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Purpose: In recreational water bodies, herbicides are widely used for controlling unwanted weeds, and impacts of herbicide residues on health risks to aquatic ecosystem is a serious concern. This study was aimed to improve the existing understanding of the deposition of herbicides from water column to bed sediment and leachate of herbicides from bed sediment to water column. We investigated the attachment of two herbicides with sediment and release from sediment: (1) Glyphosate; and (2) Fluridone. The goal of this study was to determine the deposition and release of Glyphosate and Fluridone in bed sediment of the Sacramento–San Joaquin River Delta.

Materials and Methods: Field sampling was performed to collect water and sediment samples from Sacramento–San Joaquin River Delta. Bottom dredge sampler was used for collecting sediment samples and horizontal water bottle sampler was used for collecting water samples. A series of experiments were conducted to determine the attachment and release of Fluridone and Glyphosate from sediment at a different level of initial concentrations. For analyzing Fluridone and Glyphosate in sediment leachate and water, samples were processed using enzyme-linked immunosorbent assay (ELISA) based method.

Results and Discussion: Observations showed that proportions of Glyphosate concentrations in water were higher than Fluridone concentrations in water, when both herbicides were inoculated in water in same quantity. On the contrary, the concentrations of Fluridone in sediment-bound leachate were higher than Glyphosate concentrations in sediment-bound leachate, regardless of the initial concentrations. Fluridone and Glyphosate concentrations in water column samples differed significantly (p < 0.05) over the time even initial concentrations of these herbicides were kept similar, which indicates that Fluridone interaction with water column was considerably different than the interaction of Glyphosate with the water column.

Conclusions: Bed sediment can be an important sink and source for release of Fluridone and Glyphosate from bed sediment to the water column of an ambient water body. Significant concentrations of herbicides were deposited in bed sediment of Sacramento-San Joaquin Delta, and eventually the high concentrations of herbicides were observed in sediment leachate. Improved understanding of this important release pathway can provide much needed information to adequately address the impacts of particle attached herbicides on aquatic and ecological environment of a water body.
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INTRODUCTION

The uses of herbicides for controlling unwanted plants in land and water have increased enormously over the past few decades in both developing and developed countries (Wang et al., 2012; Stone et al., 2014; Souza et al., 2017). However, in order to understand the resultant risks to environment and population health requires improvement in existing knowledge with regards to the fate of herbicides residues in ambient water bodies. The ability of these compounds to accumulate in the environment and their toxicity to aquatic lives, humans, and wildlife is a concern (Amweg et al., 2006; Parsons et al., 2009; Buah-Kwofie and Humphries, 2017; Gama et al., 2017; Morales et al., 2017). As an example, a 20 year dataset (1992–2011) showed that more than a billion pounds of herbicides were used annually between 1992 and 2011 in the United States of America (USA), and the levels of herbicides exceeded aquatic-life benchmarks in multiple streams in the USA, which drains agricultural and urban land (Stone et al., 2014).

Similarly, an industrialized agricultural region of the state of Sinaloa in Mexico reported pesticide usage of 700 t/year (including 17 herbicides with moderately to highly toxicity) (Arellano-Aguilar et al., 2017). The results showed that many organochlorines and organophosphorus herbicides were present in water samples in sites related with agriculture, and seawater from the Gulf of California (Arellano-Aguilar et al., 2017).

Over the past few decades, a great deal of research has focused on understanding the negative effects of endocrine active compounds on fish production (Kidd et al., 2007; Buah-Kwofie and Humphries, 2017; Scott et al., 2017). As an example, the findings of feminized male western mosquitofish (Gambusia holbrooki) downstream of a wastewater treatment plant (WWTP) in Australia, which showed the evidence of endocrine disruption, received wide-scale attention around the world (Batty and Lim, 1999; Scott et al., 2017). Results showed that the growth and development of the modified anal fin (the gonopodium) was reduced in males in streams receiving the water from WWTP, suggesting the presence of endocrine disruptors in the water (Batty and Lim, 1999). The levels of organochlorine herbicides (OCP) in fish such as Tigerfish (Hydrocynus vittatus) collected from Kruger National Park (South Africa) sections of Luvuvhu, Olifants, and Letaba rivers showed more than 15 herbicides in fish muscle tissues, and the concentrations of the majority of the OCPs were considerably higher than aquatic-life benchmarks (Gerber et al., 2016).

The occurrences of synthetic organic herbicides, insecticides, and fungicides in streams and rivers, used for agriculture in the USA, pose widespread concerns for aquatic life based on the benchmark exceedances (Stone et al., 2014). The adverse impacts of storm water runoff, and urban and agricultural herbicides on threatened Delta Smelt (Hypomesus transpacificus) and larvae of Sacramento splittail (Pogonichthys macrolepidotus) is reported (Teh et al., 2005; Weston et al., 2014). The increased levels of herbicides in ambient water bodies including OCPs, which were banned decades ago, and the accumulation of herbicides in predator and benthic fish species poses a potential health risks to human consumers and fish predators (Abrantes et al., 2010; Net et al., 2015; Gama et al., 2017).

While elevated levels of herbicides in the water column of an ambient water body (i.e., streams, rivers, lakes, delta, estuaries) is a concern, the presence of herbicides in low lying bed sediment is a particular concern because many fish (and other aquatic organisms) lay eggs in the sandy and sediment environment (Milne, 1974; Hebert et al., 2013; Henry et al., 2016; Bauer et al., 2017). Thus, increased pesticide concentrations in bed sediment adversely affect the habitat and breeding grounds (Batty and Lim, 1999; Wepener et al., 2012; Cayla, 2014).

In general, it is well established that many herbicides and derivatives can persist in the environment, including water bodies for decades, however the fate and dynamics of movement of particle-attached herbicides in water bodies remain unclear (Wepener et al., 2012; Cayla, 2014). The increased load of herbicides in bed sediment is a serious concern, which poses the risk of environmental contamination with legacy. As an example, many herbicides including OCPs and new contaminants (pharmaceuticals) were found in the Salton Sea, California, USA, and sediments of urban rivers in Florida and California, USA (Amweg et al., 2006; Wang et al., 2012; Yang et al., 2015). A study showed that 12 out of 15 urban creeks in California were toxic, and sediment pyrethroid pesticide (a replacement for organophosphates for many urban applications) concentrations were sufficient to cause toxicity in amphipod, Hyalella azteca (Amweg et al., 2006). Understanding the pesticide presence and its degradation in sediment environment can provide improved information with regards to the ecological health of a waterbody (Pesce et al., 2013).

The goal of this study was to assess the Glyphosate and Fluridone attachment to sediment, and understand the release of herbicides from sediment through leachate to the water column. The specific objectives were to: (1) assess the attached concentrations of two herbicides (Fluridone and Glyphosate) in sediment; (2) compare the concentrations of Fluridone and Glyphosate in the water column and sediment; and (3) evaluate the effects of sediment leachate/washing on the particle-attached Fluridone and Glyphosate concentrations. Fluridone and Glyphosate are widely used herbicides for controlling unwanted aquatic plants and phytoplankton in ambient water, and the presence of these herbicides in water and sediment environment has a potential to affect the habitat of aquatic lives (Fox et al., 1994; Parsons et al., 2009; Antunes et al., 2010; Crowe et al., 2011; Scott et al., 2017; Souza et al., 2017).

MATERIALS AND METHODS

Sediment Sample Collection, Characterization, and Standard Addition

To conduct an herbicide attachment study, three different set of sediment samples were collected and homogenized from Liberty Island of the Sacramento-San Joaquin Delta, California, USA. A shallow water bottom dredge sampler (15 × 15 cm opening, Forestry Suppliers Inc., Mississippi, U.S.) was used for collecting bed sediment samples (≈ 2 kg). Approximately, 500–800 g of sediment was dried overnight at 70°C to remove the moisture. Subsequently, 20 g of dried sediment sample was mixed with 20 mL of Glyphosate and Fluridone standards. The 5 levels of standards [0 ppb (control); 100 ppb; 500 ppb; 1,000 ppb; and 5,000 ppb] were prepared immediately before starting the experiments. The physio-chemical characteristics of sediment were determined using standard methods. Organic matter was determined using Loss on Ignition Method. Cation exchange capacity of sediment was determined using barium-calcium exchange method. Particle size was analyzed using the hydrometer method. The details of methods applied for physio-chemical analysis are listed elsewhere (UC Davis Analytical Laboratory, 2017).

Herbicides Standard Preparation

To prepare the solutions of standards, Fluridone [(CAS Number 59756-60-4; C19H14F3NO; Molecular Weight 329.32)] Pestanal Standard was purchased from Sigma-Aldrich, USA. Glyphosate analytical standard [CAS Number: 1071-83-6; (HO)2P(O)CH2NHCH2CO2H; Molecular Weight 169.07)] was also purchased from Sigma-Aldrich, USA. Least detectable dose (LDD) of Fluridone was 0.15 ppb, and LDD of Glyphosate was 0.05 ppb. For both herbicides (Fluridone, and Glyphosate), the 5 levels of standards (0 ppb; 100 ppb; 500 ppb; 1,000 ppb; and 5,000 ppb) were prepared using Milli-Q Water.

Experiment Setup

To assess the herbicide attachment with sediment, two sets of experiments were conducted. The first set of experiments was conducted with 20 mL of herbicide standard mixed with 20 g of sediment. Three replicates of each standard were used for the study. The second set of experiments was conducted on water only (40 mL of standard without sediment) with three replicates of each standard. Each experiment was conducted in Corning® 50 mL PP centrifuge tubes (CLS430897 Sigma), Sigma-Aldrich, USA. During the first stage of experiment (termed as the First Wash), the mixture (sediment with herbicide) was prepared, and after vortexing the mixture in corning tubes for 2 min, the mixture in tube was kept in room temperature (22°C) for an hour. After an hour, the mixture was centrifuged at 5,000 rpm for 5 min, and supernatant was collected for analysis.

During the second stage of experiment one (termed as the Second Wash), fresh 20 mL of Milli-Q Water was added into Corning Tube with previously washed sediment (gone through the first wash), and the corning tube was kept in room temperature for one more hour. To simulate ambient water body conditions, instead of using solvents, aqueous media was used for washing the sediment. After an hour, the mixture was centrifuged at 5,000 rpm for 5 min, and the 20 mL of supernatant was collected for the analysis. During the third stage (termed as the Third Wash), fresh 20 mL of Milli-Q Water was added into Corning Tubes with sediment (gone through previous two washes), and the samples were placed in room temperature for 2 h in order to allow sufficient settling time for depositing particle bound herbicides. Subsequently, supernatant was collected, and analyzed for herbicides.

In the second set of experiments, three Corning Tubes for each level of herbicide standards were filled with 20 mL of herbicide standards and 20 mL of DI water. The both type of experiments (with and without sediments) were ran together, and similar process (centrifugation) and ambient conditions (temperature) were applied during the experiments and sample analysis. These water experiments were also subjected to washing and dilutions. During 1, 2, and 4 h washes, water samples were centrifuged at 5,000 rpm for 5 min, and 20 mL supernatant was taken out of Corning Tubes for the analysis. The fresh 20 mL of Milli-Q Water was added into the Corning Tubes (before the next stage of experiment) for equaling the volume (40 mL) used for sediment experiments. The changes in herbicide levels in these two sets of experiment (with sediment and without sediment) were used to assess the herbicide attachment and release at ambient temperature condition (≈22°C). All the experiments were triplicated.

Sample Analysis for Fluridone

For analyzing Fluridone concentrations in sediment and water sample, the water and leachate samples were processed using enzyme-linked immunosorbent assay (ELISA) based method. The ELISA kits for Fluridone (PN 500511, Magnetic Particle, 100 T), and Glyphosate (PN 500081, Magnetic Particle ELISA, 120T) were obtained from Abraxis Inc, Warminster, PA. The Abraxis Fluridone Kit uses the principles of ELISA to determine Fluridone in samples. The method is described in detail elsewhere (Fluridone, 2017) [PN 500511, Abraxis]. In brief, the sample to be tested was added, along with an enzyme conjugate, to a disposable test tube, followed by paramagnetic particles attached with antibodies specific to Fluridone.

A reaction (competitive) occurred between the Fluridone (which is in the sample) and the enzyme labeled Fluridone analog. This reaction prolonged for 20 min. At the end of the reaction, a magnetic field is used. The magnetic field allows the unbound reagents to be decanted. Subsequently, washing solution is used to wash particles. In order to detect Fluridone in the samples, a color solution is added. The color solution consists of enzyme substrate (hydrogen peroxide) and the chromogen (3,3′, 5,5′-tetramethylbenzidine). The conversion of substrate/chromogen is catalyzed by the enzyme-labeled Fluridone bound to the Fluridone antibody. After incubation, the reaction was stopped and stabilized by adding a diluted acid (stopping solution). Since the labeled Fluridone (conjugate) was in competition with the unlabeled Fluridone (sample) for the antibody sites, the color developed is inversely proportional to the concentration of Fluridone in the sample needs to be tested. The sample color was read at 450 nm within 15 min after adding the stopping solution.

Sample Analysis for Glyphosate

Similar to the Fluridone analysis, the Glyphosate ELISA Kit applies the principles of ELISA to the determine Glyphosate in samples. The details of method are available elsewhere (Glyphosate, 2017) [PN 500081, Abraxis]. The samples, which require testing were derivatized, and added with paramagnetic particles attached with antibodies. Subsequently, the Glyphosate enzyme conjugate was added. A competitive reaction occurred between the Glyphosate in the sample and the enzyme labeled Glyphosate analog. The reaction prolonged for thirty min. At the end of the incubation period, a magnetic field is applied to hold in the test tube para-magnetic particles (with Glyphosate and labeled Glyphosate bound to the antibodies). This allowed the unbound reagents to be decanted. After decanting, washing solution was used for washing the particles. The color solution was added to detect the presence of Glyphosate in the samples. The color solution consists of the enzyme substrate (hydrogen peroxide) and the chromogen (3,3′, 5,5′-tetramethylbenzidine). Subsequently, the conversion of the substrate/ chromogen mixture to a colored product was catalyzed by the enzyme-labeled Glyphosate. After incubation, the reaction is stopped and stabilized by adding a diluted acid (stopping solution). Since the labeled Glyphosate (conjugate) was in competition with the unlabeled Glyphosate (of sample) for the antibody sites, the color developed was inversely proportional to the concentration of Glyphosate in the samples to be tested. The color of samples was read at 450 nm within 15 min after adding the stopping solution.

RESULTS AND DISCUSSION

Changes in Fluridone concentrations in water are shown in Figure 1. Variations in Glyphosate concentrations are shown in Figure 2. Table 1 showed the result of one-way ANOVA with Tukey's pairwise comparison for Fluridone and Glyphosate in sediment and water.
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FIGURE 1. Fluridone concentration determined in water and sediment feedstock after consecutive washes [error bars indicate standard deviation of 3 replicates]. (A) Determination of Fluridone concentrations in water and sediment environment at initial concentrations of 100 ppb; (B) Determination of Fluridone concentrations in water and sediment environment at initial concentrations of 500 ppb; (C) Determination of Fluridone concentrations in water and sediment environment at initial concentrations of 1,000 ppb; and (D) Determination of Fluridone concentrations in water and sediment environment at initial concentrations of 5,000 ppb.
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FIGURE 2. Glyphosate concentrations determined in water and sediment feedstock after consecutive washes. (A) Determination of Glyphosate concentrations in water and sediment environment at initial concentrations of 100 ppb; (B) Determination of Glyphosate concentrations in water and sediment environment at initial concentrations of 500 ppb; (C) Determination of Glyphosate concentrations in water and sediment environment at initial concentrations of 1,000 ppb; and (D) Determination of Glyphosate concentrations in water and sediment environment at initial concentrations of 5,000 ppb [error bars indicate standard deviation of 3 replicates].




Table 1. Determination of Fluridone and Glyphosate concentrations (ppb) in sediment and water after consecutive washes.
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Fluridone concentrations in water samples differed significantly (p < 0.05) among Wash 1, Wash 2, and Wash 3. The effect of wash was significantly different among various initial Fluridone concentrations (Table 1). When initial Fluridone concentration in water was 100 ppb, the first and third wash resulted in Fluridone concentrations of 14.16 ppb and 12.72 ppb, respectively. At initial Fluridone concentration of 5,000 ppb, the first and third wash resulted in a final concentration of 705.59 ppb and 593.35 ppb, respectively.

Similar to Fluridone, Glyphosate concentrations in water changed significantly (p < 0.05) as a result of Wash. Further, the effect of wash was significantly different (p < 0.05) among various levels of initial Glyphosate concentrations. Compared to Fluridone, the concentrations of Glyphosate in water were higher after the first wash. Even after the third wash (i.e., Wash 3), the concentration of Glyphosate in water was higher than Fluridone for each initial level.

The effects of wash on Fluridone concentrations in sediment are shown in Figure 1. The results of sediment characteristics analysis showed sediment was consisting of 4.6% (±0.7%) organic matter. Organic carbon was 2.7% (±0.4%). Sand, silt, and clay content was 13.7% (± 8.3%), 51.7% (± 0.6%), 34.7% (± 8.5%), respectively. Cation exchange capacity of sediment was 38.6% (± 6.1%).

Fluridone concentrations among washes were significant different (p < 0.05). The effect of wash was significantly different (p < 0.05) among various levels of initial Fluridone (0–5,000 ppb) concentrations in sediment (Table 1). Fluridone concentration in sediment was reduced during each consecutive wash. As an example, when initial concentration of Fluridone in sediment was 100 ppb, the first wash resulted in a concentration of only 4.79 ppb, while the third wash resulted in a concentration of 0.03 ppb. When initial concentration of Fluridone in sediment was 5,000 ppb, the first wash resulted in a concentration of only 283.26 ppb, and the third wash resulted in a concentration of 5.94 ppb.

The effects of washing on Glyphosate concentrations of sediment leachate and water are shown in Figure 2. Compared to Fluridone, the concentrations of Glyphosate in sediment leachate were considerably low. When initial concentration of Glyphosate in feedstock was 100 ppb, the first wash resulted in a reduction of only 0.07 ppb in sediment, while the third wash resulted in a reduction of 0.03 ppb. At initial Glyphosate concentrations of 500 ppb, the first wash resulted in a reduction of glyphosate determination of 0.81 ppb, and the third wash resulted in decrease of 0.05 ppb. Even when initial Glyphosate concentration was increased to 1,000 and 5,000 ppb, the first wash of sediment resulted in a final Glyphosate concentration of 83.93 ppb and 283.26 ppb, respectively. The third wash of these sediment resulted in Glyphosate concentrations of 0.17 ppb and 0.73 ppb, respectively.

A comparative analysis between Fluridone and Glyphosate determination (shown in Figure 3) indicates that the concentrations of Glyphosate in water were higher than that observed for Fluridone during each wash. At initial concentrations of 100 ppb (each herbicide), the first wash of water yielded Glyphosate in water higher than Fluridone (Figure 3A). At initial level of 100 ppb, the Glyphosate in water was 289% greater than that of Fluridone. This pattern was similar for all treatments and washes. Fluridone concentrations changed significantly during each wash. Even during the third wash, the Glyphosate concentration was 93% greater than that of Fluridone (Figure 3).
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FIGURE 3. Fluridone and Glyphosate concentrations determined in water after consecutive washes [error bars indicate standard deviation of 3 replicates]. (A) Determination of Fluridone and Glyphosate at initial concentrations of 100 ppb; (B) Determination of Fluridone and Glyphosate at initial concentrations of 1,000 ppb; (C) Determination of Fluridone and Glyphosate at initial concentrations of 500 ppb; and (D) Determination of Fluridone and Glyphosate at initial concentrations of 5,000 ppb.



At 5,000 ppb initial concentration of each, Glyphosate in water was 541% (after first wash) and 83% higher than Fluridone (after third wash) (Figure 3D). The effects of wash were significant (p < 0.05) on both Fluridone and Glyphosate in water at 5,000 ppb initial level (Table 1).

In contrast to water column, Glyphosate concentrations were lower than Fluridone in sediment leachate (Table 1). At each level of initial concentrations, the sediment leachate showed relatively higher level of Fluridone compared to Glyphosate during the first wash. This fact signifies that, Fluridone can have prolonged impacts on sediment and water interphase. Fluridone was released easily from sediment to the water column during the first wash. When initial concentrations of herbicides were 500 ppb, the Fluridone concentration in leachate was 73.74 times higher than the Glyphosate concentrations (first wash). During the third wash, Fluridone concentration was 14.92% higher than that of Glyphosate concentrations in leachate (Figure 4C). At higher initial concentrations (1,000 ppb), the first wash of sediment yielded Fluridone concentration in leachate 45.10 times higher than that of Glyphosate. The third wash resulted Fluridone concentrations 8 times higher than Glyphosate concentrations (Figure 4B). When initial concentration was 5,000 ppb, the first wash of sediment resulted in Fluridone concentrations in leachate of 283.26 ppb, while leachate Glyphosate concentration was only 1.37 ppb. During the third wash, leachate Fluridone concentration was 717% higher than Glyphosate concentrations (Figure 4D).
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FIGURE 4. Determination of sediment attached Fluridone and Glyphosate concentrations in leachate after consecutive washes [error bars indicate standard deviation of 3 replicates]. (A) Determination of Fluridone and Glyphosate at initial concentrations of 100 ppb; (B) Determination of Fluridone and Glyphosate at initial concentrations of 1,000 ppb; (C) Determination of Fluridone and Glyphosate at initial concentrations of 500 ppb; and (D) Determination of Fluridone and Glyphosate at initial concentrations of 5,000 ppb.



Studied scenarios of Fluridone and Glyphosate showed that these two herbicides interact differently with the sediment. The first wash of sediment resulted considerably higher amount of Fluridone than Glyphosate in leachate. These results are relevant to understand the effectiveness of various herbicides, when applied in an ambient water body for controlling aquatic weeds such as Hydrilla sp. A previous study suggest that the growth of Hydrilla sp can be restricted, when it is exposed for 8–12 weeks with Fluridone concentrations of 10–15 ppb (Andrew et al., 2003). Fluridone concentrations of 60–90 ppb in ponds and 10–20 ppb for whole lake is recommended doses for controlling the hydrilla (Andrew et al., 2003). Previous research showed that when Fluridone was applied over a period of 13 weeks (at a theoretical concentration of 10–12 ppb) to several lakes in central Florida for controlling hydrilla, actual Fluridone concentrations in water bodies was much lower than the theoretical concentrations (Fox et al., 1994). A potential reason for low Fluridone concentration in water could be a result of sediment and water interaction (i.e., deposition of particle bound Fluridone in bed sediment). The deposition of particle bound Fluridone can reduce Fluridone concentrations in water column. As shown in this study, these particles bound Fluridone has a potential to get resuspended over the time from bed sediment to the water column. The effect of sediment leachate can be significant on water borne herbicide concentrations. Regardless of initial concentrations, substantial amount of Fluridone was released from sediment (Figure 4) to water during Wash 1- Wash 3. This may have impacts on the rate of Fluridone dissipation from the water and sediment, and also on the half-life of Fluridone in water, which is suggested to be 21–26 days (West and Parka, 1981). However, another study suggested Fluridone half-life of 97 days (Fox et al., 1996).

Although it is reported that hydrilla is susceptible to even low concentrations of Fluridone (Fox et al., 1994, 1996; Andrew et al., 2003). In addition to hydrilla control, Fluridone and Glyphosate are used for controlling a range of fresh water species of phytoplankton including Scenedesmus acutus, Scenedesmus subspicatus, Chlorella vulgaris, and Chlorella saccharophila. As an example, Glyphosate concentration of 24.5–41.7 mg/L resulted in a 50% growth reduction of phytoplankton over 72 h, while 1.6–3.0 mg/L resulted in a 10% growth reduction (Vendrell et al., 2009). Further, the effect of Glyphosate was found to be species specific (Vendrell et al., 2009). Fluridone is used for controlling flowering rush (Butomus umbellatus L.), an emerging aquatic weed, and a dose of 30 μg/L was found to be effective in reducing the growth of flowering rush (Madsen et al., 2016). The impacts of deposition and resuspension of particle attached herbicides on reductions of aquatic weeds are yet to be determined. The attachment of Fluridone with sediment particles may influence its effectiveness in controlling aquatic plants and macrophytes (Jacob et al., 2016). Subsequent deposition of particle-attached Fluridone into bed sediment has also a potential to reduce the expected Fluridone concentrations in the water column. The resuspension and disturbance of streambed sediment can release particle-attached Fluridone back into the water column. Although many eradication programs rely on Fluridone to control hydrilla, the uncertain response of Fluridone in terms of effective concentrations and exposure is not uncommon (Netherland, 2015), which may be attributed to the less understood phenomenon of attachment, deposition, and resuspension. The deposition of particle-attached Fluridone in bed sediment may also have consequential impacts on aquatic lives coming into contact with the bed sediment.

Glyphosate is an intensively used herbicide, and increased levels of Glyphosate for extended periods may pose risks to environmental health (Hanke et al., 2008; Vendrell et al., 2009; Antunes et al., 2010; Daouk et al., 2013). It is reported that Glyphosate has both positive and negative influences on phytoplankton communities (i.e., it can serve as a nutrient source to microbes able to tolerate the herbicidal effects of the compound, and also kills those less tolerant) (Saxton et al., 2011). In many countries, Glyphosate is widely used in the agricultural lands located in the drainage basins for curbing grass growth (Abrantes et al., 2010; Cayla, 2014). Results of this study showed that the concentrations of Glyphosate in sediment leachate were relatively lower than Fluridone concentrations in leachate regardless of initial concentrations (Figure 4). The high affinity and miscibility of Glyphosate to water may result in a relatively quicker dissemination and transport of the Glyphosate and its metabolites into surface and ground water. Previous studies showed elevated Glyphosate in ground water (Abrantes et al., 2010; Crowe et al., 2011). Studies have shown that Glyphosate can easily leach from ground surface to the water column (Vereecken, 2005; Crowe et al., 2011). Agricultural subsurface drains and preferential flow potentially increases Glyphosate concentrations in surface and subsurface waters (Stone and Wilson, 2006; Borggaard and Gimsing, 2008).

Considering the wide application of Fluridone and Glyphosate as herbicides for controlling aquatic weeds in water bodies and grasses in agricultural land, it is important to improve our existing understanding how the transport and effectiveness of these herbicides are influenced under particle-attached conditions. In scenarios, when herbicides are applied into water bodies to control aquatic weeds, a substantial amount of these compounds are attached to sediment particles and deposited into bed sediment. The impacts of deposition and resuspension of herbicides on environment water bodies, aquatic lives, and plants are not fully understood. The results of the preliminary study presented here show that concentrations of herbicides in water column may be influenced by their affinity to water and sediment particles. Substantial amount of herbicides can be deposited or attached with sediment. Further, leachate of sediment can be a source of herbicides, which can increase the concentrations of herbicides in the water column. The release and deposition of herbicides in ambient waterbodies, and quantitative effects of leachate on water column herbicide levels is not yet understood very well. Future studies for gaining additional insights in terms of herbicides affinity to particles, deposition, and resuspension, and consequential impacts on the health of water bodies are needed.

CONCLUSIONS

We determined deposition and release of Fluridone and Glyphosate concentrations in aquatic environment by conducting a series of lab-scale experiment, which involved monitoring Fluridone and Glyphosate in water column, and sediment leachate. The study used bed sediment and water collected from multiple locations of Sacramento-San Joaquin Delta. The impacts of changes in initial concentrations of Fluridone and Glyphosate on the concentrations of these herbicides in water and sediment leachate were determined. Results showed that the regardless of initial concentrations, over the time Glyphosate concentrations in water were significantly higher than Fluridone concentrations in water (p < 0.05). The concentrations of Fluridone were higher in sediment leachate than Glyphosate concentrations in sediment leachate (p < 0.05). Fluridone and Glyphosate concentrations in water and sediment leachate changed significantly (p < 0.05) over the time, when samples were subjected to a series of centrifugation and washing processes, however, the impacts of these processes on Glyphosate in sediment leachate was different than the impacts on Fluridone in sediment leachate. We anticipate that the results of Fluridone and Glyphosate concentrations in water column and sediment leachate provided here will help in decision making of herbicide application in ambient water bodies, and understanding the potential impacts of herbicides application on bed sediment.
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