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Herbicide pollution is persistent, which not only has a negative impact on individual organisms, but also may alter population dynamics and stability of interspecific relationships. Cladocerans, an important part of zooplankton, are often simultaneously exposed to environmental pollutants and predation risk in the aquatic environment. To evaluate the combined effects of atrazine and fish predation risk on the population traits of cladocerans, we exposed Daphnia pulex to different concentrations of atrazine (0, 0.05, 0.10, and 1.0 mg L−1) with or without fish (Rhodeus ocellatus) kairomone, recorded the key population traits, and fitted Gaussian model to population dynamics. Results showed that fish kairomone increased the population density at the end of the experiment and resting eggs production, and tended to decrease the total biomass and the average dry weight per individual of D. pulex. Atrazine reduced the total biomass, the average dry weight per individual, and resting eggs production of D. pulex populations. Atrazine also decreased the population density at the end of the experiment of D. pulex in fish kairomone treatment, and attenuated the promoting effect of fish kairomone on resting eggs production and the reduction of the total biomass. The findings highlighted the importance of considering the combined impact of environmental pollutants and predation risks on zooplankton populations.
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1. Introduction

Atrazine has been widely used around the world as an herbicide to eliminate field weeds. As atrazine is soluble in water and can persist in the environment (Pathak and Dikshit, 2011), the residual atrazine in farmland soil will enter the water body through surface runoff (Jablonowski et al., 2011; de Albuquerque et al., 2020), which causes atrazine concentration in the watersheds all over the world ranging from 5.0 × 10−6 to 0.227 mg L−1 (Graymore et al., 2001; Benotti et al., 2009). Atrazine is a common endocrine disrupting chemical (Benotti et al., 2009; Sanchez et al., 2020), and can adversely affect the development, behavior, and reproduction of a variety of freshwater organisms by disrupting the physiological activities and endocrine systems (Russo and Lagadic, 2000; Hanazato, 2001; Greulich and Pflugmacher, 2003; Hayes et al., 2003).

Atrazine also interferes with the signaling of intraspecific and interspecific relationships in aquatic ecosystem. For example, atrazine makes tadpoles (Osteopilus septentrionalis) unable to sense the chemical signals of their predators, dragonfly larvae, thereby increasing the probability of encounters with predators (Ehrsam et al., 2016). After exposure to atrazine for 96 h, the ability of male rusty crayfish (Orconectes rusticus) to distinguish the source of the odor of female was weakened or even completely lost (Belanger et al., 2017). For freshwater organisms, chemical signals play a crucial role in maintaining a variety of intra-and inter-species relationships (Chivers and Smith, 1998; Kats and Dill, 1998; Rohr et al., 2005). As one of the important interspecific relationships in nature, the predation relationship plays an important role in maintaining the energy flow in the ecosystem (Dawkins and Krebs, 1979). In the long-term “arms race” coevolution process, some prey species have evolved the ability to resist predation by altering their phenotypes or life history strategies (inducible defenses) after detecting predator kairomones (predator-released chemicals; Harvell, 1990; Boersma et al., 1998; Agrawal, 2001; Kessler and Baldwin, 2001; Carter et al., 2017), which is important for prey to maintain population stability (Wissinger et al., 2010; Peacor et al., 2012).

Cladocerans are an important component of zooplankton as they can consume algae and are also an important food source for some fish and invertebrates (Dettmers and Stein, 1992; Lyu et al., 2019). Cladocerans are highly sensitive to changes in the water environment (Dodson and Hanazato, 1995; Yang et al., 2011), so they have been widely used as model organisms to study the effects of pollutants (Lyu et al., 2013, 2016). Previous studies have reported that atrazine increases the proportion of male offspring, reduces fecundity, and affects the expression of genes related to reproduction and energy metabolism in cladocerans (Dodson et al., 2000; Klementova et al., 2019). Atrazine, as an endocrine disrupting chemical (Mizota and Ueda, 2006; Benotti et al., 2009), may interfere with responses of organisms to predation risk and further affect prey populations. Therefore, it is necessary to study the impact of atrazine on prey population dynamics under predation risk to comprehensively assess the impact of pollutants on the stability of interspecies relationships in ecosystems (Beckerman et al., 2010).

Based on the above analysis, it is necessary to comprehensively evaluate the effects of atrazine on cladocerans under presence or absence of predation risk at the population level. In this study, we hypothesized that: (1) atrazine will reduce the population density and total biomass of cladocerans; (2) atrazine will reduce the production of resting eggs; (3) atrazine will interfere with the population dynamics under predation risk. To test these hypotheses, we exposed Daphnia pulex to different field-relevant atrazine concentrations (0, 0.05, 0.10, and 1.0 mg L−1) in the presence and absence of fish kairomone, and recorded the number of individuals, the number of resting eggs, and the total biomass.



2. Materials and methods


2.1. Daphnia and algae culture

Before the experiment, D. pulex was cultured in the COMBO media (Kilham et al., 1998) under a light intensity of 10 μmol photons m−2 s−1 with a light–dark period of 14: 10 h at 25°C. The COMBO medium was changed every day, and 1.50 mg C L−1 of green alga Chlorella pyrenoidosa (FACHB11) as food for D. pulex was provided daily. The green alga C. pyrenoidosa was cultured in BG-11 medium, with a condition at 25°C, 20 μmol photons m−2 s−1 light intensity, and 14: 10 light–dark period. When cell abundance reached exponential phase, algae were collected by centrifugation for 15 min at 4200 g and resuspended in deionized water. The concentrated algae were stored at 4°C as food for D. pulex.



2.2. Fish kairomone preparation and atrazine dissolution

The kairomone of the predator a cyprinid fish Rhodeus ocellatus was prepared according to the method described in the previous study (Gu et al., 2020a). In brief, two fish (3–5 cm in length) were fed with 200 individuals of D. pulex for 6 h in a tank, and then transferred to 1 L of COMBO medium for 18 h without any food supply for them to release kairomone. The COMBO medium containing kairomone was collected and filtered through a 0.22 μm glass fiber filter (Millipore). This stock concentration was diluted 20 times (i.e., 1 fish per 10 L) when used in the experiment (Gu et al., 2020a).

Atrazine (CAS No. 1912-24-9, analytical grade, purity ≥99.5%) was purchased from Aladdin Industrial Corporation (Shanghai, China). Atrazine stock solution with a concentration of 1.0 mg mL−1 (with dimethyl sulfoxide as solvent) was prepared 1 day before the experiment. Specifically, 50 mg of atrazine were weighed and added to 50 ml of DMSO solution. The solution was stirred with a magnetic stirrer for 1 h to fully dissolve atrazine and mixed thoroughly before each experiment. Previous studies have found that DMSO at a concentration of 1‰ does not have a negative effect on cladocerans (David et al., 2012). Especially, our experiment also proved that adding DMSO at a concentration of 1‰ had no effect on the population dynamics and resting eggs production under presence of fish kairomone of D. pulex (for detail see Table 1).



TABLE 1 The results of two-way repeated measures ANOVA on population size, the two-way ANOVA on population traits, the one-way ANOVA on parameters of the three-parameter Gaussian model on the different conditions, and the one-way ANOVA on different DMSO treatments.
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2.3. Experimental design

The experimental individuals were neonates (< 12 h) collected from the third brood of 10 maternal D. pulex, which synchronously developed. These neonates were exposed to eight test conditions, that is, presence or absence of fish kairomone (Control and Fish kairomone treatment) × four atrazine concentrations (0, 0.05, 0.10, and 1.0 mg L−1). Each treatment had three replicates, and five neonates were cultured in a beaker containing 250 ml test medium as a replicate. The experiment was performed under the same conditions as described in “Daphnia and algae culture.” The experimental medium of different treatments was refreshed and C. pyrenoidosa suspension was added to obtain a concentration of 1.50 mg C L−1 daily.

After 4 days, all individuals in all treatments were sexually mature. During the population growth period (from the fifth day to the end of the experiment), we counted the number of individuals and resting eggs in each beaker while transferring the individuals to fresh culture medium daily. The experiment ended at 15 days, when the population density of the control treatments reached a relatively stable level, and the D. pulex in each treatment were collected and then washed with deionized water. These D. pulex were dried in an oven (50°C) for 36 h, and then the total dry weights (i.e., total biomass) were weighed using an electronic balance (AUW120D, Shimadzu, Japan; Accuracy: 0.01 mg). The average dry weight per individual was calculated based on total biomass/number of individuals.



2.4. Statistical analysis

The three-parameter Gaussian model [image: image] was used for fitting the population dynamics during the experiment, where y is the population size, x is experiment time, x0 represents the time to the maximum population density, a indicates the maximum population density, b is the form parameter determining shape of curve. At the end of the experiment, the total biomass of the population was fitted using a three-parameter exponential decay function [image: image], where r is one of the total biomass, A is atrazine concentration, r0 is the predicted asymptotes of the exponential decline (minimum value) function when A approaches infinity, k describes the initial rate of change in the response for the decline function, and m is a constant, respectively. The correlation between resting eggs production and population density at the end of the experiment were calculated using the Pearson correlation coefficient. The response score (S) and integrated biomarker response (IBR) were calculated based on four population traits (i.e., population density at the end of the experiment, total number of resting eggs, total biomass, and average dry weight per individual) at eight different treatments according to the formula in the study of Beliaeff and Burgeot (2002).

Two-way repeated measures ANOVA followed by the Tukey test was applied to evaluate the effects of different atrazine concentrations and fish kairomone treatment on the population size on different days. Two-way ANOVA followed by the Tukey test was applied to evaluate the effects of different atrazine concentrations and fish kairomone treatment on the population density at the end of the experiment, total number of resting eggs, total biomass, and average dry weight per individual. One-way ANOVA followed by the Tukey test was applied to evaluate the effects of different treatments on the maximum population density (a) and the time to the maximum population density (x0). Differences were deemed significant with p < 0.05. All statistical analysis and figures were performed using SigmaPlot 14.0.




3. Results


3.1. Population dynamics

The three-parameter Gaussian model could well fit the early population dynamics (Figures 1A,B). The two-way repeated measures ANOVA showed that population dynamics during the experiment were significantly affected by fish kairomone and atrazine concentrations, and there was a significant interaction between the two factors (Table 1). Specifically, two high concentrations of atrazine (0.10 and 1.0 mg L−1) had a significantly synergistic effect on population dynamics (maximum population density and the time to the maximum population density) in the presence of fish kairomone, but did not have a significant effect on population dynamics in the control (all p > 0.506). Additionally, there were significant differences in population dynamics between the control and fish kairomone at high concentrations of atrazine (0.10 mg L−1: p = 0.005; 1.0 mg L−1: p = 0.005), while it showed no significant differences at low concentrations of atrazine (0 mg L−1: p = 0.555; 0.05 mg L−1: p = 0.243).

[image: Figure 1]

FIGURE 1
 Population dynamics and resting eggs production of D. pulex (A,B). The solid curves in the figure are the population dynamics fitted by a three-parameter Gaussian model, i.e., [image: image], and the columns represent the daily production of resting eggs. D. pulex began to produce resting eggs from day 13. Resting eggs are produced only in the two lowest atrazine concentrations, and the black and red bars represent daily resting eggs production at 0 and 0.05 mg L−1 atrazine concentrations, respectively. (C,D) The population parameters of D. pulex in different treatments. Asterisks indicate significant differences between the control and kairomone treatment (*p < 0.05, ***p < 0.001), and lowercase and uppercase letters indicate differences among the control and fish kairomone treatment, respectively. The error bars indicate standard error.


Both atrazine and fish kairomone decreased the maximum population density (a) and increased the time to the maximum population density (x0; Figures 1C,D; Table 1). In addition, atrazine adversely affected population traits under fish kairomone treatment, resulting in a reduction in the maximum population density (a; Figure 1C; Table 1). Specially, fish kairomone increased population density at the end of the experiment, but the high concentration of atrazine tended to reverse this effect (Figure 2A; Table 1). Compared with the control, the maximum population density of fish kairomone treatment significantly decreased by 12.3%, while the population density at the end of the experiment significantly increased by 24.0%. Compared with 0 mg L−1 atrazine concentrations, the maximum population density of 1.0 mg L−1 atrazine concentrations significantly decreased by 14.5%, and the time to the maximum population density significantly increased by 14.8%.

[image: Figure 2]

FIGURE 2
 Population traits of D. pulex under different treatments. The correlation between resting eggs production and population density at the end of the experiment were calculated using the Pearson correlation coefficient. The total biomass at different treatments was fitted using the three-parameter exponential decay equation [image: image]. Asterisks indicate significant differences between control and kairomone treatments (*p < 0.05), and lowercase and uppercase letters indicate differences among the control and fish kairomone treatment, respectively. The error bars indicate standard error. The results of two-way ANOVA are shown in Table 1.




3.2. Resting eggs production

From the 13th day of the experiment, populations of D. pulex began to produce resting eggs only under the low concentrations of atrazine treatment (0 and 0.05 mg L−1; Figures 1A,B, 2B). The total number of resting eggs and the resting eggs per individual was significantly affected by atrazine concentrations and fish kairomone treatments (Table 1). Fish kairomone significantly promoted the production of resting eggs and the resting eggs per individual (Figures 1A,B, 2B; Table 1; p = 0.023), whereas the presence of atrazine significantly inhibited the production of resting eggs and the resting eggs per individual (Figures 1A,B, 2B; Table 1; p = 0.001). In the control, resting eggs were produced only with no atrazine, but in the fish kairomone treatment, resting eggs were produced at 0 and 0.05 mg L−1. The results showed that resting eggs production and population density at the end of the experiment tend to increase together (Figure 2C; Correlation coefficient: 0.703; p = 0.0001).



3.3. Total biomass and dry weight

Fish kairomone and atrazine had a significant interaction on the total biomass (total dry weight) and the average dry weight per individual of the population (Table 1; Total biomass: p = 0.036; Average dry weight per individual: p = 0.005). The total biomass of D. pulex in both the control and fish kairomone treatment decreased exponentially with increasing atrazine concentration (Figure 2D). Specifically, the total biomass of D. pulex in the fish kairomone treatment tended to be lower than that of the control at low concentrations of atrazine (0 mg L−1: −4.42%; 0.05 mg L−1: −2.41%), whereas the results were reversed at high concentrations (0.10 mg L−1: 6.97%; 1.0 mg L−1: 13.13%). Meanwhile, in the presence of fish kairomone, the asymptotic total biomass (r0) increased significantly compared to that in the absence of fish kairomone (p < 0.001), and the exponential decline rate (k) in total biomass did not change significantly (p = 0.188). The results showed that fish kairomone could attenuate the reduction effect of atrazine on the total biomass of the population. In the absence of fish kairomone, the average dry weight per individual significantly decreased at high concentrations of atrazine, but atrazine did not cause a significant difference in the fish kairomone treatments (Figure 2D), which indicated that fish kairomone could attenuate the reduction effect of high concentrations of atrazine on the average dry weight per individual. Furthermore, fish kairomone tended to reduce mean individual dry weight of D. pulex (p = 0.068), but atrazine caused this effect to be reversed (Figure 2E).



3.4. Integrated biomarker response analysis

On the star plots, the variable sizes and geometric forms of the area polygons represented the response score, which reflected the different reaction intensities of the indicators at different treatments (Figures 3A,B). The presence of atrazine significantly reduced the integrated biomarker response (IBR) of population traits under fish kairomone treatment (Figure 3C). At low concentrations of atrazine (0 and 0.05 mg L−1), the IBR value of D. pulex in the fish kairomone treatment was higher than that in the control, whereas the result was reversed at high concentrations (1.0 mg L−1; Figure 3C).

[image: Figure 3]

FIGURE 3
 The response score (S) and the integrated biomarker response (IBR) of population traits in different treatments. The IBR consists of four indicators: population density at the end of the experiment (PD), total number of resting eggs (RE), total biomass (TB), and average dry weight per individual (DW). Asterisks indicate significant differences between control and kairomone treatments (*p < 0.05), and uppercase letters indicate differences among the fish kairomone treatment. The error bars indicate standard error. The results of two-way ANOVA are shown in Table 1.





4. Discussion

Predator-specific infochemicals causing individual defensive responses in prey can directly affect the population stability of prey (Stibor, 1992; Benard, 2004; Lind and Cresswell, 2005; Zhu et al., 2021). The impact of environmental changes on the individual traits of organisms can be transmitted to the population level, and have a comprehensive impact on zooplankton (Ieromina et al., 2014; Adamczuk, 2020; Lyu et al., 2021; Huang et al., 2022b). Our study showed that increasing atrazine concentration had negative impacts on the population traits and resting eggs production of D. pulex. Specifically, atrazine reduced the total biomass, the average dry weight per individual, and resting eggs production of D. pulex population. Fish kairomone increased the population density at the end of the experiment and resting eggs production of D. pulex population and tend to decrease the total biomass and the average dry weight per individual. Importantly, the total biomass and the average dry weight per individual of D. pulex in fish kairomone treatment were higher than those in the control at high concentrations of atrazine. At low concentrations of atrazine, the IBR value of the fish kairomone was higher than that of the control, whereas the opposite was true at high concentration, which indicated that atrazine reversed the direction of action of fish kairomone on population traits. These core findings confirmed our initial hypothesis.

Confronting predation risk and pollutant exposure simultaneously, organisms face a physiological decision that may involve a trade-off between resource allocation, to avoid being killed by predators and being damaged by toxicants. For instance, the low concentrations of chromium and endosulfan have negative effects on the behavioral responses of microcrustaceans (the copepod Notodiaptomus conifer and the cladoceran Ceriodaphnia dubia) to fish chemical cues (Florencia Gutierrez et al., 2012). Our results suggested that fish kairomone caused a decrease in the maximum population density and an increase in the time to the maximum population density, which may be related to the response in the individual defense traits of D. pulex to the risk of fish predation, that is, a decrease in the offspring number (Lu et al., 2021). However, fish kairomone increased population density of D. pulex at the end of the experiment, which may be associated with reducing body size under fish kairomone treatment (Lu et al., 2021; Qin et al., 2022). Smaller body size also means that individuals need less food to maintain normal life activities of the body (Gu et al., 2020a). Therefore, under the condition of limited space and resources, the population of D. pulex can maintain a higher density due to enhanced fecundity under fish kairomone treatment (Gliwicz et al., 2012; Langer et al., 2019). Previous studies suggested that atrazine affects the reproduction of aquatic animals and plants, interfering with the structure of aquatic community (Graymore et al., 2001). Atrazine adversely affected populations in the presence of predation risk, resulting in the decreased maximum population density and the population density at the end of the experiment, which was caused by the harm of atrazine to the reproduction of cladocerans (Schober and Lampert, 1977; Dodson et al., 2000; Palma et al., 2009; Religia et al., 2019). Previous studies have reported that environmental stress causes decreased population size of cladocerans, mainly due to the reduction in their reproduction (Huang et al., 2022a,b). Although the experiment may have a certain limitation as it was ended when the population of the control was relatively stable, the potential influence of fish kairomone and atrazine on population density could also be detected from the 15 days population dynamics. The impact of atrazine on cladocerans population will inevitably interfere with the biomass of other trophic organisms, especially the adjacent trophic level organisms of cladocerans, such as their prey algae and their predator fish.

Cladocerans are able to adjust their reproductive strategy based on current environmental signals, shifting from current reproduction (parthenogenesis) to future reproduction (sexual reproduction), and retain resting eggs to wait for the arrival of suitable environmental conditions (Haltiner et al., 2020). Also, resting eggs can disperse over time, so more resting eggs can help cladocerans have a higher chance to disperse to new habitats (Van de Meutter et al., 2008; Smith et al., 2009). Many signals can trigger the production of resting eggs, such as food restriction, photoperiod changes, temperature changes, predator signals, nutrient depletion, or crowding signals (Folt and Goldman, 1981; Booksmythe et al., 2018; Haltiner et al., 2020). In this study, there was a trade-off between the production of resting eggs and population growth. The emergence of resting eggs in the population is the response of cladocerans to changes in their living environment (Leblanc and Medlock, 2015; Zhou et al., 2020). Predator kairomone promotes the production of resting eggs, which is thought to be a positive response of cladocerans to the predation risk (Pijanowska and Stolpe, 1996); however, the latest research showed that predator kairomone triggers sexual reproduction of Daphnia population essentially via crowding caused by increasing population density (Zhou et al., 2022). Atrazine inhibited the resting eggs production, which may be the result of low crowding effect (population density reduction) or the direct effect of atrazine itself, but this needs further research. Our study found that the presence of atrazine inhibited the production of resting eggs even under fish kairomone treatments, which obviously affected the anti-predation defenses of cladocerans and had a negative impact on the future of the population, as lower number of resting eggs increases the probability of extinction of cladocerans populations in specific waters, and also reduces the dispersal of cladocerans populations.

Smaller individuals are an adaptive response of cladocerans to predation risk, which means they contain less energy. This way not only reduce fish selection rates but also makes them not be easily detected by fish (Stibor, 1992; Huelsmann et al., 2011). However, the presence of atrazine caused a significant increase in the average dry weight per individual under kairomone treatment compared with the without kairomone treatment, which means that the individual is larger and/or has more energy. Larger individuals are more likely to be spotted by predators (Barnhisel, 1991; Caramujo and Boavida, 2000), which means that atrazine can adversely affect individual survival and population stability under predation risk. Our results showed that the high concentration of atrazine caused the decrease of individual dry weight of D. pulex, but as the concentration selected in this experiment was limited, thus the critical concentration of atrazine that causes the reduction of individual dry weight cannot be obtained. Previous studies concluded that fish predation kairomone attenuates the adverse effects of environmental stressors on the growth and reproduction of cladocerans (Robison et al., 2018; Gu et al., 2020b; Huang et al., 2021), and the results of our experiment demonstrated for the first time that the fish predation kairomone attenuated the negative effects of atrazine on several population traits. These results indicated that fish kairomone can alleviate the stress ability of cladocerans. As the components of fish kairomone are complex and unclear, its alleviative effect on atrazine stress needs further study. In addition, the decrease in the total biomass and the population density at the end of the experiment of cladocerans caused by pesticide pollution may also lead to the increase of harmful phytoplankton in the water, and thus may further lead to the deterioration of water quality (Urrutia-Cordero et al., 2016; Ger et al., 2019).

Therefore, from the perspective of the relationships between predator and prey populations, the changes in population dynamics caused by changes in individual traits are the adaptive responses of prey to predation risks (Petrusek et al., 2009; Reger et al., 2018). Pollutants can change the direction and intensity of the response of population dynamics to predation risk signals, which will inevitably have adverse effects on the adaptive response strategies of organisms.



5. Conclusion

Our study demonstrated that fish kairomone increased the population density at the end of the experiment and resting eggs production and tended to decrease the total biomass and the average dry weight per individual of D. pulex. Atrazine reduced the total biomass, the average dry weight per individual, and resting eggs production of D. pulex population. Atrazine reduced the population density at the end of the experiment of D. pulex in fish kairomone treatment, and attenuated the promoting effect of fish kairomone on resting eggs production and the reduction of the total biomass. This study facilitates the understanding of the impact of environmental pollutants in aquatic ecosystems on the population dynamics of organisms under predation risk.
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