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Abstract
Diuron, a biocide widely used in agriculture and offshore industries, can cause acute toxicity in aquatic organisms, leading to fatal outcomes and behavioural disruptions. This study assessed its toxic effects on Javanese medaka (Oryzias javanicus) to determine safe exposure levels and support guideline development for Malaysian river and coastal waters. Eight triplicate treatments were prepared, each with 10 individuals (mean size 3.0 ± 0.3 cm, n = 240) exposed to 1.0 to 20.0 mg/L concentrations. Acute toxicity was evaluated over 96 hours using probit analysis to calculate the median lethal concentration (LC₅₀), which was found to be 5.90 mg/L. No mortality occurred in the control groups. Behavioural endpoints—including surfacing, burst swimming, loss of coordination, and pigmentation changes—were significantly observed in the exposed groups, with noticeable responses beginning at 5.0 mg/L compared to the control. The results highlight the high sensitivity of O. javanicus to this herbicide, supporting its suitability as a bioindicator species for aquatic toxicants. Due to its ecological adaptability and sensitivity, Javanese medaka is a valuable tropical model for ecotoxicological research in Malaysia. 
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The integrity of aquatic ecosystems can be compromised by various factors, particularly unforeseen pollution resulting from human activities, predominantly those associated with agricultural practices, as aquatic ecosystems are often primary sinks for pollutants from a variety of sources (Bashir et al., 2020; Thanigaivel et al., 2023). Aquatic ecosystems are impacted by the widespread use of agrochemicals such as herbicides in agriculture (Bashir et al., 2020; Bhat et al., 2018). In brief, these incidents will eventually cause harm to aquatic organisms in the long term. Diuron (3-(3,4-dichlorophenyl)-1,1-dimethylurea) is one of the widely known phenylurea herbicides that have been used to control pre-emergence weed growth in crop and non-crop areas (Giacomazzi & Cochet, 2004; Das et al., 2024). This herbicide is persistent in the soil, as aerobic soil degradation takes 372 days to complete, while 995 days are required for anaerobic soil degradation. The hydrolysis half-life at pH 7 takes 1240 to 1330 days to degrade in water (Kollman & Segawa, 1995; DPR Pesticide Chemistry Database, 2003). 
Diuron contamination is a worldwide concern arising from its extensive application as a bioactive ingredient in anti-fouling paint and as a herbicide combination. A booster biocide, Diuron and Irgarol 1051, was assessed in the marine ecosystem in the Gulf of Napoli, Italy. The results showed a higher Diuron level concentration than Irgarol 1051 in all sampling sites. The dissolved concentrations of Diuron ranged from <1 to 1380 ng/L compared to <0.2 to 173 ng/L for Irgarol 1051 (Di Landa et al., 2009). The assessment of the natural environment, however, showed significantly lower levels of Diuron concentration compared to the LC50 value obtained. Another study by Kaonga et al. (2015) assessed the contamination of Diuron in the Seto Island Sea, Japan. Their study recorded Diuron levels of 2.18 µg/L, 0.06 µg/L, 0.075 µg/g, 2.83 µg/g, and 4.12 µg/g for surface water, bottom water, sediments, plankton, and fish, respectively. The source of Diuron contamination is the anti-fouling paint used in the shipping industry. However, the concentration of Diuron in the surface water from Japan is much higher than that in Italy, indicating that pesticide contamination occurred worldwide and is presumably severe in more developed countries with industrial and agricultural activities.
In Malaysia, Diuron contamination in oil palm plantation soil was studied in Sepang, Selangor, where its residue can still be detected in the surface soil even after 90 days (Muhammad et al., 2013). Furthermore, the residue of this herbicide can also be found in the extracted crude palm oil matrices (Ramli et al., 2012). The findings suggested that Diuron is one of the main herbicides used in Malaysia. Diuron contamination of Malaysian coastal waters can significantly negatively impact the east coast coral reef (Ali et al., 2014) and blood cockle (Mukhtar et al., 2020) due to Diuron-based anti-fouling paint. Another affected area is Malaysia’s largest shipping port, Port Klang, where Diuron residue can be found in sediments, pore water, and surface seawater due to leaching from moored vessels, rapid industrialization, and active fishing activities (Hanapiah et al., 2017).
Animal behavioural is susceptible to environmental changes and contamination, particularly from pollutants that serve as environmental stressors (Shahbazi Naserabad et al., 2015; Jacquin et al., 2020; Bertram et al., 2022). Behavioural observations offer dependable substitute evaluations since they are quicker, more perceptive, and more ecologically significant, offering early alerts about the condition of an aquatic ecosystem's health (Sharma, 2019; Ford et al., 2021). In a previous study, Saglio and Trijasse (1998) discovered that Diuron can cause notable behavioural changes in goldfish, including increased surfacing activity and fast or irregular swimming movements. Recent studies have shown that the agrochemical Diuron's acute toxicity towards aquatic organisms can be assessed using ricefish Javanese medaka (Oryzias javanicus) as a bio-indicator. Javanese medaka is naturally distributed in the coastal areas of Peninsular Thailand, Peninsular Malaysia, Indonesia, Singapore, and Western Borneo (Magtoon & Termvidchakorn, 2009; Yusof et al., 2012; Yusof et al., 2013). Recent discoveries of Javanese medaka have been recorded in the natural coastal waters of South and Eastern Peninsular India, as updated by Angel et al. (2019). This euryhaline fish species can survive in waters of a wide salinity range from seawater, brackish, and freshwater ecosystems, making them ideal bio-indicator candidates for aquatic ecosystems. The Javanese medaka currently serves as a model species for ecotoxicological research due to studies demonstrating its vulnerability to toxicants (Mohamat-Yusuff et al., 2018; Aziz et al., 2018; Kamarudin et al., 2019; Kamarudin et al., 2020; Lee et al., 2020). 
The objectives of this study are to evaluate the herbicide's safety levels during the exposure period and to find the Diuron 96-hour median lethal concentration toward the Javanese medaka (O. javanicus) together with their behavioural reactions. While Diuron's effects have been investigated on several fish species, this work offers the first scientific account of Diuron's effects on the selected test organism, O. javanicus. The findings of this study contribute essential baseline data for environmental regulators, supporting the formulation of Diuron exposure guidelines and strengthening monitoring frameworks for aquatic pollution in tropical and subtropical regions.
Material and Methods
The wild stock of Javanese medaka (family: Adrianichthyidae, order: Beloniformes) was collected from an estuarine area of Sungai Pelek, Sepang, Selangor, Malaysia. The sampling followed the methods Aziz et al. described (2018). Customized nets were used, and adult medaka with more than 3.0 cm in size were collected and acclimatized in the laboratory for more than 6 months in a flow-through system. The water’s salinity was decreased daily until it became freshwater for easy maintenance under a 14-hour light: 10-hour dark photoperiod. Ad libitum commercial pellets and freshly hatched brine shrimp (Artemia salina) were fed to the medaka. Fish were deemed suitable for testing once acclimated and exhibiting regular spawning. Water parameters were monitored and adjusted throughout the trials using a water pump for aeration and pH balancing.
Eight triplicates of the treatment solution were prepared, and 10 individuals with a size of 3.0 ± 0.3 cm (n = 240) of Javanese medaka were placed in each aquarium with a capacity of 6 L (17.5 x 18.0 x 38.0 cm). All the water parameters were closely monitored, and the temperature, pH, dissolved oxygen, and the mean results recorded (±SD) were 25.0 ± 1.0 °C, 7.0 ± 0.5, and 6.9 ± 0.6 mg/L, respectively. The aquariums containing fish specimens were exposed to Diuron with concentrations of 1.0, 5.0, 7.0, 10.0, 15.0, and 20.0 mg/L, respectively.
Another two sets of treatments were not treated with Diuron, as they were the experimental and solvent controls. The reagents used in this study were all analytical reagent grade certified for their high purity. The treatment solutions were prepared using the powder form of the 98% D2425-100G Diuron (C9H10Cl2N2O) (Sigma-Aldrich, United States). While the solvent used was dimethyl sulfoxide (C2HSO), (Riendemann Chmidt) (DMSO, AnalaR grade), Diuron did not completely dissolve in water. The safe level estimation of the Diuron herbicide was identified according to Sprague (1969), Committee on Water Quality Criteria (CWQC, 1972), National Academy of Sciences/National Academy of Engineering (NAS/NAE, 1972), International Joint Commission (IJC, 1977), Canadian Council of Resources and Environmental Ministry (CCREM, 1992; Hart et al., 1948).
The fish were sampled, handled, treated, and sacrificed according to the methods approved by the Institutional Animal Care and Use Committee, Universiti Putra Malaysia (AUP No.: R006/2016). All the experiments were conducted according to the guidelines and regulations mentioned.
Behavioural observations were made during the first 15 minutes of exposure. Modified observations on the fish’ diagnostic behavioural effects included surfacing, burst swimming, coordination, and skin pigmentation changes (Saglio & Trijasse, 1998; Gerhardt, 2007) (Table 1). The control treatments were monitored as a reference to compare any behavioural changes. 
Table 1. Criteria of behavioural scores of Javanese medaka exposed with herbicide Diuron.
	Behavioural 
	Score
	Criteria

	Surfacing
	0
	No surfacing

	
	1
	Mouth opening at the surface 

	Burst Swimming
	0
	No burst swimming

	
	1
	Sudden spurt and non-directed movement of swimming

	Coordination
	0
	Individuals fish in the group were highly coordinated 

	
	1
	No/low coordination. Fish were pointing in different directions

	Change in skin pigmentation
	0
	No change in skin pigmentation

	
	1
	Skin color change from transparent to whitish body color



The data obtained were subjected to a one-way analysis of variance (ANOVA) using the statistical package SPSS (Version 25.0). The Diuron’s median lethal concentration towards adults of Javanese medaka (O. javanicus) was determined using the probit analysis method (Soni & Verma, 2018; Rana & Gautam, 2022; Uçar, 2024). 
Results and Discussion
The physical and chemical properties of the water treatment during the 96-hour toxicity test did not significantly differ from the acclimation period (p > 0.05). It had a temperature of 25.0 ± 1.0°C, a dissolved oxygen content of 6.9 ± 0.6 mg/L, and a pH mean (±SD) of 7.0 ± 0.5. In the static renewal-toxicity test, the Javanese medaka's estimated mean 96-hour LC50 value was 5.90 mg/L (Figure 2). Throughout the experiment, no fish mortality was noted in the control group. 

The toxicity of the Diuron herbicide on adult Javanese medaka increased with the exposure time and in test solution concentrations. Direct visual observations were done after the fish were introduced into the test solution within 15 minutes. The medaka exhibited some behavioural abnormalities of "escaping" or avoidance behavioural in response to the effects of the Diuron herbicide. The Javanese medaka showed erratic swimming movements from the bottom to the water's surface. The surfacing activity was fast, coupled with convulsions and jerky body movements. The fish also lost their equilibrium and struggled for breathing as shown by their rapid operculum movements. However, no hemorrhage incident was observed on the fish's skin. The control treatment medaka showed normal swimming behavioural and natural color with transparent bodies. The body color of treated fish at the highest concentration, 15.0 mg/L, showed body color changes from transparent to pale whitish (Figure 1). At lower concentrations, the changes in its behavioural are not prominent. The estimated safe level values of the Diuron herbicide for Javanese medaka ranged from 0.059 to 0.59 mg/L, as presented in Table 2.
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Figure 1. Behavioural responses of Javanese medaka in group of 30 to different treatments of herbicide Diuron. (DMSO: dimethyl sulfoxide as solvent) Remarks: Different alphabets indicate a significant difference (p<0.05) between the groups.
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Figure 2. Probit analysis to determine the Lethal Concentration (50%) of Diuron acute exposure at different concentrations for 96 hours.

	Table 2. Safe level estimation of Diuron to Javanese medaka (Oryzias javanicus)

	Chemical 
	96h-LC50 (mg/L) 
	Method
	Calculation/ Application Factor
	Estimation of Safety Level (mg/L)

	Diuron
	5.90
	Sprague (1971)
	0.1
	0.590

	
	
	CWQC (1972)
	0.01
	0.059

	
	
	NAS/NAE (1973)
	0.1-0.00001
	0.590-0.000059

	
	
	CCREM (1991)
	0.05
	0.295

	
	
	IJC (1977)
	5% of 96h-LC50
	0.295 



	Table 3. Ecological toxicity of Diuron on different species of fish.

	Fish species
	Stage of life
	Duration of Exposure (Hours)
	Median Lethal Concentration (LC50) (mg/L)
	References

	Javanese Medaka (Oryzias javanicus)
	Adult
	96 
	5.90
	This study

	Zebrafish
(Danio rerio)
	Embryo
	96 
	6.50
	(Velki et al., 2017)

	Fathead minnows (Pimephales promelas)
	Juvenile
	96 
	14.20
	(Call et al., 1987)

	Sheepshead Minnow (Cyprinodon variegatus)
	Adult
	96 
	6.70
	(USEPA, 2004b)

	Cutthroat trout (Oncorhynchus clarkii)
	Adult
	96 
	1.40
	(Johnson and Filey, 1980)

	Rainbow trout (Oncorhynchus mykiss)
	Adult
	96 
	16.0
	

	Bluegill (Lepomis macrochirus)
	Adult
	96 
	8.20
	

	
	
	
	5.90
	(USEPA, 2004b)

	Lake trout (Salvelinus namaycush)
	Adult
	96
	2.70
	(Johnson and Filey, 1980)



Several other studies also reported the same changes in fish behavioural as they were introduced to Diuron as the toxic test solution. A study by Saglio and Trijasse (1999) reported behavioural responses in its model fish, goldfish, to Diuron. The study explained in detail the fish’s behavioural changes upon Diuron exposure in terms of decreased grouping behavioural and increased surfacing activity shortly after the Diuron exposure. Also, treatments with Diuron showed a significant effect on the fish’s burst swimming and increased the number of mouth openings at the surface. The closest study related to Javanese medaka was conducted by Mohamat-Yusuff et al. (2018), which showed vertical swimming movements in the studied exposed group in response to various copper pyrithione (CuPT) concentrations. Abnormal behavioural, corresponding to the increasing toxicant concentration, is a good indicator of stressors. These significant changes can be observed within 15 minutes of exposure to test toxicants, as Diamond et al. (1990) mentioned. Diamond et al. (1990), as the observations were on the increased erratic movements, increases in gill purges, and ventilatory frequency in fish. Besides, toxic responses of Japanese medaka (Oryzias latipes) on their behavioural could be identified after 10-30 minutes of exposure, and they showed decreases in median swimming speed after the exposure (Fukuda et al., 2010). The escaping or avoidance behaviourals are the first behavioural response after being in contact with the test solutions to escape from the contaminated site, which is also known as locomotory escape behavioural (Gerhardt, 2007).
Another study by Shinn et al. (2015) reported the same behavioural responses from mixed herbicide exposure on juvenile rainbow trout. Acute toxicity testing on other toxic chemicals, such as pesticides on Oreochromis mossambicus (Parithabhanu, 2013); a glyphosate-based herbicide, paper mill effluent on fish Rasbora daniconius (Pathan et al., 2009); and freshwater fish Puntius stigma (Sarwade, 2015) also showed burst swimming reactions from the fish studied. This behavioural is a response to stressful conditions in the environment. According to Henry and Atchison (1984), this kind of behavioural can be an indicator of sensitive exposure to toxicants. Generally, behavioural changes are the most sensitive indicators by fish towards potential toxic chemicals (Banaee et al., 2011).
The burst swimming behavioural observed was an alarm response from the olfactory part of the brain as a perception released by deep epidermal cells from the injured members, the alarm pheromones. This unique social interaction of burst swimming behavioural sends clear visual alarms to other members of a threat to survival (Pfeiffer, 1962; Domenici & Hale, 2019). Fish species exhibit chemoreception through their olfactory signals, which prove their ability to detect and perceive chemical stimuli in their environments (Kasumyan, 2004; Ueda, 2021). Also, the ability to recognize and distinguish conspecific individuals, species, and population identity, as other behavioural patterns such as schooling, defensive, and reproductive behavioural are enabled by perceptions of the fish’ olfactory system (Malyukina et al., 1969; Downing, 1985; Zhang et al., 2025). These behavioural impairments may reduce survival in natural populations by disrupting essential behaviourals such as foraging and predator avoidance. However, further studies on chronic exposure and reproductive endpoints are warranted.
The median lethal concentration (LC50) was evaluated using a set of acute toxicity exposures of the Diuron herbicide on Javanese medaka (O. javanicus) adults. According to Ani et al. (2017), acute toxicity tests are the first step taken to determine the water quality requirements for fish. This study showed that adult Javanese medaka exposure to Diuron increased mortality at different exposure concentration levels. Severe physiological stress at the cellular level may be responsible for the death of the fish (Pathan et al., 2009). High levels of Diuron can pose a significant threat to aquatic organisms, as Diuron’s half-life hydrolysis is between its 1290th and 1490th day. The results agree with a report by Bernardes et al. (2015), which stated that fish can be harmed by herbicide contamination in the aquatic ecosystem, as fish are good bioindicators for environmental biomonitoring action.
The LC50 value of Diuron on the Javanese medaka, as reported in this study, is 5.90 mg/L, which is considered moderately toxic to fish based on the Wildlife Diuron Toxicity Category, as acute LC50 values range between 1.0 mg/L and 10.0 mg/L. Additionally, the Washington State Department of Transportation’s (WSDOT) Roadside Vegetation Management Herbicide Fact Sheet (2017) stated that Diuron is classified as moderately to highly toxic to fish. The smaller the value of LC50 recorded, the more toxic the herbicide is to the organism; however, the level of herbicide tolerance differs between mammals, birds, fish, and insects.
Another study by Lazhar et al. (2012) showed that the median lethal concentration of Diuron towards marine fish (turbot Psetta maxima) larvae ranges between 10.076 mg/L and 7.826 mg/L in the 48h and 96h periods, respectively—the level is also categorized as moderately to highly toxic to fish. Velki et al. (2017) also recorded an LC50 value for Diuron contamination of the established model organism Zebrafish (Danio rerio) at the early stages of life of its larvae in a 96h experiment period. The reading was approximately 6.5 mg/L, defining Diuron as a moderately toxic chemical for fish. Furthermore, according to EXTOXNET (1996), Diuron is toxic to fish and aquatic invertebrates, as the LC50 (48h) ranged from 4.3 mg/L to 42.0 mg/L for fish and 1.0 mg/L to 2.5 mg/L for aquatic invertebrates. Therefore, they concluded that Diuron is classified as moderately to highly toxic to both fish and aquatic invertebrates.
Freshwater fish and fathead minnows 30 days old were used in a study by Call et al. (1987). This study evaluated the acute toxicity of Diuron in 24h, 48h, 96h, and 192h periods, and the results showed LC50 values of 23.3 mg/L, 19.9 mg/L, 14.2 mg/L, and 7.7 mg/L, respectively. This study revealed that Diuron is slightly toxic to the larvae of this freshwater fish species. The early life stages of the fish are sensitive stages where they can easily detect toxic chemicals in their environment. Also, the tolerable range of toxic pollutants may differ between fish species or even the life stages of conspecifics. Therefore, acute toxicity testing is important to evaluate the level of toxic chemical pollution in the environment and its effects on aquatic organisms. Other fish species with different median lethal concentrations (LC50) are summarized in Table 3. These fish species have LC50 values ranging between 2.7 mg/L and 16.0 mg/L, indicating that the level of Diuron toxicity is between moderately and highly toxic towards fish species.
Information obtained from the median lethal concentration result, which is the level of fish species’ sensitivity towards pollutants, is one of the important characteristics that must be evaluated for a fish species to be designated as an entrusted model organism. The recorded LC50 value can be compared with other established model organisms in ecotoxicology studies. The acute toxicity level of Diuron appears to be similar to linuron in ﬁsh (Marlatt & Martyniuk, 2017). In juvenile and adult freshwater teleosts, data collected from acute toxicity studies show LC50 values ranging from 0.71 to 14.2 mg/L, with cutthroat trout being the most sensitive teleost species, followed by lake trout (Salvelinus namaycush), rainbow trout, coho salmon (Oncorhynchus kisutch), bluegill sunﬁsh (Lepomis macrochirus), and the least sensitive fish tested, fathead minnow (Call et al., 1987; Mayer & Ellersieck, 1986; Okamura et al., 2002; USEPA, 2004b). Our findings on the behavioural and lethal effects of Diuron in Oryzias javanicus are consistent with earlier reports on its chronic toxicity in a wide range of aquatic organisms, including cladocerans, amphipods, midges, minnows, worms, and snails (Nebeker & Schuytema, 1998). This further supports the broad-spectrum ecotoxicological risks posed by Diuron across both freshwater and estuarine ecosystems.
Environmental pollutants such as heavy metals, pesticides, and other organics may pose serious risks to many aquatic organisms. Scott and Sloman (2004) reviewed the effect of environmental pollutants on fish, as seen through complex fish behavioural, and discussed the integration of behavioural and physiological indicators of toxicity. Based on the review, behavioural links physiological functions with ecological processes that can affect fish populations. Therefore, acute toxicity testing and behavioural indicators were ideal for assessing the effects of aquatic pollutants in natural ecosystems.
Conclusions
According to the study's LC50 value, Diuron can be moderately harmful to aquatic organisms. However, when contamination accumulates at levels higher than acceptable exposure limits, there can be adverse short- and long-term effects. Additionally, the unique behavioural responses of aquatic creatures provide a quick and straightforward method for detecting toxicants in aquatic environments. The findings of this study suggest that the Javanese medaka (O. javanicus) may serve as a viable candidate for a bioassay organism. This fish species exhibits several characteristics that make it particularly susceptible to toxins, especially Diuron. Its remarkable osmotic adaptability allows Javanese medaka to thrive in a wide range of salinity conditions, including freshwater, brackish water, and seawater. This versatility makes them ideal for biological testing when researching the impacts of pollutants in both freshwater and saltwater ecosystems. Furthermore, the Javanese medaka’s high local distribution and abundance render it well-suited for studying pollution effects in the tropical regions of Southeast Asia. Its sensitivity to environmental changes further qualifies it as an excellent bioindicator for monitoring aquatic ecosystems. By examining the behavioural, biochemical, and molecular responses of this species, researchers can effectively assess the toxicological effects of various pollutants.
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