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Light and temperature are necessary conditions for migratory fish. The assessment

of fish physiology and behavior is important for identifying fish welfare, but also for

the assessment of the optimal setting of recirculating aquaculture systems (RASs).

This study aimed to explore the interactive effect of photoperiod and temperature

on steelhead trout culture. Four treatments were set up with specific settings were

as follows: a LP-LT group treated with 16L:8D and 12°C, a LP-HT group treated

with 16L:8D and 16°C, a SP-LT group treated with 12L:12D and 12°C, and a SP-HT

group treated with 12L:12D and 16°C. Growth performance, behavioral and

physiological parameters were measured. Two indexes, locomotor activity and

social interaction were used for behavioral analysis, and the results were applied to

interpret the behavioral responses to the photoperiod and temperature stimulation

in juveniles. The growth performances were significantly lower in treatments LP-LT

and SP-LT. The treatment LP-HT had significantly higher growth performance than

the other treatments, but no significant differences were noted in survival rate and

coefficient of variation. The results of fish behavior indicated that the movement of

juveniles should be primarily monitored at high temperatures or long

photoperiods, and the state parameters should be primarily monitored at low

temperatures or short photoperiods. The results of the physiological parameters

showed that the recovery time from stress varied among different treatments. After

60 days of the experiment, superoxide dismutase and alanine aminotransferase

dropped back to their initial level. The results of Na+-K+-ATPase showed that

although the combined effect of photoperiod and temperature could advance the

time of smoltification, it may result in poorer salt tolerance. Our findings

underscore the importance of the interaction of photoperiod and temperature

on steelhead trout culture. The outcome could provide guidance for the

development of effective aquaculture systems.
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Introduction

Rainbow trout (Oncorhychus mykiss) is a popular salmonidae for

aquaculture, with a global production volume of more than 814,090

tons in 2016 (FAO, 2016; Pauly and Zeller, 2017; Yu et al., 2021; Liu

et al., 2021). The two types of rainbow trout are non-migratory and

migratory. The migratory type, known as steelhead trout in China,

has a life cycle that includes freshwater and saltwater stages. With the

development of aquaculture technology, the hatching and smolting

processes of steelhead trout could be accomplished in land-based

recirculating aquaculture systems (RASs). Under natural conditions,

the length of the pre-smolt stage of juveniles depends on the latitude

and longitude of their place of residence, i.e., the natural variation of

light and temperature (Bowden et al., 2004; Rosengren et al., 2017;

Archer et al., 2019). RAS is treated using artificial lighting and

temperature control to promote fish growth and inhibit their

gonadal development and maturation (Pauly and Zeller, 2017;

Guraslan et al., 2017; Churova et al., 2020). Developing different

light manipulation strategies (including constant light or darkness) to

promote fish growth and counter-seasonal reproduction is common

depending on the local environment at each site (Guraslan et al., 2017;

Sievers et al., 2018).

The design and development of effective aquaculture systems are

essential for successful aquaculture practice. The conditions of the

freshwater stage could significantly affect the smolting processes and

the viability in the seawater stage (del Villar-Guerra et al., 2019).

Much research is devoted to reducing the duration of the freshwater

stage of salmonids with low technology and low cost while ensuring

high survival and growth rates in seawater (Rosengren et al., 2017;

Sievers et al., 2018; Hines et al., 2019; Nemova et al., 2020; Suzuki

et al., 2020). The culture of Salmonidae has considerably developed in

terms of scale and distribution (Albert et al., 2019; Barrett et al., 2020;

Hvas et al., 2021). Although the condition control of culture has been

very mature in RAS and many studies about the environmental

effects on fish performance have been conducted, only few studies

have been reported on steelhead trout compared with other fish

species (Ge et al., 2021; Salinas et al., 2022). The optimal

environmental factor varies among species and developmental

stages but is also related to requirements and mastery of farmers’

skill degree. Thus, understanding how these key environmental

factors affect fish’s performance is important to reduce production

costs (Pauly and Zeller, 2017; Hvas et al., 2021).

Migration time and success in Salmonidae are related to

physiological basis, such as energy metabolic, osmolarity, and anti-

oxidative stress (Höglund et al., 2008; Archer et al., 2019; Shry et al.,

2019). However, a decrease or increase in physiological parameters as

a response to increased stress makes it difficult to veridically predict

the body state (Birnie-Gauvin et al., 2019). With the exception of

morphology and physiology, the behavior of steelhead trout varies

significantly during the transition from freshwater to saltwater. A

search summarized 39 relevant studies on fish behavior applied to

improve commercial aquaculture production processes or fish welfare

between 1993 and 2020 (Macaulay et al., 2021). Understanding the

features of fish behavior could help farmers clarify how they move,

what diets they choose, how much they eat, and how they respond to

potential stress (acute or chronic stress) (Huntingford et al., 2012;

Damsgård et al., 2019). In this respect, fish behavior is used to provide
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necessary bioengineering information for feeding strategy (Conallin

et al., 2016), system optimization (Dempster et al., 2019), and

decreased labor consumption (Cogliati et al., 2019). However, the

behavioral manifestations of successful migration and its underlying

mechanisms remain poorly understood.

On the basis of the authors’ previous work, the present study

attempted to explore the interactive effect of photoperiod and

temperature on steelhead trout culture from the aspects of growth,

behavior and physiological performance, specifically whether the

smoltification window could directly be judged by specific

behavioral characteristics. In this study, the following questions

were explored: 1) Is there an interaction between light and water

temperature on growth performance of steelhead trout juveniles? 2)

Could the environmental stimulation improve the regulation of

osmolarity? 3) What are the key behavioral characteristics of

steelhead trout during the smoltification window?
Materials and methods

Experimental animal and source

Steelhead trout juveniles were purchased fromWanzefeng Fishery

Company (Rizhao, China). The experiment was conducted in 2021 at

the Key Laboratory of Environment Controlled Aquaculture (AET),

Dalian City, Liaoning Province, China. Juveniles with a mean initial

body length of 3.32 ± 0.02 cm and a body weight of 4.40 ± 0.20 g were

kept temporarily. The dissolved oxygen content was more than 7.0

mg/L, ammonia nitrogen was lower than 0.10 mg/L, and pH was

adjusted at 7.50 ± 0.50; all were measured using a YSI 6920 multi-

parameter water quality instrument (YSI Inc., Ohio, USA).
Experimental design

The experiment lasted for eight weeks. Based on the actual

operations in aquaculture, the experimental conditions involved

two photoperiods (L, 12L:12D and 16L:8D) and two temperatures

(T, 12°C and 16°C), for a total of four treatments. Each treatment was

represented by three replicates. The specific settings were as follows:

long photoperiod, low water-temperature group treated with 16L:8D

and 12°C (treatment LP-LT); long photoperiod, high water-

temperature group treated with 16L:8D and 16°C (treatment LP-

HT); short photoperiod, low water-temperature group treated with

12L:12D and 12°C (treatment SP-LT); and short photoperiod, high

water-temperature group treated with 12L:12D and 16°C (treatment

SP-HT).

A total of 12 randomly arranged plastic tanks were used, and the

volume of freshwater was about 300 L (diameter of 0.8 m, water depth

of 0.6 m) in each tank. All tanks were designed as a semi-closed

recirculation system with a water outlet in the center. Dechlorinated

freshwater temperature was controlled within ± 0.5°C with a

customized temperature control system. The different treatments

were insulated from one another by silver shading material. In

total, 480 juveniles were used in this experiment and forty juveniles

were used as biological replicates in each tank (n=40) and fed with

commercial feed pellets (Qihao Aquatech Co., Ltd., China). All tanks
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were thoroughly cleaned by scrubbing the walls and bottom after each

weekly sampling to avoid unnecessary disturbances.
Behavior observations

Only 120 juveniles were tagged with visible implant elastomer

(VIE) tags (Northwest Marine Technology, Shaw Island, WA, USA)

allowing for individual identification throughout the experiment. The

tagged fish were then randomly placed into each tank gently, that is,

only 10 fish were tagged per tank to respect their welfare. The entire

experiment area was surrounded by a black curtain to prevent

external interferences and shadow rejection. The behavior of

juveniles was recorded and tracked using an infrared camera

mounted above the central arena during feeding. Each video lasted

10 minutes, and all the behavioral indicators were calculated using the

Noldus EthoVision XT (version 12.0; Noldus Information

Technology, Netherlands). Coordinates were set for each video to

ensure that the observation area and fish movement exactly matched.

The total observation area was divided into two subzones: the feeding

zone and the remaining zone. The tracking data were additionally

checked by all-occurrence recording method to ensure the accuracy of

the results.
Sampling and analysis method

Growth performance
The number of dead fish was recorded and removed daily to

calculate the survival rate (SR). Body length and body weight were

measured every 10 days and nine fish were randomly selected from

each treatment to determine growth parameters. The calculation

formula for specific growth rate (SGR) and the coefficient of

variation (CV) was as follows:

SGR = 100%� lnW2 − lnW1

t2 − t1

CV = 100%� SD
M

where W1. the initial body weight, W2. the final body weight, t1.

the initial sampling day, t2. the sampling day, SD is the standard

deviation of body weight, M is the average body weight.
Physiological parameters
After the end of the experiment, all tagged fish (a total of 120

juveniles) and random equal numbers of untagged fish were

euthanized with an overdose of tricaine methanesulfonate (MS-222,

Sigma), and tissues were sampled for physiological analysis. The liver,

blood, and gill tissues were collected, immediately frozen in liquid

nitrogen, and stored at −80°C. Superoxide dismutase (SOD) was

detected by WST-1 method according to the SOD assay kit

instructions. Alanine aminotransferase (ALT) was determined using

a microplate reader using colorimetric detection at 570 nm as per kit

instructions. Na+-K+-ATPase (NKA) was measured by Bonting

method according to the NKA activity kit. The cortisol level wase
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determined using an ELISA kit. All measurements were performed at

least three times and all assay kits were obtained from the Nanjing

Jiancheng Bioengineering Institute, China.

Behavioral indicators
The assessment of fish behavior consisted of two aspects:

locomotor activity and social interaction. Six behavioral indicators,

including total distance moved (cm), maximum acceleration (cm/s2),

acceleration state (%), residence time in feeding zone (s), distance to

central point (cm), and the distance between fish (cm), were

measured and calculated every 10 days. The total distance moved

was used to provide a general measure of activity, which was also used

as the basis for calculating other parameters, such as acceleration.

Moreover, acceleration was obtained by calculating the difference in

velocity with the unit time and used to mark bursts of rapid

movement. The activity state depends on the total pixel change

within the analysis area per unit time of the fish. The residence

time in feeding zone represented the discrete state of fish during

feeding, which was a standard variable for the usage of space. Distance

to central point indicated the radius offish distribution during feeding

(cluster radius). Distance between fish was used to characterize the

distance between two individuals. The total distance moved,

maximum acceleration, and acceleration state were used as

indicators of movement quality. The other three behavioral

indicators were used to evaluate the state of fish, such as area

preference and social interaction.
Data analysis

In accordance with the study’s purpose, different statistical

methods were used. A completely randomized ANOVA was used to

compare the differences in growth performance between groups. A

generalized linear mixed model (GLMM) was constructed to assess

the influence of the different experimental conditions on fish

behavior, including a mixture of fixed and random effects. The

individual ID of fish was included in the models as random effects.

Statistical analysis was performed using R version 3.5.3. All statistical

results were presented as the mean ± standard deviation (mean ± SD).

The level of significance was set at P< 0.05. Multivariate statistical

analysis, namely, principal component analysis (PCA), was used to

obtain a low-dimensional representation of high-dimensional data to

exact the key behavioral parameters in fish. The Kaiser-Mayer-Olkin

(KMO) index and Bartlett’s test of sphericity assessed the adaptive

validity of PCA.
Results

Growth performance

Table 1 provides the growth performance of steelhead trout

juveniles in different treatments. No deaths occurred during the

entire experimental period. The results of ANOVA are presented in

Table 1. The growth performance of juveniles was significantly

influenced by photoperiod and temperature and their interaction
frontiersin.org
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(P = 0.000 < 0.01). No statistical differences (P > 0.05) were observed

among treatments LP-LT, LP-HT, and SP-HT in terms of final body

length, which was significantly higher than that in treatment SP-LT

(P < 0.05). The final weight in treatment SP-HT was significantly

lower than that in treatment LP-HT and significantly higher than that

in treatments LP-LT and SP-LT (P < 0.05). The analysis results of

SGR showed the same results as final weight. Regarding the

consistency of fish growth rate, no significant differences were

found in the CV level among the treatments (P > 0.05).

Post-hoc comparisons revealed significant differences in growth

performance at different levels of conditions (P = 0.000 < 0.01)

(Table 2). Photoperiod and temperature had no significant effect on

CV values, but a significant effect was found in their interaction

(Table 2). Simple effect analysis revealed no significant differences in

final body length between the two photoperiod levels at 16°C

(P > 0.05) and significant differences at 12°C (P = 0.000 < 0.01).
Frontiers in Marine Science 04
For final body weight, the differences were significant between all

levels, except for the 16°C groups (B and D) (P = 0.000 < 0.01). SGR

also showed the same results as final body weight.
Physiological parameters

The changes in physiological parameters are presented in

Figure 1. Photoperiod and water temperature could affect the level

of antioxidant enzymes in steelhead trout. The SOD levels behaved a

general trend of increasing first and then decreasing, but the

maximum concentration of SOD in the different treatments

appeared at different timepoints (Figure 1A). The highest SOD

levels for treatments LP-LT and SP-HT were at approximately day

30, whereas treatments LP-HT and SP-LT reached the highest levels

at approximately day 15. After 30 days, significantly higher and lower
TABLE 1 Survival rate and growth performance of the different treatments at the end of the experiment.

Growth performance Treatments

LP-LT LP-HT SP-LT SP-HT

SR (%) 100% 100% 100% 100%

Final body Length (cm) 18.28 ± 0.78a 18.25 ± 0.94a 16.45 ± 0.34b 18.28 ± 0.68a

Final body Weight (g) 86.92 ± 1.40a 96.91 ± 1.66b 86.23 ± 1.37a 90.91 ± 1.52c

SGR (%/d) 2.40 ± 0.03a 2.58 ± 0.03b 2.38 ± 0.03a 2.47 ± 0.03c

CV (%) 1.61 ± 0.14a 1.71 ± 0.13a 1.59 ± 0.02a 1.67 ± 0.13a
f

The data were expressed in mean values and standard deviations (mean ± SD). Values with different superscript letters represent a significant difference, P < 0.05. LP-LT, abbreviation of long
photoperiod, low water-temperature group treated with 16L:8D and 12℃; LP-HT, abbreviation of long photoperiod, high water-temperature group treated with 16L:8D and 16℃; SP-LT, abbreviation
of short photoperiod, low water-temperature group treated with 12L:12D and 12℃; SP-HT, abbreviation of short photoperiod, high water-temperature group treated with 12L:12D and 16℃; SR,
abbreviation of survival rate; SGR, abbreviation of specific growth rate; CV, abbreviation of coefficient of variation.
TABLE 2 The Bonferroni post hoc test was used for multiple comparisons of growth performance among groups.

Parameters Variable F Sig. Post hoc comparisons Simple effects tests

Photoperiod
(P-value)

Temperature
(P-value)

Photoperiod * Temper-
ature (P-value)

Temperature * Photo-
period (P-value)

Final body
length

(Intercept) 501425.76 0.00** / / / /

Photoperiod 302.40 0.00** 0.00 / / 0.00 (Low temperature)

0.87 (High temperature)

Temperature 327.97 0.00** / 0.00 0 (Long photoperiod) /

0.89 (Short photoperiod)

Photoperiod *
Temperature

35.09 0.00** / / / /

Final body
weight

(Intercept) 307355.70 0.00** / / / /

Photoperiod 105.60 0.00** 0.00 / / 0.14 (Low temperature)

0.00 (High temperature)

Temperature 506.94 0.00** / 0.00 0 (Long photoperiod) /

0 (Short photoperiod)

Photoperiod *
Temperature

66.49 0.00** / / / /

(Continued)
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SOD contents were observed in treatments SP-HT (P < 0.05 ) and LP-

LT (P < 0.05), respectively. Similar to SOD, ALT mainly revealed an

upward trend in the first 30 days and a downward trend after 30 days

(Figure 1B). The ALT content dropped back to the initial level in all
Frontiers in Marine Science 05
other groups except for treatment LP-HT after 60 days of the

experiment. For treatment LP-HT, no significant difference was

observed in the ALT content compared with other timepoints after

45 days (P > 0.05).
B

C D

A

FIGURE 1

Effects of different treatments on different physiology parameters of steelhead trout juveniles. (A) SOD, (B) ALT, (C) NKA and (D) Cortisol content. The
data were expressed in mean values and standard deviations (mean ± SD) (n=30 per treatment). Different capital letters represent significant differences
between different treatments at the same time, different lowercase letters represent significant differences between different times of the same treatment
(P < 0.05). LP-LT, abbreviation of long photoperiod, low water-temperature group treated with 16L:8D and 12 °C; LP-HT, abbreviation of long
photoperiod, high water-temperature group treated with 16L:8D and 16°C; SP-LT, abbreviation of short photoperiod, low water-temperature group
treated with 12L:12D and 12°C; SP-HT, abbreviation of short photoperiod, high water-temperature group treated with 12L:12D and 16°C. SOD,
Superoxide dismutase; ALT, Alanine aminotransferase; NKA, Na+-K+-ATPase.
TABLE 2 Continued

Parameters Variable F Sig. Post hoc comparisons Simple effects tests

Photoperiod
(P-value)

Temperature
(P-value)

Photoperiod * Temper-
ature (P-value)

Temperature * Photo-
period (P-value)

SGR (Intercept) 671304.35 0.00** / / / /

Photoperiod 99.78 0.00** 0.00 / / 0.12 (Low temperature)

0.00 (High temperature)

Temperature 503.67 0.00** / 0.00 0 (Long photoperiod) /

0 (Short photoperiod)

Photoperiod *
Temperature

60.40 0.00** / / / /

CV (Intercept) 2488.12 0.00** / /

Photoperiod 0.18 0.68 0.68 / / /

0.80 (Low temperature)

Temperature 1.80 0.22 / 0.22 0.35 (Long photoperiod) 0.74 (High temperature)

0.39 (Short photoperiod)

Photoperiod *
Temperature

0.00 0.95 / / / /
*P<0.05, **P<0.01
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In general, the NKA activity increased with time in all groups

(Figure 1C). It significantly increased after 45 and 60 days in the

treatments with long and short photoperiods’ (P < 0.05), respectively.

No statistical differences (P > 0.05) were observed in NKA among

different treatments at different timepoints, and its activity was

significantly higher than that in treatments SP-LT and SP-HT at 45

days (P < 0.05). The cortisol levels did not show clear trends

compared with the other parameters. The cortisol levels in

treatment SP-HT were significantly lower than those in other

treatments throughout the experiment (P < 0.05), but no significant

differences were observed among the three other treatments

(P > 0.05).
Behavioral indicators

GLMM results are presented in Table 3. The fixed effects results

revealed that both acceleration state and distance between fish were
Frontiers in Marine Science 06
significantly affected by not only experimental condition but also the

interaction of experimental condition and time. Experimental time

had significant effects on the distance between fish. No significant

main effects of body length and experimental time were found for all

behavioral indicators except for the distance between fish. There was a

significant effect of body weight on the total distance moved but not

on the other behavioral indicators.

For the long photoperiod groups (treatments SP-LT and SP-HT),

the mean total distance moved was significantly higher than the short

photoperiod groups (treatments SP-LT and SP-HT) (P < 0.05)

(Table 4). No significant difference was noted in the total distance

moved at different temperatures for the same photoperiod (P > 0.05).

For the low water-temperature groups (treatments LP-LT and SP-

LT), the maximum acceleration was significantly higher than the high

water-temperature groups (treatments LP-HT and SP-HT) (P < 0.05).

When the water temperature was the same, there was no significant

difference in the maximum acceleration between different

photoperiod groups (P > 0.05). The acceleration state of treatment
TABLE 3 Repeated measures of behavioral indicators were analyzed using a generalized linear mixed model (GLMM) approach, considering treatment,
time, body length, body weight, and treatment*time as fixed effects and individuals within the groups as random.

Items F P-value

Total distance moved Treatment 2.114 0.100

Time 2.909 0.090

Body length 1.426 0.234

Body weight 4.475 0.036

Treatment*Time 2.582 0.055

Acceleration Treatment 1.372 0.253

Time 0.000 0.984

Body length 0.014 0.906

Body weight 1.492 0.224

Treatment*Time 0.068 0.977

Acceleration state Treatment 12.387 0.000

Time 0.793 0.374

Body length 0.127 0.722

Body weight 3.871 0.051

Treatment*Time 7.086 0.000

Residence time in feeding zone Treatment 0.365 0.778

Time 0.576 0.449

Body length 0.617 0.433

Body weight 0.277 0.599

Treatment*Time 0.549 0.650

Distance to central point Treatment 1.855 0.139

Time 3.037 0.083

Body length 3.503 0.063

Body weight 0.030 0.863

Treatment*Time 0.859 0.464

(Continued)
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LP-LT was significantly higher than that of the other treatments (P <

0.05), but no difference was found between the other treatments (P >

0.05). Moreover, no significant differences were observed among all

treatments in terms of residence time in the feeding zone (P > 0.05).

The distance to central point was significantly lower in treatment LP-

LT than in treatment SP-HT (P < 0.05). For the high-temperature

groups, the distance to central point was significantly higher than the

low-temperature group (P < 0.05). The distance between fish was

significantly lower than that of the other treatments (P < 0.05), but no

difference was found between the other treatments (P > 0.05).

The PCA in all groups extracted two principal components (PCs),

which accounted for more than 70% of the total variance (Table 5).

Between the two PCs obtained in treatment LP-LT, PC1 accounted

for 46.41% of the total variance, and it had a strong positive loading

on residence time in the feeding zone and distance between fish (>

0.85). PC2 accounted for 35.13% of the total variance, and it had a

strong negative loading on distance to point. For treatment LP-HT,

PC1 accounted for 46.41% of the total variance, with a strong positive

loading on total distance moved and residence time in the feeding

zone. PC2 accounted for 31.76% of the total variance, with a strong

positive loading on acceleration state. For treatment SP-LT, PC1

accounted for 38.53% of the total variance, and it had a strong positive

loading on residence time in the feeding zone. PC2 accounted for

33.39% of the total variance, and it had a strong positive loading on

acceleration state. For treatment SP-HT, PC1 accounted for 53.71% of

the total variance, with a strong positive loading on maximum

acceleration and distance to point. PC2 accounted for 22.34% of the

total variance, with a strong positive loading on acceleration state.
Frontiers in Marine Science 07
Discussion

Benefiting from the current application of technologies in RAS,

growing Salmonidae (salmon and trout) under full light conditions

(24:0 h photoperiod) for maximal growth performance is common

(Hines et al., 2019; Churova et al., 2020). As shown in Table 1, a

considerable variation could be found in the growth performance

under different photoperiod conditions at the same temperature

conditions. However, the 24:0 h photoperiod is not a natural

photoperiod for most salmonids, and it may be stressful to fish. For

example, continuous light exposure induces abnormal gonadal

development or/and lack of synchronization of smoltification

processes (Sievers et al., 2018; Churova et al., 2020). With the

increasing attention on fish welfare, less extreme photoperiods, such

as 12:12 or 16:8 h, are being used instead in aquaculture (Ge et al.,

2021; Macaulay et al., 2021). However, systematic studies that

determine the photoperiod conditions for optimal growth and

minimal stimulation are still lacking (Hvas et al., 2021). One of the

difficulties in undertaking such research is the limited knowledge on

the synergistic and antagonistic effects between different

environmental factors.

In general, increased temperature results in increased body weight

(Nisembaum et al., 2020). Within the suitable temperature interval,

high temperature could lead to early smoltification date and large fish

size (Rosengren et al., 2017; Bernard et al., 2020). Therefore,

temperature could be viewed as a regulatory factor, especially in

controlling (accelerating or delaying) the growth rate. The results of

the present study also confirmed this information. Photoperiod is an
TABLE 3 Continued

Items F P-value

Distance between fish Treatment 7.543 0.000

Time 4.732 0.031

Body length 4.000 0.047

Body weight 0.309 0.579

Treatment*Time 11.559 0.000
fron
Significance level was P < 0.05.
TABLE 4 The significance differences with P < 0.05 (P-value) in the pair-wise comparisons of behavioral traits in all treatment groups.

LP-LT vs. LP-HT LP-LT vs. SP-LT LP-LT vs. SP-HT LP-HT vs. SP-LT LP-LT vs. SP-HT SP-LT vs. SP-HT

Total distance moved 0.819 0.031 0.002 0.002 0.019 0.421

Acceleration 0.014 0.997 0.000 0.045 0.064 0.034

Acceleration state 0.000 0.000 0.000 0.066 0.490 0.217

Residence time in feeding
zone

0.257 0.456 0.164 0.565 0.953 0.490

Distance to central point 0.000 0.198 0.000 0.048 0.110 0.005

Distance between fish 0.001 0.984 0.595 0.000 0.000 0.525
LP-LT, abbreviation of long photoperiod, low water-temperature group treated with 16L:8D and 12℃; LP-HT, abbreviation of long photoperiod, high water-temperature group treated with 16L:8D
and 16℃; SP-LT, abbreviation of short photoperiod, low water-temperature group treated with 12L:12D and 12℃; SP-HT, abbreviation of short photoperiod, high water-temperature group treated
with 12L:12D and 16℃.
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important environmental signal to initiate complex changes that

coincide with marine migration for migratory fish (Nemova et al.,

2020; van Rijn et al., 2020). Once the fish size reaches a critical

number, photoperiod and temperature could play important roles in

controlling the growth rate and the synchronization process of

smoltification. The results also confirmed the first hypothesis that

photoperiod and temperature have measurable interactions on

growth performance in steelhead trout juvenile under indoor

aquaculture condition. The results further showed that photoperiod

promoted increased body length and temperature promoted a

significant increase in the weight of fish. Several studies have noted

an overall lack of synchrony in the absence of photoperiodic

regulation, although smoltification characteristics still appear in

trout (Nisembaum et al., 2020). No meaningful differences were

observed among the groups in terms of CV values, suggesting that

the two photoperiods in this experiment were appropriate for

smoltification synchrony. However, as mentioned earlier, whether

such conditions make the juvenile comfortable is unclear.

The response of fish to a stressor could be monitored by

physiological changes, which are commonly used as markers of

stress level and fish welfare (Vindas et al., 2018; Cogliati et al.,

2019). Increasing evidence has suggested a direct link between

oxidative stress and different ecological phenomena (Archer et al.,

2019; Shry et al., 2019). A complete and balanced antioxidant system

normally exists in fish. When the fish’s body is in a state of stress,

many oxygen-free radicals are produced in a short time, subsequently
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damaging the body’s metabolic balance and self-repair functions.

SOD is the predominant defensive enzyme in the antioxidant system

of the body, and it could directly affect the antioxidant capacity (Liu

et al., 2021; Yu et al., 2021). ALT is central in protein metabolism, and

it could be measured to determine organ damage (Suzuki et al., 2020).

Figure 1 shows that the SOD and ALT levels were significantly higher

in treatment LP-LT at the beginning of the experiment, indicating

that the juvenile fish had different degrees of stress response. Fish

reduce their stress response to a stimulus through repeated exposure

over time, a natural process often referred to as habituation (Bratland

et al., 2010; Barrett et al., 2020). This phenomenon was manifested in

the present study as the SOD and ALT levels showed a trend of

descending sometime after the start of the experiment. However,

differences in the time required for injury repair were found among

the four treatments. The SOD and ALT levels in treatments LP-LT

and SP-HT returned to initial level after 30 days, whereas it took only

15 days in treatments LP-HT and SP-LT. One possible reason is that

lower temperatures lead to a slowing of immune mechanisms leading

to increased disease susceptibility, which has been proven previously

in other fish species (Martin et al., 2008; Valero et al., 2014). In

addition, a shorter time required for injury repair was observed in

treatment LP-HT, which is strong evidence that photoperiod and

temperature could have significant interaction effects on physiological

stress responses in steelhead trout juveniles.

Cortisol is considered a biomarker of stress (Birnie-Gauvin et al.,

2019). The cortisol level is shown in Figure 1, and no significant
TABLE 5 Loading of behavioral indicators on significant PCs for the four treatments.

Variables PC1 PC2 Variables PC1 PC2

LP-LT LP-HT

Total distance moved 0.77 0.52 Total distance moved 0.94 0.16

Maximum acceleration 0.56 0.70 Maximum acceleration 0.65 0.42

Acceleration state 0.37 0.81 Acceleration state 0.07 0.89

Residence time in feeding zone 0.94 0.01 Residence time in feeding zone 0.94 0.06

Distance between fish 0.17 -0.88 Distance between fish 0.70 0.50

Distance to central point 0.91 0.11 Distance to central point 0.31 0.81

KMO 0.75 KMO 0.67

Cumulative % variance 46.40 81.53 Cumulative % variance 46.41 78.17

SP-LT SP-HT

Total distance moved 0.61 -0.21 Total distance moved 0.72 0.39

Maximum acceleration 0.45 0.74 Maximum acceleration 0.90 -0.30

Acceleration state -0.12 0.86 Acceleration state 0.15 0.96

Residence time in feeding zone 0.88 0.42 Residence time in feeding zone 0.70 0.27

Distance between fish 0.82 0.31 Distance between fish 0.87 0.29

Distance to central point 0.59 0.65 Distance to central point 0.79 0.18

KMO 0.73 KMO 0.63

Cumulative % variance 38.53 71.92 Cumulative % variance 53.71 76.05
frontier
LP-LT, abbreviation of 16L:8D and 12℃ treatment; LP-HT, abbreviation of 16L:8D and 16℃ treatment; SP-LT, abbreviation of 12L:12D and 12℃ treatment; SP-HT, abbreviation of 12L:12D and 16℃
treatment.
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difference could be found among treatments in the whole

experimental period. Cortisol may be influenced by many factors,

including the state of fish at sampling and the high inter-dividual

variability (Gaudio et al., 2018). The difference was not significant,

probably due to the time of sampling interval being longer than that

of cortisol clearance from the body. The “Smolt window” refers to a

specific stage in which Salmonidae could significantly improve

seawater tolerance and adapt to seawater environment due to the

synergistic action of environmental factors. NKA plays an important

role in the response to alterations in environmental salinity. The

increased NKA in branchial chloride cells is beneficial to fish growth,

swimming, and survival after smoltification (Bernard et al., 2020; Ge

et al., 2021). All treatments showed an increase in the NKA level with

increasing treatment time but to different degrees. Many studies have

been conducted to identify the relationship between the success of

migration and NKA concentration (Archer et al., 2019; Bernard et al.,

2020; Ge et al., 2021). The higher the NKA concentrations were, the

better the ability of migratory fish to adapt to seawater to a certain

extent (Bernard et al., 2020). Moreover, increased cortisol level during

smoltification was previously found coincident with increased gill

NKA activity (Birnie-Gauvin et al., 2019; Shry et al., 2019). This

finding was also demonstrated in the present study. Treatment LP-LT

had higher cortisol and NKA level, indicating better readiness to enter

seawater. A notable detail that relying solely on cortisol to determine

the timing of migration is risky, as higher cortisol levels may also be

due to individuals being under chronic stress and leaving to escape the

stress (Damsgård et al., 2019). The role of temperature on

smoltification has been controversial, with studies showing that

elevated temperature alone could not play a driving role in

smoltification (McCormick et al., 2000; Hines et al., 2019;

Nisembaum et al., 2020). From the results presented in this paper,

juveniles under long photoperiod treatments did have higher

osmoregulatory capacity, but the difference was not significant.

Furthermore, temperature had a regulatory role on smoltification,

as the ability to regulate osmolality did not exhibit any significant

differences among the groups under different photoperiods. These

results showed that the combined effect of photoperiod and

temperature could advance the time of smoltification, but may

result in poorer salt tolerance.

The quantification analysis of fish behavior is extremely

important for the design and operation of aquaculture system.

Herbert et al. (2011) used light rings to induce optimal swimming

motility in Atlantic salmon smolts and improve productivity. With

the smoltification process, a series of behavior changes occurs in

juvenile steelhead trout, in addition to changes in physiology

(Macaulay et al., 2021). Table 3 shows that the total distance moved

in treatments LP-LT and LP-HT was significantly lower than that in

treatments SP-LT and SP-HT possibly because juvenile has higher

willingness to search for food in the long photoperiod treatments

(Stewart et al., 2012; Ye et al., 2016). In general, the higher the water

temperature is, the greater the burst swimming speed (Ma et al.,

2020). The results presented here showed that the acceleration status

of treatment LP-LT was significantly higher than that of other

treatments. This may be because the fish in this experiment were

cold-water fish. The radius of treatments LP-HT and SP-HT was

significantly larger than that of treatments LP-LT and SP-LT,

indicating that lower temperature was more favorable for fish
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shoaling (Barrett et al., 2020; Bratland et al., 2010). The radius of

fish distribution presented no significant difference between the

treatments with same temperature, suggesting that temperature may

be the main factor affecting fish feeding behavior compared with

photoperiod. The organizational structure and individual interactions

of fish are usually described by distance between them, which is

influenced by photoperiod and temperature (Brakstad et al., 2018;

Cogliati et al., 2019). In fact, the present and previous results showed

that fish form a relatively stable structure regardless of the culture

environmental condition. This structure is also significantly affected

by the species type, population size, and individual interactions (Lei

et al., 2020).

Fish are constantly moving and changing, and monitoring

multiple fish behavior parameters simultaneously is difficult (Ye

et al., 2016; Macaulay et al., 2021). The smaller the number of

monitoring parameters, the higher the monitoring efficiency.

Different management procedures may be necessary in fish that are

under different culture conditions, such as more aggressive treatment

in some cases. Therefore, feature extraction of fish behavior becomes

crucial. Moreover, identifying the key behavioral indicators during

smoltification process is a priority for future research (Dempster et al.,

2019; Hvas et al., 2021). PCA is an effective tool to reduce the

dimensionality of datasets in multivariate problems. It is capable of

preserving the majority of its statistical information and identifying

the most significant variations. The KMO values for all the four

treatments were above 0.5, indicating that these treatments are

suitable for PCA analysis. The PCA results showed that the main

parameters (strong loadings) differed among the four treatments,

proving the effectiveness and necessity of using PCA to identify key

parameters in complex datasets. Except for treatment SP-HT, the

residence time in the feeding zone was identified as the main

component in all treatments. This finding is consistent with the

findings of previous studies, as juvenile trout are stationary

predators, whereas silvered trout are cruising predators (Folkedal

et al., 2012b). The acceleration state was extracted as the main

component, suggesting that the experimental conditions produced

pressure on the movement smoothness of juvenile steelhead trout.

In summary, the fish status could be evaluated by continuously

identifying and quantifying the key parameters of fish behavior.

Although fish behavior is complex, it could be integrated into

aquaculture management as an additional resource and pave the

way for new approaches to fish farming. Future production of finfish

continues to increase and optimizing production and improving fish

welfare could become increasingly important. Indeed, incorporating

fish behavior into production management still has a long way to go.

However, with the increasing application of advanced technologies in

aquaculture, such as computer vision and modern behavioral science,

fish behavior × environment interactions could be widely used in

aquaculture management in the near future (Barrett et al., 2020;

Macaulay et al., 2021).
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