish density should be within the range of 60 to 90 kg/m3.



Fishes 2024, 9, 474 10 of 12

Author Contributions: J.W. and K.X. contributed to methodology, formal analysis, and writing—
original draft preparation. X.C. and H.W. contributed to resources and data curation. K.X. contributed
to writing—review and editing, visualization, supervision, and project administration. Z.L. con-
tributed to writing—review and editing. All authors have read and agreed to the published version
of the manuscript.

Funding: This study was supported financially by funds from the National Key R&D Program of
China (2019YFD0901204, 2019YFD0901205), Zhejiang Provincial Key R&D Program (2019C02056),
and Zhejiang Fisheries Resource Survey Special Program (HYS-CZ-202405).

Institutional Review Board Statement: This study was conducted in accordance with the “Guidelines
for Experimental Animals” of the Ministry of Science and Technology (Beijing, China) and approved by
the Institutional Animal Care and Use Committee of Zhejiang Ocean University (ZJOU-AQU-2022-090).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Acknowledgments: The authors express their gratitude to the staff of the Zhejiang Marine Fisheries
Research Institute and the Key Laboratory of Sustainable Utilization of Technology Research for
Fishery Resources of Zhejiang Province for help with conducting the experiments.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Ren, Y.C.; Men, X.H.; Yu, Y.; Li, B.; Zhou, Y.G.; Zhao, C.Y. Effects of transportation stress on antioxidation, immunity capacity and

hypoxia tolerance of rainbow trout (Oncorhynchus mykiss). Aquac. Rep. 2022, 22, 100940. [CrossRef]
2. Hong, J.W.; Zhou, S.J.; Yu, G.; Qin, C.X.; Zuo, T.; Ma, Z.H. Effects of transporting stress on the immune responses of Asian seabass

(Lates calcarifer) fry. Aquac. Res. 2021, 52, 2182–2193. [CrossRef]
3. Refaey, M.M.; Tian, X.; Tang, R.; Li, D.P. Changes in physiological responses, muscular composition and flesh quality of channel

catfish (Ictalurus punctatus) suffering from transport stress. Aquaculture 2017, 478, 9–15. [CrossRef]
4. Omeji, S.; Apochi, J.; Egwumah, K. Stress concept in transportation of live fishes: A review. J. Res. Forest. Wildl. Environ. 2017, 9,

57–64.
5. Liu, F.; Shi, H.Z.; Guo, Q.S.; Yu, Y.B.; Wang, A.M.; Lv, F.; Shen, W.B. Effects of astaxanthin and emodin on the growth, stress

resistance and disease resistance of yellow catfish (Pelteobagrus fulvidraco). Fish Shellfish Immunol. 2016, 51, 125–135. [CrossRef]
6. Sintuprom, C.; Nuchchanart, W.; Dokkaew, S.; Aranyakanont, C.; Ploypan, R.; Shinn, A.P.; Wongwaradechkul, R.; Dinh-Hung, N.;

Dong, H.T.; Chatchaiphan, S. Effects of clove oil concentrations on blood chemistry and stress-related gene expression in Siamese
fighting fish (Betta splendens) during transportation. Front. Vet. Sci. 2024, 11, 1392413. [CrossRef]

7. Vanderzwalmen, M.; Edmonds, E.; Carey, P.; Snellgrove, D.; Sloman, K.A. Effect of a water conditioner on ornamental fish
behaviour during commercial transport. Aquaculture 2020, 514, 734486. [CrossRef]

8. Tort, L. Stress and immune modulation in fish. Dev. Comp. Immunol. 2011, 35, 1366–1375. [CrossRef]
9. Wang, W.B.; Wang, J.G.; Li, A.H.; Cai, T.Z. Changes of cortisol and lysozyme levels in Carassius auratus blood after crowding

stress and the fish sensitivity to pathogen. J. Fish. Sci. China 2004, 5, 408–412. [CrossRef]
10. Vanderzwalmen, M.; McNeill, J.; Delieuvin, D.; Senes, S.; Sanchez-Lacalle, D.; Mullen, C.; McLellan, I.; Carey, P.; Snellgrove, D.;

Foggo, A.; et al. Monitoring water quality changes and ornamental fish behaviour during commercial transport. Aquaculture 2021,
531, 735860. [CrossRef]

11. Treasurer, J.W. Changes in pH during transport of juvenile cod (Gadus morhua L.) and stabilisation using buffering agents.
Aquaculture 2012, 330–333, 92–99. [CrossRef]

12. Boaventura, T.P.; Souza, C.F.; Ferreira, A.L.; Favero, G.C.; Baldissera, M.D.; Heinzmann, B.M.; Baldisserotto, B.; Luz, R.K. The
use of Ocimum gratissimum L. essential oil during the transport of Lophiosilurus alexandri: Water quality, hematology, blood
biochemistry and oxidative stress. Aquaculture 2021, 531, 735964. [CrossRef]

13. Couto, A.; Enes, P.; Peres, H.; Oliva-Teles, A. Effect of water temperature and dietary starch on growth and metabolic utilization
of diets in gilthead sea bream (Sparus aurata) juveniles. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2008, 151, 45–50.
[CrossRef] [PubMed]

14. Strange, R.J.; Schreck, C.B. Anesthetic and handling stress on survival and cortisol concentration in yearling Chinook salmon
(Oncorhynchus tshawytscha). J. Fish. Res. Board Can. 1978, 35, 345–349. [CrossRef]

15. Li, Y.N.; Lu, L.Q.; Zhang, P.; Zhang, B.; Lin, L.; Qin, Z.D. Function of cytoplasmic manganese superoxide dismutase of
Macrobrachium rosenbergii. J. Fish. China 2024, 48, 158–165. [CrossRef]

16. Xu, M.H. Preliminary study on the fisheries biology of Sebastiscus marmoratus. Mar. Tieheries 1999, 4, 159–162.
17. Chen, X.Y.; Xu, K.D.; Li, P.F.; Wang, H.X.; Zhou, Y.D.; Wang, M.J. Analysis of the status of marine fish proliferation and release in

Zhejiang offshore. Ocean. Dev. Manag. 2023, 40, 128–135. [CrossRef]

https://doi.org/10.1016/j.aqrep.2021.100940
https://doi.org/10.1111/are.15071
https://doi.org/10.1016/j.aquaculture.2017.01.026
https://doi.org/10.1016/j.fsi.2016.02.020
https://doi.org/10.3389/fvets.2024.1392413
https://doi.org/10.1016/j.aquaculture.2019.734486
https://doi.org/10.1016/j.dci.2011.07.002
https://doi.org/10.3321/j.issn:1005-8737.2004.05.005
https://doi.org/10.1016/j.aquaculture.2020.735860
https://doi.org/10.1016/j.aquaculture.2011.12.021
https://doi.org/10.1016/j.aquaculture.2020.735964
https://doi.org/10.1016/j.cbpa.2008.05.013
https://www.ncbi.nlm.nih.gov/pubmed/18586542
https://doi.org/10.1139/f78-061
https://doi.org/10.11964/jfc.20210813030
https://doi.org/10.20016/j.cnki.hykfygl.20231017.003


Fishes 2024, 9, 474 11 of 12

18. Hu, P.P.; Liu, R.P.; Zhao, Z.B.; He, H.; Fan, Q.X.; Zong, K.J. Effects of transportation time and density on whole-body cortisol
concentrations, oxygen consumption rate and water quality of juvenile topmouth culter (Culter alburnus). Acta Hydrobiol. Sin.
2014, 38, 1190–1194. [CrossRef]

19. Zhou, S.S.; Zhou, Y.D.; Li, Z.; Ou, Y.H.; Zhen, X.M.; Liang, J.; Chen, J.L.; Chen, J.Y.; Xu, K.D. Oscillator frequency effects on death
rate and physiological status of Sepiella japonica. J. Fish. China 2024, 48, 189–198. [CrossRef]

20. Zhu, Y.; Wang, K.; Wu, S.; Zhang, S.Y. Preliminary studies on the effects of the temperature and shaking on transport and survival
of juvenile black seabream (Acanthopagrus schlegelii). J. Shanghai Ocean Univ. 2020, 29, 533–541. [CrossRef]

21. Harmon, T.S. Methods for reducing stressors and maintaining water quality associated with live fish transport in tanks: A review
of the basics. Rev. Aquac. 2009, 1, 58–66. [CrossRef]

22. Zhang, Y.L.; Zhang, H.L.; Wang, L.Y.; Gu, B.Y.; Fan, Q.X. Impact factors of ammonia toxicity and strategies for ammonia tolerance
in air-breathing fish: A review. Acta Hydrobiol. Sin. 2017, 41, 1157–1168. [CrossRef]

23. Da Silva, F.J.R.; Dos Santos Lima, F.R.; Do Vale, D.A. High levels of total ammonia nitrogen as NH4
+ are stressful and harmful to

the growth of Nile tilapia juveniles. Acta Sci. Biol. Sci. 2013, 35, 475–481. [CrossRef]
24. Zhang, W.; Wang, Y.J.; Li, W.M.; Lv, W.Q. Effects of transportation density and salinity on cortisol, glycogen and lactate of large

yellow croaker (Larimichthys crocea) juveniles. J. Fish. China 2014, 38, 973–980.
25. Zhang, Y.P.; Liu, H.K.; Jin, J.Y.; Zhu, X.M.; Han, D.; Yang, Y.X.; Xie, S.Q. Effects of simulative transportation on the plasma

biochemical indices, body color and fillet quality of gibel carp. Acta Hydrobiol. Sin. 2019, 43, 86–93. [CrossRef]
26. Golombieski, J.I.; Silva, L.V.F.; Baldisserotto, B.; da Silva, J.H.S. Transport of silver catfish (Rhamdia quelen) fingerlings at different

times, load densities, and temperatures. Aquaculture 2003, 216, 95–102. [CrossRef]
27. Gao, M.L. Study on the Salinity and pH Preference of the Rockfish Sebastiscus marmoratus Yolk sac Larvae. Master’s Thesis,

Fuzhou University, Fuzhou, China, 2006.
28. Kim, D.J.; Lee, D.I.; Keller, J. Effect of temperature and free ammonia on nitrification and nitrite accumulation in landfill leachate

and analysis of its nitrifying bacterial community by FISH. Bioresour. Technol. 2006, 97, 459–468. [CrossRef]
29. Moran, D.; Wells, R.; Pether, S. Low stress response exhibited by juvenile yellowtail kingfish (Seriola lalandi Valenciennes) exposed

to hypercapnic conditions associated with transportation. Aquac. Res. 2008, 39, 1399–1407. [CrossRef]
30. Pan, Y.F.; Chen, H.; Huang, X.P.; Lu, X.C. Requirement and control for water quality in marine fish culture (Continued). Sci. Fish

Farm. 2019, 1, 62–63. [CrossRef]
31. Heriyati, E.; Rustadi, R.; Isnansetyo, A.; Triyatmo, B.; Istiqomah, I.; Deendarlianto, D.; Budhijanto, W. Microbubble aeration in a

recirculating aquaculture system (RAS) increased dissolved oxygen, fish culture performance, and stress resistance of red tilapia
(Oreochromis sp.). Trends Sci. 2022, 12, 251–261. [CrossRef]

32. Chen, X.J.; Xie, Y.N.; Zhu, D.T.; Li, R.; Xie, J. Experiment on effects of microporous diffuser types on aeration oxygenation
performance. Trans. Chin. Soc. Agric. Eng. 2017, 33, 226–233. [CrossRef]

33. Cheng, L.; Flavigny, R.M.-G.; Hossain, M.I.; Charles, W.; Cord-Ruwisch, R. Proof of concept of wastewater treatment via passive
aeration SND using a novel zeolite amended biofilm reactor. Water Sci. Technol. 2018, 78, 2204–2213. [CrossRef] [PubMed]

34. Braun, N.; Lima, R.; Moraes, B.; Loro, V.; Baldisserotto, B. Survival, growth and biochemical parameters of silver catfish (Rhamdia
quelen Quoy & Gaimard, 1824) juveniles exposed to different dissolved oxygen levels. Aquac. Res. 2006, 37, 1547–1553. [CrossRef]

35. Li, Z.; Zhou, S.S.; Wang, H.X.; Wang, J.H.; Chen, L.; Xu, K.D. Effects of transportation oscillation on physiological stresses of
juvenile Oplegnathus fasciatus and total ammonia content in water. Fish. Sci. Technol. Inform. 2023, 50, 327–332. [CrossRef]

36. Du, F.K.; Xu, G.C.; Gao, J.W.; Nie, Z.J.; Xu, P.; Gu, R.B. Transport-induced changes in hypothalamic-pituitary-interrenal axis gene
expression and oxidative stress responses in Coilia nasus. Aquac. Res. 2016, 128, 1654–1662. [CrossRef]

37. Li, M.; Yu, N.; Qin, J.G.; Li, E.; Du, Z.Y.; Chen, L.Q. Effects of ammonia stress, dietary linseed oil and Edwardsiella ictaluri challenge
on juvenile darkbarbel catfish (Pelteobagrus vachelli). Fish Shellfish Immunol. 2014, 38, 158–165. [CrossRef]

38. Urbinati, E.C.; de Abreu, J.S.; da Silva Camargo, A.C.; Parra, M.A.L. Loading and transport stress of juvenile matrinxã (Brycon
cephalus, Characidae) at various densities. Aquaculture 2004, 229, 389–400. [CrossRef]

39. Manuel, R.; Boerrigter, J.; Roques, J.; van der Heul, J.; van den Bos, R.; Flik, G.; van de Vis, H. Stress in African catfish (Clarias
gariepinus) following overland transportation. Fish Physiol. Biochem. 2014, 40, 33–44. [CrossRef]

40. Peng, S.M.; Shi, Z.H.; Li, J.; Yin, F.; Sun, P.; Wang, J.G. Effect of transportation stress on serum cortisol, glucose, tissue glycogen
and lactate of juvenile silver pomfret (Pampus argenteus). J. Fish. China 2011, 35, 831–837. [CrossRef]

41. Hinton, D.E. The liver of fishes as a target organ of toxic chemicals: A new look at unique structure and function in one of the
‘other’ vertebrates. Mar. Environ. Res. 2000, 50, 307. [CrossRef]

42. Fang, D.; Mei, J.; Xie, J.; Qiu, W. The effects of transport stress (Temperature and Vibration) on blood biochemical parameters,
oxidative stress, and gill histomorphology of pearl gentian groupers. Fishes 2023, 8, 218. [CrossRef]

43. Rangasamy, T.; Cho, C.Y.; Thimmulappa, R.K.; Zhen, L.; Srisuma, S.S.; Kensler, T.W.; Yamamoto, M.; Petrache, I.; Tuder, R.M.;
Biswal, S. Genetic ablation of Nrf2 enhances susceptibility to cigarette smoke-induced emphysema in mice. J. Clin. Investig. 2004,
114, 1248–1259. [CrossRef] [PubMed]

44. Tang, X.X.; Zhang, P.Y. Effects of anthracene on activity of superoxide dismutase in Sebastodes fuscescens. J. Fish. China 2000, 3,
217–220.

45. Speed, T. A correlation for the 21st century. Science 2011, 334, 1502–1503. [CrossRef]

https://doi.org/10.7541/2014.173
https://doi.org/10.11964/jfc.20210612921
https://doi.org/10.12024/jsou.20190402605
https://doi.org/10.1111/j.1753-5131.2008.01003.x
https://doi.org/10.7541/2017.144
https://doi.org/10.4025/actascibiolsci.v35i4.17291
https://doi.org/10.7541/2019.011
https://doi.org/10.1016/S0044-8486(02)00256-9
https://doi.org/10.1016/j.biortech.2005.03.032
https://doi.org/10.1111/j.1365-2109.2008.02009.x
https://doi.org/10.14184/j.cnki.issn1004-843x.2019.01.034
https://doi.org/10.48048/tis.2022.6251
https://doi.org/10.11975/j.issn.1002-6819.2017.16.030
https://doi.org/10.2166/wst.2018.504
https://www.ncbi.nlm.nih.gov/pubmed/30629548
https://doi.org/10.1111/j.1365-2109.2006.01589.x
https://doi.org/10.16446/j.fsti.20221100121
https://doi.org/10.1111/are.12812
https://doi.org/10.1016/j.fsi.2014.03.015
https://doi.org/10.1016/S0044-8486(03)00350-8
https://doi.org/10.1007/s10695-013-9821-7
https://doi.org/10.3724/SP.J.1231.2011.17242
https://doi.org/10.1016/S0141-1136(00)00189-6
https://doi.org/10.3390/fishes8040218
https://doi.org/10.1172/JCI200421146
https://www.ncbi.nlm.nih.gov/pubmed/15520857
https://doi.org/10.1126/science.1215894


Fishes 2024, 9, 474 12 of 12

46. Reshef, D.N.; Reshef, Y.A.; Finucane, H.K.; Grossman, S.R.; McVean, G.; Turnbaugh, P.J.; Lander, E.S.; Mitzenmacher, M.; Sabeti,
P.C. Detecting novel associations in large data sets. Science 2011, 334, 1518–1524. [CrossRef]

47. Genitsaris, S.; Stefanidou, N.; Sommer, U.; Moustaka-Gouni, M. Phytoplankton blooms, red tides and mucilaginous aggregates in
the urban Thessaloniki Bay, Eastern Mediterranean. Diversity 2019, 11, 136. [CrossRef]

48. Gu, Y.B.; You, Y.X.; Thrush, S.; Brustolin, M.; Liu, Y.A.; Tian, S.; Ye, J.Q.; Jia, H.; Liu, G.Z. Responses of the macrobenthic
community to the Dalian Bay oil spill based on co-occurrence patterns and interaction networks. Mar. Pollut. Bull. 2021, 171,
112662. [CrossRef]

49. Portz, D.E.; Woodley, C.M.; Cech, J.J., Jr. Stress-associated impacts of short-term holding on fishes. Rev. Fish Biol. Fish. 2006, 16,
125–170. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1126/science.1205438
https://doi.org/10.3390/d11080136
https://doi.org/10.1016/j.marpolbul.2021.112662
https://doi.org/10.1007/s11160-006-9012-z

	Introduction 
	Materials and Methods 
	Sample Collection and Source 
	Experimental Design and Indicator Measurement 
	Statistical Analysis 

	Results 
	Effects of Transport Duration and Density on Water Quality 
	Effects of Transport Duration and Density on Physiological Indicators of S. marmoratus 
	Mortality Rate of S. marmoratus and Correlation Analysis with Physiological Indicators 

	Discussion 
	Changes in Water Quality 
	Changes in Lactate, MDA, and Cortisol Levels 
	Changes in Enzyme Activities of S. marmoratus 
	Correlation Between Mortality Rate and Physiological Indicators 

	Conclusions 
	References

