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Introduction: The lighting environment significantly influences fish behavior. This
study explores the impact of diverse lighting conditions on the behavior of steelhead
trout (Oncorhynchus muykiss) to illuminate the mechanisms underlying their
behavioral responses.

Methods: This experiment was set up with six treatments at a constant light
intensity of 150 Ix: 12h white light + 12h dark (12 W), 12h blue light + 12h dark
(12B), 12h red light + 12h dark (12 R), 1.5h blue light + 9h red light + 1.5h blue light
+ 12h dark (3B9R), 3h blue light + 6h red light + 3h blue light + 12h dark (6B6R),
total 12h of blue and red light + 12h dark (T12BR). A multiple object tracking
method, YOLOV5 with SORT, was employed to capture the movement trajectory
of each fish, quantifying three motion metrics: swimming velocity, swimming
angular velocity, and generalized intersection over union.

Results: The results revealed that fish exposed to 12R light environment showed
significantly higher activity levels than other groups. The mixed light environments
(3B9R, 6B6R) formed significant differences in behavioral metrics with 12R earlier
than pure light environments (12B, 12W, T12BR), indicating sudden light color
changes should be avoided. Fish in the 3B9R environment exhibited the lowest
activity level but highest growth performance, with the highest specific growth rate
of 1.91+0.12 d-1, a value significantly surpassing the lowest recorded rate, supported
by a p-value of 0.0054, indicating it is suitable for steelhead trout cultivation.

Discuss: Behavioral significant differences were observed as early as week eight,
much earlier than physiological differences, which became apparent by week 16.
Overall, this paper employs computer vision methods to study the impact of different
light colors on fish behavior, found that 3B9R is the optimal lighting condition tested
and sudden light color changes should be avoided, offering a new perspective on
light conditions and behavior in steelhead trout cultivation.
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steelhead trout, fish behavior, behavior quantify, aquaculture environment regulation,
light color

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fmars.2024.1377494/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1377494/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1377494/full
https://www.frontiersin.org/articles/10.3389/fmars.2024.1377494/full
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmars.2024.1377494&domain=pdf&date_stamp=2024-05-14
mailto:andong@cau.edu.cn
mailto:zhouyg@ouc.edu.cn
https://doi.org/10.3389/fmars.2024.1377494
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/marine-science#editorial-board
https://www.frontiersin.org/marine-science#editorial-board
https://doi.org/10.3389/fmars.2024.1377494
https://www.frontiersin.org/journals/marine-science

Li et al.

1 Introduction

In aquaculture, the breeding environment factors, such as light,
temperature, and dissolved oxygen, significantly influence fish
growth. Light, which consists of light intensity, light color, and
photoperiod, serves as a fundamental environmental factor playing
a crucial role in the growth process of fish (Villamizar et al., 2011;
Zhang et al., 2020). Fish have evolved light-sensing mechanisms
throughout their evolution to adapt to environmental light
conditions, thereby lighting conditions affect fish behavior (Xu
et al,, 2019; Noureldin et al,, 2021). Existing research has found
that light spectrum conditions can influence the growth, immune
response, and digestive and metabolic capabilities of steelhead trout
(Chen et al., 2022a, 2022b). Light affects fish metabolism, growth,
and behavior through visual stimulation, and appropriate lighting
conditions are beneficial for improving fish welfare and promoting
growth (Ruchin, 2020). Fish behavior reflects their growth and
physiological status, and analyzing behavior is conducive to
identifying suitable light environments.

Light color (spectrum), as a fundamental factor of light
condition (Zhang et al, 2020), has a significant impact on fish
physiological traits due to their long-evolutionary adaptations,
subsequently affecting fish growth and behavior. Some studies
have found that specific light colors can enhance the growth of
fish, for instance, yellow light for pearl gourami (Trichopodus leerii)
(Heydarnejad et al., 2017), green light for barfin flounder (Verasper
moseri) (Takahashi et al., 2016, 2018; Yamanome et al., 2009), red
light for pikeperch (Sander lucioperca) (Backelandt et al., 2019) and
yellow perch (Perca flavescens) (Head and Malison, 2007), blue light
for goldfish (Carassius auratus) (Noureldin et al., 2021) and turbot
(Scophthalmus maximus) (Wu et al., 2021). Additionally, there are
previous studies that focus on the influence of light color on fish
behavior. For example, juvenile Nile tilapia showed a preference for
yellow and red light (Luchiari and Oliveira, 2014). Young grass carp
avoid red light and prefer blue (Mu et al,, 2019). Juvenile bighead
carp (Aristichthys nobilis) swim significantly slower under yellow
and green light than under red and blue light (Xi et al,, 2019).
Goldfish (Carassius auratus) reared under blue light exhibited a
lower ventilation frequency, longer reaction time, and longer
swimming duration (Noureldin et al., 2021) in the novel object
test, a behavioral assessment where fish are presented with an
unfamiliar object to measure their exploratory and stress
responses (Norton et al., 2011; Norton and Gutiérrez, 2019). Both
behavior and growth are long-term outcomes of fish physiological
traits. Analyzing fish behavior is conductive to identify suitable light
environments for fish cultivation. However, previous studies mainly
focused on the effects of single light color on fish growth and
behavior, and there is limited information on the effects of light
combination on fish behavior.

With the advancements in deep learning and computer vision
in recent years, computer vision based methods are increasingly
being employed in the study of fish behavior (Li et al., 2020; Yang
et al., 2020; Li, D. et al, 2022). Fish multiple object tracking
technology has demonstrated increasingly powerful capabilities,
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efficiently and accurately capturing fish trajectories (Li, W. et al.,
2022; Mandel et al., 2023; Liu et al., 2024). Compared to manual and
acoustic-based methods, computer vision-based fish multiple object
tracking approaches offer lower costs and higher efficiency, enabling
rapid processing of large volumes of videos to obtain fish behavior
information for further study. Currently, fish multiple object
tracking methods have been widely applied in fish behavior and
aquaculture research. For instance, Wang et al. proposed an end-to-
end detection and tracking method to identify abnormal behaviors
in porphyry seabream (Wang et al., 2022b). Li et al. introduced a
detection and tracking method to study the behavior of Oplegnathus
punctatus in the ammonia nitrogen environment (Li et al., 2023).
Additionally, Xiao et al. developed a tracking method based on
attention regions to investigate fish behavior for water quality
monitoring (Xiao et al., 2016).

The spectral distribution of light in water is greatly influenced by
depth (Liu et al, 2016; Hou et al,, 2019). Specially, blue light can
penetrate up to 200 meters in clear water, while red light is mostly
absorbed within the first 20 meters (Sanchez-Vazquez et al., 2019;
Ruchin, 2020). Juvenile steelhead trout reside in shallow freshwater
streams (Hartman, 1965; Bugert et al, 1991), and the average
swimming depth for adult steelhead trout is around 1.6 meters
(Ruggerone et al., 1990), where both blue and red light can be
perceived by fish. In this study, considering the natural light
environment of steelhead trout, a variety of experimental
conditions were established with mixed light colors and varying
durations, employing computer vision and artificial intelligence
techniques to quantify fish behavior in their daily activities. The
growth and immunity performance of steelhead trout under different
light color combinations has been studied (Chen et al., 2022b) as well
as their digestive and anabolic capabilities (Chen et al., 2022a) based
on this experiment. The computer vision-based object detection
method YOLOV5 (Jocher et al, 2022) and the multiple object
tracking method SORT (Bewley et al., 2016) were introduced to
capture fish trajectories. The potential relationship between
quantified behavioral traits and physiological characteristics was
discussed. Therefore, this study demonstrates the feasibility of using
behavioral quantification methods to guide the regulation of fish
growth environments. The proposed quantification process in this
paper can provide guidance for precise environmental control.

2 Materials and methods

2.1 Animals

Triploid steelhead trout eyed eggs were purchased from
Troutlodge, Inc. (Washington, USA) and hatched at the
Wanzefeng Fishery Company (Rizhao, Shandong, China). Before
starting the experiment, the juvenile trout were acclimatized to a
brackish saltwater environment (salinity: 14.2 + 0.7) for 2 weeks. In
this stage, the fish were given twice-daily feedings to apparent
satiation at 08:00 and 18:30 with a commercial trout feed from
Greatseven Inc. (Qingdao, China). The controlled environment was
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maintained with a constant 24-hour oxygen supply and a 12 light
(L):12 dark(D) photoperiod.

2.2 Trial design

Six light color treatments were established with a photoperiod
of 12L:12D (light period: 07:30-19:30) and total light intensity of
150 Ix: 12 h white light + 12 h dark (12 W, full spectrum); 12 h blue
light + 12 h dark (12B, peak at 454.9 nm); 12 h red light + 12 h dark
(12 R, peak at 614.8 nm); 1.5 h blue light + 9 h red light + 1.5 h blue
light + 12 h dark (3B9R, peaks at 454.9 nm and 614.8 nm,
respectively); 3 h blue light + 6 h red light + 3 h blue light + 12 h
dark (6B6R, peaks at 454.9 nm and 614.8 nm, respectively); 12 h
blue light and red light + 12 h dark (T12BR, peaks at 454.9 nm +
614.8 nm, respectively), as illustrated in Figure 1. The light intensity
of each treatment ensured to be consistent by calculating the
average from measurements taken at the surface, middle, and
bottom layers of the water. This guaranteed that the spectral
composition of light was the only varying factor between
treatments. By eliminating the influence of fluctuating light
intensities, the differential impacts of light spectra on fish
behavior can be analysed more accurately. The light was provided
by packaged LED (COB) designed and produced by Qingdao
Lanchi Technology Company. High-precision electronic
adjustment of light intensity is not supported. Instead, light
intensity was ensured by adjusting the distance between the light
source and the water surface. Light intensity and spectra were
measured using a handheld illuminometer (PLA300; Everfine Inc.,
Hangzhou, China). The 16-week trial was conducted using a
completely randomized block design with four replicates per

[ W white light (full spectrum 150 1x) ~ [Z50] B blue light (454.9 nm 150 x)

I BR blue light (454.9 nm 75 Ix) + [0 Reredlight (614.8 nm 150 Ix)
red light(614.8 nm 75 Ix)

T
3BOR |- ITEE) 3 ) )
Lish? L1sh?
TI2BR |- )
6B6R |- > >
33— 3
12R -3 >
12B >
2w >
{ 12h s
730 09:00  10:30  12:00  13:30  15:00  16:30  18:00  19:30
Time(Hour:Minute)
FIGURE 1

setting of light color groups in this experiment. In this experiment,
the photoperiod was set to 12L.12D, with 12 hours of light (from 7:30
to 19:30) and 12 hours of darkness every day. The naming
convention for treatments is derived from the arrangement of light
colors within the 12-hour light period, denoted as xCyD: C color
light for X hours, D color light for y hours. For instance, '3B9R’
denotes blue light for 3 hours and 9 hours of red light, and "12B’
denotes blue light for 12 hours.
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treatment, 20 fish per tank (380 L volume, 0.72 m height x
0.95 m diameter, white background). Each tank was shielded by
black light-absorbing fabric, ensuring no light interference occurred
between the various treatment groups. Fish were weighed by an
electronic balance (Mettler-Toledo International, Inc.,
Greifensee, Switzerland).

At the the start and conclusion of the trail, there was a 36-hour
halt in feeding to guarantee the digestive tracts of fish were empty.
Before beginning the experiment, the fish were submerged in a
solution containing 30 mg/L of tricaine methanesulfonate (MS-222;
Sigma-Aldrich, USA) for anesthesia. And they were delicately dried
using tissue before being weighed. Throughout the cultivation
period, each trout, with an initial weight of 34.67 + 2.69 g,
received commercial trout feed daily at 08:00 and 18:30
respectively. Residual unconsumed feed was collected after
feeding for 30 min. The calculation of daily feed intake involved
evaluating the moisture content of the feed and adjusting for any
loss. The water was renewed via a single flow system with a flow rate
of 1.15 L/min. Parameters such as water temperature, salinity,
dissolved oxygen, and pH were measured three times daily using
a YSI ProPlus handheld multiparameter meter (YSI Inc., USA).
Sampling of the water occurred every three days, with subsequent
analysis involving the Cleverchem 380 automatic chemical analyzer
(DeChem-Tech Inc., Hamburg, Germany) to determine levels of
total ammonia nitrogen (TAN), phosphate, nitrite nitrogen, and
nitrate nitrogen.

Several measures were implemented in order to minimize noise
interference in the experiment. Firstly, PVC damping trays (1.1m X
1.Im in width x 10 cm) were placed at the bottom of the rearing
tanks. Secondly, the exterior of the rearing tanks and the black
shielding fabric were covered with sound-absorbing cotton. Thirdly,
nano-aeration discs and liquid oxygen were utilized for aeration.
Fourthly, adherence to standardized experimental protocols was
strictly maintained, minimizing disturbances during operations.
Finally, the PVC pipes for water inflow and outflow were covered
with shock-absorbing sound insulation materials.

During the experimental period, the following water quality
parameters (mean * standard deviation) were maintained: water
temperature at 16.5 + 0.2°C, salinity at 14.2 + 0.7, dissolved oxygen
at 8.7 £ 0.3 mg/L, pH value at 7.3 + 0.1, ammonia nitrogen (TAN) at
0.03 £ 0.03 mg N/L, phosphate at 0.11 * 0.08 mg P/L, nitrite
nitrogen at 0.09 + 0.05 mg/L, and nitrate nitrogen at 3.43 + 1.9 mg
N/L.

At 4-week intervals, the fish in each tank were anesthetized with
30 mg/L tricaine MS-222, counted, and weighed. The fish behavior
was captured using 1080P infrared night vision video webcams (DS-
IPC-T12) from Hikvision Digital Technology Co., Ltd. (Hangzhou,
China) and saved as videos. The webcams, mounted on a bracket
1.5 m above each tank, recorded videos at a frame rate of 25 frames
per second (FPS), capturing the fish swimming behavior from a top-
down perspective. Videos were captured daily between 07:30 h and
19:30 h, stored on the hard disk, and each video lasted
approximately one hour (resulting in 12 videos for 12 hours per
day). The total experimental environment is shown in Figure 2. To
prevent the influence of light color on the image-based method, the
videos were captured in grayscale. Due to the substantial volume of
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video data and the limitations in processing and analysis speed, a
balance was struck between the representativeness of the sample
and analytical efficiency. Segments of the videos that included fish
feeding moments (30 minutes each in the morning and evening),
were removed to prevent any interference with the swimming
behavior analysis. Furthermore, the initial ten minutes of each
processed hourly video were selected as a representative segment
for that hour, which was then utilized for the subsequent tracking of
fish trajectories and behavior analysis. Although the trial lasted 16
weeks, the records from the first 8 weeks were utilized for behavior
analysis, as significant behavioral differences became apparent by
the eighth week, which was earlier than significant differences
in growth.

In this experiment, fish were reared in experimental tanks (380
L volume, 1.0 m height x 0.95 m diameter, with a white
background), with 20 fish per tank. Tanks were covered with a
back shielding fabric to prevent interference between different
treatment groups. Illumination with various light colors was
provided by LED sources (packaged LED (COB), Qingdao Lanchi
Technology Company), and fish behavior was recorded from a top-
down perspective using a camera (DS-IPC-T12, Hikvision Digital
Technology Co., Ltd.), with videos stored on computer hard drives.

2.3 Fish behavior analysis

In this experiment, the YOLOv5 with Sort algorithm was
employed to perform multiple object tracking on ten-minute
video segments of six treatments, with twelve segments recorded
each day to correspond with the 121:12D photoperiod. This process
generated frame-by-frame bounding boxes depicting the motion
trajectories of individual fish. Subsequently, fish swimming
behavior was quantified using three behavioral metrics:
Swimming Velocity (SV), Swimming Angular Velocity (SAV),
and Generalized Intersection over Union (GIOU). Finally, a
statistical analysis was conducted to assess the impact of different
light color environments on fish behavior.As for the possible social
interactions (hierarchies) among fish, thisstudy primarily focused
on investigating the collective behavior of the entire fish population,
particularly by measuring average values of metricssuch as SV, SAV,

Camera

LED ngm\\ }
S |

Black shielding fabric

Experimental tank

Computer

FIGURE 2
Experimental environment.
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and GIOU under different light conditions. This approach naturally
integrates the possible social interactions among fish, as these
averages reflect the collective behavioral performance of all
individuals under specific light conditions. By concentrating on
the behavioral dynamics at the population level, theanalysis
implicitly including the influence of social structures on overall
behavioral patterns without the need for direct quantification of
specific social interactions among individual fish.

2.3.1 Multiple fish tracking

A subset of fish behavior videos was selected from the
experiment to create a fish dataset through annotation. Training
and performance comparisons of several popular Multiple Object
Tracking (MOT) algorithms, including YOLOv5 with SORT and
CenterTrack, were conducted using this dataset, as shown in
Table 1 in section 3.1 of the Results. Metrics such as Mean
Average Precision (mAP50), Multiple Object Tracking Accuracy
(MOTA), and Identity F1 Score (IDF1) were employed for
evaluation. YOLOv5 with SORT exhibited superior performance
and was chosen in this trial. YOLOVS5, an object detection algorithm
that has been widely utilized in aquaculture studies (Li, X. et al,
2022; Wang et al,, 2022a), can locate fish individuals in each frame
with bounding boxes. SORT is an instance association algorithm
that uses positional information to associate bounding boxes of the
same fish individual across consecutive frames, resulting in fish
motion trajectories, as shown in Figure 3. SORT was also widely
employed for fish tracking (Wang et al., 2021; Gong et al., 2022;
Zhang et al., 2023). In this experiment, YOLOv5 with SORT was
employed for multiple object tracking of fish videos recorded,
utilizing bounding boxes to represent fish motion trajectories, for
subsequent behavioral quantification and analysis. Despite the
inevitable presence of some false positives and false negatives, the
comprehensive fish dataset, effective behavioral quantification
metrics, and scientifically sound statistical methods employed
ensure that the results accurately reflect the overall movement
trajectories and behavioral states of the fish.

2.3.2 Quantification and calculation of
behavior metrics

Using the bounding boxes obtained from tracking fish videos as
input, three metrics were utilized to quantify fish behavior for
subsequent statistical analysis: Swimming Velocity (SV), Swimming
Angular Velocity (SAV), and Generalized Intersection over Union
(GIOU). These behavioral metrics can be computed over three
consecutive frames, as depicted in Figure 3. A sliding window
approach was employed to sequentially select M frames
throughout the entire video for calculating metrics, where M
represent the window size with a default value of 3.

The Swimming Velocity reflects the displacement per frame,
representing the straight swimming of fish, with higher values
denoting a relatively higher activity level. The Swimming Angular
Velocity is the change rate in the swimming direction of the fish,
representing circular swimming behavior in fish, with higher values
denoting a relatively lower activity level. Employing angles and distances
to study fish behavior is a commonly used method in fish behavior
analysis (Hang et al., 2021). GIOU provides a composite measure of the
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TABLE 1 Evaluation Metrics for the performance of MOT(Multi Object Tracking) methods.

10.3389/fmars.2024.1377494

Method mAP50 (%) Rell (%) IDF1 (%) IDP (%) IDR (%)
YOLOV5+SORT 95.7 874 922 477 487 469
CenterTrack 90.7 64.2 734 275 30.7 249

The mAP50 denotes mean Average Precision under a condition with Intersection over Union (IoU) threshold at 0.5, reflecting the performance of object detection. The MOTA denotes Multiple
Object Tracking Accuracy, integrating false positives, misses, and identity switches, and reflects tracking performance. Rell, the recall of the model, evaluates the ability of model to find all positive
samples, with higher values suggesting fewer missed objects. IDF1, IDP, and IDR focus on the continuity and identity preservation in tracking. IDP is the proportion of correctly identified
matches by the model that maintain the correct identity, while IDR represents the proportion of all true identity matches correctly identified and maintained by the model. IDF1 is the harmonic
mean of IDP and IDR, and these metrics collectively reflect the consistency of object identities throughout the tracking process.

overlap, distance, and dimension differences between two bounding M 2 2
boxes. Since the shape and size of the bounding box corresponds to the S m=1 \/( Jrm=1 " j+fﬂ) * (yjf-tm-l B y]ﬁ:m) )
pose of the fish, and the displacement of the bounding box corresponds i M W

to the movement velocity of the fish, GIOU effectively encapsulates the
fish behavioral dynamics. It can serve as an indicator of information
representation in various fish poses and can be considered an expression
of the stress response capability in fish (Huang et al., 2022).

The left side of Figure 3 shows the multiple object tracking Input:
results of a single fish across three consecutive frames, represented x,y: Coordinates of u™" fish positions in each frame
by moving bounding boxes that indicate the fish trajectory. On the M: Window size for computing swimming angular
right side, the figure illustrates the underlying principles and velocity
calculation methods for the three behavioral metrics: Swimming
Velocity (SV), Swimming Angular Velocity (SAV), and Generalized Output:

Intersection over Union (GIOU). These metrics correspond to the ij“ Swimming angular velocity of ut" fish in j frame
following Equations 1, 2 and Algorithm 1.

The notation fu was used to denote the u™ fish and the center Algorithm:
motion of bounding boxes to represent the movement feature of fish 1: Initialize Angles < @
swimming. (xj4,, yjs,) means the center coordinates at 7 frame and the
swimming velocity (+/*), swimming angular velocity (6™) of fish in 2: for eachm from1 to M do
three consecutive frames were calculated as described in Equation 1 /* Compute changes in angles of fish swimming

and Algorithm 1. velocities */

Swimming Velocity

Frame t-2 .

Swimming Angular
Frame t-1 ) ‘ Velocity
trajectory
Frame t
- Generalized

Intersection over Union

FIGURE 3
Behavioral metrics quantification.
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3: A, = Xjam = Xjam-1

4: Ay, =Yiem = Yjam-1

51 AXy = Xjmo — Xjamea

61 AYs =Y — Yim—

~

© £1 = arctan (ﬁ—ii)
8: £2= arctan(%) /* Compute the absolute difference of
angles and convert to degrees */

9: Aangle, =[£1-2z2| 8% /% Convert the difference of
angles less than 180° */

10: Aangle, = min(Aangle,,360°-Aangle) /* Accumulate to
Angles */

11: Angles —Angles U {4angle,}

12: end for /* Compute the average angle change */
. pf
13: oju - \Anglles\ E o
acAngles

14: Return /"

Algorithm 1. Calculate Swimming Angular Velocity of Fish.

GIOU]ﬁ‘ , reflecting the degree of overlap of the fish bounding
boxes in consecutive frames, which was calculated as Equation 2.
Aj_, denotes the area of min box which contains two bounding
boxes of the same fish in consecutive two frames, [oU is the area
ratio of the intersection and union of the two bounding boxes, Ujm
is the union area of the two bounding boxes.

c
GIOU" = 1, S (Ionk_m - A”ZC_U”"’) @)
m=1 i=m

Based on the principle and calculation of these behavioral metrics,
it can be inferred that higher swimming speed indicates a higher fish
activity level, while increased swimming angular velocity and GIOU
values signify a reduced fish activity level. The integration of these
indicators provides a comprehensive perspective to systematically
evaluate the impact of different light color conditions on fish
behavior by comparing the variations among groups based on these
three metrics. This methodology enables us to identify the suitable light

color conditions for steelhead trout.

2.3.3 Statistical analysis and methods

In the quantification of behavioral metrics, which included twelve
values (12 hours per day) for each metric, two parts were conducted.
The first part of the study used behavioral metrics from the last five
days of the trial, serving as the final behavior effects of the first 8 weeks
of the trial, for one-way analysis of variance (ANOVA). The results of
the first part are in Sections 3.2 to 3.4 of the Results. The second part
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utilized daily data on swimming velocity, each comprising 12 hourly
values. The 12W group was used as a baseline to identify when
significant differences (represented by p-values) between 12W and
other groups stabilized. Given the significant differences of the 12R
group with other groups, the 12R group was similarly employed as a
baseline for conducting the same analysis. This approach allowed for a
comprehensive analysis of the effects of different lighting conditions on
fish behavior from various perspectives. The results of the second part
are in Sections 3.5 of the Results.

The homoscedasticity (P>0.05) of data was evaluated using the
Levene test and the normality (P>0.05) of data was assessedthrough
the Shapiro-Wilk test. Subsequently, the following stratified
approach was adopted to assess inter-group differences: For data
that conformed to both normality and homogeneity of variance,
ANOVA and LSD tests were utilized; for data that adhered to
normality but not to homogeneity of variance, Welch ANOVA and
Games-Howell tests were employed; for data that did not meet the
normality criterion, Kruskal-Wallis H test and Dunn’s Test were
conducted. Statistical analyses were performed using Python
packages including Scipy version 1.7.1, scikit_posthocs version
0.8.1, pingouin version 0.5.4, and statsmodels version 0.14.1,
along with IBM SPSS Statistics version 25.

2.4 Animal and ethics approval

All experimental methods of this study were performed under
the Regulations of the Administration of Affairs Concerning
Experimental Animals of China, as well as the Regulations of the
Administration of Affairs Concerning Experimental Animals of
Shandong Province.

3 Results

3.1 Comparison of multiple object
tracking methods

The comparative results between two Multiple Object Tracking
(MOT) methods, YOLOV5+SORT and CenterTrack, are presented
in Table 1. Both methods were trained and tested using a dataset
collected and annotated as part of the experiment. The results
showed that YOLOv5+SORT outperforms CenterTrack in the
context of fish multiple object tracking within this study,
evidenced by achieving a Mean Average Precision (mAP50) of
95.7%, a Multiple Object Tracking Accuracy (MOTA) of 87.4%, and
an Identity F1 Score (IDF1) of 47.7%. These metrics collectively
underscore the exemplary proficiency of YOLOv5+SORT method
in target detection and identity association.

3.2 Swimming velocity
The effects of different light conditions on fish behavior metrics

are shown in Figure 4. After the first 8 weeks of the trial, the results
revealed that there was a significant difference (P< 0.01) in
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Swimming velocity, Swimming Angular velocity, GIOU for juvenile
steelhead trout. (A) Swimming velocity (B) Swimming angular
velocity (C) Generalized Intersection ove Union.

swimming velocity among the six light color treatments (as shown
in Figure 4A). The swimming velocity of the 12R group was the
highest (P< 0.01), which significantly differed from the other
groups. The fish reared under the 3B9R groups had the lowest
swimming velocity, which was significantly lower than that of the
12R, 12B, and 6B6R groups.

In this Figure 4, panels (a—c) are statistical analyses of fish behavioral
metrics (Swimming Velocity (SV), Swimming Angular Velocity (SAV),
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and Generalized Intersection over Union (GIOU), respectively) at the
end of the trial, reflecting the behavioral influences of fish in the trial.
Different letters denote significant differences (P< 0.05) between groups
based on a one-way analysis of variance (ANOVA) with the Least
Significant Difference (LSD) test. Results are expressed as the mean +
standard deviation. The naming convention for treatments is derived
from the arrangement of light colors within the 12-hour light period,
denoted as xCyD: C color light for X hours, D color light for y hours.
For instance, ‘3B9R’ denotes blue light for 3 hours and 9 hours of red
light, and ‘12B’ denotes blue light for 12 hours.

3.3 Swimming angular velocity

The results indicated a significant variance in swimming
angular velocities among the six light color groups (P< 0.01), as
illustrated in Figure 4B. Specifically, the fish in the 12R group
exhibited the slowest swimming angular velocity (P< 0.01),
significantly differing from the other groups. The swimming
angular velocities of the other groups were relatively similar, with
T12BR displaying the highest value.

3.4 Generalized intersection over union

The results revealed significant differences in GIOU among the
six light color groups (P< 0.01), as depicted in Figure 4C. The fish in
the 12R group exhibited the lowest GIOU, showing a significant
distinction from the other groups. Conversely, the 3B9R group had
the highest GIOU, significantly differing from the 12R, 12B, 12W,
and 6B6R groups.

3.5 Dynamics of swimming velocity
differences among treatments

Temporal dynamics of significant differences in swimming
velocity between treatment groups were demonstrated in
Figures 5, 6. Specifically, Figure 5 illustrates the variations
in swimming velocity p-values and metrics for the 12W group in
contrast with the pure color groups (12B, 12R, and T12BR), while
Figure 7 presents these comparisons for the 12W group against the
mixed color groups (6B6R and 3B9R). In a parallel fashion, Figure 8
details the changes in swimming velocity p-values and metrics for
the 12R group relative to the pure color groups (12B, 12W, and
T12BR), and Figure 6 does the same for the 12R group when
compared to the mixed color groups (6B6R and 3B9R).

Comparative analysis of the 12W group revealed that stable
significant differences were only observed with the 12R group by the
conclusion of the trial (p<0.05). During the mid-phase of the trial
(weeks 3 to 4), the 3B9R and 6B6R groups exhibited transitory
significant differences when compared with the 12W group, which
were not maintained in the long term.

Comparative analysis of the 12R group revealed that significant
differences eventually manifested between this group and all other
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groups. Notably, the 3B9R and 6B6R groups displayed significant
differences from the 12R group as early as the sixth week. In
contrast, the 12W, 12B, and T12BR groups developed these
differences more gradually, becoming apparent by the eighth week.

FIGURE 6
Comparative analysis of Swimming Velocity in 12R and mixed color groups.
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In Figure 7, panels (al), and (bl) on the left display the daily
variance in swimming velocity P-values between each mixed color
group (6B6R, 3B9R) and the 12W group, over the initial eight-week
period. Panels (a2), and (b2) on the right present the corresponding
swimming velocity values for these groups compared to the 12W
group across the same duration. A P-value below 0.05 is indicative
of a statistically significant difference. The naming convention for
treatments is derived from the arrangement of light colors within
the 12-hour light period, denoted as xCyD: C color light for X
hours, D color light for y hours. For instance, 3B9R’ denotes blue
light for 3 hours and 9 hours of red light, and ‘12B’ denotes blue
light for 12 hours.

In Figure 8, panels (al), (bl), and (c1) on the left display the daily
variance in swimming velocity P-values between each pure color group
(12B, 12W, TI12BR) and the 12R group, over the initial eight-week
period. Panels (a2), (b2), and (c2) on the right present the corresponding
swimming velocity values for these groups compared to the 12R group
across the same duration. A P-value below 0.05 is indicative of a
statistically significant difference. The naming convention for
treatments is derived from the arrangement of light colors within the
12-hour light period, denoted as xCyD: C color light for X hours, D color
light for y hours. For instance, 3BIR’ denotes blue light for 3 hours and 9
hours of red light, and 12B’ denotes blue light for 12 hours.

In Figure 6, panels (al), and (b1) on the left display the daily variance
in swimming velocity P-values between each mixed color group (6B6R,
3BIR) and the 12R group, over the initial eight-week period. Panels (a2),
and (b2) on the right present the corresponding swimming velocity
values for these groups compared to the 12R group across the same
duration. A P-value below 0.05 is indicative of a statistically significant
difference. The naming convention for treatments is derived from the
arrangement of light colors within the 12-hour light period, denoted as
xCyD: C color light for X hours, D color light for y hours. For instance,
3BIR’ denotes blue light for 3 hours and 9 hours of red light, and ‘12B’
denotes blue light for 12 hours.

4 Discussion

In this study, the behavioral responses of steelhead trout under
various light color combinations (12B, 12R, 12W, 3B9R, T12BR,
6B6R) were investigated to identify the most suitable light
environment for steelhead trout cultivation. Light color is a
significant factor in aquatic environments, with numerous studies
investigating its effects on the physiology and behavior of cultured
fish species. For example, A study on the impacts of blue, red, green,
white, and natural sunlight on goldfish (Carassius auratus) found
that blue light facilitated better growth and lower ventilation
frequencies (Noureldin et al., 2021). It was found that steelhead
trout are not recommended to be cultured under blue light, as it was
associated with a reduction in liver total lipids and plasma glucose
levels, along with an increase in serotonergic and dopaminergic
activity in the brain (Karakatsouli et al., 2007). Meanwhile, another
study found that steelhead trout exhibited good growth
performance under yellow light Heydarnejad et al., 2013,
indicating that different light colors have varying effects on
steelhead trout. In contrast, this study found that the fish in the
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12R group exhibited the highest swimming velocity and the lowest
swimming angular velocity and GIOU, with significant differences
(P< 0.05) from the other groups. This indicates that fish under red
light exhibit the highest amount of movement, preferring to swim
over a large area rather than slowly wandering in a small radius. In
the comparative analysis with the 12W group, it was found that only
the 12R group exhibited significant differences with 12W in the end,
indicating that red light has a greater behavioral impact on fish, as
shown in Figures 5, 7.

Previous research has also discovered that steelhead trout
exhibit an avoidance behavior towards red light (Luchiari and
Pirhonen, 2008). The unique behavioral responses of steelhead
trout under red light environment could potentially be explained
by the physiological impacts of red light on fish. Several studies have
found that under red light, steelhead trout exhibit hepatic stress,
indicated by higher levels of alkaline phosphatase (ALP) (P< 0.05),
total bilirubin (T-BIL) (P< 0.05), alanine aminotransferase
(ALT), lysophosphatidic acid (LPA), and malondialdehyde
(MDA) (Chen et al., 2022b); and hepatic oxidative stress,
indicated by significantly decreased activities of catalase (CAT),
glutathione peroxidase (GPx), glucose-6-phosphate dehydrogenase
(G6PD), glutathione reductase (GR), glutathione S-transferase
(GST), and acetylcholinesterase (AChE) in the liver (Guller
et al., 2020).

The linkage between red light exposure and heightened fish
activity may be a consequence of hepatic stress. As the liver plays a
pivotal role in metabolic processes, its impaired function due to
stress or oxidative damage may increase fish activity levels, likely as
a stress response. Notably, this pattern of behavior under red light is
not unique to steelhead trout. Similar hepatic stress responses have
been observed in turbot (Scophthalmus maximus) (Wu et al., 2021),
with juveniles exhibiting increased levels of Hsp70 mRNA and
antioxidant enzymes when exposed to red and orange spectra.
Moreover, goldfish (Carassius auratus) exposed to red light
displayed reduced growth rates and heightened ventilation
frequencies (Noureldin et al.,, 2021). Tiger puffer (Takifugu
rubripes), too, exhibited avoidance behaviors to long-wavelength
red light, with their movement rates correlating directly with light
wavelength (Cai et al., 2023), echoing the increased activity levels
noted in this study. These collective findings underscore
the significant influence of red light on fish behavior and
physiology. However, the specific mechanisms underpinning
these effects, particularly how red light-induced hepatic stress and
oxidative damage translate into altered behavior, warrant
further investigation.

Beyond the impact of monochromatic light on fish, some studies
have also investigated the effects of combinations of light colors on
fish. For instance, a study on the influence of red, blue, green, white
light, and three mixed light combinations on Nile tilapia (Elkadom
etal, 2023), found that the growth performance under red/blue light
was superior, whereas red light exhibited poorer growth
performance, causing significant liver inflammation and damage,
showing some similarities with this study. In contrast, this research
investigates the effects of different light color combinations on the
behavior of steelhead trout. It was discovered that the 3B9R group
exhibited the lowest swimming velocity and highest GIOU,
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indicating lower activity level and exercise expenditure than other
groups. It has also been found (Chen et al,, 2022b) that the 3B9R
environment showed the best growth performance and no hepatic
stress. This may be attributable to the spectral distribution under
3B9R conditions more closely to the natural light spectrum in trout
habitats, thereby avoiding excessive stimulation and consequently
resulting in lower activity levels. The spectral distribution of light in
water is influenced by climatic conditions, incident angles, depth,
and water quality (Liu et al., 2016; Hou et al, 2019). Light
penetration in water varies with its wavelength; red light has
poorer penetration. Due to longer light paths at dawn and dusk
compared to noon (Wetzel, 1983; Ruchin, 2020), blue light
dominates at the same depth in the morning and evening, while
red light prevails at noon, which is similar to the light color
distribution under the 3B9R condition. Thereby, 3B9R was
considered a suitable light environment for trout cultivation.

In the comparative analysis based on the 12W and 12R groups,
distinct behavioral patterns were observed in the mixed light groups
(6B6R, 3BIR) as opposed to the pure light groups (12B, 12W, 12R,
T12BR). Specifically, the results reveal that in the comparisons with
the 12W group (showed in Figures 5, 7), mixed light groups (6B6R,
3B9R) briefly showed significant differences with 12W during the
mid-term phase of the experiment, which subsequently disappeared,
unlike the pure light groups (12B, 12R, T12BR). In the comparisons
with the 12R group (showed in Figures 8, 6), the mixed color groups
(6B6R, 3BIR) established long-term stable significant differences
earlier, emerging by the sixth week, whereas the pure color groups
(12B, 12W, T12BR) formed these differences at a later stage,
becoming apparent by the eighth week, indicating a two-week
advancement for the former. The key difference between mixed
and pure light groups lies in the fact that 12W, 12B, 12R, and
T12BR environments all provided light with constant spectral
distribution, that is, a pure color light without spectral change
(T12BR offers blue and red light, akin to violet light). In contrast,
the 3B9R and 6B6R environments’ light colors both have a blue-red-
blue change, which might have led to the unique behavioral patterns
observed in the mixed light groups. Previous research on the
biochemical characteristics (Chen et al.,, 2022a) has found that fish
in 3B9R and 6B6R environments showed myocardial stress with
higher levels of lactate dehydrogenase (LDH). This physiological
response may be correlated with the unique behavioral patterns of the
mixed light groups. It suggests that a gradual light color transition
phase is needed to facilitate fish adaptation and environments like
3B9R, and 6B6R should be cautious of abrupt light color changes.

Environmental light impacts fish behavior through the nervous
system. Usually, light is detected by the eyes and the signal is send to
the brain for processing and interpretation. Some studies have
delved into the effects of different environmental light colors on
fish brain histology. For example, it was analyzed the brain
histology of Nile tilapia under various light color environments
and observed that red light exposure led to adverse histological
changes in the brain (Elkadom et al.,, 2023), including significant
neuronal degeneration, cerebral hemorrhaging, and pronounced
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lesions. Conversely, fish exposed to red and blue light showed
excellent cytoarchitecture. This may offer a potential explanation
from a neurological and histological perspective for the negative
results seen in this experiment under the 12R red light environment
and the positive effects under the 6B6R and 3B9R red and blue light
combinations. Further exploration is needed to deeply understand
the mechanisms behind how light color influences fish behavior
through the nervous system and brain histology.

This study currently still has several limitations, such as the
accuracy of the MOT methods that could be further improved due
to the lack of high-quality fish datasets. The behavioral metrics used
primarily pertain to swimming behaviors of fish, with a dearth of
metrics directly reflecting fish group interactions. Moreover, the
internal mechanisms through which light affects histological,
physiological, and biochemical features by impacting their
neurological systems, leading to behvaioral performance, remain
unclear. In future research, more efficient and precise fish multiple
object tracking methods could be employed, and additional fish
behavior indicators could be proposed to comprehensively reflect
both swimming behaviors and group interactions of fish. This
would allow for a deeper investigation into the effects of light on
the histological, physiological, and biochemical aspects of fish, and
the underlying mechanisms of changes in fish behavior traits,
thereby enhancing the understanding of fish behavior.

5 Conclusion

In the present study, the effects of various light color combinations
on the behavior of juvenile steelhead trout were explored, integrating
the analysis of how light color impacts on fish growth, physiology, and
histology. Behavioral differences were discovered to emerge
significantly earlier than physiological ones, manifesting as early as
week eight. Notably, a distinct behavioral change was observed under
the red light (12R) environment, characterized by increased swimming
activity, which suggested the potential stress and discomfort
experienced by trout. Consequently, the 12R environment appeared
less favorable for long-term cultivation. Conversely, the mixed color
light condition 3B9R, closely mimicked the natural light spectrum
preferred by trout in their natural habitats, presenting a suitable light
environment for steelhead trout cultivation where gradual light color
transitions could help avoid stress. Existing brain histological analyses
of fish also support these behavioral findings, particularly the adverse
changes in brain histology observed under red light exposure
contrasted sharply with more favorable outcomes under red and blue
light conditions. Future research should continue to investigate the
multifaceted effects of light on aquacultural species, employing more
efficient and precise MOT methods for fish trajectory tracking. By
utilizing more comprehensive behavioral metrics to quantify fish
behavior, further studies can explore the potential relationships
between fish behavior, physiology, and histology to identify more
suitable aquacultural lighting environments, thereby enhancing fish
welfare and productivity.
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