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I. Abstract

 Pesticide use is increasing worldwide.  Thousands of pounds of active ingredients are 

used annually in the United States alone.  While the use of these pesticides is prolific, our 

knowledge of the impacts they have on non-target species, ecosystems, and even our own bodies 

is lacking.  This study aims to provide a better understanding of the sub-lethal effects of some of 

the most common pesticides on the bioluminescent brittle star Amphipholis squamata.  This 

animal’s ability to produce light via its nervous system provides a new way to measure sub-lethal 

toxicity as opposed to traditional LC50 tests.  Brittle stars were exposed to different 

concentrations of atrazine, cypermethrin, fipronil and glyphosate for one week.  Changes in light 

production and intensity were measured.  All treatments of each pesticide showed differences in 

all measures of light relative to those of the control.  Exposure to these pesticides at very small 

concentrations of 10 µg/L and 1 µg/L also resulted in death in the majority of treatments.  The 

results from this study can be used to inform regulation of these pesticides, and provide better 

insight into the consequences of pesticides in agricultural and urban runoff. 

II. Introduction

 The pesticides that are sprayed on lawns, gardens, crops, and golf courses eventually 

make their way into the ocean.  The risk of water contamination by pesticides is particularly high 

in agricultural areas near watersheds and urban areas without sufficient storm water treatment 

such as San Diego.  Several pesticides are used and regulated without a complete understanding 

of their effects on the environment, particularly in the context of benthic marine ecosystems.  

This study will attempt to begin to describe the effects of some of the most abundantly used 

pesticides on marine benthic ecosystems through their effects on the bioluminescent brittle star 

Amphipholis squamata.  The traditional method used to measure toxic effects is the 

concentration and duration of exposure at which half of the population dies, known as the LC50.  

This method is practical as it is definitive, easily measurable and particularly useful when 

studying organisms for which other indicators of toxic effects are not easily measured, but 

essentially ignores sublethal effects.  Simply because an organism did not die from exposure to a 

chemical does not mean that it did not suffer any deleterious effects.  Amphipholis squamata 

provides a solution to this limitation of the traditional LC50 test.  As this organism’s ability to 
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produce light is a function of its nervous system (De Bremaeker et al. 1996), measuring the 

amount of light produced after exposure to pesticides provides a representation of the sublethal 

impacts on the nervous system function of the animal.  

A.  Amphipholis squamata

 Amphipholis squamata (Della Chiaje 1828) is a small (disc diameter of 1 to 3 mm), 

hermaphroditic, bioluminescent brittle star in the class ophiuroidea (Le Gac et al. 2004).  They 

are typically found in cryptic habitats beneath rocks, in crevices and even beds of algae 

(Highsmith 1985).  Despite the absence of a larval dispersal phase, A. squamata has an almost 

global distribution, as it is found in all oceans other than the Southern Ocean, and at depths as far 

as 1300 m (Gage et al. 1983).  Six color variations are known to exist, each emitting different 

intensities of light (Deheyn et al. 1997).  Although typically considered to be one species, there 

is evidence of allopatric speciation suggesting that some globally distributed clades are made up 

of multiple species (Le Gag et al. 2004 & Sponer et al. 2002).  Like all echinoderms, A. 

squamata are osmoconformers, meaning that their bodily fluids are consistent with the fluids in 

their surrounding environment (Diehl 1986).  This makes them particularly susceptible to 

pesticides dissolved in their surrounding waters.  

B. Pesticides

1.  Regulation 

 All pesticides in the United States are registered for use by the EPA under the Federal 

Insecticide, Fungicide and Rodenticide Act (FIFRA) (Wu et al. 2009).  In order for a pesticide to 

be approved for usage, it must “have no unreasonable adverse effects on the environment”1.  This 

determination must consider “...economic, social, and environmental costs and benefits...that 

result from a use of a pesticide,”2.  This act also required that all pesticides registered before 

1984 be reevaluated for their effects (Wu et al. 2009).  As atrazine was first registered for use in 

1958, it fell in this category.  The EPA reregistered atrazine in 1994 and again in 2006 (Wu et al. 

2009) but has recently announced in 2009 plans to begin a new scientific evaluation of the 

pesticide (Kernery 2009).  Drinking water contaminants are separately regulated by the EPA 
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under the Safe Drinking Water Act (SDWA) (Wu et al. 2009).  Under this act, the EPA is to set 

maximum contaminant levels (MCLs) at which a contaminant is to have “no known or 

anticipated adverse effects” and “allow for an adequate margin of safety.”3 Of the pesticides in 

this study, atrazine is the most aggressively regulated with a federal drinking water MCL of 3 µg/

L, and an ambient saltwater concentration of 17 µg/L as a four day average (Marshack 2008).  

California has decreased the acceptable drinking water MCL for atrazine down to 1 µg/L 

(Marshack 2008).  The EPA has yet to set any type of MCLs for cypermethrin and fipronil 

(Marshack 2008).  

2.  Atrazine

a)Uses

 Possibly the most controversial pesticide in this study, atrazine is applied to soils in the 

spring, before the planting of crops, to stop the growth of grassy or broadleaf weeds (Wu et al. 

2009).  Rainfall is typically frequent during this time causing the chemical to be moved into 

nearby water systems through runoff (Wu et al. 2009). The chemical can be applied before or 

after weeds emerge, and is used on a variety of crops such as sorghum, wheat, citrus, sugarcane 

and most commonly corn (Colborn & Short 1999). As a restricted use pesticide, in order to use 

atrazine, the EPA requires one to complete a training class (Duhigg 2009).  Atrazine is not 

allowed to be used near bodies of water (Duhigg 2009), but is used in thousands of watersheds 

(Wu et al. 2009).

  Atrazine is one of the most frequent contaminants in drinking water and reservoirs 

(Duhigg 2009) not only in the United States but also in Australia, Germany, China and Canada 

among others (Hunter & Shaner 2008).   It has been detected in drinking water supplies at levels 

over 200 µg/L (Wu et al. 2009).  A study conducted in the northern midwest found that 

approximately 0.6% of the atrazine that is used can be found in rainfall, meaning that over 

400,000 pounds of atrazine rains down on the United States annually, with the greatest 

concentrations occurring over states that grow corn (Colborn & Short 1999).  According to local 

tests, about 33 million people have been subjected to the chemical through their tap water 

(Duhigg 2009).  It has even been detected in snow (Colborn & Short 1999).  The manufacturer of 

Roberson 4

3 42 U.S.C. § 300g-l.



atrazine has recently been sued by forty-three water systems across six states to pay for the 

removal of the herbicide from their water supplies (Duhigg 2009).

b) Effects 

 Scientists have expressed concern that although atrazine may not be harmful for the 

majority of a person’s life, there are certain crucial time periods where exposure could be 

dangerous, such as when a fetus is developing (Duhigg 2009).  A study by Ochoa-Acuna et al. 

(2009) tested to see if the prevalence of atrazine in watersheds of pregnant women correlated 

with premature births and a condition known as small-for-gestational-age (SGA).  The study 

found that there was an occurrence of SGA associated with the watersheds that were analyzed, 

but not premature births (Ochoa-Acuna et al. 2009).  Other studies have shown that levels of 

atrazine that are considered safe by the federal government can also cause birth defects and 

premature births (Duhigg 2009), even though Ochoa-Acuna et al. did not achieve those results 

(2009).  Such discrepancies indicate that more studies need to be conducted before we have a 

firm understanding of the effects of atrazine on developing fetuses in humans.

 Besides humans, atrazine has been known to effect other animals.  In two studies by 

Tavera-Mendoza et al. (2002a,b), exposure of 21 µg/L of atrazine for two days hindered the 

development of the reproductive systems of both sexes of the frog Xenopus laevis.  However, a 

study by Oka et al. (2008) suggested that atrazine had no developmental effects during 

metamorphosis although the same concentrations were not used as the study conducted by 

Tavera-Mendoza et al. (2002).  Instead of testing the concentration of 21 µg/L, Oka et al. (2008) 

tested concentrations at 0.1, 1, 10 and 100 µg/L.  Larger female ratios were observed at 10 and 

100 ppb (Oka et al. 2008).  Kloas et al. also found that exposure of the same species to 25 ppb of 

atrazine how no effect on sexual differentiation (2009).  

 Solomon et al. conducted a study on the ecological effects of atrazine in freshwater and 

saltwater systems (1996).  Phytoplankton were the most sensitive to atrazine exposure between 5 

and 20 µg/L with a reduction in photophosphorylation but recovered relatively quickly after 

exposure (Solomon et al. 1996). At levels greater than 20 µg/L, phytoplankton and other aquatic 

plant populations decreased but also recovered (Solomon et al. 1996).  In field samples, 

concentrations greater than 50 µg/L had ecological impacts (Solomon et al. 1996). In mesocosm 
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samples exposed to what they considered an environmentally relevant exposure level of 5 µg/L, 

they found that ecosystem functions and structure were not affected (Solomon et al. 1996).  The 

authors did acknowledge that their study did not include sufficient data reflecting the periodic 

high levels of atrazine that can occur in the environment (Solomon et al. 1996) which can be 

caused by major precipitation events (Wu et al. 2009).

 Bejarano et al. studied the effects of atrazine on the estuarine copepod Amphisascus 

tenuiremis and found that ecological effects were observed at levels that were considered safe for 

seawater environments at the time of the study (26 µg/L) (2003).  These copepods were exposed 

to atrazine concentrations of 2.5, 25, and 250 µg/L for two generations (Bejarano et al. 2003).  

They found that although these concentrations did not inhibit reproductive development in either 

generation, reproductive failure increased with each generation (Bejarano et al. 2003).  Offspring 

production was also reduced (Bejarano et al. 2003).  These combined effects suggest that even at 

levels considered to be safe in the marine environment, the population growth of this species can 

be severely hindered (Bejarano et al. 2003).  Again, this discrepancy between conclusions about 

the effects of atrazine in aquatic environments suggests that more research should be conducted 

and based on the conclusion reached by Bejarano et al. perhaps the acceptable ambient seawater 

concentration should be revised.  

3.  Cypermethrin

a) Uses

 Cypermethrin is one type of synthetic pyrethroid pesticide that has been introduced in the 

last twenty years (Sánchez-Fortún & Barahona 2005).  They are classified as either type I or type 

II based on the presence (type II) or absence (type I) of an α-cyano group (Wolansky et al. 2006).  

The presence of this group causes salivation and involuntary movement, while the absence 

causes tremors (Wolansky et al. 2006).  In some cases, type II pyrethroids, such as cypermethrin, 

have proven to be more toxic than type I pyrethroids (DeMicco et al. 2010).  Pyrethroids act by 

disrupting sodium channels in the nervous system leading to a hyper-excitation of the neuron 

(Narahashi 2000).  It is used for household pest control as one of the commonly used active 

ingredients in RaidⓇ forumulations and is used in the marine environment as a treatment for the 

parasitic copepods such as Lepeotheirus salmonis, Caligus elongatus (Hart et al. 1997) and 
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Acartia tonsa (Medina et al. 2002).  The recommended dose of anti-sea lice formulations 

containing 1% cypermethrin is 5 µg/L for one hour (Burridge et al. 2000).  It is also used in a 

variety of agricultural applications.  

b) Effects

 Different types of pyrethroids have different levels of toxicity, with cypermethrin 

considered to be intermediately toxic with deltamethrin the most toxic and allethrin the least 

(Sánchez-Fortún & Barahona 2005).  It is also believed that the emulsifiable forms of 

pyrethroids are significantly more toxic than the pure active ingredients, possibly due to 

interactions with the other ingredients and easily adhere to sediments (Sánchez-Fortún & 

Barahona 2005).  Medina et al. (2002) found that cypermethrin is very effective at treating sea 

lice infestations at concentrations well below that of the recommended dose of 5 µg/L. The study 

also found that nauplii stages and males were more susceptible to the pesticide than females, 

which were able to better withstand exposure for the first 24 hours.  In addition to death, 

DeMicco et al. (2010) found that cypermethrin caused pericardial edemas in zebrafish embryos.  

Adult lobsters are particularly sensitive to cypermethrin to the anti-sea lice formulation Excis 

demonstrating a loss of movement, extended claws, rolling on their backs, sporadic twitching 

and eventually death (Burridge et al. 2000).  Cypermethrin also causes a decrease in motor 

function in rats (Wolansky et al. 2006).

4.   Fipronil

a) Uses

  In 1996 fipronil was approved for use in the United States (Konwick et al. 2005).  

Although less commonly used in agriculture than atrazine and glyphosate, fipronil is commonly 

used on corn and rice and in households for general pest control (Konwick et al. 2005).  

Fipronil’s mode of action is disruption of the gamma-amniobutyric acid (GABA) receptors in the 

brain due to its unique triflouromethylsufinyl group which causes over-excitation and death 

(Cole et al. 1993).  This unique property makes fipronil an attractive pesticide choice as pests are 

becoming resistant to other types of pesticides and its use is expected to increase (Konwick et al. 

2005).  It is the active ingredient in the popular termite control product TermidorⓇ and in the 

common flea and tick treatment FrontlineⓇ.
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b) Effects

 Fipronil is one of the few pesticides that are chiral (Konwick et al. 2005).  Chiral 

compounds exist as two chemically different, yet structurally mirrored images known as 

enantiomers (Konwick et al. 2005).  Each enantiomer differs from the other in the way that it 

rotates plane-polarized light, giving either enantiomer a positive or negative classification 

(Konwick et al. 2005).  When such chemicals are manufactured, the positive and negative 

enantiomers each make of 50% of the mixture, resulting in what is called a a racemic mixture 

(Konwick et al. 2005).  This consistency is how such chemicals are released into the 

environment and even though the enantiomers have the same chemical and physical properties, 

other properties such as their toxicity, degradation, and biological interactions can be completely 

different (Konwick et al. 2005).  Konwick et al. (2005) determined the toxicity of the positive 

enantiomer > racemate > negative enantiomer > desulfinyl fipronil (see appendix 4).

5.  Glyphosate

a) Uses

 Glyphosate is the most commonly used agricultural and residential herbicide in the 

United States (Kiely et al. 2004).  It is a non-selective, post emergent herbicide but unlike 

atrazine which is a photosynthesis inhibitor, glyphosate is an amino acid inhibitor (Devine et al. 

1993).  Due to this mode of action, plants can be genetically modified to be resistant to the 

chemical, hence the production of Roundup Ready Soybeans.  Although it is used on a variety of 

crops, roughly 70% of total glyphosate use in agriculture is for soybeans.  It is also the second 

most commonly used household pesticide (Kiely et al. 2004) and is marketed as RoundupⓇ for 

terrestrial use and RodeoⓇ for aquatic use.  Both formulations contain glyphosate as an 

isopropylamine (IPA) salt and polyoxyethylene amine (POEA) is added to RoundupⓇ as a 

surfactant (Martin et al. 2003).  Glyphosate is also available in an acid formulation (Mann & 

Bidwell 1999).  Due to its high usage, the expected environmental concentration (EEC) is 2.848 

mg/L (Peterson et al. 1994).

b) Effects

  Martin et al. conducted a study to compare the effects of the different formulations of 

glyphosate on different organisms (2003).  They found the toxicity of different formulations to 
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be as follows: POEA > Roundup > glyphosate acid > IPA salt (Martin et al. 2003).  Crustaceans 

and microalgae were considerably more sensitive to glyphosate than protozoa and bacteria 

(Martin et al. 2003).  It was also determined that environmental factors such as suspended 

sediment and pH levels could increase the toxic effects of the different formulations (Martin et 

al. 2003).  Glyphosate formulations have also proven to be toxic to several species of frogs 

during the tadpole stage (Mann & Bidwell 1999) and predatory stress can increase the lethality 

glyphosate for tadpoles (Relyea 2005).

C. Project Goals  

 This project will assess the deleterious effects of four common pesticides: atrazine, 

cypermethrin, fipronil, and glyphosate, on the ability of A. squamata to regulate its 

bioluminescence as a proxy for nervous system function.  This will determine if bioluminescence 

can be used as a bioassay for toxic effects on marine invertebrates.  The relative toxicity of the 

pesticides will be established by exposing the brittle stars to the same amount of each pesticide.  

This will determine which is the most toxic and perhaps most deserving of greater attention from 

regulators.  The second goal is to establish at which concentrations do these pesticides become 

toxic to this species.  This will be accomplished by exposing the brittle stars to pesticides at 10 

µg/L and 1 µg/L.  These concentrations were chosen in the consideration of the current scientific 

literature, environmentally relevant concentrations, and maximum contaminant levels (MCLs) 

that have been set by government agencies.  

III. Methods

A. Brittle Stars

 Brittle stars were raised in an aquarium circulated with filtered sea water.   Brittle stars 

were removed from the aquarium and placed in plastic jars.  Wire mesh was also placed in the 

jars to provide a rough surface for the brittle stars to grab on to.  Each jar was filled with two 

liters of seawater, each with a concentration of either 10 µg/L or 1 µg/L of each pesticide.  A 

control jar with only seawater was also used to determine if the jars themselves had any effect on 

the brittle stars.  Nine brittle stars were placed in each jar.  The jars were aerated and kept partly 

submerged in seawater.
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B. Test Chemicals

 Atrazine 98.9% purity was obtained from ChemService (West Chester, PA) and 

glyphosate 95% purity was obtained from Plantmedia.  An emulsifiable version of cypermethrin 

40% purity and fipronil 0.05% in the form of MaxForce Roach Bait Gel were obtained from Do 

My Own Pest Control.  Fresh stock solutions were prepared for each treatment at 0.01 g/L and 

0.001 g/L in seawater and serially diluted to achieve the test concentrations of 10 µg/L and 1 µg/

L.  Atrazine was dissolved in HPLC grade acetone and stock solutions were created containing 

1% acetone and 10% acetone.  Once serially diluted the experimental treatments contained 

0.01% acetone.  Artificial seawater (ASW) was created with NaCl 23.38 g/L, KCl 0.175 g/L, 

MgCl2 10.63 g/L, CaCl2 1.455 g/L Na2SO4 3.934 g/L and Tris 2.422 g/L, with a pH of roughly 

8.3.  Acetlycholine chloride (Ach) 2mM in 10 mL ASW was prepared each day of testing and 

kept on ice.  A stock solution of potassium chloride (KCl) 400 mM in ASW was kept in the 

refrigerator.  

C. Experimental Design

 Brittle stars were exposed to both concentrations for one week, and their light production 

was measured on days 1, 3 and 7.  Three brittle stars were removed from each jar on each day 

that measurements were taken.  Once removed from the jars the brittle stars were anesthetized in 

artificial sea water (ASW) containing 3.5% MgCl2.  Once anesthetized, the brittle stars were 

placed under a dissecting microscope.  The length of the disc was measured and the two longest 

arms were removed.  The arms were placed in small tubes containing 50 µL of ASW.  One arm 

was immediately placed in a Berthold Inc. Sirius luminometer and the other was placed in the 

refrigerator.  

 The arms that were immediately measured were used to test the functioning of the 

nervous system.  Once placed in the luminometer, the spontaneous light produced by the arm 

was measured for 30 seconds, then 50 µL of the Ach solution was injected to stimulate the 

nervous system to produce light.  This treatment would essentially ‘wake up‘ the arm and 

indicate how much light it was producing independently before being anesthetized.  This light 

was then measured every 0.2 seconds for two minutes.  At two minutes and thirty seconds, 100 

µL of the KCl solution was added to exhaust the chemical reaction of bioluminescence to ensure 
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the chemical reaction itself had not been compromised, and this light was measured for ten 

seconds.  

 The second arm that was removed was used to measure the maximum potential amount 

of light that the arm could produce.  Due to the high intensity of the light and the detection 

limitations of the luminometer, a filter was used to only allow 1% of the light to be measured.  

Once placed in the luminometer, the spontaneous light produced by the arm was measured for 

ten seconds, one measurement taken every 0.2 seconds.  After ten seconds, 50 µL of the KCl 

solution was injected to exhaust the chemical reaction of bioluminescence.  This light was 

measured for two minutes.  The results of this treatment would indicate whether or not the 

pesticides were interfering with the chemical reaction that produces bioluminescence.

D. Graphics & Statistics

 Raw data were analyzed in Microsoft Excel version 1997.  Data were then imported into 

DelaGraph version 5.0 and represented in line graphs and box plots.  The error bars on the box 

plots represent the 10th and 90th percentiles of the data.  The box encompasses the 25th, 50th 

and 75th percentiles while the square represents the mean and the line represents the median. 

IV. Results and Discussion

 There were noticeable differences in the amount of light produced by all treatments and 

measures of light over all days compared to that of the control.  In general, the greatest 

differences for the 10 µg/L treatments occurred on the first day.  The 1 µg/L treatments did not 

seem to take full effect until the third day.  In addition to differences in light, there were also 

difference in survival rates, even though these concentrations were meant to be sublethal.  

Appendices I, II and III contain the raw data for each measure of light at both concentrations.
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 Figure 1 displays the kinetics of light exhibited by a brittle star obtained from the control 

aquarium.  The first thirty seconds show that the spontaneous light produced by a brittle star that 

has not been exposed to any of the pesticides is almost non-existent.  After thirty seconds, either 

Ach or KCl were injected into the luminometer.  The blue line shows after the injection of Ach, 

there is a constant oscillation of light produced once the nervous system is stimulated.  KCl is 

injected and the chemical reaction that produces light is induced.  This is demonstrated by the 

green line showing the steady increase in light, a peak at the maximum of the chemical reaction, 

and a slow decrease as the reaction becomes exhausted. 

 However, once a brittle star is exposed to pesticides, the kinetics of light produced by 

Ach change dramatically.  Figure 2 shows the same light produced by the control brittle star in 

figure 1, and that of a brittle star that was exposed to 10 µg/L of fipronil for twenty-four hours.  

In this individual, the spontaneous light was much higher than that of the control brittle star and 

the Ach-induced light was similar to the spontaneous light.  This indicates that the brittle star has 

lost control of it’s nervous system and is in a state of over-excitation.  This trend was apparent in 

almost all treatments over all days.  The total amount of light that was produced by each brittle 

star from each treatment was added and compared to that of control brittle stars from the 
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aquarium.   

A. Changes in Light Intensity    

1.  Atrazine

 Exposure to atrazine caused the most dramatic differences in light production compared 

to the control.  There were great increases in spontaneous light at both concentrations across 
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most days.  At 10 µg/L (Figure 3), the amount of spontaneous light increase by over 1,000% the 

first day, decreased slightly by 8% on the third day, and increased by almost 400% on the seventh 

day.  At 1 µg/L (Figure 4), spontaneous light increased over all days by roughly 300%, 1,200% 

and 200% respectively.  Exposure to atrazine also increased the total average amount of light 

induced by Ach.  At 10 µg/L (Figure 5), Ach induced light increased by almost 900% on the first 
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day, while increases for days three and seven were around 100%.  At 1 µg/L (Figure 6), the 

increase was about 300% for day one, with the maximum increase occurring on day three at over 

900%.  Day seven had an increase of only about 50%.  At both concentrations, the light induced 

by KCl decreased with exposure time, however this decrease was never greater than roughly 

70%.  

 These great increases in light production indicate some degree of over-excitation of the 

nervous system.  The most compelling evidence of this is the increases in spontaneous light.  As 

this light was induced after the brittle star was anesthetized and before Ach was injected, it 

appears that the brittle star lost the ability to regulate its nervous system.  The greatest effects of 

exposure to 10 µg/L occurred on day one and those for exposure to 1 µg/L occurred on day three. 

This indicates that the brittle stars were able to handle a smaller concentration for a longer period 

of time before it began to affect them.  The increases in spontaneous and Ach induced light were 

almost the same for day one at 10 µg/L and day three at 1 µg/L, indicating that different 

concentrations of atrazine can cause similar neurological effects at different periods of time.  

Although atrazine appeared to interfere with the chemical reaction responsible for light 

production indicated by the decrease in KCl induced light, the fact that the increases in the 

spontaneous light and Ach induced light were so high suggests that the decrease had little impact 

on light production.  These results also indicate that atrazine causes observable effects at 
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concentrations below the current acceptable ambient saltwater concentration of 17 µg/L and the 

drinking water MCL at 3 µg/L (Figure 7).  

                    

As atrazine has been detected in the environment at levels over 200 µg/L (Wu et al. 2009), the 

findings of this study suggest that there are negative impacts on these organisms at 

environmentally relevant concentrations.
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2.  Cypermethrin

 The brittle stars exposed to cypermethrin also displayed increases in spontaneous light.  

At 10 µg/L (Figure 8), the greatest increase was on day one at 165%.  For days three and seven, 

the spontaneous light decreased by about 87%.  There was also an increase in Ach induced light  

(Figure 9) on the first day by over 200%.  By day three it decreased by 48% and showed a slight 
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increase of about 8% on day 7.  The changes in KCl induced light were relatively small with the 

greatest change being a decrease of 57% on day seven.  At 1 µg/L (Figure 10), the increase in 

spontaneous light occurred on day three with an increase of over 600%.  Light induced by Ach 

(Figure 11) increased on the first day by 15%, with the greatest increase on day three of over 
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700%.  KCl induced light increased by 74% on the first day, and decreased by 87% on the third.  

 Both treatments showed an increase in Ach induced light and spontaneous light, 

indicating over-excitation and loss of control of the nervous system.  As with atrazine, the 

greatest effects were observed on the first day for the 10 µg/L treatments, and the third day for 

the 1 µg/L treatments.  However, the increase in light production at 1 µg/L on the third day was 

almost three times greater than what was observed at 10 µg/L on the first day for both 

measurements.  This difference suggests the possibility of cypermethrin affecting the chemical 

reaction of bioluminescence at 10 µg/L in addition to the nervous system.

3.  Fipronil

 The greatest increases in spontaneous light production occurred on day one for both 

concentrations of fipronil and were almost identical at about 220%.  Both treatments had 
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decreases in spontaneous light in the days after (Figures 12 & 13).  At 10 µg/L (Figure 14), the 

Ach induced light increased by over 300% on the first day.  The third day also showed an 

increase of 84%.  At 1 µg/L (Figure 15), light induced by Ach increased by about 150% the first 

day, and decreased over days three and seven.  There were slight changes in the KCl induced 

Roberson 20



light in both treatments but a trend was not obvious. 

 As with atrazine and cypermethrin, the increases in Ach induced light and spontaneous 

light indicate over-excitation and loss of control of the nervous system.  Unlike atrazine and 

cypermethrin, the greatest changes in light intensity were observed on the first day for both 

treatments.  The increases in spontaneous light were almost the same at both concentrations 

which indicates that the loss of nervous system control was at the same degree for both.  The 

increase in Ach induced light at 10 µg/L was about twice as high as it was for 1 µg/L which is 

not surprising considering the different amounts of the pesticide.  The brittle stars exposed to 10 

µg/L died by day three and those exposed to 1 µg/L died by day seven.  The changes in KCl 

induced light corresponded with the days at which the brittle stars appeared to be dead.  

4. Glyphosate

 Glyphosate was the only pesticide treatment that showed a decrease in spontaneous light 

from the first day.  At 10 µg/L (Figure 16), spontaneous light decreased by about 70%, 80% and 

Roberson 21



90% over days one, three and seven respectively.  Ach induced light (Figure 17) also showed a 

decrease over time at this concentration by 22%, 37% and 69%.  The amount of light produced 

by KCl increased on day one by 42%, then decreased by 37% on day three and 94% on day 
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seven.  At 1 µg/L (Figure 18), there was an increase in spontaneous light of about 75% for day 

one, 15% for day three, and a 48% decrease on day seven.  Light produced by Ach (Figure 19) 

increased by 100% on day one, 200% on day three, then decreased by about 40% by day seven.  

KCl induced light decreased by about 20% on the first day, then increased by 8% on the third 

day, and decreased by about 60% on the seventh day.
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 Glyphosate was the only pesticide to show a decrease in spontaneous and Ach induced 

light at 10 µg/L.  As opposed to over-excitation and loss of nervous system control which was 

apparent with the other pesticides, these results are more indicative of a breakdown of the 

nervous system.  This is not surprising as glyphosate is an amino acid inhibitor, which interferes 

with protein synthesis and eventually leads to cell death.  The fact that all but one brittle star was 

dead by day seven after exposure to this concentration also supports this and accounts for the 

decrease in KCl induced light on this day.  However, at 1 µg/L, there were increases in 

spontaneous and Ach induced light on days one and three which is indicative of over-excitation 

and loss of nervous system control.

 Deleterious effects were observed for all pesticides at both concentrations.  These test 

concentrations of 10 µg/L and 1 µg/L are much lower than concentrations that have been 

measured in the environment and used in other studies (see appendix 4).  Atrazine has been 

detected a levels over 200 µg/L (Wu et al. 2009) and fipronil has been found at levels greater 

than 2,000 µg/L (Demcheck & Skrobialowski 2003).  Although both concentrations are greater 

than the recommended dose of cypermethrin for sea lice control of 5 µg/L for one hour at 1% 

active ingredient cypermethrin (Burridge et al. 2000) since a 40% active ingredient emulsifiable 

version was used in this study, other research suggests that the active ingredient may be less 

toxic than the emulsifiable versions (DeMicco et al.2010, Sánchez-Fortún & Barahona 2005) 

(see appendix 4).  This suggests that more research should be conducted comparing the active 

ingredient and emulsifiable versions.  Glyphosate also proved to be more toxic in this study than 

in others, where organisms were exposed to concentrations as high as several mg/L (Martin et al. 

2003).

B. Mortality

 Although these concentrations were supposed to be sublethal, unfortunately they were 

not.  Almost all treatments caused some mortality.  The most lethal treatment was 10 µg/L of 

fipronil at which all brittle stars were dead by day three.  Cypermethrin and atrazine at 10 µg/L 

also caused mass mortality by the seventh day.  Glyphosate at 10 µg/L killed all but one brittle 

star by day seven.  At 1 µg/L, atrazine and glyphosate did not cause any mortality, which would 

suggest that the LC50 for these chemicals is somewhere between 1 and 10 µg/L.  Some brittle 
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stars were dead at day three in the cypermethrin treatment at 1 µg/L, but all were dead by day 

seven.  On day seven, brittle stars exposed to the fipronil treatment of 1 µg/L also appeared to be 

dead.  Brittle stars also shed their arms when stressed, which was observed before mortality.  

Pictures 1 and 2 exhibit the visual differences between a healthy brittle star, and the effects of 

stress and ultimately death after a week of exposure to cypermethrin at 1 µg/L.  

Picture 1:

Picture 2:
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V. Recommendations

 There are several changes that can be made to keep pesticides such as these from ever 

reaching water bodies.  The treatment of storm water, especially in a city such as San Diego, 

would greatly reduce contaminants reaching the ocean through urban runoff.  However, the 

current infrastructure could not support this goal.  The American Society of Civil Engineers 

estimated the the required infrastructure changes would cost the city and estimated $150 million, 

with an annual cost of $20 million for maintenance.  A less costly solution would be to regulate 

the timing of the application of these pesticides by restricting use during rainy seasons or before 

predicted precipitation events.  In the context of agricultural runoff, absorptive barriers could be 

placed along the perimeters of fields to minimize the amount of runoff making it into watersheds 

and rivers.  Hunter and Shaner (2009) and Sharma et al. (2008) have demonstrated how this 

technique can be used to eliminate atrazine from the effluent of agricultural fields.  More 

research should also be devoted to studying the effects of pure active ingredients compared to 

those of the so-called inert ingredients in various emulsifiable versions of each pesticide.

VI. Conclusion

 The main goals of this study were; to establish if bioluminescence can be used as a 

measure of sub-lethal toxicity, determine at what concentrations these pesticides began to affect 

the light production of these brittle stars, and compare those levels to those currently deemed 

safe by the federal government.  The observable differences between all treatments compared to 

the control suggest that this method can be used to measure such sub-lethal effects.  Regarding 

the second goal, as both concentrations caused differences in light production and even death at 

some of the lowest concentrations, this data suggest that the No Observable Effect Concentration 

(NOEC) or the Effective Concentration 50 (EC50) would be less than 1 µg/L for all of the 

pesticide formulations tested.  When comparing the results of this study to the ambient 

acceptable saltwater concentration for atrazine at 17 µg/L as a four day average, it is clear that 

this species would be affected at concentrations that high.  These results also suggest that 17 µg/

L could cause death as 10 µg/L did after seven days of exposure.  This information could also 

assist regulators in the current process of the reevaluation of atrazine.  As glyphosate also caused 

death at this same concentration and exposure time, this suggests that exposure to levels at the 
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current MCL of 700 µg/L would also have an effect.  Although there are no MCLs for 

cypermethrin and fipronil, perhaps scientific publication of this study would provide information 

for regulators to consider when establishing regulations for these two chemicals.  

 Although the main goals of this study were accomplished, it also calls for additional 

research.  Subsequent studies should investigate the different toxic effects of active ingredients to 

emulsifiable versions of pesticides that are easily purchased for residential use.  It is also 

important to understand the toxic properties of the other ingredients that are found in, but not 

labeled on, these products.  There is also a need to continue researching ways not only to reduce 

the amount of these chemicals that enter the environment, but also to develop methods of 

removing them or rendering them inert once they have entered an ecosystem.  Reducing the 

amount of pesticides in runoff will minimize the potential for deleterious effects not only to 

benthic invertebrates like Amphipholis squamata, but will ultimately better protect entire marine 

ecosystems and biodiversity.
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Appendix I.  Spontaneous Light Raw Data



Appendix II.  Light Induced by Ach Raw Data
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Appendix III.  Light Induced by KCl Raw Data
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Appendix IV.
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