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Abstract 

Pesticides are used primarily for agricultural purposes in the US and while 

these chemicals provide many benefits, the inherent toxicity of the compounds pose a 

substantial risk to the environment. These chemicals may enter water bodies in areas 

with a high proportion of agricultural land use through surface run off, ground water 

discharge, and erosion, and negatively impact non-target aquatic organisms. As a 

result, Louisiana’s estuaries may be vulnerable to a variety of compounds, including 

the herbicide atrazine. Atrazine is used extensively throughout the Midwest and has 

been known to enter the Mississippi River through surface runoff and ground water 

discharge. The River transports the compound downstream to the delta, where it is 

discharged into Louisiana’s coastal estuaries.  Due to the high amount of sugarcane 

production in the southeastern part of the state, atrazine also has the potential to enter 

these systems indirectly through agricultural runoff, and adversely affect native 

aquatic organisms. Because it is a photosynthesis inhibitor, phytoplankton 

communities may be especially susceptible to atrazine exposure. The phytoplankton 

stress response in these systems may be critical because phytoplankton form the base 

of the food web and are essential to the production of the entire ecosystem.  The 

purpose of this study was to determine the extent of atrazine contamination in 

Louisiana’s estuaries, and its effect on local phytoplankton stress response. Field 

samples were taken under low and high flow and nutrient conditions from Breton 

Sound and Barataria Estuary. The results showed that atrazine was consistently 

present in these systems at low levels. Local phytoplankton from Barataria Estuary 

were also grown in microcosm and exposed to an atrazine dilution series under low 
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and high nutrient conditions to determine the phytoplankton stress response.  The 

treatment groups that received 5 ppb and 50 ppb atrazine treatments under high 

nutrient conditions exhibited an extended lag phase and entered into the exponential 

growth phase several days after the control groups. Overall, communities in nutrient 

enriched treatment groups exhibited higher growth response, oxygen production, and 

were healthier than non-enriched groups, indicating that atrazine exposure may 

induce a stress response in phytoplankton communities under low nutrient conditions. 
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Chapter 1: Introduction 

Agricultural, industrial, and residential activities are a major source of 

pollution worldwide. Pesticides are used extensively for agricultural purposes and 

their use is necessary to control nuisance organisms and increase crop yields to 

support the rising global population. 5.6 billion lbs of pesticides are used annually 

throughout the world, while 1.6 billion pounds are used in the United States alone 

(Alavanja, 2009). Pesticides are classified based on the pest in which they are 

designed to control, and include insecticides, rodenticides, herbicides, and fungicides. 

Due to the growing human population and demand for food, the amount of pesticides 

used is expected to increase in the near future (Mensah et al., 2014).  

Herbicides, chemical compounds used to control or kill unwanted vegetation, 

lead all other pesticides groups in the amount produced, the area treated, and the 

value from sale (Mensah et al., 2014). They are also the most commonly used type of 

pesticide in the United States (Virginia Cooperative Extension, 2009) and employ a 

variety of mechanisms to inhibit their target organism and include photosynthesis 

inhibiting compounds, cell metabolism inhibitors, hormone inhibitors, cell division 

inhibitors and lipid synthesis inhibitors (Radosevich, 2007; Perez, 2011). While 

herbicides control unwanted weeds, due to their inherent toxicity, they can also 

adversely affect non-target organisms or travel to non-target locations. They may 

enter water bodies through agricultural runoff and ground water discharge, and pose 

an immediate concern for aquatic life. Heavily farmed areas, such as the Mississippi 

River Basin, may be especially vulnerable to adverse effects to water quality, due to 

the high use of pesticides in the area. Approximately 300 billion kg of synthetic 
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compounds, which are used in agricultural, consumer, and industrial products, enter 

freshwater systems annually (Mensah et al., 2014). These compounds have been 

found to alter phytoplankton biomass, species richness, and community composition, 

which may result in food web modifications and alterations in nutrient recycling and 

energy flow (Perez, 2011). In extreme cases of contamination, un-intentional kills of 

fish, frogs, birds, and mussels have been reported in these systems (Reigart and 

Roberts, 1999; USEPA, 2002; Fishel, 2005; Nesheim et al, 2005). The Mississippi 

River Basin is one of the most intensely farmed areas in the United States and may be 

likely to experience these water quality issues. 

The Mississippi River Basin is the third largest river basin in the world and 

the largest in the United States. It drains approximately 42 percent of the continental 

United States and contains one of the most productive agricultural regions in the 

world (Burkart & James, 1994). Over the past 100 years, flood control structures have 

isolated the Mississippi River from many of Louisiana’s coastal wetlands. To combat 

wetland loss, the state has developed a freshwater diversion plan to reintroduce 

sediment and fresh water into these areas by mimicking the natural flood events of the 

Mississippi River (Turner, 2009). Along with freshwater and sediment, these 

diversion structures also introduce nutrients and pollutants into these systems. Due to 

the high amount of agriculture in the Mississippi River Valley, pesticides are a major 

type of pollutants that can be introduced into Louisiana’s estuaries. 

Agriculture has been the dominant land use in the Mississippi River Basin 

over the past 200 years and is one of the greatest contributors to non-point source 

nutrients and pollutants in rivers, lakes, and other water bodies of the United States 
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(USEPA, 1994). Agricultural runoff, due to rainfall, and groundwater discharge carry 

these pollutants to the Mississippi River where they are transported downstream and 

discharged into Louisiana’s estuaries. The state also has a high proportion of 

agricultural land use itself, further exasperating the problem as runoff enters these 

coastal water bodies from treated sugarcane, corn, sorghum, and wheat fields.  

Louisiana is one of the largest producers of sugarcane in the United States, making its 

coastal estuaries particularly susceptible to elevated levels of chemicals, such as the 

herbicide atrazine (USDA, 2014). 

Atrazine, which is often used in sugarcane production, is the most widely used 

agricultural herbicide in the United States. It was first manufactured in 1959 and is 

still used today because it is cost effective and efficient (USEPA, 2002). It is applied 

pre-emergence and post-emergence to control annual broadleaf and grass weeds 

(Solomon et al., 1995). It is a relatively persistent, mobile compound that does not 

tend to bioaccumlate and is subjected to biotic and abiotic degradation (Khan, 1978; 

Graymore et al., 2001; Weiner et al, 2004). 

  Atrazine is the number one contaminant in the streams of the Midwest, and 

concentrations in those streams have exceeded the United States Environmental 

Protection Agency (USEPA) maximum contaminant level of 3 ppb in many cases 

(Lerch and Blanchard 1995, Lerch et al. 1995, Thurman et al. 1996, Clark and 

Goolsby, 2000). It has been found at levels ranging between 0.02 -1000 ppb in waters 

directly adjacent to treated fields (Pereira et al., 1992; Readman et al., 1993). Many 

estuarine systems have been found to contain detectable levels of atrazine, but these 

levels are often considerably lower than levels reported in corresponding rivers, due 
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to dilution and degradation (Graymore et al., 2001).  Concentrations within these 

water bodies are generally episodic, correlate with high flow conditions and as a 

result typically peak in spring and early summer following application.  Atrazine was 

detected in every sample collected April to June 1991 from the Mississippi and its 

major tributaries in concentrations ranging from 0.29-3.2 ppb from (USEPA, 2002). 

Due to the chemical properties of the compound, atrazine tends to persist in 

the environment over long periods of time with an environmental half-life of 244 

days at a pH of 4 and at 25 °C (Li et al., 1972).   It has a low volatilization potential 

(vapor pressure=2.89 x 10
-7

 mm at 25 °C, Henry’s Law constant=2.48 x 10 atm m
3

mol
-1)

 from surfaces and water, a moderate water solubility (33 μg/ml at 22 °C), small

Kd (0.19-2.46) and Koc (25.3-155.0), indicating that it will favor movement in the 

dissolved state from treated surface soils to subsurface water during rain events or 

following irrigation (Ciba-Geigy Corporation, 1994; Solomon et al., 1995), that it is 

not likely to adsorb strongly with sediments, and is expected to partition moderately 

from the water column. The environmental fate of atrazine is largely influenced by its 

s-triazine ring, which contributes to its slow photolysis and hydrolysis rates, and also 

limits microbial degradation (Li et al., 1972; Khan, 1978, Howard, 1991). As a result, 

concentrations in receiving water bodies are often dependent on hydraulic residence 

time and dilution of the compound. This also indicates that chemical degradation may 

play a larger role than biodegradation in the breakdown of atrazine in the 

environment. Its long residence time in the water column may result in the prolonged 

exposure of non-target aquatic organisms to the compound.  
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Although atrazine is a photosynthesis inhibitor and does not bioaccumulate, it 

can be still moderately toxic to fish and invertebrates (Jantenen et al., 2008; Solomon 

et al., 2008; Kabra et al., 2014). The chronic effect values for freshwater fish species 

ranged from 88.3 to 430 ppb, while estuarine fish species had a chronic effect of 

2,542 ppb. The chronic effect values for freshwater and estuarine invertebrates ranged 

from 159 to 3,500 ppb and 123-20,900 ppb, respectively (USEPA, 2001).  However, 

atrazine concentrations of 20 ppb have been found to significantly reduce the 

reproduction and diet of the bluegill and adversely affect the species richness and 

abundance of several insects (USEPA, 2002).  Adverse effects to aquatic ecosystem 

structure and function can be found at concentrations of 15 ppb and above (USEPA, 

2002).  The EPA has drafted freshwater acute and chronic atrazine water quality 

criteria of 350 ppb and 12 ppb, respectively, and saltwater (acute and chronic) criteria 

of 760 ppb and 26 ppb (USEPA, 2001).  Acute and chronic criteria exceedances have 

been found in watersheds with a high proportion of agricultural land use in ambient 

water in the spring, corresponding to herbicide application and rainfall events, 

indicating that some of these species may be adversely affected (LDEQ, 1998).  

While atrazine has been found to be moderately toxic to fish and invertebrates, it has 

been found to be somewhat non-toxic to birds. The LD50 for the mallard duck was 

measured to be greater than 2,000 ppm, while no effect was observed in the bobwhite 

quail at levels exceeding 5,000 ppm
 
(EXTOXNET, 1996). 

Based on its method of action, primary producers, such as phytoplankton, may 

be the most sensitive to atrazine exposure. Atrazine acts as a photosynthesis inhibitor 

by competing with plastoquione II at its binding site on the D1 protein, blocking the 
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electron transport from photosystem II (Moreland and Hill, 1964). This mechanism 

has been defined in terrestrial plants, and is assumed to be similar in aquatic primary 

producers (Weiner et al., 2004). Alterations of the phytoplankton growth rate, 

community structure and primary productivity, which may be brought on by atrazine 

exposure, may induce responses in higher trophic levels and reduce ecosystem 

productivity. Concentrations as low as 1-10 ppb, which are regularly found in many 

water bodies, have been found to affect photosynthesis in phytoplankton 

(Lakshminarayana, 1992). At higher concentrations (10-20 ppb) death of susceptible 

species occurs and the community has been found to shift towards more resistant 

species. At levels reaching 500 ppb, photosynthesis was almost completely inhibited 

and severe reductions in biomass were noted (deNoyelles, 1982; Graymore et al., 

2001). 

Sensitivity to atrazine has been found to vary between phytoplankton phyla 

(Guazon, et al., 1996). Certain species have been found to be negatively impacted by 

atrazine levels as low as 1 ppb, while others have been resistant to concentrations up 

to 1000 ppb (Stratton, 1984; Bester et al., 1995). The most sensitive group is the 

chlorophytes, followed by cyanophytes, cryptomonads, dinophytes, and 

euglenophytes (Abou-Waly et al., 1997; Tang et al., 1997).  Phytoplankton response 

to atrazine is dependent on a variety of factors including species tested, atrazine 

treatment concentrations, and endpoints measured (Weiner et al., 2004). Cell size, 

pigment profile, differences in cell uptake, binding and metabolism may conttribute 

to the differences in a species’ sensitivity to the compound. 
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The purpose of this study was to quantify the amount of the herbicide atrazine 

entering into Louisiana estuaries via the Mississippi River and agricultural runoff 

under different flow and nutrient regimes (Spring and Summer) (Chapter 2). The 

Louisiana phytoplankton growth response and oxygen production under acute 

exposure conditions to varying levels of atrazine was also assessed (Chapter 3). 

Phytoplankton collected from Barataria Estuary were maintained in microcosms and 

exposed to an atrazine dilution series. The dilution series was designed to mimic peak 

atrazine levels that have occurred in many tributaries, lakes, and other water bodies 

throughout the United States during the spring. The field data was then used to 

determine the acute risk of atrazine to the Louisiana native estuarine phytoplankton 

community.  Some studies have been conducted to determine the levels of atrazine in 

Louisiana waterways. However, these studies focus on small tributaries and streams 

rather than larger estuarine systems. Additionally, several studies have been 

conducted on individual phytoplankton species and communities in other estuarine 

habitats. However, the results of those studies cannot be extrapolated to make general 

statements about atrazine in Louisiana estuarine ecosystems due to the inherent 

variability in phytoplankton community structure and the wide range in 

environmental variables within estuarine systems. 
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Chapter 2: Atrazine Concentrations of Breton Sound and Barataria Estuaries 

for Spring and Summer Months of 2014 

Abstract 

Atrazine is a pre-emergence and post-emergence herbicide used to control 

annual broadleaf weeds and grasses. It is often found in rivers, lakes, and other water 

bodies throughout the United States in concentrations exceeding USEPA maximum 

contaminant level of 3 ppb. Louisiana estuaries are susceptible to elevated atrazine 

levels due to input from the Mississippi River and non-point sources, such as 

agricultural run-off. Atrazine levels were determined in two Louisiana estuaries, 

Breton Sound Estuary and Barataria Estuary. Three locations were sampled in each 

estuary in late spring and summer to evaluate the effects of river flow and pesticide 

application on atrazine levels. Atrazine was consistently present at low levels in both 

estuaries. However, Breton Sound Estuary exhibited higher atrazine levels than 

Barataria Estuary, over the time period sampled, most likely due to differences in the 

area’s land use and hydrological characteristics. The presence over the three-month 

period suggests that aquatic organisms located in the two estuaries may be negatively 

impacted by chronic atrazine exposure. To determine the potential risk to estuarine 

organisms, atrazine levels in Louisiana estuaries should be measured year round to 

determine the impact of chronic vs acute exposure. 
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Introduction 

Agriculture has been the dominant land use in the Mississippi River Basin 

over the past 200 years and is one of the greatest contributors to non-point source 

pollutants and nutrients in rivers, lakes, and other water bodies of the United States 

(EPA, 1994).  The Mississippi River flows 3782 km from its source at Lake Itasca to 

the Gulf of Mexico. Its watershed drains 3.2 million km
2
, which is approximately

42% of the continental US (Burkart & James, 1994). In the early 1900s, flood control 

structures were constructed and isolated Louisiana’s coastal wetlands from the 

Mississippi River. To counteract wetland loss, the state of Louisiana developed a 

fresh water diversion plan.  The purpose of these diversions is to mimic the natural 

flooding events of the Mississippi River, and allow for the reintroduction of 

freshwater and sediment into coastal wetlands. The use of diversions to restore 

wetlands has been somewhat controversial, as the project has raised questions about 

the effect of high nitrogen levels on aquatic ecosystems (Swarzenski et al., 2008; 

Turner, 2009). The freshwater diversions are now transporting millions of gallons of 

water that contain nutrients and pollutants into wetlands and estuaries through 

siphoning, pumping, and by cutting through lower levees. Pesticides are a type of 

pollutants that can be introduced by Mississippi River water into Louisiana’s coastal 

wetlands and estuaries, however, the effect of pesticides, on estuarine dynamics has 

not been fully addressed. 

Pesticides are often used in the production of corn, sugarcane, and many other 

crops throughout the Midwest and other states in the Mississippi Valley. Louisiana is 

one of the nation’s largest producers of sugarcane (USDA, 2014). In 2009, over 
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400,000 acres in the state were harvested for sugarcane. The sugarcane industry has 

expanded westward and northward in recent years, as returns for competing crops 

have decreased. The state’s production of sugarcane has also expanded due to the 

employment of high yielding sugar cane species and the investment in new harvesting 

techniques. An increase in agriculture, often leads to an increase in pesticide use, and 

therefore an increase in agricultural runoff to estuaries and other water bodies. The 

application of pesticides has increased 40-fold over a thirty year period from 1946 

through 1976 in the United States (Gianessi 1992). Atrazine, which is often used in 

sugarcane production, is used extensively as a pre-emergence and post-emergence 

herbicide to control weeds. Atrazine is the number one contaminant in the streams of 

the Midwest, and its concentrations in Midwestern streams in many cases exceeded 

the USEPA maximum contaminant level of 3 ppb (Lerch and Blanchard 1995, Lerch 

et al. 1995, Thurman et al. 1996, Clark and Goolsby 2000). Mississippi River water 

contains high levels of atrazine and is an environmental concern (USEPA 1994). 

Atrazine loads of up to 2,000 kg day
-1

 in the Mississippi River have been reported in

1989 and 1992 near the river mouth (Pereira et al. 1990, USGS 1994). The annual 

herbicide load (1991 through 1997) from the Mississippi River Basin to the Gulf of 

Mexico ranged from approximately 450 t in 1992 to 1,920 t in 1993 (USGS, 2006). 

Mass transport (east to west along the Louisiana coast) for atrazine ranged from 800-

3,000 kg day
-1

, which compares with the amount in the Mississippi River. However,

still very little is known about concentrations and the total amount of atrazine 

entering estuaries as agricultural run-off from Louisiana watersheds and drainage 

basins through diversions. The purpose of this study was to quantify the amount of 



15 

the herbicide atrazine entering into estuaries via the Mississippi River and agricultural 

runoff under different flow and nutrient regimes (Spring and Summer). 

Materials and Methods 

Site Selection 

The Caenarvean freshwater diversion site in Breton Sound, Louisiana, was 

chosen as the first site to quantify the amount of Atrazine entering into the estuary 

from the Mississippi River.  Breton Sound is located southeast of New Orleans, 

Louisiana and is composed of approximately 247,105 acres of fresh and brackish 

wetlands (Fig 1a). The estuary contains several large lakes throughout its upper areas 

and opens up into Breton Sound coastal waters. Breton Sound receives Mississippi 

River water via the Caernarvon freshwater diversion, located at the northernmost 

point of the estuary. The diversion structure is one of the largest in southern 

Louisiana and discharges freshwater into the estuary at a maximum rate of 

approximately 7981 cfs, but has averaged approximately 1907 cfs since 2001 (USGS, 

2015). The discharge rate is regulated according to river height, simulates natural 

seasonal flow trends, and manages salinity in portions of the estuary. Intermittent 

pulsing up to the maximum flow from December to June occurs to benefit oyster 

production and sediment delivery to the estuary, and may also impact the amount of 

atrazine entering the area at a given time. 

 Barataria Estuary, Louisiana, was chosen as the second sampling site to 

evaluate atrazine inputs as a result of agricultural runoff and the Mississippi River via 

the Davis Pond Diversion (Fig. 1b). The Davis Pond diversion is located in St. 
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Charles Parish approximately 15 miles upstream of New Orleans. The structure is 

built into the mainline Mississippi River levee and diverts freshwater and the 

accompanying nutrients and sediment into Barataria at a rate of 10,650 cfs (USGS, 

2001).  Lake Cataouatche and Lake Salvador, subsegments of Barataria Estuary, were 

chosen for the Barataria sampling sites.  Lake Cataouatche and Lake Salvador are 

approximately 9280 acres and 44,800 acres, respectively (EPA, 2005). The Davis 

Pond structure diverts water from the Mississippi River east of the town of Luling 

into a 9190 acre
 
marsh located between Highway 90 and Lake Cataouatche. The 

water disperses throughout the marsh before entering Lake Cataouatche on the 

northwest side of the lake. From there, the water then flows from Lake Cataouatche 

into Lake Salvador. The upper Barataria Estuary consists of crop-grass lands, 

primarily sugar cane, bottom land hardwood forests, cypress swamps, and coastal 

marshes. These habitats range from fresh to salt water. Precipitation is a major fresh 

water input in the area. As a result, atrazine and other chemicals may enter the upper 

Barataria Estuary through agricultural runoff associated with the sugarcane fields and 

the Mississippi River. 

Field Sampling and Analysis 

Three stations located in both Breton Sound Estuary and Barataria Estuary 

were sampled to determine seasonal variation (spring and summer) in atrazine 

concentrations (Fig.1 and Fig. 2).   Breton Sound was sampled during May, June, and 

August of 2014, while Barataria was only sampled during June and August of 2014. 

The three points within each estuary were sampled at varying distances from each 
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diversion (Table 1). Chlorophyll a (Chl a) was determined for the Breton Sound and 

Barataria stations as a measure of phytoplankton biomass. Surface water samples 

were taken at each site in 2 liter plastic Nalgene bottles and transported on ice to the 

lab. Upon arrival, 25 ml sub-samples of surface water were filtered through 25 mm 

GF/F filters and placed in the freezer at -20 °C until extraction.  The filters were 

extracted for 24 h in 90% aqueous acetone at -20 °C and subsequently analyzed for 

Chl a using a Turner fluorometer (Model 10-AU, Turner Industries, Modesto, CA) 

(Parsons et al., 1984).  Fifty ml of each water sample was vacuum-filtered through 

0.45 µm membrane filters upon return to the laboratory and analyzed for DRP 

(Method 365.1; USEPA, 1993), NO3-N (Method 353.2; USEPA, 1993) and NH4-N 

(Method 350.1; USEPA, 1993) on a Seal Analytical (Mequon, Wisconsin) AQ2+ 

discrete analyzer using standard colorimetric methods. A YSI EXO2 water quality 

sonde was used at each sampling location to determine salinity. 

Atrazine Analysis 

Water samples were collected in 2 liter Nalgene bottles and transported to the 

laboratory on ice. Water samples designated for atrazine analysis were stored in a 

refrigerator at 4 °C overnight, and analyzed the following morning. Atrazine was 

extracted from the water samples using liquid-liquid portioning with methlylene 

chloride (dichloromethane) and exchanged to hexane. The extract was concentrated to 

1 ml using an N-EVAP. An Agilent 7683 Automated liquid sampler was used to 

inject 2µl of 500 ml/ml extract into a Hewlett Packard 6890 Gas Chromatograph 

(GC) with an RTX 5MS 30 M x 0.25 mm x 0.25 µm capillary column installed. 
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Helium, used as a carrier gas, flowed throw a split-less mode inlet at 1.0 ml/min and 1 

°C. The oven temperature was set to 80 °C with a hold time of 2 minutes, was set to 

increase 30 °C/min until a temperature of 190 °C was reached. After the oven reached 

190 °C, it was set to increase 8 °C/min until the temperature of 300 °C was reached. 

Figure 1A: Represents May, June, and August sampling sites located in Breton 

Sound. Pins indicate the points sampled at the Caernarvon outfall, Big Mar, and 

Western Lake Lery. B: Represents June and August sampling locations in the Upper 

Barataria Basin. Pins indicate the points sampled downstream from the Davis Pond 

Diversion, in Lake Cataouatche and Lake Salvador. 

A. 

B. 
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Once the oven reached 300 °C, it was held at that temperature for 5 minutes. 

The flow then continued through a 280 °C transfer line to a Hewlett Packard 5973 

mass selective detector in selective ion monitoring mode, with a source temperature 

of 230 °C and a quadruple temperature of 150 °C. The ions (m/z) monitored for 

atrazine were 172.95, 200.05, 211.05, 215.05, and the retention time was 9.13 

minutes. Single point external quantitation was performed using the 215.05 ion (m/z) 

with 200.05 and 172.95 as qualifiers at 35% and 172%, respectively, against an 

analytical standard of 0.20pm. A second injection of all samples, using the same 

initial GC parameters, but a different detection mode, allowed for a full scan 

confirmation of positive atrazine samples. This was done using a Hewlett Packard 

MSD that monitors ions between 50-450 with a minimum detection limit of 0.01 ppb. 

Results 

Salinity, Chl a, and nutrient levels differed between Breton Sound Estuary and 

Barataria Estuary and varied over time within each estuary. Chl a levels in Breton 

Sound ranged from 30-100 µgl
-1

 for the month of May and increased in June and

August to 40-245 µgl
-1

.  Chl a levels were consistently lower in Barataria Estuary

than in Breton Sound Estuary. The June Barataria Chl a concentrations ranged from 

4.0-10 mgl
-1

 while the August Chl a measurements ranged from 2.5-10.5 mgl
-1

.  The

salinity between sampling sites of the two estuaries was similar and ranged from 

0.17-0.47 psu. Nitrogen levels varied month to month for each sampling site in both 

Breton Sound and Barataria Estuary. In Breton Sound, NO3 and NH4 levels ranged 
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from 0.03-1.08 mg Nl
-1

 and 0.02-.06 mg N l
-1

, respectively, over the months sampled.

NO3 (0.14-8.25 mg Nl
-1

) and NH4 (0.6-4.1 mg N l
-1

) concentrations exhibited more

variation in Barataria Estuary than in Breton Sound Estuary. 

Atrazine concentrations were found to be higher in Breton Sound for all 

months sampled. The Breton Sound Sampling sites also exhibited more variation in 

atrazine levels than Barataria Estuary. Atrazine concentrations in Breton Sound 

varied both temporally and spatially (Fig. 2). Atrazine levels in both Big Mar and 

Lake Lery for the month of May were measured below the detection limit (0.01 ppb), 

while the atrazine concentration at the Caernarvon Outfall, the closest sampling site 

to the diversion, was 0.42 ppb. Atrazine concentrations decreased over time at the 

Caernarvon Outfall sampling site and increased significantly overtime at the Lake 

Lery site. Atrazine peaked at the Big Mar site in June at 0.4 ppb and decreased in the 

month of August to 0.22 ppb. 

Lake Cataouatche had the highest atrazine concentration of the Barataria 

Estuary sampling sites in June at 0.24 ppb (Fig. 3). In the Upper Lake Cataouatche 

and Lake Salvador sampling sites, atrazine concentrations in June were measured at 

0.1 ppb and 0.2 ppb, respectively. The atrazine concentrations stayed constant in Lake 

Cataouatche between June and August. However, atrazine levels in Upper Lake 

Cataouatche and Lake Salvador increased to 0.23 ppb and 0.24 ppb, respectively. 
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Figure 2: Atrazine concentrations at the Breton Sound sampling sites for the months 

of May, June, and August. May atrazine levels for Big Mar and Lake Lery fell below 

the detection limit and therefore are not reported.  

Figure 3: Atrazine concentrations for the Barataria Basin sampling sites for the 

months of June and August.  
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Table 1: Depicts distance to the Caernarvon Diversion and atrazine concentrations 

measured in Breton Sound Estuary during May, June, and August of 2014. Values 

measured below the detection limit of 0.1 ppb are denoted as “bdl”. 

Month Station Distance to Diversion (km) Atrazine(ppb) 

May 

Caernarvon Outfall 2.5 0.42 

Big Mar 4.5 bdl 

Lake Lery 8 bdl 

June 

Caernarvon Outfall 2.5 0.37 

Big Mar 4.5 0.4 

Lake Lery 8 0.16 

August 

Caernarvon Outfall 2.5 0.34 

Big Mar 4.5 0.22 

Lake Lery 8 0.55 

 Table 2: Depicts distance to the Davis Pond Diversion and atrazine 
concentrations measure in Barataria Basin during June and August of 2014. 

Month Station Distance to Diversion (km) Atrazine(ppb) 

June 

Upper Lake Cataouatche 10.8 0.1 

Lake Cataouatche 14.6 0.24 

Lake Salvadore 22.6 0.2 

August 

Upper Lake Cataouatche 10.8 0.23 

Lake Cataouatche 14.6 0.24 

Lake Salvadore 22.6 0.24 

Discussion 

Ambient water quality data indicates that there is a widespread occurrence of 

atrazine at low levels in agriculturally influenced water bodies, with strong seasonal 

peaks in the spring (USEPA, 2002). Atrazine was consistently found in both Breton 

Sound Estuary and Barataria Estuary for the late spring and summer months sampled. 

However, the two estuaries exhibited different patterns of seasonal variation of 

atrazine present in surface water. Breton Sound generally had higher atrazine levels 
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for the months of June and August of 2014 than Barataria Estuary.  The concentration 

of atrazine at each Breton Sound sampling site varied from month to month, while 

atrazine levels in Barataria were more stable over time and space. Differences in 

atrazine levels between the two estuaries may be associated with differences in 

diversion discharge, land use of surrounding areas, and the sampling site’s distances 

to the diversion. 

Barataria exhibited more variation in river diversion discharge than Breton 

Sound, but was more stable in atrazine concentrations. The discharge rate and daily 

discharge fluctuations of the two diversions may have impacted the amount of 

atrazine present in each estuary. The two diversions had a similar average discharge 

rate over the May-August sampling period. However, the two diversions exhibited 

different patterns in daily discharge fluctuations. Over the four month period, the 

average discharge for the Caernarvon Diversion was approximately 150-200 cfs. 

Daily fluctuations in the discharge of the Caernarvon Diversion generally ranged 

from approximately 0 to 500 cfs (USGS, 2015). Four days in May, one day in June, 

and two days in August of 2014 had discharge rates greater than 500 cfs. The Davis 

Pond also exhibited daily fluctuations in discharge and an average rate of 150-200 cfs 

for the months of June and August. The Davis Pond Diversion had several days in the 

month of June with significantly higher discharge rates than the average (up to 10,000 

cfs), while the discharge was somewhat constant over the month of August. The 

slight variation in atrazine concentrations between Barataria sampling sites for the 

month of June and the consistent atrazine levels at approximately 0.24 ppb for the 

month of August, indicate that fluctuations in the Davis Pond Diversion discharge 
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may affect the variation of atrazine levels between stations in Barataria Estuary. 

However, this does not seem to be the case in Breton Sound, as diversion discharge 

rate was more stable over time but atrazine concentrations varied much more from 

month to month at each station. 

While the Davis Pond Diversion river discharge rate was more unstable for 

the month of June than the Caernarvon Diversion river discharge, both diversion’s 

mean discharge over the time period sampled was very similar. Because there was no 

substantial difference in the discharge rates of the two diversions, it cannot be said 

that the differences in atrazine concentrations between Breton Sound and Barataria 

are due to differences in discharge.  Other factors, including the difference in land use 

and hydrologic features, may play a key role in the differences in atrazine levels 

between the two estuaries. 

Breton Sound is a remnant of the abandoned St. Bernard Mississippi River 

deltaic lobe and is approximately 676,400 acres in size (CWPPRA and USGS, 2014). 

The Breton Sound Estuary consists of 184,000 acres of wetlands and 51,300 acres of 

public land (LDEQ, 2014).The principal hydrologic features of Breton Sound include 

the Mississippi River and its natural levees. Levees constructed as flood control 

structures prevent the annual input of freshwater and the nutrients and sediment 

associated with it. Major freshwater inputs into the Sound are limited to the 

diversions at Caernarvon, White’s Ditch, Bohemia, and Bayou Lamoque, as well as 

the abandoned delta distributaries of Bayou Terre aux Boeufs and River aux Chenes 

(CWPPRA and USGS, 2014). 
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Barataria Estaury has different hydrological characteristics and land uses than 

Breton Sound. The Barataria contains approximately 1,565,000 acres composed of 

swamp, fresh marsh, intermediate marsh, brackish marsh, and saline marsh (LDEQ, 

2014). In the Barataria-Terrebonne basin agriculture is a major land use. Sugarcane 

production in the basin totals over 295,000 acres while soybeans and grain production 

make up 12,000 acres and 7,000, acres respectively (LDEQ, 2014). Due to the 

sugarcane, corn, and other crops grown in the area, it is likely that atrazine is used 

pre-emergence and post-emergence to control broad-leaf and grass weeds. Non-point 

source runoff from agricultural lands has the potential to carry atrazine to the estuary. 

The amount of atrazine entering the estuary and the distribution input varies spatially 

and is dependent on rainfall, pesticide application, and the season. Atrazine is 

typically applied as a pre-emergence herbicide 6-8 weeks before crops are planted. 

Depending on the crops planted this usually falls between April 1 and May 1. If used 

post emergence, atrazine may be applied as late as June or July. Therefore, atrazine 

may enter the surface waters of Barataria Estuary through agricultural runoff during 

the late spring and through the majority of summer. 

Atrazine is relatively persistent and does not strongly associate with soil or 

sediment particles (USEPA, 2002). Due to its slow breakdown, water column 

concentrations in closed aquatic systems may become elevated, especially those in 

watersheds with a large proportion of agricultural land use. Because Breton Sound 

contains significantly less agricultural lands than Barataria, it was expected that 

atrazine would be higher in the surface waters of Barataria. However, this was not the 

case. Atrazine levels in Breton Sound were higher overall than concentrations 



26 

measured in Barataria. In some cases atrazine levels found in Breton Sound were 

almost double of those measured in Barataria. Surface water atrazine levels were 

most likely lower in Barataria due to dilution. The Barataria Estuary is over twice the 

size of Breton Sound.  Lake Cataouatche (9,280 acres) and Lake Salvador (44,800 

acres) in Barataria are significantly larger than Big Mar (2,040 acres) and Lake Lery 

(USGS, 2015; LDWF, 2010). The larger amount of water present in the lakes 

sampled in Barataria give them a greater potential to dilute pollutants such as 

atrazine. The hydrologic isolation of Breton Sound could also reduce atrazine 

dilution. Breton’s natural levees and man-made flood control structures limit 

freshwater input to the system further slowing the dilution process. Distance of the 

sampling sites to the diversions may have also played a role in the dilution of atrazine 

and therefore the amounts measured. The Barataria sampling sites were several times 

further from the Davis Pond Diversion than the Breton Sound sampling sites were to 

Caernarvon. Therefore, the atrazine present in the surface water had more time 

disperse when traveling from the Davis Pond diversion to the sampling stations. 

While there was variation in atrazine concentrations within and between the 

two estuaries sampled, atrazine was consistently found to be present at low levels in 

both Breton Sound Estuary and Barataria Estuary over the time period sampled. All 

atrazine levels remained below the USEPA maximum containment level of 3 ppb. 

However, because atrazine was present over the four-month period, aquatic 

organisms may be negatively impacted due to chronic exposure. To determine the 

risk to aquatic organisms in these two estuaries, the sites in Breton Sound and 

Barataria should be sampled year round for atrazine levels and further examined to 
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determine the impact of acute vs chronic atrazine exposure to estuarine organisms. 

Photosynthetic organisms, such as phytoplankton, form the base of the food chain and 

are essential players in trophic level dynamics of estuarine ecosystems. However, 

limited data is available regarding the effects of atrazine on Louisiana estuarine 

phytoplankton communities. 
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Chapter 3:  The Effect of Atrazine on Louisiana Estuarine Phytoplankton 

Growth and Oxygen Production 

Abstract 

Atrazine is a triazine herbicide used to control annual broadleaf and grass 

weeds. The compound is frequently detected in water bodies, such as lakes, rivers, 

and streams, throughout the United States. Because atrazine is used extensively for 

agricultural purposes in the Mississippi River Valley and the state of Louisiana, it is 

likely that atrazine may enter Louisiana estuaries via the Mississippi River and from 

non-point sources, due agricultural runoff. Atrazine is known to inhibit 

photosynthesis and as a result, primary producers in aquatic ecosystems, such as 

phytoplankton, may be negatively impacted by elevated levels of atrazine. 

Phytoplankton are essential in estuarine ecosystems, as they form the base of the food 

web. Therefore, high atrazine levels may adversely affect the productivity of the 

entire estuarine ecosystem if the phytoplankton community is severely impacted. The 

purpose of this study was to determine the effects of atrazine on Louisiana estuarine 

phytoplankton growth response and oxygen production. A dilution series of 5 ppb, 50 

ppb and 200 ppb of atrazine was applied to estuarine phytoplankton under high and 

low nutrient conditions. Phytoplankton were grown in culture and sampled daily over 

a 10-day period to determine the change in biomass related to growth. Oxygen 

production was also measured over the time period in phytoplankton exposed to low 

(10 ppb) and high (100 ppb) atrazine treatments. These treatments were further 

divided into nutrient enriched and non-enriched groups. The results showed that 

atrazine greatly inhibited phytoplankton growth and oxygen production in low 

nutrient conditions. The phytoplankton exposed to atrazine in high nutrient 



31 

conditions, were able to “bounce-back” after an extended acclimation period. 

Similarly, the communities grown under high nutrient conditions grew more rapidly 

and produced higher levels of oxygen over the 10-day period than the low nutrient 

treatment groups. There was a greater stress response in the non-enriched treatment 

group brought on by the combined effect of atrazine exposure and a lack of sufficient 

nutrients.  High levels of stress on phytoplankton may adversely impact entire aquatic 

ecosystem functions because they form the base of the food chain and are major 

primary producers.  If phytoplankton biomass or photosynthetic rate is inhibited, or 

there is a shift in the community structure, the species richness and productivity of the 

system as a whole may suffer. 

Introduction 

Approximately 1.8 billion people worldwide are involved in agriculture, with 

the majority using pesticides to increase crops yields (Alavanja, 2002). These 

chemicals are also used commercially, residentially, and in public health programs to 

prevent the spread of vector borne diseases. A pesticide is a substance used for 

destroying insects or other organisms harmful to cultivated plants or animals and 

include fungicides, herbicides, insecticides, and rodenticides (Merriam-Webster, 

2014). 5.6 billion lbs. of pesticides are used worldwide annually, while 1.6 billion lbs. 

are used in the United States alone (Alavanja, 2002). Herbicides, a subclass of 

pesticides that suppresses or kills unwanted vegetation, are the most commonly used 

pesticide in the United States (Virginia Cooperative Extension, 2009). 
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Herbicides protect against crop losses and allow for more efficient food 

production. However, many are toxic to non-target organisms and their toxicity is not 

always limited to the area in which they are applied. Herbicides act through various 

mechanisms and can inhibit hormones, cell division, photosynthesis, pigment 

synthesis, lipid synthesis, and cell metabolism (Radosevich, 2007, Mensah et al., 

2014). They have been known to adversely affect non-target organisms such as soil 

microorganisms, bees and other pollinators, amphibians, fish, birds, plants, and 

phytoplankton (Reigart and Roberts, 1999; USEPA, 2002; Fishel, 2005; Nesheim et 

al, 2005). Due to their extensive use in agriculture, it is not uncommon to find 

herbicides in the surface waters located in agricultural areas (Deneer, 2000). These 

chemicals enter systems through various transport processes, including agricultural 

runoff, which are dependent on drainage patterns, chemical properties of the 

herbicide, rainfall, microbial activity, and application rate (Larramendy and Soloeski, 

2014). They can affect water quality and ecosystem functions by altering plant and 

phytoplankton biomass, species richness, and community composition resulting in 

food web modifications and alterations in nutrient recycling and energy flow (Perez, 

2011). The presence of these compounds in terrestrial and aquatic ecosystems has 

become an important environmental issue worldwide. 

Many developing countries around the world have not developed standards for 

herbicides. In the Unites States, under the Federal Insecticide, Fungicide and 

Rodenticide Act (FIFRA), the carcinogenic risk of every pesticide, used 

commercially and residentially, is assessed using genotoxicity studies and short-term 

mutagenic assays (Fenner-Crisp, 2001; Alavanja and Bonner, 2005). The United 
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States Environmental Protection Agency (USEPA) has used this information to set a 

maximum acceptable contaminant level for the majority of pesticides in drinking 

water. However, no standards for aquatic organisms have been developed. Exposure 

to these chemicals could adversely affect human health and estuarine ecosystems 

(USEPA, 1996). 

Atrazine is a triazine herbicide used to control annual broadleaf and grass 

weeds in a variety of crops, including corn, sorghum, and sugarcane (Solomon et al., 

1995), and it is frequently detected in rivers, lakes and estuaries. The environmental 

half-life of atrazine in microcosm studies ranges from 30 to 120 days (Cunningham et 

al., 1984; Kemp et al., 1985; Glotfelty et al., 1998; Pinckey et al., 2002). Due to the s-

triazine ring, microbial biodegradation is minimal (Howard, 1991).  Atrazine’s long 

residence time in the water column may result in the prolonged exposure of aquatic 

organisms to the compound and estuaries can accumulate atrazine through acute and 

chronic loading events (Jones et al, 1982; Insensee, 1987; Glotfelty et al., 1998; 

Pinckney, 2002). Atrazine has been known to reduce primary productivity (Solomon 

et al., 1995; Graymore et al, 2001), which in turn impacts the ecosystem’s community 

structure as a whole. Because atrazine is known to inhibit photosynthesis, it has the 

potential to directly affect phytoplankton communities in water column. Negative 

effects on photosynthesis of various phytoplankton and submerged vascular plants are 

reported at levels as low as 1 to 10 ppb (Kemp et al., 1985; Lakshimrayana et al., 

1992), levels that are commonly found in many water bodies. 

Atrazine, alachlor, and other chemicals are used extensively in the Midwest 

and throughout other states located in the Mississippi River Valley (Pereira et al, 
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1990). The annual herbicide load (1991 through 1997) from the Mississippi River 

Basin to the Gulf of Mexico ranged from approximately 450 t (1992) to 1,920 t 

(1993) (USGS, 2006). Mass transport (east to west along the Louisiana coast) for 

atrazine ranged from 800-3,000 kg day
-1

, which is comparable with the amounts

detected in the Mississippi River (USGS, 1994). The Mississippi River contains high 

concentrations of essential nutrients, such as nitrogen (N) and phosphorus (P), which 

are required for phytoplankton growth and algal bloom formation, achieves peak flow 

during the spring due to snowmelt and surface runoff into its tributaries (Turner and 

Rabalais, 1994; Snedden et al., 2007; Hyfield et al., 2008). As a result, phytoplankton 

blooms occur in late spring through early fall in the receiving estuaries due to 

increased nutrient delivery, with seasonal community composition shifts commonly 

observed (Murrell et al. 2007; Thronson et al. 2008, Bargu et al. 2011). Two large 

diversion structures, the Caernarvon Diversion structure and the Davis Pond 

Diversion structure, have been operating in southeastern Louisiana for the past two 

decades and control the input of nutrient loaded freshwater into Breton Sound Estuary 

and Barataria Estuary, respectively. The biomass and community composition of 

phytoplankton in Breton Sound and Barataria Estuaries are dependent on changes in 

temperature and by factors are highly influenced by the river and other nonpoint 

source inputs: nutrient availability, salinity, water mixing and contamination levels. 

Sugarcane, which is grown on the natural levee of the Mississippi River deltaic plane, 

has been an important contributor to Louisiana economy for a long period of time. 

However, like Mississippi River water itself, major source of pollutants impacting the 
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water quality (excess of nutrients, pesticide levels etc.) of this watershed is the runoff 

from these sugarcane fields. 

Phytoplankton are critically important pelagic primary producers in estuarine 

ecosystems and their communities are composed of numerous species that exhibit a 

range of physiological responses to environmental stressors. Responses of 

phytoplankton to various atrazine concentrations can be especially important to 

higher trophic levels since their growth and abundance can determine the potential 

productivity of the entire ecosystem (Wissel and Fry 2005). While atrazine at low 

levels has been found to have minimal effects on some specific phytoplankton 

communities (Pinckney et al, 2002), it has been also found to reduce phytoplankton 

growth at 5-20 ppb (Solomon et al, 1995). Certain phytoplankton species have also 

been found to be more susceptible to atrazine exposure. Specifically, chlorophytes 

have been found to be more susceptible to atrazine than diatoms and cyanobacteria 

(Whitacre, 2011). Cells with a larger surface to volume ratio have been found to 

incorporate more atrazine and in general are more sensitive to the compound (Weiner 

et al, 2000).  Even though there is literature investigating the impact of atrazine on 

individual phytoplankton species and communities, there is no information available 

for the phytoplankton community that resides in Louisiana estuaries. Due to input 

from the Mississippi River and the high proportion of agricultural land use in 

southern Louisiana, atrazine has the potential to enter estuaries via river water and 

agricultural runoff.  

The goal of this study was to determine the Louisiana phytoplankton growth 

response and oxygen production under acute exposure conditions to varying levels of 
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atrazine. Phytoplankton collected from Barataria Estuary were maintained in 

microcosms and exposed to an atrazine dilution series. The dilution series was 

designed to mimic peak atrazine levels that have occurred in many tributaries, lakes, 

and other water bodies throughout the United States during the spring. 

Materials and Methods 

Estuarine Water Collection 

The toxicity of atrazine was assessed by using a native phytoplankton 

community from Barataria Estuary in Louisiana. Two-20 L Nalgene carboys were 

used to collect estuarine surface water samples from Lake Salvador, located in Upper 

Barataria, in June 2014. Field samples taken from this location were found to contain 

background atrazine of 0.2 ppb. The Lake Salvador water was filtered through a 100 

μm mesh sieve to separate zooplankton and particulates. 

Preparation of Atrazine Stock Solution: 

Pestanal® Sigma-ALDRICH atrazine was placed in deionized water to form a 

10 ppm atrazine stock solution. Because atrazine has a moderate solubility in water 

(30 ppm at 20  °C), the solution was placed on a hot plate with a magnetic stirrer 

where it was heated at 23 °C and mixed with magnetic stirring rods for the 24 hour 

period prior to the experiment to ensure the atrazine was fully dissolved (USEPA, 

2015). 
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Experimental Setup 

Samples were initially divided into two groups, with (+) and without (-) 

nutrient enrichments (Fig. 1). Nutrients were initially added to the enriched treatment 

group according to the ratios outlined in DY-V media instructions.  Each group was 

then further divided by atrazine treatments. Each sample contained the same volume 

of non-enriched filtered estuarine water ((-) FEW) or enriched filtered estuarine water 

((+) FEW) solution to ensure the initial concentration of phytoplankton was 

approximately the same for all flasks at the start of the experiment. The growth 

experiment atrazine treatment groups consisted of 5 ppb, 50 ppb, and 200 ppb 

atrazine, while the oxygen production experiment atrazine treatment groups consisted 

of 10 ppb and 100 ppb atrazine. For each experiment, two control groups containing 

only phytoplankton with no atrazine addition in the nutrient enriched and non-

enriched groups were used. Sterilized Pyrex flasks were used in the growth 

experiment. For the oxygen production experiment, sterilized glass bottles (300 ml) 

with glass penny head stoppers were used. The test media volume was 300 ml to 

ensure no air remained in the bottles. All experimental flasks and bottles were kept at 

24 °C on a 12:12 h light:dark cycle with cool white fluorescent lights at an irradiance 

of 85 μE m
-1

s
-1

 for a period of 10 days.

For the growth experiment, 10 ml water subsamples were taken from each 

flask over a 10-day period to determine daily changes in phytoplankton biomass. 

Each subsample was filtered through a 25 mm GF/F filter and stored in the freezer at 

-20 °C until extraction. The filters were then extracted for 24 h in 90% aqueous 
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acetone at -20 °C and subsequently analyzed for Chl a using a Turner fluorometer 

(Model 10-AU) (Parsons et al., 1984). 

Figure 1: Summary of stock solutions and treatment compositions used in the growth 

and oxygen production studies. Each treatment consisted of three replicates. Atrazine 

and nutrients were added initially to the appropriate treatments. The enriched 

treatment is designated by (+), while the non-enriched treatment is designated by (-).  

For the oxygen production analysis, the dissolved O2 concentrations were 

measured every other day using a Clark-type microelectrode sensor with a 100μm tip. 

The oxygen sensor chosen for this particular application has a response time <8 sec, a 

Enriched	 Non-enriched	 Enriched	 Non-enriched	

Growth	Experiment	 Oxygen	Experiment	

Atrazine	Stock	
Solu on	10	ppm		

Nutrient	Stock	
Solu on		

	

Filtered	Estuarine	
Water	

ATR	 	(+)	 				FEW	

(+)	ATR	5	ppb	
		FEW	

(+)	ATR	50	ppb	
FEW	

(+)	ATR	200ppb	
FEW	

(+)	Control	
		FEW	

(-)	ATR	5	ppb	
		FEW	

(-)	ATR	50	ppb	
		FEW	

(-)	ATR	200ppb	
FEW	

(-)	Control	
		FEW	

(+)	ATR	10	ppb	
FEW	

(-)	ATR	10	ppb	
	FEW	

		(-)	ATR	100ppb	
				FEW	

		(+)	ATR	100ppb		
FEW	

(+)	Control		
FEW	

(-)	Control	
	FEW	

A.	 B.	
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stirring sensitivity of <0.5%, a detection limit of 0.05 µM and a negligible analyte 

consumption rate of 5-50x10
-4

 nmol hr
-1

.

Table 1: A. Initial nutrient concentrations present in non-enriched treatment groups. 

B: Initial nutrient concentrations in the enriched treatment groups.  

A. Nutrients Concentration in Estuarine Water Samples 

NO3 9.43 x 10-5 M 

NH4 1.97 x 10-4 M 

SRP 1.60 X 10-6 M 

B. Nutrients Concentration in Enriched Estuarine Samples 

MES 1.02 x 10-3 M 

MgSO4 2.03 x 10-4 M 

KCl 4.02 x 10-5 M 

NH4Cl 5.01 x 10-5 M 

NaNO3 2.35 x 10-4 M 

Na2 b-glycerophosphate 1.00 x 10-5 M 

H3BO3 1.29 x 10-5 M 

Na2SiO3• 9 H2O 4.93 x 10-5 M 

CaCl2• 2 H20 6.76 x 10-4 M 

Mircoscopy 

A gridded Sedgwick-Rafter slide was used to measure 1-ml subsamples of 

water from each sample preserved with Lugol’s solution at different magnifications 

(100-400x) on a Zeiss Axio Observer-A1 inverted microscope with epiflourescence 

capability (Zeiss). Prior to examination, each subsample was inverted three times and 

allowed to settle for 35 minutes, then loaded onto the Sedgewich-Rafter slide. Cells 

were categorized by the following major groups: cyanobacteria, diatoms, 

chlorophytes, dinaflagellates, and flagellates. 
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Nutrient Analysis: 

Fifty ml of each water sample were vacuum-filtered through 0.45 µm 

membrane filters and analyzed for DRP (Method 365.1; USEPA, 1993), NO3-N 

(Method 353.2; USEPA, 1993) and NH4-N (Method 350.1; USEPA, 1993) within 24 

hours on a Seal Analytical (Mequon, Wisconsin) AQ2+ discrete analyzer using 

standard colorimetric methods. 

Statistical Analysis: 

All statistical analysis was carried out using SigmaPlot 11.0 software (Systat 

Software Inc., San Jose, CA, USA). T-tests and ANOVA were used to evaluate the 

significance of individual differences with a probability threshold of 0.05. 

Results 

For all enriched atrazine treatments, overall phytoplankton biomass increased 

over the 10-day period, although each treatment exhibited a different pattern (Fig. 1). 

The Chl a levels increased slightly, but statistically significantly, for the (+) 5 ppb 

and (+) 50 ppb treatment from day 1 to day 4 (p<0.05, t-test). Chl a began to increase 

exponentially on day 6 for both of these treatments and peaked on day 9 at 134.5  

26.6 μg l
-1

 for the (+) 5 ppb atrazine treatment and began to decrease afterward. For

the (+) 50 ppb atrazine treatment, the Chl a increase slowed down significantly 

between days 8 and 10 but continued to steadily increase reaching its peak at a lower 

level of 102.9  25.7 μg l
-1

 on day 10. The (+) 200 ppb treatment Chl a levels were

lower than the other two treatment groups. However, the (+) 200 treatment was only 

significantly lower than the (+) 5 ppb and the (+) control groups (p<0.001, T-test). 



41 

Essentially no increase in Chl a occurred for the (+) 200 ppb treatment until day 6. 

After the 6 day, the Chl a concentration slowly increased to 35.5  4.6 μg l
-1

 on day

10. The control group exhibited an earlier exponential increase in Chl a than the (+) 5

ppb and (+) 50 ppb atrazine treatments, which began on day 4. Chl a levels continued 

to increase from day 3 to day 9, where the Chl a levels peaked at 122.9  4.9 μg l
-1

,

and started to decline on day 10, similar to the (+) 5 ppb treatment. 

Figure 2: The chlorophyll a (μg l
-1

) concentrations of the nutrient enriched (+) and

control group (n = 3) with (+) 5 ppb, (+) 50 ppb, and (+) 200 ppb of atrazine.  
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Total biomass at the end of the 10-day period for the 5 ppb, 50 ppb, and 200 ppb 

treatment groups in nutrient enriched conditions were all significantly higher than 

their corresponding nutrient non-enriched treatment groups (p<0.05, T-test). The 

biomass in the enriched and non-enriched control groups were also found to be 

significantly different from each other (p = 0.001, T-test).  

Similar to the enriched treatment groups, the only significant differences 

between the non-enriched groups were between the (-) 200 ppb and (-) 5ppb 

treatments and between the (-) 200 ppb and (-) Control (p<0.001, ANOVA). Chl a 

levels increased slowly between day 1 and day 5 for the (-) 5 ppb treatment group and 

exhibited an exponential growth pattern on day 6, similar to the enriched treatment 

group (Fig. 3). A significant increase in Chl a levels at 52.20  10.1 μg l
-1

 occurred on

day 7 (p <0.05, T-test), followed by a decline on day 8. The Chl a levels continued to 

steadily decrease from day 8 to day 10. The Chl a peak with a lower maximum and 

subsequent decline of (-) 5 ppb occurred two days earlier than the (+) 5 ppb treatment 

group. The (-) 50 ppb treatment group also exhibited an exponential growth pattern. 

The Chl a levels began to increase significantly on day 6, peaked at 39.7  18.3 μg l
-1

on day 9 and decreased between day 9 and day 10. The (-) 200 ppb treatment 

exhibited very little growth, increasing from 5.2 μg l
-1

 to 7.2 μg l
-1

 over the 10-day

period. The Chl a concentrations of the non-enriched control increased exponentially, 

similar to nutrient enriched treatments throughout the experiment but the overall 

biomass was significantly lower than the enriched control (p < 0.05, ANOVA). 

Over the course of the growth experiment, daily subsamples were also taken 

to determine qualitative community composition. During the first few days of the 
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experiment, chlorophytes, dinoflagellates, and cyanobacteria were the most observed 

groups. However, over the 10-day sampling period, the presence of cyanobacteria 

increased and the community appeared to shift more towards centric diatoms. Less 

chlorophytes and almost no dinoflagellates were observed in the final samples of day 

10. 

Figure 3: The chlorophyll a (Chl a, μg l
-1

) concentration of the non-enriched (-)

control group and replicates treated with 5 ppb, 50 ppb, and 200 ppb of atrazine. The 

measurements were taken over a ten-day period. 
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In oxygen production experiment, oxygen levels steadily increased in both 

nutrient enriched atrazine treatments over the time period sampled. For each 

treatment, oxygen levels were measured at the highest concentration on day 10. The 

(+) 10 ppb treatment group exhibited higher oxygen production over the time period 

measured, reaching 575  356.4 µmol l
-1

, while the (+) 100 ppb treatment had lower

measured oxygen levels with maximum of 351.7  158.1 µmol l
-1

. The (+) control

group oxygen levels fell between the two atrazine treatment groups, reaching a 

maximum of 437.15  30.5 µmol l
-1

at day 10.  The oxygen concentrations of the

control and the (+) 10 ppb treatments began to increase significantly on day 5, while 

the (+) 100 ppb began to increase on day 7. 

Figure 4: The oxygen production (µmol l
-1

) of enriched (+) replicates. Sample

treatments were designated as control with no atrazine addition, 10 ppb, and 100 ppb 

atrazine. Oxygen levels were recorded every other day over a ten day period.  
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Overall, all non-enriched atrazine treatments increased linearly over time, 

similar to the enriched treatments but at a lower rate. In the non-enriched group, the 

control exhibited the highest daily oxygen levels over the 10 day period, reaching 

371.7  18.9 µmol l
-1

 at day 10. The (-) 10 ppb treatment produced the second highest

daily oxygen levels while the (-) 100 ppb treatment produced the lowest. The 

measured oxygen levels at day 10 for the (-) 10 ppb and the (-) 100 ppb treatments 

were 311.5  17.5 µmol l
-1

 and 237  0.07 µmol l
-1

, respectively.

Figure 5: The oxygen production (µmol l
-1)

 of non-enriched (-) replicates. Sample

treatments were designated as no (control), 10 ppb, and 100 ppb atrazine. Oxygen 

levels were recorded every other day over a ten-day period. 
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Discussion 

Many estuarine systems with a high proportion of agricultural land use have 

been subjected to increasing herbicide loading in recent years. These loading events 

have the potential to adversely affect aquatic primary producers such as 

phytoplankton. The phytoplankton community of Barataria Estuary, which is 

comprised largely of agricultural lands and receives input from the Mississippi River, 

was used to determine the effects of atrazine on Louisiana native phytoplankton 

growth response and oxygen production. High (200 ppb), medium (50 ppb), and low 

(5ppb) atrazine dilution levels were used to determine the phytoplankton growth 

response while low (10 ppb) and high (100 ppb) atrazine treatments were used in the 

oxygen production experiment. The atrazine treatment concentrations used were 

higher than the atrazine levels measured in Breton Sound and Barataria Estuaries in 

the late spring and summer of 2014, as described in the previous chapter. While the 

low atrazine treatments exceeded EPA maximum containment level of 3 ppb and the 

collected field data, they were lower than several atrazine concentrations previously 

measured throughout water bodies in Louisiana.  In March and April of 2001, 

atrazine levels have been detected at concentrations as high as 15.1 ppb and 21.3 ppb 

in Big Creek, Louisiana, a subsegment of the Mississippi River (USEPA, 2002).  

Several water bodies within the Upper Terrebonne Basin were found to have 

chronically elevated levels of atrazine exceeding 12 ppb (USEPA, 2002).  The mid 

(50 ppb) atrazine treatment reflects a worst case scenario, which may occur 

temporarily in small tributaries adjacent to agricultural lands as a result of large 

atrazine inputs due to runoff associated with heavy rainfall. The high atrazine 

treatments are somewhat unrealistic but have been used in other studies to determine 
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the median effective concentration (EC50) of specific phytoplankton groups (Stratton, 

1984; Solomon et al., 1995; Pennington and Scott, 2001). Much of the published data 

regarding the effect of atrazine on phytoplankton relates to the EC50 of specific 

species and data on mixed communities is limited. Therefore, these high 

concentrations were used to determine if a mixed phytoplankton communities reacted 

similarly to individual species when exposed to high atrazine levels.  These levels 

were also used to determine if there was a significant difference between low, 

medium, and high atrazine treatments on growth response. 

Because loading events, which bring high concentrations of atrazine to 

estuaries, also bring growth stimulating nutrients, the atrazine treatment groups were 

further divided into nutrient enriched and non-enriched treatment groups.  The results 

show that there is a complex relationship between atrazine concentrations and 

nutrients. All enriched atrazine treatment groups grew significantly higher than their 

non-enriched counterparts over the 10-day period.  Both the enriched and non-

enriched atrazine treatment groups experienced a significantly longer lag phase than 

control groups. This may be due to the fact that phytoplankton exposed to atrazine 

have been known to experience diminished photosynthetic capability, cell growth, 

chlorophyll synthesis, and nitrogen synthesis (Hoagland et al., 1996). Overall, the 

enriched treatments exhibited more significant exponential growth phases and longer 

stationary phases than the non-enriched treatment groups.  The phytoplankton growth 

was stunted for both the (+) 200 ppb and (-) 200 ppb treatment groups. However, at 

the end of the 10 day period, the (+) 200 ppb treatment group appeared to be exiting 

the lag phase began to increase, while the (-) 200 ppb treatment group remained 
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relatively constant. This indicates that the level of nutrients available in the system 

may play a role in phytoplankton tolerance to atrazine. All atrazine treatment groups 

with nutrient additions exhibited higher growth response and oxygen production then 

those in low nutrient conditions. 

The oxygen concentration was used as a proxy for photosynthesis in the 

oxygen production experiment. Because phytoplankton community composition and 

size range were not determined quantitatively, the exact photosynthetic rate could not 

be determined, as different phytoplankton species produce various amounts of oxygen 

during photosynthesis and exhibit different photosynthetic rates (Gerber and Hader, 

1995). However, because oxygen is a product of photosynthesis, it was assumed that 

oxygen levels measured would be proportional to the photosynthetic rate of the 

phytoplankton community. Oxygen production of estuarine phytoplankton have been 

found to range from 0.2 – 2,000 µmol l
-1

day and is dependent on light conditions,

depth, season, and other factors (Williams et al., 1979; Gazeau et al., 2007). The 

oxygen production of both the enriched and non-enriched treatment groups fell within 

this range. The dissolved oxygen and Chl a levels of the low (r=0.991), medium 

(r=0.887), and control (r=0.895) nutrient enriched treatment groups were strongly 

correlated, while there was no significant correlation in dissolved oxygen and the Chl 

a levels between the low (r=0.073), and medium (r=0.334) in non-enriched treatment 

groups (Pearson’s Correlation Coefficient) The dissolved oxygen and Chl a 

concentrations for the non-enriched control group were, however, strongly correlated 

(r=0.749). Phytoplankton growth and productivity rely on a variety of factors 

including light, pH, temperature, and nutrient availability. Due to the complex nature 
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of phytoplankton, if one of these factors is perturbed, they may become stressed and 

the overall health of the community may be negatively affected. Chl a 

concentrations, as an indication of biomass, and the oxygen production of the 

phytoplankton community were used as indicators for their stress response to atrazine 

exposure and were expected to correlate. Atrazine inhibits photosynthesis by blocking 

electron transfer to PSI by binding to the second electron acceptor located in PSII 

(Steinback, 1981). As a result, it was hypothesized that oxygen production would be 

inversely proportional to atrazine exposure.  It was also predicted that oxygen 

production would be higher in the nutrient enriched treatment groups due to the 

increase biomass.  The strong correlation between the Chl a and dissolved oxygen 

levels of the nutrient enriched treatment groups suggests that these communities were 

only stressed by atrazine exposure, and were otherwise healthy. However, the non-

enriched atrazine treatment groups did not exhibit a correlation between Chl a and 

dissolved oxygen concentrations, indicating that those communities were 

experiencing stress brought on by both the addition of atrazine and lack of sufficient 

nutrients. Overall, the oxygen production experiment conformed to these predictions 

as enriched treatment groups produced significantly more oxygen than their 

corresponding non-enriched treatment groups (p<0.05). 

For the non-enriched groups, the control exhibited the highest oxygen 

production, while the (-) 100 ppb treatment group exhibited the lowest, as expected. 

However, for the enriched treatments, the (+) 10 ppb group exhibited the highest O2 

production, the (+) 100 ppb treatment group exhibited the lowest, and the control fell 

between the two. This unexpected result may be due to unseen factors such a slightly 
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different initial community composition, or a shift in the phytoplankton community 

composition. The low concentration (+10 ppb) of atrazine may have caused certain 

phytoplankton species, which were more resistant to atrazine, to out compete more 

susceptible species. This would cause a shift in the structure of the community and 

may affect the amount of oxygen produced over the 10-day period.  

Over the course of the experiments, there seemed to be a slight shift in the 

composition of phytoplankton communities exposed to atrazine. As time went on, the 

community appeared to shift from chlorophyte and dinoflagellate dominated 

communities to communities dominated by cyanobacteria and centric diatoms. 

However, the exact cell numbers could not be quantified, but this trend is consistent 

with current literature. Studies have reported similar shifts in community composition 

and have indicated that diatoms are relatively atrazine resistant while chlorophytes 

are more susceptible (Pinckney et al., 2002).  It is also known that diatoms and 

cyanobacteria exhibit a significantly lower percent of inhibition and a significantly 

higher EC50 than chlorophytes (Hoagland, 2008).  Because only the overall trend in 

the community composition shift was obtained, more detail studies should be 

conducted to quantify the extent of community compositional shifts in Louisiana 

native phytoplankton species when they exposed to contaminants like atrazine. 

Because atrazine is highly persistent in the water column and it was found to 

slow phytoplankton growth and inhibit oxygen production following acute exposures, 

determining the possible long-term risks to aquatic ecosystems would be very 

valuable within estuarine phytoplankton communities. A chronic atrazine exposure 

experiment would help determine if there is a significant impact to phytoplankton 
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growth response, oxygen production, and shift in community composition due to long 

term exposure. Chronic atrazine levels may cause the phytoplankton community to 

become more tolerant to atrazine exposure due to a shift to more resistant species. 

Phytoplankton form the base of the food web and are essential to ecosystem 

functions. A slight shift in phytoplankton community composition may affect trophic 

dynamics, energy transfer, nutrient cycles and species richness, leading to a less 

productive ecosystem overall.  
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Chapter 4: Conclusion 

In the United States, approximately 857 million lbs of conventional pesticide 

active ingredient were applied in 2007 and 80% of US pesticide use during this time 

was in agriculture (USEPA, 2011). There are several types of pesticides, including 

insecticides, rodenticides, herbicides, and fungicides, named for their target 

organisms. While pesticides have many beneficial uses, they can also adversely affect 

the environment. Pesticides can be transported to non-targeted areas through surface 

runoff, leaching, erosion, and through other mechanisms (Larramendy and Soloeski, 

2014). Watersheds that contain a high proportion of agricultural land use are 

especially susceptible to pesticide contamination due to runoff (LDEQ, 1998). As a 

result, Louisiana’s estuaries may be vulnerable to elevated pesticides levels, such as 

the herbicide atrazine. Atrazine is used both pre-emergence and post-emergence to 

control annual broadleaf and grass weeds in corn, sugarcane, and sorghum production 

(Solomon et al., 1995). Atrazine is used extensively in the Midwest for corn 

production and as a result, may enter the Mississippi River through runoff. The river 

then carries the chemical down stream where it is discharged into Louisiana’s 

estuaries and eventually into the Gulf of Mexico. Atrazine may also indirectly enter 

Louisiana estuaries as a result of the sugarcane industry located in the south eastern 

part of the state through surface runoff brought on by rainfall and storm events. 

Elevated atrazine levels may negatively impact local estuarine organisms, 

specifically, phytoplankton since atrazine is known to inhibit photosynthesis. The 

phytoplankton response to atrazine exposure at various concentrations can be 

especially important to higher trophic levels since their growth and abundance can 

determine the potential productivity of the entire ecosystem (Wissel and Fry, 2005). 
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The purpose of this study was to determine the extent of atrazine present in 

Louisiana estuaries due to agricultural runoff under different flow and nutrient 

regimes (Spring and Summer) and its effect on the growth response and oxygen 

production of the local phytoplankton community. Atrazine levels were measured in 

Breton Sound Estuary for the months of May, June, and August and in Barataria 

Estuary during June and August. Local phytoplankton were also collected from 

Barataria Estuary and grown in microcosm and exposed to an atrazine dilution series. 

The dilution series was designed to mimic peak atrazine levels that have occurred in 

many tributaries, lakes, and other water bodies throughout the United States during 

the spring. 

Atrazine was consistently measured in Breton Sound and Barataria Estuaries 

over the months sampled. However, these levels were found to be significantly below 

the maximum contaminant level of 3 ppb set by EPA (USEPA, 2002) and the lowest 

atrazine treatments of 5 and 10 ppb used in the growth and oxygen production 

experiments. Acute atrazine levels in surface waters tend to peak in March and April 

due to the time of application and increased rainfall. The field samples used on this 

study were collected later in the year during May, June, and August of 2014. This 

suggests that the atrazine levels measured in this study were not indicative of peak 

concentrations as there was more time for the chemical to become diluted, degrade, 

adsorb, and be taken up by aquatic organisms. As a result, the Louisiana 

phytoplankton may be exposed to higher atrazine levels in March and April than the 

months sampled, which may potentially impact the phytoplankton community and the 

ecosystem as a whole during that time.  Field samples were taken in large water 
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bodies where atrazine could become easily diluted. Louisiana streams and tributaries 

have consistently exhibited atrazine levels higher than EPA’s maximum contaminant 

level (USEPA, 2002). As a result, phytoplankton communities located in these 

smaller water bodies may be more susceptible to the chemical as it is less likely to 

become diluted. 

Based on the low atrazine concentration and high nutrient availability in both 

Breton Sound and Barataria Estuaries, it is likely that the native phytoplankton 

community would be able to recover from acute atrazine exposure at levels found in 

field samples. The results of the growth response and oxygen production experiments 

indicate that Louisiana phytoplankton could overcome low (5 ppb) and medium (50 

ppb) atrazine exposure in high nutrient conditions. Under these treatments, the 

community experienced an extended lag phase, and entered the exponential phase 

several days after the control groups. As a result, these low acute levels present in the 

estuaries may only slightly delay phytoplankton blooms.  However, due to the 

persistence of atrazine in the environment, it is likely that aquatic organisms are 

susceptible to chronic atrazine exposure in these estuaries. Chronic atrazine exposure 

at low levels may have a different effect than acute influxes on the phytoplankton 

community. Because phytoplankton are so sensitive to environmental factors, it is 

likely that the chronic presence of atrazine, even at low levels, may impact the 

community composition, as the phytoplankton are unable to properly acclimate. Over 

time, species may become more tolerant to atrazine due to chronic exposure. This 

may increase the chance of transferring the contaminant to higher trophic levels under 

acute exposure conditions. The native community may also experience a long-term 
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shift from more sensitive species, such as chlorophytes, to more resilient species, 

such as diatoms. This shift in composition has the potential to reduce species 

richness, alter food web dynamics, nutrient cycling, and energy flow between trophic 

levels. 

  As a result, further study should be conducted on field atrazine levels in 

Breton Sound and Barataria Estuaries as well as the response to Louisiana native 

phytoplankton to chronic atrazine exposure. Native phytoplankton communities 

should be used in further experimentation to determine the growth response, oxygen 

production, and extent of any community composition shifts associated with chronic 

atrazine exposure. Atrazine levels should also be monitored year round in these 

estuaries to determine the timing of peak acute exposure in estuarine systems and 

persistence in the environment to determine the extent of exposure in these systems. 
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