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Fig.1 Experimental setup for the quantification of zebrafish behavior
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Tab.1 Pollutant concentration in experimental group
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Fig.2 Results of the tracking methods

a: JEHUA; b FETEE S HI0 KRR SUEME; o BT EES N TIRE; d: 2 HREE,
a Original video; b: Kalman filtering based on threshold segmentation;
¢: Manual annotation based on threshold segmentation; d: Multi-target tracking.
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Tab.2 Performance comparison of tracking methods

#4545 Evaluation indicators

BB BERE W R BB Hisme  SEOR
Tracking method Tracking  Missing Detection  J§E HEBf B Reference
accuracy/% rate/%  time/min - MOTA/% MOTP/%
HT Bytetrack ()2 HbrIRE: 90.26 16.33 019 81.95 29.33 PN
Multi-target tracking based on Bytetrack ' ' ' ' ' This study
HT SOTMOT B2 B xR E: Zheng %
88.52 26.45 0.41 71.32 69.84
Multi-target tracking based on SOTMOT (2021)
HTF FarMOT 192 HAR IR ER Zhang %
90.10 20.69 0.37 74.55 65.19
Multi-target tracking based on FairMOT (2021)
ST WA R R ki 6700 7280 350 R
Kalman filtering based on threshold segmentation ' ' ' (2012)
F kR Manual annotation 100 0 125.62 B4 (2014)

¥ i >4 67.09% .88.52% . 90.10%, M AT 55 1Y) 74.32% .
98.07%. 99.82%; Ui R A ik 72.80%. 20.69%.
26.45%, JEAWIFE 4.46. 1.27. 1.62 15,
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FRAEAE A AR AR I 0 L2 3.
221 BB HD %5 H 0 Hh MK 3 iR,
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3535l , PR R ECH 18.14 K . FEMFREE 2
BT, B fn A AR R R T M AR ETE
— MK, 7ELTUMREET, 0~26min N, #HE7E
500~900 pixel/s Z [k 5, 1fE#EFFE TR, 43min
&, R TR E , JHTE 100~400 pixel/s Z [H] 3]
A1, FHIRERERECH 80.15 K., FE 2 TU WRIETF,
0~24 min N, ¥ 7E 500~1 100 pixel/s Z A% 3h, i
JEHEETF AR T, 71 min 5, HEE BT TR S e

100~400 pixel/s Z [A] ¥4 5] e g, V- 34 6lf 43 YK £
31578 K. TEATUIRET, 0~22min Py, #HERE LTt
s, BN 1779.16 pixel/s, 154G TR,
76 min J5, #EE#HE TEEIFE 100~400 pixel/s Z
505, PR IRECH 755.66 X, TEA A6
PR EE S, B h A0 ) - A3 B L A i O 25 F-F- 24 il
B A 3 2% 5 (P<0.05),

222 BERAAEATIE IR F6H R mE 4 R,
o REZH v o £ B AR fE RS UOE , 7E 300~700 pixel/s Z
[ 505, PR B 31.59 K. FERNS R H 2
5T, BEE o i R AR R S B R T B A AR
ETE—NEARAKF-. 752 L TU HET, 0~20 min 4,
HEE7E 500~800 pixel/s 2 [8l 3 5l , 1 J B - 1A T %,
52 minJ5, #EZWE TRE, JH7E 150~300 pixel/s
Z B850 5, PR R B 159.36 IR, #F 2 TU
WRET, 0~20 min P, #EEAE 600~1000 pixel/s Z[A]
Wesh, miEHEEIG R, 78 min 5, HEZRWIET
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Fig.3 Velocity changes in zebrafish under zinc sulfate exposure
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Fig.4 Velocity changes in zebrafish under lead acetate exposure
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Fig.5 Velocity changes in zebrafish under potassium dichromate exposure
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Fig.6 Velocity changesin zebrafish under phenol exposure
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AL, HALL R A R Y LT, 4122 H]
Z5 W% (P<0.05); 7EHAEEEM, B 1. 2 TUREW
PN L A N R o8 E B 9 I T U T g
PRS2 2 (] 22 57K B 3% (P>0.05), HEE R4 415
HoAth 52560 41 2% 5+ 5 3% (P<0.05)
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Tab.3 Changesin motor eigenvalues of the experimental groups

L X T Y 22 ﬁ"ik_ﬁﬁ ﬁ%ﬁ_iﬁ)ﬁ T YRl R YR AR
Pollutants Average . S_tandar_d Maxi mum Maxi mum Avere}ge number of
speed/(pixel/s) deviation/(pixel/s) speed/(pixel/s) speed/(pixel/s) collisions/times
Wik Er Xf R4 Control subjects ~ 424.84 62.52 596.32 280.22 18.14
Zincsulfate 1TU 327.85 165.34 859.19 91.01 80.16
2TU 343.08 222.26 1086.95 93.28 315.78
4TU 505.28 367.86 1779.16 45.61 755.66
Tl i X+ HE4H Control subjects 424.67 103.72 716.68 240.45 31.59
Lead acetate 1TU 329.96 171.36 789.35 137.98 159.36
2TU 371.56 202.18 933.04 131.29 208.61
4TU 350.16 265.63 1073.02 100.41 223.48
T R AT X B 2l Control subjects 461.61 77.55 689.77 303.09 25.77
Potassium 1TU 469.26 108.14 776.35 209.53 147.67
dichromate 2 TU 364.94 51.41 513.89 252.05 325.16
4TU 263.26 45.98 440.70 135.74 549.15
KT X HE4H Control subjects 457.43 76.23 668.81 22351 39.30
Phenol 1TU 772.86 211.81 1747.58 503.04 771.59
2TU 958.43 238.23 1458.13 225.32 919.84
4TU 135.06 127.62 866.44 0.00 45.42
*4 ZTWAMESHHEEZTLER
Tab.4 Differencesin changes in motor eigenvalues in the experimental groups
e z‘%ﬁ%ﬂﬁ;ﬁ%ﬂﬁfﬁ 8 S z‘%ﬁféﬁ;ﬁ%ﬂﬁfﬁ S 0 RO R
59 Average velocity o Average velocity Degree of speed
Pollutants during initial Degr_ee of m't'a(! during late change at |ater
exposure/(pixel/s) velocity change/% exposure/(pixel/s) stages/%
Wi A 1TU 584.24 37.52 238.13 —43.94
Zinc sulfate 2TU 661.68 55.75 172.48 -59.39
4TU 749.33 76.37 224.80 —47.08
itk iy 1TU 613.97 44.57 215.06 —49.35
Lead acetate 2TU 735.92 73.29 242.97 —42.78
4TU 853.81 101.05 190.45 -55.15
AR W4 1TU 525.60 13.86 413.91 -10.33
Potassium 2TU 379.31 -17.82 351.03 -23.95
dichromate 4TU 279.57 -39.43 247.48 —46.38
Wy 1TU 1188.45 159.81 758.82 65.88
Phenol 2TU 1014.73 121.83 989.22 116.25
4TU 548.51 19.91 116.70 —74.48
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Pollutants Percentage of abnormal trajectories/%
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4TU 37.06
Tt i 4t 1TU 6.09
Lead acetate 2 TU 8.33

4TU 23.54
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Potassium 2TU 94.94
dichromate 4TU 96.03
S 1TU 59.23
Phenol 2TU 89.50

4TU 11.62
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Abstract

Petrochemical wastewater contains heavy metals and petroleum-based pollutants and is a

major environmental and biological health hazard. Zebrafish are sensitive to water quality changes and
can be used as biological indicators for water quality monitoring. The type, concentration, and toxicity of
pollutants in the water can be inferred by observing zebrafish survival, behavior, activity, and other
parameters. However, the traditiona method of monitoring zebrafish toxicity-response behavior by
manual observation and analysis is subjective, |abor-intensive, and inefficient. Therefore, automating the
monitoring and identification of zebrafish toxicity-response behavior using computer vision technology is
an important and challenging research goal. The common methods of computer vision technology in
zebrafish toxicity-response behavior monitoring and recognition can be divided into three steps:
Foreground extraction, target tracking, and behavior analysis. However, there are problems such as
sensitivity to light changes, inability to deal with occlusion and overlapping phenomena, and low
efficiency. Therefore, the aim of this study was to improve efficiency and detection accuracy in complex
situations such as fish shading for the automated and real-time identification of zebrafish toxicity-
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response behavior. In this study, four typica pollutants (zinc, chromium, lead, and phenol) in
petrochemical tail water were selected to experimentally observe the swimming behavior of zebrafish at
different concentrations and exposure times. A multi-target tracking technique based on YOLOv8+
Bytetrack was used to extract the characteristic values of zebrafish movements (average velocity,
maximum velocity, minimum velocity, and average number of collisons). YOLOv8 is a deep
learning-based end-to-end target detection algorithm that enables efficient and accurate target detection.
Bytetrack is a multi-target tracking algorithm based on target detection that can achieve rea-time target
tracking coupled with the use of low-scoring frames in the tracking algorithm for secondary matching,
which can effectively optimize the problem of switching 1Ds due to occlusion in the tracking process. The
convolutiona neura network Resnet was used to analyze the motion trajectory maps of zebrafish. The
bounding box and confidence level output from the YOLOv8 model were inputted into the algorithm to
obtain a unique ID and trajectory for each zebrafish. Finaly, zebrafish features such as position, speed,
number of wall touches, and trajectory were extracted based on the tracking results. The experimental
results showed that the algorithm's tracking accuracy, missing rate, and detection time (per 300 frames)
reached 90.26%, 16.33%, and 0.19 min, respectively, which represented a considerable improvement in
detection time and accuracy over those of traditional target-detection methods. The tracking accuracy of
manual labeling was up to 100%, and the monitoring time was 125.62 min, which was 661.16 times
greater than that of the multi-target tracking method in this study. Moreover, the detection times of the
threshold segmentation-based Kaman filter, SOTMOT-based multi-target tracking, and FairM OT-based
multi-target tracking were 3.59, 0.41, and 0.37 min, respectively, representing 18.89-, 2.16-, and 1.95-fold
increases over that of the proposed method, and the tracking accuracies were 67.09%, 88.52%, and
90.10%, which represented only 74.32%, 98.07%, and 99.82%, respectively, of the accuracy of this
method. Moreover, the missing detection rates were 72.80%, 20.69%, and 26.45%, which were 4.46, 1.27,
and 1.62 times greater than the missing detection rate of this method. This method outperforms other
multi-target tracking methods (SOTMOT and Deepsort) regarding target-tracking accuracy and precision.
Meanwhile, the proposed method can accurately identify the corresponding movement status and
trajectory changes in zebrafish based on specific pollutants. An increase and then a decrease in velocity
were observed in zebrafish exposed to zinc sulfate and lead acetate as compared to that of the control
group. A significant difference (P<0.05) exists between the effects of zinc sulfate and lead acetate on the
increase in velocity of zebrafish at the beginning of the exposure. The velocity of zebrafish in the
potassium dichromate-exposed group showed a fluctuating trend, with values slightly lower than those of
the control group. In contrast, the proportion of abnormal trgjectories was significantly higher (P<0.05)
than that in the other experimental groups. Under phenol exposure conditions, the velocity of zebrafish
tended to fluctuate over awide range, while the number of wall touches was significantly higher than that
in the other experimental groups (P<0.05). At the late stage of exposure, the velocity of zebrafish in zinc
sulfate, lead acetate, and potassium dichromate exposure groups gradually stabilized. The velocity of
zebrafish under zinc sulfate and lead acetate exposure conditions tended to decrease significantly. In the
potassium dichromate group, the velocity of zebrafish under 1 and 2 TU phenol exposure increased
sharply and then fluctuated within a certain range, and 4 TU phenol exposure resulted in partial mortality
of zebrafish. In summary, the multi-target tracking method can quickly identify the type of pollutant to
which zebrafish are exposed by setting thresholds for the speed, number of wall touches, and percentage
of abnormal tragjectories in zebrafish behavior. This method is simple, effective, performs accurate
identification, and determines rea-time responses, making it highly valuable for reference in fish
toxicity-response behavior identification.

Key words Computer vision; Multi-target tracking; Zebrafish; Behavioral analysis



