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Heavy metal pollution poses significant threats to aquatic ecosystems, known to impair
fish behavior. This study investigated the effects of 96-hour exposure to sublethal
concentrations of lead (Pb) and cadmium (Cd) on the swimming behavior of zebrafish
(Danio rerio), using both quantitative kinematic analysis and qualitative trajectory
assessment. Behavioral parameters including bout distance, speed, angular velocity, tail
beat frequency and swimming pattern were quantified using ZebraZoom software.
Results showed that both metals significantly altered locomotor activity, but with
distinct patterns. Pb exposure reduced bout distance and speed (compared to the control),
while increasing angular velocity, suggesting disrupted spatial navigation. Cd exposure
caused more severe reductions in movement metrics and tail beat frequency, indicating
neuromuscular impairment. Trajectory analysis revealed Pb-exposed fish exhibited
circular swimming patterns, while Cd-exposed fish showed fragmented movements with
frequent pauses. These findings demonstrate that sublethal Pb and Cd exposures induce
metal-specific behavioral syndromes in zebrafish, likely through different neurotoxic
mechanisms. The study highlights the value of combining quantitative and qualitative
behavioral analyses in ecotoxicological assessments and suggests distinct biomarkers
may be needed for different heavy metal contaminants. The results have important
implications for understanding sublethal toxicity mechanisms and developing behavioral
monitoring tools for aquatic pollution.
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Introduction

Heavy metal contamination in aquatic ecosystems represents one of the most pressing environmental challenges of the modern era,
primarily due to the persistent nature, bioaccumulative potential, and high toxicity of these pollutants. Among the myriad of heavy
metals contaminating water bodies worldwide, lead (Pb) and cadmium (Cd) have emerged as major concerns owing to their widespread
release through industrial effluents, agricultural runoff, and urban discharge. These metals, even at sublethal concentrations, can
profoundly disrupt physiological and behavioral functions in aquatic organisms, serving as valuable indicators of environmental stress.
The zebrafish (Danio rerio) has been established as a premier model organism for ecotoxicological research, offering unparalleled
advantages including genetic tractability, sensitivity to environmental contaminants, and well-characterized behavioral repertoires.
Recent advancements in automated behavioral tracking technologies, particularly software platforms such as ZebraZoom, have
revolutionized the quantitative assessment of fish locomotion, enabling precise measurement of kinematic parameters including bout
distance, swimming speed, angular velocity, and tail beat frequency. Despite extensive research on acute heavy metal toxicity,
investigations examining the subtle behavioral effects of sublethal concentrations remain surprisingly limited. This knowledge gap is
particularly critical because sublethal exposure, while not immediately lethal, can impair essential behaviors including foraging
efficiency, predator avoidance, and social interactions, ultimately affecting population-level fitness. Furthermore, the distinct
neurotoxic mechanisms of different heavy metals may produce metal-specific behavioral syndromes, yet comparative studies
examining these differential effects are scarce. The present study addresses these gaps by comprehensively evaluating the behavioral
responses of zebrafish following 96-hour exposure to sublethal concentrations of lead and cadmium, utilizing both quantitative
kinematic analysis and qualitative trajectory assessment to elucidate metal-specific behavioral signatures.

Methodology

A total of 90 adult zebrafish were acclimated to laboratory conditions for three weeks in 30-liter aquaria, with each tank containing 10
fish and maintained under controlled environmental parameters. The experimental design followed a completely randomized approach
comprising three treatment groups, each with three replicates: a control group receiving no metal exposure, a cadmium-exposed group
receiving 0.4 mg/L Cd, and a lead-exposed group receiving 1.0 mg/L Pb, all administered through waterborne exposure for a duration
of 96 hours. Following the exposure period, fish from each treatment were carefully transferred to recording arenas specifically
prepared for video documentation. Prior to behavioral recording, fish were allowed a 15-minute acclimation period within the novel
environment to minimize handling-induced artifacts. Behavioral filming was conducted under quiet conditions, with each fish recorded
for five minutes, capturing at least three fish per replicate (nine behavioral assessments per treatment). The recorded videos were
subsequently analyzed using ZebraZoom software, which underwent meticulous calibration to ensure accurate tracking of multiple
behavioral parameters. The software extracted a comprehensive suite of kinematic measurements including bout distance, bout speed,
angular velocity, mean tail beat frequency, median instantaneous tail beat frequency, mean tail beat frequency based on the first six
tail bends, mean absolute tail bend angle, absolute yaw (maneuverability), timing of first tail beat response, and tail angle symmetry.
Al statistical analyses were performed using one-way analysis of variance (ANOVA) followed by Duncan's multiple range test for
post-hoc comparisons, with results presented as mean + standard deviation and statistical significance set at P < 0.05.

Results and Discussion

The findings revealed that both lead and cadmium exposure significantly altered zebrafish locomotor behavior, albeit through distinctly
different patterns, as evidenced by significant reductions in bout distance and swimming speed across both metal-exposed groups
compared to controls. Lead-exposed fish exhibited a moderate decrease in movement metrics (bout distance: 5799.36 + 586.53 mm;
speed: 13.77 £ 0.81 mm/s) alongside a paradoxical increase in angular velocity (139.74 + 8.82 °/s), suggesting selective disruption of
spatial navigation circuits while maintaining some degree of motor function. In striking contrast, cadmium exposure produced more
severe impairments across multiple parameters, with the lowest recorded values for bout distance (5405.62 + 870.43 mm), speed (12.01
+ 1.66 mm/s), and mean tail beat frequency (6.93 + 0.17 Hz), indicating profound neuromuscular dysfunction. Qualitative trajectory
analysis corroborated these quantitative findings, revealing that Pb-exposed fish displayed circular swimming patterns characterized
by frequent directional changes and reduced linear progression, while Cd-exposed fish exhibited highly fragmented movements
punctuated by frequent pauses and restricted environmental exploration. These distinct behavioral syndromes likely reflect differential
neurotoxic mechanisms, with lead preferentially affecting dopaminergic circuits involved in spatial orientation, whereas cadmium
appears to disrupt calcium homeostasis in muscle cells, impairing contraction dynamics and tail beat generation. The preservation of
certain parameters including tail symmetry and maneuverability despite overall reduced activity suggests compensatory mechanisms
that warrant further investigation. From an ecological perspective, these metal-induced behavioral alterations could substantially
impact survival through reduced foraging efficiency and impaired predator evasion, with cadmium exhibiting more pronounced
ecological consequences. The study's limitations include the acute exposure duration and the absence of neurochemical validation,
suggesting that future investigations should integrate behavioral assessments with molecular and histopathological analyses to fully
elucidate the underlying mechanisms.

Conclusion

This study conclusively demonstrates that sublethal lead and cadmium exposures produce distinct, metal-specific behavioral
syndromes in zebrafish, with lead primarily affecting spatial navigation and cadmium exerting more profound neuromuscular effects.
The integration of quantitative kinematic analysis with qualitative trajectory assessment proved invaluable for capturing the full
spectrum of behavioral alterations, revealing patterns that would remain undetected using either approach alone. These findings
underscore the critical importance of behavioral biomarkers in ecotoxicological monitoring, suggesting that different heavy metal
contaminants may require specific behavioral endpoints for accurate environmental risk assessment. The observed behavioral
impairments, particularly the severe effects of cadmium on fundamental locomotor parameters, highlight the potential ecological
consequences of sublethal metal contamination in natural aquatic systems. Future research should extend these findings to chronic
exposure scenarios and incorporate molecular analyses to elucidate the mechanistic pathways underlying these behavioral disruptions.
Ultimately, this study contributes to the development of sensitive, non-invasive behavioral monitoring tools for assessing water quality
and establishes zebrafish as a powerful model for investigating metal-induced neurobehavioral toxicity.
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