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ABSTRACT 
Organic wastewater contaminants (OWCs), including many known endocrine 

disruptors (EDs) and pharmaceuticals, have been detected in North American surface waters 

and are cause for toxicological concern. OWCs are not meant to be targeted or applied to the 

environment, so they haven’t been scrutinized or subjected to mandated testing regarding 

possible adverse environmental effects. OWCs of concern include EDs which have been 

shown to exert sublethal effects at environmentally relevant exposure concentrations in a wide 

range of vertebrate test species. The observed sublethal effects may, in turn, have effects on 

the fitness of exposed populations and potential community level consequences. 

Unfortunately, fewer studies have been aimed at understanding the effects of endocrine 

disruptors on invertebrates. In many systems invertebrates are important components serving 

a variety of ecosystem roles. Mollusks, particularly, have strong impacts on primary 

producers, can be the primary food source for small carnivores and can dominate 

macroinvertebrate biomass. Crustaceans are another class of important freshwater 

invertebrates. Daphnia, for example, are a frequently used test species in aquatic toxicology; 

they have short generation times and play a significant role in freshwater communities. 

 My objective was to evaluate the effects of commonly found OWCs on life history 

traits in the freshwater gastropod, Physa pomilia, and the freshwater zooplankton, Daphnia 

magna. To address this objective, two model organisms were monitored after exposure to 17-

α ethynylestradiol (EE2) and Fluoxetine. 17-α ethynylestradiol (EE2) is a synthetic hormone 

found in many forms of birth control and fluoxetine is a selective serotonin reuptake inhibitor 
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used as an antidepressant. I quantified total egg masses laid, total eggs laid, hatching success, 

body size, time to first reproduction, and mortality.  

In snails, I found for EE2 that time at first reproduction, hatching success, egg mass 

and total egg production all showed treatment-related effects and that the second generation 

showed a stronger adverse response than the first generation. In the fluoxetine experiments we 

found that total egg masses laid per snail, total eggs laid per snail, hatching success, size, time 

to first reproduction, and mortality were affected but the observed effects were mainly in the 

second generation. Furthermore, the second-generation snails exposed to fluoxetine did not 

display a typical, monotonic dose response which has similarly been observed by others and 

suggests endocrine disrupting activity. In the Daphnia study, EE2 decreased neonates per 

brood at the lowest concentration. Fluoxetine decreased total broods per Daphnia and time to 

death at the highest tested concentration. The mixture showed effects that both chemicals 

elicited separately; neonates per brood, total brood and time to death were all decreased in the 

highest mixture concentrations. Overall, the results provide additional insight into the effects 

of OWCs on important freshwater invertebrates and point to the importance of exposure 

duration in the design and implementation of toxicity studies. 



Texas Tech University, Tamara O. Luna, August 2012 
 

vi 

 

LIST OF TABLES 
2.1 EE2 Physa pomilia Results Summary.......................................................... 38 

2.2 Fluoxetine Physa pomilia Results Summary ............................................... 39 

3.1 Daphnia magna Organic Wastewater Contaminant Results 

Summary ...................................................................................................... 70 

 



Texas Tech University, Tamara O. Luna, August 2012 
 

vii 

 

LIST OF FIGURES 
2.1 Size (EE2). ................................................................................................... 40 

2.2 Mortality (EE2) ............................................................................................ 41 

2.3 Time to first reproduction (EE2) .................................................................. 42 

2.4 Hatching Success (EE2). .............................................................................. 43 

2.5 Total Eggs Laid (EE2) ................................................................................. 44 

2.6 Egg Masses Laid (EE2) ................................................................................ 45 

2.7 Size (Fluoxetine). ......................................................................................... 46 

2.8 Mortality (Fluoxetine) .................................................................................. 47 

2.9 Time to first reproduction (Fluoxetine)........................................................ 48 

2.10 Hatching Success (Fluoxetine). .................................................................... 49 

2.11 Total Eggs Laid (Fluoxetine) ....................................................................... 50 

2.12 Egg Masses Laid (Fluoxetine) ..................................................................... 51 

3.1 EE2 Time to first reproduction. ................................................................... 71 

3.2 EE2 Time to Death ....................................................................................... 72 

3.3 Neonates per Brood (EE2) ........................................................................... 73 

3.4 Neonates over time (EE2). ........................................................................... 74 

3.5 Total Broods (EE2) ...................................................................................... 75 

3.6 Fluoxetine time to first reproduction............................................................ 76 

3.7 Fluoxetine time to death. .............................................................................. 77 

3.8 Neonates per Brood (Fluoxetine) ................................................................. 78 

3.9 Neonates over time (Fluoxetine) .................................................................. 79 

3.10 Total Broods (Fluoxetine). ........................................................................... 80 

3.11 Mixture Time to Reproduction..................................................................... 81 

3.12 Mixture Time to Death ................................................................................. 82 

3.13 Neonates per Brood (Mixture) ..................................................................... 83 

3.14 Neonates over time (Mixure) ....................................................................... 84 

3.15 Total Broods (Mixture). ............................................................................... 85 

 
  



Texas Tech University, Tamara O. Luna, August 2012 

1 

 

CHAPTER I 

INTRODUCTION 
Pharmaceutical and personal care product use is on the rise.  The CDC reports that 

47.5 percent of Americans in 2008 used at least one prescription drug in the last month 

which represents a marked increase from 39.1 percent in 1994 (National Center for 

Health Statistics., 2012).  Through improper disposal and regular excretion many of 

these chemicals end up in wastewater and are generally referred to by the term organic 

wastewater contaminants (OWC) or alternatively as pharmaceuticals and personal care 

products (PPCPs). Once they enter the sewage system they eventually are transported 

to wastewater treatment plants (WWTPs). Since WWTPs are not designed to 

specialize in pharmaceutical biodegradation, some OWCs are not as efficiently 

degraded as others  and remain present in sewage effluent (Ternes et al., 1999). Many 

of the OWCs in wastewater effluent remain in a biologically active metabolic form, if 

not as the original parent compound (Hiemke & Härtter, 2000; Larsson et al., 1999). 

OWCs have been measured at low concentrations in United States waterways with 

relatively higher concentrations measured in proximity to highly populated areas 

(Barnes et al., 2008; Kolpin, Skopec, Meyer, Furlong, & Zaugg, 2004).  These 

compounds are typically not meant to be applied to the environment and as a 

consequence are not subjected to regular testing for adverse environmental effects. 

This situation is in contrast to chemicals such as pesticides, which are subjected to 

mandated testing and regulation. Hence, little is known about the effects of OWCs to 

non-target species (Daughton & Ternes, 1999).  Although there is growing concern 
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over the potential environmental and human health effects of many OWCs, monitoring 

of PPCPs in the environment is not regulated by either the Federal Drug 

Administration (FDA) or the U.S. EPA (Daughton & Ternes, 1999). However the 

EPA acknowledges that it has authority to do so under frameworks such as the Safe 

Drinking Water Act (SDWA). Currently, some PPCPs  are on the SDWA contaminant 

candidate list which is a list of unregulated contaminants which may require a national 

drinking water regulation in the future depending on future research (USEPA, 2012).  

A subset of OWCs are endocrine disrupting chemicals (EDCs) which are so-

called because of their effects (observed or designed) on components of the endocrine 

system. 17-α ethynylestradiol (EE2) is an EDC and has received considerable research 

attention. EE2 is a synthetic estrogen found in many oral contraceptives. Oral 

contraceptive pills are the leading form of contraception used by 10.7 million women 

in the United States (Mosher & Jones, 2004). EE2 is excreted by humans as 

conjugated metabolites (Ranney, 1977), however the unconjugated (active) forms are 

primarily seen in effluents suggesting that activation of the conjugates occurs while 

undergoing treatment through WWTPs (Larsson et al., 1999).  EE2 has been measured 

in United States streams at mean concentrations of 0.073 µg/L and as high as 0.831 

µg/L (Kolpin et al., 2002). EE2 has been shown to cause a range of adverse effects in 

wildlife including reduced fertility and fecundity, superfeminization or 

masculinization of females, and feminization of males (Jobling et al., 2003; Oehlmann 

& Schulte-Oehlmann, 2003; Tyler, van der Eerden, Jobling, Panter, & Sumpter, 1996; 

Vos et al., 2000).  
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Fluoxetine is another OWC that has received some research focus although 

considerable uncertainties remain. Fluoxetine is a selective serotonin reuptake 

inhibitor (SSRI) and goes by the trade name Prozac and Sarafem. It is used as an 

antidepressant but also is used for treating eating, panic, and premenstrual dysphoric 

disorders. According to the CDC, antidepressants are the third most commonly used 

drug and 11% of Americans over age 12 use antidepressants (Pratt, Brody, & Gu, 

2011). Humans excrete fluoxetine 10-30% unchanged and the remaining is excreted as 

metabolized conjugates (Hiemke & Härtter, 2000; Nentwig, 2007). These metabolites 

can be reactivated with treatment in WWTPs. Additionally, some metabolized 

conjugates function pharmacologically the same as the parent fluoxetine (Kwon & 

Armbrust, 2006; Nentwig, 2008).  Fluoxetine has been detected in U.S. streams at 

concentrations of 0.012 µg/L (Kolpin et al., 2002), groundwater concentrations of 

0.056 µg/L (Barnes et al., 2008), and in sewage treatment plant effluent at 

concentrations between 0.013-0.099 µg/L (Metcalfe, Miao, Koenig, & Struger, 2003).  

Because of fluoxetine’s serotonergic action, and because all animals utilize serotonin 

(Sánchez-Argüello, Fernández, & Tarazona, 2009), there is cause for concern over the 

potential effects of fluoxetine on wildlife. Interestingly, although serotonin is used by 

all animals, what serotonin regulates is not known in all species.  

Much of the toxicological research on effects of OWCs has focused on 

vertebrates, although invertebrates represent 95% of known species in the animal 

kingdom (Matthiessen, 2008).  The bias towards vertebrates is likely the result of the 

use of some animals as surrogates for human health but also an overall perception that 
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vertebrates are more charismatic and environmentally relevant. Despite the bias, a 

number of studies have been published on the effects of OWCs on invertebrates. In 

fact, freshwater snails have been proposed for use as a model organism to evaluate 

impacts of potential EDCs (Ducrot et al., 2010). Many species of freshwater 

gastropods are self-fertilizing hermaphrodites and have unusual reproductive modes 

and for unknown reasons, can display significant changes in reproduction upon 

exposure to some EDCs. In addition, molluscs are ecologically important and can be 

the primary food source for small carnivores in aquatic systems (Paine, 1966) and can 

dominate macroinvertebrate biomass (Anderson & Smith, 2000; Habdija, Lajtner, & 

Belinić, 1995) representing, therefore, an ecologically important taxa. The freshwater 

snail, Physa pomilia, is native to West Texas and found, generally, throughout the 

southeastern part of the U.S. In general, this species acclimates easily to lab conditions 

and can be maintained for several generations. P. pomilia is a pulmonate and has a 

shorter life-cycle, faster growth, and reaches reproduction faster compared to 

prosobranchs (Brown, 1991). Pulmonates are more suitable for longer-term, laboratory 

studies although prosobranchs have been used in other studies on the effects of OWCs, 

particularly EDCs. 

Daphnia magna is another invertebrate species that is used frequently in 

aquatic toxicology and for which some data on the effects of OWCs have been 

generated. D. magna like most planktonic cladocerans, are important to aquatic 

communities because they regulate algal levels by grazing and provide food for a large 

number predatory species, which include other invertebrates and small fish (Dodson & 
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Frey, 1991). Additionally, D. magna is a standard species for ecotoxicology testing 

because of its short life span (~40 days)(USEPA, 2002), fast reproduction, and low 

genotypic variation which makes it more sensitive to toxicants, generally (USEPA, 

2002). These two species, Physa pomilia and Daphnia magna, can potentially be used 

in aquatic toxicity tests to better understand the potential ecological effects of OWCs. 

Both species are amenable to laboratory conditions, have rapid generation times, and 

are highly ecologically relevant. 

In addition to a research bias focused on vertebrate organisms over 

invertebrates in understanding impacts of OWCs, there is a long-standing focus on 

relatively short-term, single generation exposure scenarios in toxicology. While this 

type of exposure scenario is conducive to rapid testing and in reducing expense, many 

organisms are exposed over longer periods of time. For OWCs in particular, exposure 

concentrations may be relatively constant through time because of continual inputs 

into aquatic systems. Although current short-term exposure scenarios provide insight 

into how OWCs may be impacting aquatic species, studies should be conducted that 

more closely resemble actual exposure scenarios to ensure that salient effects are 

captured. Short-term and early life stage effects are the main focus for regulatory 

agencies (OECD, 1998), but organisms may be more sensitive to contaminants at 

different life stages (Ducrot et al., 2010) and, in particular, over longer durations of 

exposure. In the environment, OWCs are being continuously introduced into 

freshwater systems so organisms that are exposed will be exposed their whole lives 

and through many generations. Hence, effects that are observed early in life may not 
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be indicative of the entire life cycle and effects seen in one generation may not predict 

what will happen in subsequent generations (Clubbs & Brooks, 2007; Péry et al., 

2008; Salice, Miller, & Roesijadi, 2009).  

This study aims to further our understanding of the ecological impacts of 

OWCs by incorporating a new species in a relatively understudied invertebrate taxa 

(P. pomilia) as well as evaluating longer-term exposure scenarios in two 

macroinvertebrates.  Furthermore, to examine the applicability and feasibility of these 

species and exposure scenarios compared to current studies and approaches. Chapter 

one describes experiments on local snail species, P. pomilia, which was used in a 

multigenerational life table response experiment with EE2 and Fluoxetine. Chapter 

two describes experiments on a model laboratory species, Daphnia magna, in an 

extended life cycle test investigating the effects of EE2, Fluoxetine, and a mixture of 

both. The results are discussed in light of the current literature on the effects of these 

important OWCs and also how the extended exposure scenarios used for each species 

compared to shorter-term exposures.  
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CHAPTER II 

ASSESSMENT OF OWCS USING PHYSA POMILIA IN LIFE TABLE RESPONSE 
EXPERIMENTS 

Introduction 
Organic wastewater contaminants (OWCs), including many known endocrine 

disruptors, pharmaceuticals, and personal care products (PPCPs) have been detected in 

North American surface waters (Kolpin et al., 2002). Organic wastewater 

contaminants enter waterways through waste and runoff with higher concentrations 

associated with greater human population densities characteristic of major cities 

(Kolpin et al., 2004). Unlike pesticides, OWCs are not intended to be targeted or 

applied to the environment and have not been subjected to the same scrutiny or 

mandated testing regarding possible adverse environmental effects (Daughton & 

Ternes, 1999). OWCs not only affect water quality, but can also have adverse effects 

on aquatic ecosystems. Many of these OWCs have been shown to exert sublethal 

effects at environmentally relevant exposure concentrations, which can result in 

potential population- and community-level effects (Barata, Porte, & Baird, 2004; 

Fleeger, Carman, & Nisbet, 2003; Nentwig, 2007).   

While there are many chemical contaminants that can comprise OWCs, 

endocrine disrupting chemicals (EDCs) are pollutants that can disrupt the endocrine 

system of animals by binding to and activating estrogen receptors (Jobling et al., 2003) 

and are among the most important OWCs from a toxicological perspective. 17α-

ethynylestradiol (EE2) is a synthetic estrogen used most commonly in different forms 

of oral contraceptives. Humans excrete EE2 as different conjugated metabolites 
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(Ranney, 1977), however the unconjugated (active) form is primarily seen in effluents 

suggesting that reactivation of the conjugates occurs during the treatment process 

(Karnjanapiboonwong et al., 2011; Larsson et al., 1999). Endocrine disrupting effects 

in wildlife (i.e. vertebrates and invertebrates) can include abnormal blood hormone 

levels, reduced fertility and fecundity, superfeminization or masculinization of females 

and feminization of males (Jobling et al., 2003; Tyler et al., 1996; Vos et al., 2000).  

Another OWC that may have substantial impact on aquatic systems is the 

pharmaceutical fluoxetine. Fluoxetine, trade names Prozac and Sarafem, was 

introduced in the US in 1988. Since its entrance into the market, fluoxetine has 

become one of the most heavily prescribed psychotropic drugs used for the treatment 

of depression and other behavioral problems (Oakes et al., 2010).   Fluoxetine is a 

selective serotonin reuptake inhibitor (SSRI) which increases 5-HT (5-

hydroxytryptamine or serotonin) neurotransmission by blocking serotonin reuptake 

transport proteins (Sánchez-Argüello et al., 2009). Humans excrete fluoxetine 10-30% 

unmetabolized in its parent form; the rest is excreted as fluoxetine glucuronide and 

norfluoxetine (Hiemke & Härtter, 2000; Nentwig, 2007). Fluoxetine glucuronide can 

be cleaved while passing through sewage treatment plants, reactivating the compound 

(Nentwig, 2008) and norfluoxetine functions pharmacologically the same as fluoxetine 

(Kwon & Armbrust, 2006; "WHOCC - Definition and general considerations", 2009). 

Therefore, aquatic organisms that occur in habitats that receive sewage treatment 

effluent may be exposed to fluoxetine. Fluoxetine has been detected in U.S. streams 

and groundwater at maximum concentrations ranging from of 0.012- 0.056 µg/L 
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(Barnes et al., 2008; Kolpin et al., 2002) and in sewage treatment plant effluent at 

concentrations between 0.013-0.099 µg/L (Metcalfe et al., 2003). All animals use 

serotonin, but the regulatory functions of serotonin differ across species (Sánchez-

Argüello et al., 2009). In invertebrates, serotonin can regulate somatic as well as 

reproductive functions. Specifically, in freshwater gastropods serotonergic 

mechanisms can regulate egg laying and induction of penile erection (Brooks et al., 

2003; Fong Peter, 2001). 

Currently, efforts in the European Union to better understand the ecological 

effects and risk of EDCs and OWCs include a significant amount of research attention 

on the use of freshwater gastropods for ED testing (Lorenz, 2003).  Invertebrates 

represent 95% of known species in the animal kingdom (Matthiessen, 2008). 

Molluscs, in particular, have the second largest number of species (>130,000) and live 

in a wide range of habitats, and hence information regarding this taxa is useful for 

extrapolating from test data to environmental risk assessments (Matthiessen, 2008).  

Additionally, many molluscs are the primary food source for small carnivores in a 

large number of aquatic ecosystems  (Paine, 1966). They can dominate 

macroinvertebrate biomass  and frequently serve as vectors for parasites of fish, birds, 

mammals, and amphibians (Anderson & Smith, 2000; Habdija et al., 1995). Hence, 

OWC-mediated population decreases or changes in mollusc biomass could have 

ramifications at the community level.  Although molluscs, like many invertebrates, 

have very different endocrine systems compared to mammals, there are a number of 

studies that have shown that EDs and PPCPs affect reproductive endpoints (Jobling et 
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al., 2003; Leung, Morley, Grist, Morritt, & Crane, 2004; Nentwig, 2008; Uhler, 

Huminski, Les, & Fong, 2000).  Vertebrate-like steroids have been found to have a 

functional-role in prosobranchs (Oehlmann and Schulte-Oehlmann 2003), however 

EDs have been reported to affect reproduction in both prosobranchs and pulmonates 

(Jobling et al., 2003; Oehlmann, 2003; Oehlmann & Schulte-Oehlmann, 2003; Segner 

et al., 2003). Moreover, pulmonates on average produce more eggs at earlier ages, 

have faster shell growth rates and shorter life cycles than prosobranchs (Brown, 1991),  

which make them more amenable for longer-term studies. 

Regulatory agencies often focus on the assessment of short-term effects and 

early life stage developmental effects (OECD, 1998),  but it is also possible that many 

guideline studies may not involve exposures to organisms during life-cycle phases 

which are most sensitive to contaminants (Ducrot et al., 2010). Additionally, for 

chemicals like many OWCs in which exposure likely occurs over long durations, 

standard, short term assays may not capture salient effects (Salice et al., 2009). In 

these cases, life table response experiments, which encompass the entire life cycle of a 

study organism, can provide significant insight into potential toxicological effects 

under more realistic exposure scenarios.  

 The objective of the current research is to evaluate the impacts of Fluoxetine 

and EE2 on a commonly occurring freshwater gastropod, Physa pomilia, using a life 

table response experimental design (LTRE) over two continuous generations.  This 

research will add an important dimension to our understanding of potential ecological 
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effects of OWCs and the use of molluscs as ecotoxicological models for emerging 

contaminants.  

 

Materials and Methods 
Study Species 

Life table response experiments were conducted using the freshwater gastropod, Physa 

pomilia. Physids are freshwater basommatophoran pulmonate snails, which are found 

globally in a variety of water bodies. They are easily field collected and can be 

maintained and cultured in the laboratory.  Physa pomilia are self-fertilizing 

hermaphrodites but generally prefer to outcross if mates are available (Dillon Jr, 

Wethington, Rhett, & Smith, 2002). Physa pomilia has a relatively rapid life cycle and 

can start ovipositing as soon as 35 days after hatching if mates are available but takes 

longer to reach maturation if self-fertilizing (DeWitt & Sloan, 1959). Although there is 

variation in reproductive output, Dewitt and Sloan (1959) found that hatching success 

for P. pomilia averaged 94% for outcrossed snails further indicating that this species is 

amenable to laboratory study.  

For this study, P. pomilia adults that comprised our laboratory culture were 

collected from an isolated, semi-permanent, freshwater pond historically not known to 

be contaminated located in Abernathy, TX and brought to The Institute of 

Environmental and Human Health at Texas Tech University in March of 2011.  

Several hundred snails were maintained collectively in multiple 10 liter aquaria at an 

approximate density of one snail per 100 mL laboratory water.  This rearing density 
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has been used for previous research on P. pomilia and is generally suitable for a 

number of gastropod species. For maintenance and all experiments, we used 

moderately hard water (EPA, 2002) that consisted of: 0.06 g/L CaSO4, 0.06 g/L 

MgSO4, 0.004 g/L KCl, 0.098 g/L NaHCO3 in DI water. Laboratory temperatures 

were consistently 17-21
o
C with a 14:10 light:dark cycle. For maintenance and 

experiments, snails were fed briefly cooked romaine lettuce ad libitum, however, care 

was taken to not over feed.  Snails were acclimated to laboratory conditions for several 

months prior to use in experiments. Test organisms started as eggs collected over a 

three to four day period from our laboratory culture. 

 

Chemicals 

A 4 mg/L 17α-ethinylestradiol (Sigma-Aldrich, water solubility 4.8-11.3 mg/L) stock 

solution was created by dissolving 4 mg of EE2 in one liter of deionized water. After 

addition of the EE2, the solution was placed on a stir plate at medium to high speed 

for one hour. The solution was further diluted with deionized water to make final stock 

solutions of 100 µg/L, 10 µg/L, and 1 µg/L. A 4 mg/L fluoxetine hydrochloride 

(Sigma-Aldrich, water solubility 4 mg/mL) stock solution was made by dissolving 4 

mg of fluoxetine hydrochloride in one liter of deionized water and placed on a stir 

plate at medium to high speed for one hour and then sonicated for one hour. The 4 

mg/L stock solution was then further diluted with deionized water to generate final 

stock solutions of 100 µg/L and 10 µg/L. All solutions were stored in amber jars in 
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darkness at 8
0
C with portions of the stocks being frozen at -24

0
C for analytical 

verification.   

 

Experimental Design 

Life Table Response Experiments (LTREs) seek to evaluate the impacts of a treatment 

on the entire life cycle of a test species by measuring vital rates (life table) which can 

be used to estimate population-level effects (Caswell, 1996). Because many organisms 

are exposed to OWCs throughout their lives, these experiments provide valuable 

insight into potential adverse effects. LTREs were used here to evaluate the effects of 

the selected OWCs on the fitness and life history of P. pomilia. We initiated LTREs 

with egg masses less than 24 hr old obtained from P. pomilia laboratory cultures. Four 

concentrations, including control, were used for each chemical: EE2 1.0 µg/L, 0.1 

µg/L, 0.01 µg/L, and 0 µg/L; fluoxetine 100 µg/L, 1.0 µg/L, 0.01 µg/L, and 0 µg/L. 

These concentrations represent medium to high concentrations that are found in the 

environment but also concentrations similar to what has been used in other studies 

(Gust et al., 2009; Hallgren, Sorita, Berglund, & Persson, 2012). Two to three eggs 

masses were exposed to the different treatments in 30 mL glass jars with 30 mL of 

reconstituted moderately hard water (0.06 g/L CaSO4, 0.06 g/L MgSO4, 0.004 g/L 

KCl, 0.098 g/L NaHCO3 in deionized water) with eight jars per treatment until 

hatching. After hatching snails were randomly chosen from the eight jars to be used 

further in the experiment. The experiment consisted of eight replicates of four snails in 

100 mL jars for each treatment, a total of 32 organisms per treatment. All snails were 
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transferred to 400 mL jars with 300 mL of water after first egg masses were produced. 

The entire experiment was conducted as a semistatic exposure system with water 

changes (including treatment spikes) twice a week. Test subjects were fed a mixture of 

cooked lettuce (green leaf or romaine) and a mix of ground rabbit chow plus fish food, 

ad libitum. When snails reached sexual maturity they continued to produce eggs for 45 

days (EE2) and 30 days (Fluoxetine) after the first eggs had been laid by the cohort. 

Thus, each experiment encompassed two generations. The EE2 and Fluoxetine 

exposures were not run concurrently. Mortality was observed every week throughout 

the experiments. Two size measurements (mm) were taken, after first snails of the 

cohort had reached reproduction and at the end of the experiment, using digital 

calipers accurate to 0.01 mm.  Hatching success was evaluated twice per generation 

(mid-way through total reproductive time and at the end of each generation) by 

keeping the egg masses collected per jar and allowing two weeks for development. 

After the two weeks all eggs not hatched were recorded.  Total number of eggs laid 

per jar and egg masses per jar were assessed once a week throughout sexual maturity 

by removing egg masses from jars and counting total eggs in each egg mass under a 

dissecting scope. 

 

Statistical Analysis  

Data were analyzed using the R software environment (R Foundation for Statistical 

Computing. 2012). Shell lengths were analyzed using a one-way Analysis of Variance 

(ANOVA). Total number of eggs laid and total number of egg masses were analyzed 
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as accumulated mean number per individual using a one-way ANOVA. All significant 

differences determined by ANOVA were further analyzed by a Tukey’s honestly 

significant difference (HSD) test with  = 0.05 to evaluate differences between 

treatments.   Mortality rates and hatching success (percent hatched per replicate) did 

not meet the assumptions of ANOVA so a non-parametric, Kruskal-Wallis test was 

performed followed by a Kruskal-Wallis multiple comparison test to discern 

differences between treatments. Time to first reproduction was evaluated using 

survival analysis. In short, the logrank Mantel-Cox test was used to compute expected 

and the observed survival values at each time point for each treatment. The test 

statistic was determined by expected subtracted from the observed squared then 

divided by a term that accounts for censored observations, these values were then 

summed across all time points. χ
2
 distribution was then compared to the test statistic to 

calculate significance.  A larger χ
2
 signifies a larger difference between treatments and 

consequently a smaller P value. Snails still alive at the end of generation one or at 

experiment termination were counted as censored. 

Results 
EE2 1st Generation  

There was no significant effect of EE2 on size of P. pomilia (F3,26=0.306,P=0.821) 

(Fig. 2.1), mortality (χ
2

3=4.505,P=0.211; Fig. 2.2), time to first reproduction (χ
2

3=6.9, 

P=0.075; Fig. 2.3) or hatching success (χ
2

3=3.791, P=0.284; Fig. 2.4). There was also 

no significant effect of EE2 on total eggs laid or egg masses laid (F3,28=1.109,P=0.362 

and F3,28=1.485,P=0.24; respectively; Fig. 2.5&6). 
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EE2 2nd Generation  

In the second continuous generation of exposure there was no significant effect of EE2 

on snail shell length (Fig. 2.1) or mortality (Fig. 2.2) (F3,17=0.946, P=0.441 and 

χ
2

3=3.500, P=0.320; respectively). However, there was a significant effect on time to 

first reproduction and post-hoc analyses showed that 0.01 µg/L EE2 treatment had 

delayed reproduction compared to the control and the 1.0 µg/L EE2 treatments 

(χ
2

1=7.4, P=0.006 and χ
2

1=6.8, P=0.009). The 0.1 µg/L EE2 treatment also had 

delayed reproduction relative to the 1.0 µg/L (χ
2

1=6.2, P=0.012; Fig. 2.3). Exposure to 

EE2 in the second generation also significantly affected hatching success (χ
2

3=12.865, 

P=0.004). Post hoc tests showed that the 0.1 µg/L EE2 treatment had a higher percent 

hatching success than the 1.0 µg/L EE2 treatment (Fig. 2.4).  Total egg production and 

egg mass production for the control treatment was higher than the 0.01 µg/L EE2 

treatment (P=0.012 and P=0.016, respectively; Fig.  2.5&6).  

 

 

 

Fluoxetine 1st Generation  

There was no significant effect of fluoxetine during a single generation of exposure on 

mortality (χ
2

3=3.766, P=0.287; Fig. 2.8). For shell length, there was no effect of 
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fluoxetine shortly after snails started reproducing but by the end of the experiment, a 

significant effect was detected (F3,28=5.601 ,P=0.003). Snails exposed to 0.01 µg/L 

fluoxetine were larger then snails exposed to both 1.0 µg/L and 100 µg/L fluoxetine 

(p=0.007 and p<0.001, respectively) (Fig. 2.7).  There was also a significant effect of 

fluoxetine on time to first reproduction (χ
2

3=9.4, P=0.024; Fig. 2.9) and post-hoc tests 

indicated that time to first reproduction of snails exposed to 1 µg/L was longer then 

snails from the 0.01 µg/L treatment (p=0.024; Fig. 2.9). There was no difference for 

hatching success between any of the treatments (χ
2

3=0.572, P=0.902; Fig. 2.10). There 

was a significant effect, overall, of fluoxetine on total eggs produced (F3,28=4.45, 

P=0.011; Fig. 2.11) but not on egg mass production (F3,28=1.29, P=0.297; Fig. 2.12). 

Fluoxetine controls had significantly elevated total number of eggs in contrast to the 

100 µg/L treatment (p=0.007). 

 

Fluoxetine 2ndGeneration  

In the second generation of continuous fluoxetine exposure there was a significant 

effect of fluoxetine on survival but Physa pomilia control treatment had a higher 

mortality compared to the 0.01µg/ (χ
2

3 =13.36, P=0.003; Fig. 2.8). Fluoxetine had a 

significant effect on size of P. pomilia; snails from the 0.01µg/L and the 100µg/L 

fluoxetine treatments were larger than the control and the 1µg/L treatments at both 

time points (all p<0.001; Fig. 2.7). The control and the 1.0µg/L treatments also 

showed a delayed time to first reproduction relative to the 0.01µg/L and the 100µg/L 

fluoxetine treatments (all p<0.001; Fig. 2.9). There was a significant effect of 
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fluoxetine on hatching success with greater hatching success for snails in the 1.0µg/L 

fluoxetine compared to those in the 0.01µg/L treatment (χ
2

3 =8.343, P=0.039; Fig. 

2.10). Reproductive output as eggs and egg masses produced were both significantly 

affected (F3,27=28.98, P<0.001 and F3,27=31.61, P<0.001, respectively). The results 

were similar to the size data with the control and the 1.0µg/L fluoxetine treatments 

having significantly fewer total eggs and total egg masses than both the 0.01µg/L and 

the 100µg/L treatments (all P<0.001) (Fig. 2.11&12). 

 

Discussion 

  

This study evaluated EE2 and fluoxetine, two organic contaminants that are 

frequently found in treated wastewater, and assessed their effects on life history traits 

of the freshwater pulmonate gastropod, P. pomilia. Because exposure to many 

wastewater contaminants can persist beyond a single generation for many organisms, 

we employed a multi-generation exposure scenario. Overall, we found that EE2 and 

fluoxetine had a variety of effects on P. pomilia life history traits and that the observed 

effects differed among generations for each chemical. In particular, exposure to EE2 

in the second generation decreased overall reproductive output in P. pomilia; an effect 

not observed in the first generation where only growth was affected (Table 2.1). In 

general, for fluoxetine, second generation effects were more severe than first 

generation effects (Table 2.2). For both chemicals, however, there were not clear 

deleterious effects and in some cases, the OWCs had a stimulatory effect.  



Texas Tech University, Tamara O. Luna, August 2012 
 

24 

 

Freshwater gastropods have received consideration for use in testing and for 

screening chemicals thought to disrupt endocrine function. Some researchers have 

indicated that gastropods may be particularly sensitive to endocrine disrupting 

chemicals although a clear mechanism of action has yet to be identified (Czech, 

Weber, & Dietrich, 2001; Lagadic, Coutellec, & Caquet, 2007; Segner et al., 2003). 

Some species have displayed superfeminization which is not only characterized by 

physical abnormalities of female organs, but also by the increase in oocyte and 

spawning mass production (Oehlmann et al., 2007). Our interest in the current 

research was to further explore gastropod responses to endocrine disruptors with 

attention toward a commonly occurring genus. Exposure of P. pomilia to EE2 in the 

first generation resulted in no treatment differences for mortality, hatching success and 

reproductive endpoints but EE2 did have an impact on snail size. The first generation 

results are similar to Hallgren et al. (2012)(Table 2.1); they did not see any effects on 

mortality, size at reproduction, time to first reproduction, hatching success, and 

reproduction but they similarly observed that somatic growth rate was affected. 

Interestingly, the effects of EE2 were stronger in the second generation of exposure 

compared to the first with notable effects on reproductive endpoints including time to 

first reproduction, hatching success and egg and egg mass production. Exposure to 

EE2 at the highest concentration decreased egg hatching success at the end of the 

experiment; this has been reported in other studies as well along with the increase of 

egg production which is contrary to our results where a decrease in egg production 

was seen at the lowest concentration (Jobling et al., 2003; Schulte-Oehlmann, Oetken, 
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Bachmann, & Oehlmann, 2004; Segner et al., 2003) (Table 2.1). Reduced cumulative 

egg production in snails from the lowest EE2 concentration likely was impacted by a 

delay in time to first reproduction compared to the control. Although a delayed time to 

reproduction has not been observed in gastropods exposed to EE2, Zebrafish exposed 

to EE2 in a complete life cycle test also displayed a delayed development of spawning 

resulting in a reduction of eggs produced per female (Segner et al., 2003). Our results 

from EE2 exposures do not indicate that superfeminization occurred in our study 

species. 

Fluoxetine had significant effects on snail life history that manifested as effects 

on reproductive output, time to reproduction, and a smaller size in the first generation. 

The growth effects observed in the first generation fluoxetine exposure differed from 

another study on P. antipodarum where there were no growth effects (Péry et al., 

2008). The differences between the studies may be attributed to the fact that Pery et al. 

(2008) only used adult organisms and incorporated shorter exposure duration. Similar 

to other studies on the effects of fluoxetine on freshwater invertebrates, the total 

number of eggs produced at our highest concentration (100 µg/L) was significantly 

less than the control. In general, the concentrations at which we observed effects of 

fluoxetine were at 100 µg/L. Nentwig (2008) found that embryo production in P. 

antipodarum was reduced at concentrations between 11-345 µg/L fluoxetine; Pery et 

al. (2008) observed a decrease in reproduction at 69 µg/L fluoxetine for P. 

antipodarum, and Sanchez-Arguello et. al. (2009) observed that at concentrations of 

250 µg/L fluoxetine, Physa acuta had reduced egg production. Although we do not 
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have concentrations that are directly comparable to literature concentrations, we 

observed effects at nominal fluoxetine concentrations that fall in the range of what has 

been observed by other researchers.  

Few studies have evaluated the effects of fluoxetine in the context of 

multigenerational exposures. We observed pronounced differences between responses 

seen in the first versus second generation (Table 2.2). In complete contrast to 

responses seen in the first generation, second generation snails exposed to the low and 

high concentrations of fluoxetine were larger which coincides with Gust et al.(2009) 

results. Contrary to their results though, our study showed that P.pomilia reproduced 

sooner while Gust et al. (2009) showed delayed time to spawning or P. antipodarum. 

The exposed snails in this study also had higher cumulative egg production at the low 

and high concentration which is not exactly similar to Gust et al. (2009). They saw an 

increase in reproduction at lower concentrations of 3.7 and11.1 µg/L fluoxetine and a 

decrease in reproduction at 100 µg/L fluoxetine compared to the control.  Although 

there are no studies that have examined fluoxetine effects during a second generation 

of continuous exposure, a stimulation of reproductive activity as seen here has been 

observed whereby fluoxetine induced spawning in the zebra mussel Dreissena 

polymorpha and the marine bivalve, Macoma balthica (Fong, P.P., 1998 and Honkoop 

et. al., 1999). Similarly, Sanchez-Arguello et. al. (2009) found that, at 31.25 and 62.5 

µg/L, egg mass production was increased for P. acuta. Our results combined with 

other data on molluscs suggest that indeed fluoxetine has endocrine disrupting 

properties and that superfeminization may occur in molluscs exposed to fluoxetine. 
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Although an interesting response, the fitness consequences of superfeminization are 

unknown and offhand, suggest an overall benefit. However, additional research is 

needed to definitively conclude whether fluoxetine causes superfeminization in 

molluscs and what the fitness costs may be. 

Because OWCs are being continuously released into waterways, it seems likely 

that multigenerational exposure scenarios are highly realistic and may be common, 

especially for freshwater invertebrates with rapid life cycles. Hence, multigenerational 

experiments may help to elucidate any transgenerational response patterns due to 

exposure history and will have a higher environmental relevance. There are a few 

multigenerational life-cycle exposure studies using invertebrates and fewer yet that 

focus on organic wastewater contaminants. Clubbs and Brooks (2007), however, 

detected an acclimation pattern for sublethal and biochemical endpoints in the second 

generation of Daphnia magna exposed to EE2 with a higher apparent tolerance to EE2 

in the second generation compared to the first. This is opposite from what was 

observed in this study, where the trend for most endpoints seems to indicate that the 

second generation was more affected by exposure than the first generation.  More in 

accord with our results, Pery et. al (2008) found that second generation daphnia were 

more sensitive than the first when exposed to fluoxetine. Interestingly, the second 

generation snails exposed to fluoxetine displayed more effects than the first but the 

response was non-monotonic; a response that has been characterized for some neuro-

endocrine disrupting chemicals (Duft, Schulte-Oehlmann, Weltje, Tillmann, & 

Oehlmann, 2003; Jobling et al., 2003; Myers, Zoeller, & vom Saal, 2009). These 
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responses further strengthen the notion that extended multigenerational LTRE studies 

are needed to ensure that toxicity assays appropriately capture potential toxicological 

effects. Despite the information gained from multigenerational studies, they are 

generally more time consuming and costly to conduct. Before a recommendation for 

wide scale multigenerational testing for OWCs, additional research is needed to more 

fully understand the relationship between shorter-term bioassays and longer duration 

multigenerational studies. On the whole, however, studies on pesticides (e.g., Brausch 

and Salice, 2010), metals (Salice et al., 2008) and OWCs (this study) indicate that 

results seen in a single generation or less are not necessarily indicative of 

multigenerational effects.  

The non-monotonic responses observed here and elsewhere in the literature 

point to the endocrine disrupting toxicity of EE2 and fluoxetine to freshwater 

gastropods although the neuroendocrine/endocrine systems for a lot of invertebrate 

species, including gastropods, are not fully understood. The concept of neuroendocrine 

disruption has been recently highlighted and encompasses not only environmental 

pollutants that impact hormones directly but also includes agonists/antagonists of 

neuropeptides, neurotransmitters, and neurohormones that may impact an organism’s 

ability to reproduce, grow, or cope with stressors (Waye and Trudeau, 2011). Both 

EE2, being a synthetic estrogen, and fluoxetine, being a SSRI, would be included as 

neuroendocrine disruptors and given the characteristics of many invertebrate 

endocrine systems, this may be a more accurate description of their potential effects.  
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Although we did observe non-monotonic dose response relationships they did 

not follow a hormetic-like biphasic response contrary to some papers that have 

reported this response for several endpoints for both fluoxetine and EE2 (Fong, 2001; 

Uhler et. al.; Jobling et. al,2004;).  Whether these chemicals truly produce beneficial 

hormetic responses or whether there is a detrimental consequence of the stimulatory 

response is still debated (Sánchez-Argüello et al., 2009). Regardless, it does add 

another level of complexity for assessing possible environmental effects of OWCs.  

In conclusion, this study demonstrated that the common OWCs, EE2 and 

fluoxetine, caused adverse effects on some life history traits of P. pomilia at 

environmentally relevant concentrations and that responses were generally more 

severe in the second generation. Further a typical dose-response curve was not 

displayed when P. pomilia were exposed to EE2 and fluoxetine suggesting, in some 

cases, that superfeminization may have occurred. On the whole, this research 

emphasizes the need for additional multigenerational studies to fully understand and 

assess how OWCs may impact ecological receptors and to determine whether longer-

term studies should be more regularly included in toxicity and risk assessments. 
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Table 2.1 Summary of Results for P. pomilia exposed to EE2 for 2 continuous 

generations with lowest observable effect concentrations (LOEC) in this study and the 

literature.  
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Table 2.2 Summary of Results for P. pomilia exposed to Fluoxetine for 2 continuous 

generations with lowest observable effect concentrations (LOEC) in this study and the 

literature.  
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Figure 2.1 Effects of EE2 exposure on P. pomilia size of at the end of the experiment 

for first and second generation snails. Shown as means and error bars represent ± 

standard error of the mean. Letters indicate statistically significant differences. 
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Figure 2.2 Effects of EE2 exposure on P. pomilia on mortality for first and second 

generation snails. Shown as means and error bars represent ± standard error of the 

mean. Letters indicate statistically significant differences. 
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Figure 2.3 Effects of EE2 exposure on P. pomilia 2

nd 
generation. Curves representing 

time-to-first reproduction. All concentrations are in µg/L. The y-axis shows the 

proportion of snails that have not reached sexual reproduction. Letters indicate 

statistically significant differences. 
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Figure 2.4 Effects of EE2 exposure on P. pomilia hatching success at end of 

experiment for first and second generation snails. Shown as means and error bars 

represent ± standard error of the mean. Letters indicate statistically significant 

differences. 
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Figure 2.5 Effects of EE2 exposure on P. pomilia total accumulated eggs for first and 

second generation snails. Shown as means and error bars represent ± standard error of 

the mean. Letters indicate statistically significant differences. 
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Figure 2.6 Effects of EE2 exposure on P. pomilia accumulated egg masses for first 

and second generation snails. Shown as means and error bars represent ± standard 

error of the mean. Letters indicate statistically significant differences.  
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Figure 2.7 Effects of fluoxetine exposure on P. pomilia size of at the end of the 

experiment for first and second generation snails. Shown as means and error bars 

represent ± standard error of the mean. Letters indicate statistically significant 

differences.  
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Figure 2.8 Effects of fluoxetine exposure on P. pomilia mortality for first and second 

generation snails. Shown as means and error bars represent ± standard error of the 

mean. Letters indicate statistically significant differences. 
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Figure 2.9 Effects of fluoxetine exposure on P. pomilia 2
nd

 generation. Curves 

representing time-to-first reproduction. All concentrations are in µg/L. The y-axis 

shows the proportion of snails that have not reached sexual reproduction. Letters 

indicate statistically significant differences.  
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Figure 2.10 Effects of fluoxetine exposure on P. pomilia hatching success at end of 

experiment for first and second generation snails. Shown as means and error bars 

represent ± standard error of the mean. Letters indicate statistically significant 

differences.  
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Figure 2.11 Effects of fluoxetine exposure on P. pomilia total accumulated eggs for 

first and second generation snails. Shown as means and error bars represent ± standard 

error of the mean. Letters indicate statistically significant differences. 
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Figure 2.12 Effects of fluoxetine exposure on P. pomilia accumulated egg masses for 

first and second generation snails. Shown as means and error bars represent ± standard 

error of the mean. Letters indicate statistically significant differences. 
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CHAPTER III 

LIFE HISTORY EFFECTS OF ORGANIC WASTEWATER 
CONTAMINANTS IN THE STANDARD FRESHWATER 

ZOOPLANKTON, DAPHNIA MAGNA 

Introduction 
 

Many pharmaceuticals and personal care products are excreted into sewage 

systems and are generally referred to as organic wastewater contaminants (OWCs).  

Wastewater treatment plants were not designed to treat these compounds and many are 

not effectively removed and can be found in effluent as the parent compound or a 

pharmacologically similar (biologically active) metabolite. Some metabolites may 

even be reactivated while being processed through the wastewater treatment plant 

(Larsson et al., 1999).  This effluent eventually enters surface waters where these 

compounds can interact with ecological receptors and humans; low concentrations of a 

number of pharmaceutical and personal care chemicals have been measured in surface 

waters (Kolpin et al., 2002). Because pharmaceuticals are engineered to be 

biologically active at low concentrations, many of these organic wastewater 

contaminants have been shown to exert sublethal effects at relevant environmental 

exposure concentrations. Pharmaceuticals and other personal care products are not 

intended for application directly to the environment so they do not undergo the same 

mandated testing regime for possible adverse effects to the environment as chemicals 

such as pesticides. Because of the lack of a regulatory framework for these chemicals, 

little is known about potential effects on non-target organisms.  This is especially true 

for aquatic invertebrates.  



Texas Tech University, Tamara O. Luna, August 2012 
 

53 

 

17α-ethinylestradiol (EE2) is a synthetic estrogen used in birth control. 

Although EE2 is excreted by humans in a conjugated form (2-hydroxy-

ethinyloestradiol) (Purba, Maggs, Orme, Back, & Park, 1987) it is detected primarily 

in its parent (active) form in effluent indicating that EE2 likely becomes deconjugated 

within sewage systems or degrades rapidly (Karnjanapiboonwong et al., 2011; Larsson 

et al., 1999). EE2 has been measured in waterways with average concentrations of 

0.073 µg/L and maximum concentrations of 0.831 µg/L (Kolpin et al., 2002). EE2 is a 

known endocrine disruptor due to its strong estrogenic activity.  Endocrine disruptors 

are cause for concern as they can affect wildlife (i.e. vertebrates and invertebrates) by 

changing blood hormone levels, causing reduced fertility and fecundity, or by causing 

superfeminization or masculinization of females, and feminization of males (Jobling et 

al., 2003; Tyler et al., 1996; Vos et al., 2000). Superfeminization has been seen in 

some organisms and can be characterized by the increase in oocyte and spawning mass 

production (Oehlmann et al., 2007).  

Fluoxetine, commonly known by trade names Prozac and Sarafem, is another 

OWC that may have substantial impacts on aquatic systems. Fluoxetine is a selective 

serotonin reuptake inhibitor (SSRI). Humans excrete fluoxetine 10-30% unchanged; 

the rest is excreted as fluoxetine glucuronide and norfluoxetine (active metabolite) 

(Nentwig 2007, Hiemke and Härtter 2000). Fluoxetine has been detected in U.S. 

streams and groundwater with measured concentrations ranging from  0.012 µg/L (D. 

W. Kolpin et al., 2002) to 0.056 µg/L (Barnes et al., 2008), and in sewage treatment 

plant effluent at concentrations between 0.013-0.099 µg/L (Metcalfe et al., 2003). 
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Therefore, aquatic habitats that receive sewage treatment effluent are potentially 

exposed to low levels of fluoxetine in a continuous manner. The toxicological effects 

of this type of long-term, continuous exposure are not usually studied but are likely 

important. All animals utilize serotonin, but the regulatory functions of serotonin 

differ across species (Sánchez-Argüello et al., 2009). Neuro-endocrine systems of 

crustaceans are not fully understood and consequently neither is the role of serotonin, 

but serotonin plays an important role in crayfish locomotion and behavior (Huber, 

Smith, Delago, Isaksson, & Kravitz, 1997). It has also been hypothesized that 

serotonin can up-regulate hyperglycemic hormones, thus increasing carbohydrate 

metabolism in D. magna (Campos, Piña, & Barata, 2012); hyperglycemic hormones 

have been seen in other crustaceans as well (LeBlanc, 2007).  Additionally, fluoxetine 

increased neonate production in D. magna suggesting some endocrine disrupting 

effects (Brooks et al., 2003; Flaherty & Dodson, 2005). 

Single pharmaceutical toxicity tests are useful and provide information on 

possible effects in the environment but it is more realistic to study these chemicals as 

mixtures as many can co-occur in the environment (Karnjanapiboonwong et al., 2011; 

D. W. Kolpin et al., 2002). Although it is not efficient or economical to test all 

possible OWC combinations, mixture studies can provide insight into possible 

interactions of OWCs and how they affect study organisms and whether the effect is 

synergistic or not. Several papers have shown that exposure to OWC mixtures can 

illicit effects where single pharmaceuticals comprising the mixture have not (Johnson 

et al., 2005; Silva, Rajapakse, & Kortenkamp, 2002). For example, (Flaherty & 
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Dodson, 2005) observed that fluoxetine and Clofibric acid individually did not have an 

effect on D. magna, but when exposure occurred as a mixture daphnia had 

morphological abnormalities and subsequent premature death.  

Standard toxicity tests, in addition to usually focusing on individual 

contaminants, also occur for exposure durations that are substantially shorter than test 

organisms’ life span. However, because contaminants such as many OWCs can occur 

continuously, some organisms may be exposed for longer than standard laboratory test 

scenarios. The standard chronic toxicity test for Daphnia is a 21-day life-cycle test, 

but the lifespan of Daphnia magna can extend beyond 40 days and some individuals 

may live substantially longer. Although Daphnia reproduction does diminish after the 

5
th

 adult instar, reproduction for almost half its life is unaccounted for in the 21 day 

toxicity test. An extended life-cycle test may provide insight into possible 

toxicological effects under more realistic exposure scenarios or at least can help to 

insure that effects seen throughout the 21 day study are representative of the entire life 

cycle. 

The objective of the current research was to evaluate the impacts of fluoxetine, 

EE2, and the mixture of both on a standard ecotoxicological model species, Daphnia 

magna, using an extended life-cycle toxicity test.  This research will help to elucidate 

potential ecological effects of OWCs and their mixtures as well as provide insight into 

the suitability of current testing methods.  
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Materials and Methods 
Study Species 

This experiment was conducted using the freshwater zooplankton, Daphnia 

magna, which is found in northern and western North American waters. D. magna 

reproduce primarily through cyclic parthenogenesis. Because of this they usually have 

low genotypic variation and are generally more sensitive to toxicants compared to 

other freshwater macroinvertebrates (Dodson & Frey, 1991; Methods for Measuring 

the Acute Toxicity of Effluents and Receiving Waters to Freshwater and Marine 

Organisms Appendix A, Section 3.10, 2002; USEPA, 2002). D. magna’s average life 

span is approximately 40 days and reproductive individuals usually release broods 

every 2-3 days (USEPA, 2002).  

Daphnia magna in this study were obtained from a laboratory stock maintained 

at Texas Tech University originally obtained from a single individual in accordance 

with USEPA guidelines (USEPA, 2002) in March of 2009. Throughout the study 

Daphnia magna were housed in reconstituted moderately hard water (0.06 g/L CaSO4, 

0.06 g/L MgSO4, 0.004 g/L KCl, 0.098 g/L NaHCO3 in DI water); temperature 25
o 
C; 

under a light:dark cycle of 16:8. Water changes, including treatment additions, 

occurred three times per week. D. magna were fed with 0.1 mL of 

Pseudokirschneriella subcapitata (3.0 x 10
7 

cells/mL) daily and supplemented with 

0.01 mL YCT (yeast, cerphyll, and trout chow) three times a week, which was mixed 

using standard methods (USEPA, 2002). 
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Chemicals  

A 4 mg/L 17α-ethinylestradiol (Sigma-aldrich, water solubility =4.8-11.3 

mg/L) stock solution was made by putting 4 mg of EE2 in one liter of deionized water. 

The mixture was then placed on a stir plate at medium high speed for one hour. The 

solution was diluted further with deionized water to make final stock solutions of 100 

µg/L, 10 µg/L and 1 µg/L. A 4 mg/L fluoxetine hydrochloride (Sigma-Aldrich, water 

solubility=4 mg/mL) original stock solution was made by putting 4 mg of fluoxetine 

hydrochloride in one liter of deionized water and placed on a stir plate at medium to 

high speed for one hour and then in a sonicator for approximately one hour. The 4 

mg/L stock solution was then further diluted with deionized water to generate final 

stock solutions of 100 µg/L, 10 µg/L and 1 µg/L. All solutions were put in amber jars 

and stored in darkness at 8
0
 C with samples (40 mL) of the stocks frozen at -24

0
 C for 

future analytical verification.   

 

Experimental Design 

A 39-day chronic toxicity test was performed using 1 day old D. magna. The 

experiment was conducted in 30-mL glass beakers with 30 mL of reconstituted 

moderately hard water; one Daphnia/beaker with 10 beakers per treatment.  Beakers 

were arranged in treatment groups and rotated 3 times a week to compensate for 

incubator variability.  D. magna were exposed to EE2 or fluoxetine or a mixture of 

both.  Each chemical had four concentrations including control that were chosen based 

on environmental concentrations and literature data (D. W. Kolpin et al., 2002): EE2 
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1.0 µg/L, 0.1 µg/L, 0.01 µg/L, and 0 µg/L; fluoxetine 100 µg/L, 1.0 µg/L, 0.01 µg/L, 

and 0 µg/L; Mixture 1.0 µg/L EE2 and 100 µg/L fluoxetine (high mixture), 0.1 µg/L 

EE2 and 1.0 µg/L fluoxetine (medium mixture), 0.01 µg/L EE2 and 0.01 µg/L 

fluoxetine (low mixture), and 0 µg/L EE2 and fluoxetine. We quantified neonates per 

brood, total broods per Daphnia, time to first brood, and time to death.  

 

Statistical Analysis  

Data were analyzed using the R statistical software version 2.14.1 (R 

Foundation for Statistical Computing. 2012). Total number of neonates and total 

number of broods were analyzed as accumulated mean number per individual using a 

one-way ANOVA. If significant differences were indicated by an overall ANOVA, 

post-hoc tests were conducted using Tukey’s honestly significant difference (HSD) 

test. Assumptions for ANOVA were tested using the Bartlett test of homogeneity of 

variances and the Shapiro-Wilk’s normality test. For all analyses  = 0.05 

Time to first reproduction and time to death was evaluated using a survival 

analysis. In short, the logrank Mantel-Cox test was used to compute the expected and 

the observed values at each time point for each treatment. The expected values were 

then subtracted from the observed and summed across all time points to give the test 

statistic. This test statistic was then compared to a χ
2
 distribution to calculate 

significance.  A larger χ
2
 signifies a larger difference between treatments and 

consequently a smaller P value.  

 



Texas Tech University, Tamara O. Luna, August 2012 
 

59 

 

Results 
There was no effect of EE2 on time to first reproduction (χ

2 
3= 4.3, P=0.227; 

Fig. 3.1), time to death (χ
2 

3= 3.7, P=0.29; Fig. 3.2), and total broods (F3,36= 1.982, 

P=0.132; Fig. 3.5).  Neonates per brood was negatively affected by EE2 (F3,32 =4.882, 

P=0.006; Fig. 3.3). The 1.0 µg/L and 0.01 µg/L produced less neonates compared to 

the control (P=0.019 and P=0.027, respectively).   

There was no effect of fluoxetine on time to first reproduction (χ
2 

3= 5.5, 

P=0.14; Fig. 3.6) but there was an effect of fluoxetine on time to death (χ
2 

3= 10.5, 

P=0.014; Fig. 3.7). Daphnia from the 100 µg/L fluoxetine treatment had a higher 

mortality rate compared to the control (χ
2 

1= 4.4, P=0.035), the 0.01 µg/l (χ
2 

1= 5.5, 

P=0.019), and the 1.0 µg/L (χ
2 

1= 5.2, P=0.022) treatments.  Furthermore, the 100 

µg/L treatment had fewer number of broods than the other treatments (F3,36= 8.723, 

P<0.001; Fig. 3.8), but the number of neonates per brood was no significantly affected 

by fluoxetine (F3,34= 1.072, P=0.374; Fig, 3.10) 

Daphnia exposed to the mixture of fluoxetine and EE2 showed responses 

similar to the fluoxetine-only exposures with no effects on time to first reproduction 

(χ
2 

3= 3.8, P=0.279)(Fig. 3.11) but significant effects on time to death (χ
2 

3= 9.7, 

P=0.021; Fig. 3.12). Daphnia exposed to the high concentration mixture had a higher 

mortality rate than daphnia exposed to the control and medium mixture (χ
2 

1= 5.3, 

P=0.021 and χ
2 

1= 4.5, P=0.033, respectively). Daphnia from the high mixture 

treatment also produced fewer broods (F3,36= 4.5, P=0.008; Fig. 3.15) than both the 

control (P=0.007) and the medium mixture (P=0.038) treatments. Additionally, the 
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high concentration mixture produced less neonates per brood than the other treatments 

(F3,33= 4.87, P=0.006; Fig. 3.13).  

 

Discussion 
This study assessed the effects of environmentally relevant concentrations of 

EE2, fluoxetine, and a mixture of both EE2 and fluoxetine on a suite of life history 

endpoints during an extended life cycle test of the freshwater zooplankton, Daphnia 

magna. Overall, we found that EE2 caused a decrease in neonate production and that 

high concentrations of fluoxetine impacted survival and resulted in fewer numbers of 

broods and neonates. An important aspect of this research was an evaluation of the 

effects of the mixture of EE2 and fluoxetine which produced similar results compared 

to what was observed in the fluoxetine-only treatments, where Daphnia from the 

mixture treatments had a shorter time to death and produced fewer broods and 

neonates compared to the controls. The first 21 days of all exposures were compared 

to the full, extended life-cycle experiment; we concluded that most results were 

similar at both times and that the standard 21 day exposure basically captured the 

range of effects observed in the extended life cycle test.  

Similar to other studies on daphnids, we showed significant effects of EE2 on 

reproductive endpoints. Clubbs and Brooks (2007) and Goto and Hiromi (2003) found 

that the total number of offspring was reduced at concentrations ranging from 60-1000 

µg/L EE2 for D. magna. Similar results were also seen in this study, EE2 reduced the 

production of offspring per brood compared to the control, but at much lower 
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concentrations (1 and 0.01 µg/L EE2) than what was observed in other studies. 

Reproductive effects were observed at our lowest concentration (0.01 µg/L EE2) , 

which is not dissimilar to Dietrich et al. (2010) who found inhibitory reproduction and 

early reproductive maturity in D. magna at a concentration as low as 0.0001 µg/L 

EE2. These data are not directly comparable to ours because we did not have a 

concentration in the 0.0001 µg/L range.  EE2 has been observed to elicit a non-

monotonic exposure-response curve (Jobling et al., 2003), but that was not seen in our 

current study with Daphnia. Taken together, the ranges of reported results indicate 

that, in most cases, EE2 affects reproductive endpoints in D. magna although the exact 

endpoints and the concentrations that cause effects differ among studies (Table 3.1). 

  D. magna exposed to fluoxetine has been observed to display increased and 

decreased responses for various endpoints in this study and in the literature. Flaherty 

and Dodson (2005) found that D. magna increased total neonate production when 

exposed to 36 µg/L fluoxetine, whereas we saw no significant effect on the number of 

neonates per brood but increased levels of fluoxetine reduced brood production at our 

highest concentration and elicited no response at lower concentrations. This does not 

necessarily contradict our results since this study did not have a comparable 

concentration. Additionally, it has been observed in other studies that neuroendocrine 

disruptors and fluoxetine particularly, may follow a hormetic-like biphasic response in 

some invertebrates (Fong Peter, 2001; Uhler et al., 2000). This positive increase in 

response at lower concentrations may come at a cost. Campos et al. (2012) postulated 

that although SSRIs such as fluoxetine may increase reproduction and speed up 
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reproductive maturation it may cause D.magna to increase carbohydrate metabolism 

through an aerobic mechanism leaving them less tolerant to anoxic conditions. 

Consistent with our results, Hansen et al. (2008) found that the reproduction of D. 

magna that were fed a nutrient rich diet was more adversely affected by fluoxetine 

than ones that had a nutrient deficient diet, since we fed Daphnia ad libitum and 

supplemented with YCT it is assumed that they had appropriate amount of nutrients. 

It is well recognized that many OWCs are likely to co-occur in the same water 

bodies with resulting exposures to ecological receptors comprised of a mixture of 

OWCs. There have been a considerable number of studies focused on understanding 

the impacts of contaminant mixtures although this is the first to evaluate the combined 

effects of fluoxetine and EE2. The results of our mixture treatments indicate that 

although they are similar to the fluoxetine results they were not exactly the same. In 

general, the mixture did not seem to have as great of an affect as fluoxetine but more 

of an affect than EE2. Our EE2 mixture results are different than what Dietrich (2010) 

found. In that study, EE2 had more of an affect than a pharmaceutical mixture 

containing EE2 but also comprising carbamazepine, diclofenac, and metoprolol.  In 

another study, a mixture of fluoxetine and clofibric acid had more of an affect on 

mortality of D. magna than fluoxetine alone (Flaherty & Dodson, 2005). 

Pharmaceutical mixtures consist of different chemicals and even when these mixtures 

have a common chemical, the results cannot be readily compared or easily predicted. 

This emphasizes the fact that interactions between chemicals are complex and should 

be taken into consideration when assessing pharmaceutical effects. Although toxicity 
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testing of all possible OWC mixtures is not practical nor cost efficient, it has been 

observed that single chemical tests are unlikely to predict effects of chemical mixtures. 

While it is unreasonable to require testing of a wide range of OWC mixtures, 

additional testing should continue to potentially develop a generalized understanding 

for whether and how toxicity of chemical mixtures can be predicted or estimated. An 

improved understanding of the toxic mode of action of chemicals including OWCs 

may be a productive way to evaluate mixture toxicity although this may necessitate a 

significant amount of research effort, particularly for understudied organism like many 

freshwater invertebrates.  

While the mode of action by which EE2 causes adverse effects in daphnia is 

still not known (Goto & Hiromi, 2003), it is hypothesized that for chemicals that are 

selective serotonin reuptake inhibitors effects may occur through regulation of 

hyperglycemic hormones (Campos et al., 2012). Invertebrate–specific hormones are 

known to control molting, differentiation, metamorphosis, ovulation, spermiogenesis, 

and vitellogenesis so it may be possible the structurally similar vertebrate hormones 

can interfere with these processes (Segner et al., 2003). How these chemicals interact 

within an organism is unknown as is how they interact as mixtures and whether effects 

are additive, antagonistic or synergistic. In our case, the mixture effects appeared to be 

dominated by fluoxetine. This could result either from interactions among the 

respective modes of action of EE2 and fluoxetine but more likely may represent a 

toxicological dominance of fluoxetine at the tested concentrations. Clearly, the 

concentrations present have an impact on the expression of the effects of mixtures. 
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Improved understanding of invertebrate neuroendocrine systems and consequently 

modes of actions of the interacting chemicals will play an important role in assessing 

toxicity OWCs, particularly for mixtures. 

Exposure durations are important when trying to identify potential 

toxicological effects of OWCs. Many OWCs can enter the environment continuously 

and since invertebrates frequently have relatively short life cycles, it is possible that 

these organisms will live in the presence of toxicants for most of their lives and 

potentially for multiple generations. Several research efforts have shown that it is hard 

to predict effects of subsequent generations from the results of a single generation 

exposure (Clubbs & Brooks, 2007; Dietrich et al., 2010; Salice et al., 2009). Contrary, 

there are few examples of multi-generation or extended life cycle tests. Our results, 

although not indicative of multi-generational effects, are important and do suggest that 

the standard 21-day study is probably adequate for capturing salient toxicant-induced 

effects in Daphnia magna. This may mean that Daphnia are most sensitive when they 

are relatively young. However, additional testing with a specific focus on exposure 

duration (extended life cycle and multigenerational) is warranted to better understand 

potential ecological effects of many contaminants, including OWCs.  

 In conclusion this study demonstrated that the common OWCs, EE2, 

fluoxetine, and the mixture of the two can cause adverse effects on Daphnia magna. 

Further a typical dose-response curve was displayed at the higher exposure 

concentration for EE2, fluoxetine, and the mixture. This research emphasizes that 

OWC interactions should be considered when assessing how OWCs may affect the 
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environment and illustrates the need for additional studies to fully understand the 

ecological impacts. 
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Table 3.1 Summary of results for Daphnia magna exposed to EE2, fluoxetine, and the 

mixture of both with lowest observable effect concentrations (LOEC) in this study and 

the literature. 
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Figure 3.1 Curves representing time-to-first reproduction for Daphnia magna exposed 

to EE2. All concentrations are in µg/L. The y-axis shows the proportion of daphnia 

that have not reproduced. Letters indicate statistically significant differences. 
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Figure 3.2 Curves representing time-to-death for Daphnia magna exposed to EE2. All 

concentrations are in µg/L. The y-axis shows the proportion of Daphnia that have not 

died. Letters indicate statistically significant differences. 
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Figure 3.3 Neonates per brood released for Daphnia exposed to EE2. Shown as means 

and error bars represent ± standard error of the mean. Letters indicate statistically 

significant differences.
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Figure 3.4 Average neonates of time for Daphnia exposed to EE2. 
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Figure 3.5 Cumulative broods released for Daphnia exposed to EE2. Shown as means 

and error bars represent ± standard error of the mean. Letters indicate statistically 

significant differences. 
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Figure 3.6 Curves representing time-to-first reproduction for Daphnia magna exposed 

to fluoxetine. All concentrations are in µg/L. The y-axis shows the proportion of 

Daphnia that have not reproduced. Letters indicate statistically significant differences. 
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Figure 3.7 Curves representing time-to-death for Daphnia magna exposed to 

fluoxetine. All concentrations are in µg/L. The y-axis shows the proportion of daphnia 

that have not died. Letters indicate statistically significant differences. 
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Figure 3.8 Neonates per brood released for Daphnia exposed to fluoxetine. Shown as 

means and error bars represent ± standard error of the mean. Letters indicate 

statistically significant differences. 
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Figure 3.9 Average neonates of time for Daphnia exposed to fluoxetine. 
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Figure 3.10 Cumulative broods released for Daphnia exposed to fluoxetine. Shown as 

means and error bars represent ± standard error of the mean. Letters indicate 

statistically significant differences. 
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Figure 3.11 Curves representing time-to-first reproduction for Daphnia magna 

exposed to a mixture of EE2 and fluoxetine. 1.0 µg/L EE2 and 100 µg/L fluoxetine 

(High mixture), 0.1 µg/L EE2 and 1.0 µg/L fluoxetine (med mixture), 0.01 µg/L EE2 

and 0.01 µg/L fluoxetine (Low mixture), and 0 µg/L EE2 and fluoxetine (control). The 

y-axis shows the proportion of Daphnia that have not reproduced. Letters indicate 

statistically significant differences. 
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Figure 3.12 Curves representing time-to-death for Daphnia magna exposed to a 

mixture of EE2 and fluoxetine. 1.0 µg/L EE2 and 100 µg/l fluoxetine (High mixture), 

0.1 µg/L EE2 and 1.0 µg/L fluoxetine (med mixture), 0.01 µg/L EE2 and 0.01 µg/L 

fluoxetine (Low mixture), and 0 µg/l EE2 and fluoxetine (control). The y-axis shows 

the proportion of daphnia that have not reproduced. Letters indicate statistically 

significant differences. 
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Figure 3.13 Neonates per brood released for Daphnia exposed to mixture treatments; 

1.0 µg/L EE2 and 100 µg/L fluoxetine (High), 0.1 µg/L EE2 and 1.0 µg/L fluoxetine 

(Med), 0.01 µg/L EE2 and 0.01 µg/L fluoxetine (Low), and 0 µg/l EE2 and fluoxetine 

(Control). Shown as means and error bars represent ± standard error of the mean. 

Letters indicate statistically significant differences. 
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Figure 3.14 Average neonates over time released for daphnia exposed to mixture 

treatments; 1.0 µg/L EE2 and 100 µg/L fluoxetine (High), 0.1 µg/L EE2 and 1.0 µg/L 

fluoxetine (Med), 0.01 µg/L EE2 and 0.01 µg/L fluoxetine (Low), and 0 µg/L EE2 and 

fluoxetine (Control).  
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Figure 3.15 Total broods per Daphnia released for Daphnia exposed to mixture 

treatments; 1.0 µg/L EE2 and 100 µg/L fluoxetine (High), 0.1 µg/L EE2 and 1.0 µg/L 

fluoxetine (Med), 0.01 µg/L EE2 and 0.01 µg/L fluoxetine (Low), and 0 µg/L EE2 and 

fluoxetine (Control). Shown as means and error bars represent ± standard error of the 

mean. Letters indicate statistically significant differences. 
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CHAPTER IV 

DISCUSSION 
Organic wastewater contaminants are chemicals that have been processed 

through wastewater treatment plants but remain in wastewater effluent and may come 

in contact with organisms in the environment. An important class of organic 

wastewater contaminants are pharmaceuticals and personal care products (PPCPs) 

which are emerging contaminants that may have detrimental impact on aquatic 

ecosystems. 17 α-ethinylestradiol (EE2) and fluoxetine are examples of PPCPs that are 

used by millions of Americans in the form of the oral contraceptive pill and 

antidepressants (Mosher & Jones; Pratt et al., 2011) and have been found presently in 

U.S. water systems, with trends indicating an increase in usage through time (National 

Center for Health Statistics, 2012). Relatively little is known about these contaminants 

and their effects on non-target organisms and presently PPCPs are not regulated 

(Daughton & Ternes, 1999). Although, some PPCPs are on the Safe Drinking Water 

Act contaminant candidate list, more research is needed to characterize the effects of 

these contaminants on the environment and human health (USEPA, 2012). The 

research presented here assessed exposure of EE2 and fluoxetine to freshwater 

macroinvertebrates to help further elucidate ecological effects and to bring attention to 

certain aspects that need to be considered when assessing these pharmaceuticals as 

emerging contaminants. 

EE2 generally caused significant effects on both P. pomilia and D. magna. In 

the first study, P. pomilia displayed fluctuating results depending on the endpoint, but 
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in general there seemed to be a non-monotonic response with the second generation 

displaying more pronounced effects than the first generation. In the second study using 

Daphnia, EE2 did not have as much of an affect as in the snail study but it did 

negatively impact total neonate production in a more typical dose-response manner. 

Similar results have been seen in other studies (Clubbs & Brooks, 2007; Goto & 

Hiromi, 2003; Hallgren et al., 2012; Segner et al., 2003). The growing amount of 

research on the adverse effects of EE2 on non-target organisms along with the 

potential human health effects and its detected presence in the environment have put 

EE2 on the Safe Water Drinking Act (SWDA) contaminant candidate list where it may 

eventually become regulated depending on future research outcomes.   

Fluoxetine significantly affected both P. pomilia and D. magna.  The snails 

overall, displayed a non-monotonic response that seemed to be exacerbated in the 

second generation over the first. Daphnia were also affected by the highest 

concentration of fluoxetine with time to death and total broods being negatively 

impacted.  Several studies have shown that fluoxetine impacts several endpoints on 

non-target invertebrate and vertebrate organisms (Black, Rogers, & Henry, 2005; 

Bryan W. Brooks et al., 2003; Flaherty & Dodson, 2005; Gerrit Nentwig, 2007; Péry 

et al., 2008).  Currently, fluoxetine is not on the SWDA contaminant candidate list 

likely due to its lack of risk to human health but it does have the potential to cause 

aquatic community level changes and should be further investigated. 

The effects of mixture exposures are hard to predict based off the effects of 

single chemical exposures. Although in our Daphnia fluoxetine/EE2 mixture study, 
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the mixture affected the same endpoints as the fluoxetine did but the apparent shape of 

the actual dose-response relationship was different.  In a multigenerational study on 

daphnia, Dietrich et al. (2010) found EE2 had more of an affect than a pharmaceutical 

mixture containing EE2. In another study, a mixture of fluoxetine and clofibric acid 

had more of an affect on mortality of D. magna than fluoxetine alone in addition to 

causing physical malformations (Flaherty & Dodson, 2005). These studies and others 

highlight the fact that when single pharmaceutical effects are known it is not easy to 

predict environmental effects because chemical interactions are complex and often 

manifest in a different suite of observed effects. Unfortunately, performing mixture 

studies for all possible combinations of OWCs isn’t realistic or practical. However, 

OWCs are present as mixtures in surface waters so mixture studies should still be 

conducted when possible to explore various chemicals and their interactions. 

Furthermore to accurately assess pharmaceutical impacts, mixture studies have to be 

taken into consideration. Ideally, a generalized approach to understanding mixture 

toxicity could be developed that would reduce the actual numbers of mixture studies 

needed. Substantially more research is needed to develop the capability to predict the 

effects of OWC mixtures, particularly since for many chemicals the actual mechanism 

of toxicity is unknown. 

  One way to perhaps improve our abilities to predict individual and combined 

toxicity of OWCs is through a mechanistic understanding of toxicity. Neuroendocrine 

disruption is a concept that encompasses contaminants that impact hormones directly 

along with agonists/antagonists of neuropeptides, neurotransmitters, and 
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neurohormones that may impact an organism’s reproduction, growth, and sensitivity 

to stressors (Waye and Trudeau, 2011). Although many invertebrate species’ 

neuroendocrine/endocrine systems are not entirely understood, we did observe non-

monotonic responses in the P. pomilia study. This non-monotonic response has been 

reported elsewhere in the literature which may indicate the neuroendocrine/endocrine 

disrupting toxicity of EE2 and fluoxetine to freshwater gastropods. Both EE2 and 

fluoxetine would be included as neuroendocrine disruptors, because of their estrogenic 

and serotonergic activities. Thus, neuroendocrine disruption may more accurately 

describe effects for invertebrate systems compared to the more narrowly defined 

endocrine disruption.  

The two species utilized in these studies showed different responses to the 

OWCs. Physa pomilia exposed to EE2 and fluoxetine displayed a non-monotonic 

response for a majority of the endpoints, while Daphnia magna exhibited a more 

typical dose–response with the higher concentrations only showing negative effects. 

Molluscs have a limited ability to metabolize and eliminate exogenous organic 

chemicals which may lead to greater bioaccumulation of OWCs and other PPCPs 

subsequently leading to detrimental effects at lower environmental concentrations 

compared to other taxa (J. Oehlmann et al., 2007). There has also been ample research 

showing that crustaceans are susceptible to neuroendocrine toxicants (LeBlanc, 2007). 

However, it is not known whether the particular chemicals assessed by LeBlanc 

(2007) acted by disrupting hormonal pathways.  The mechanism by which EE2 works 

in Daphnia is still not known (Goto & Hiromi, 2003), but it has been hypothesized 
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that Selective Serotonin Reuptake Inhibitors can regulate hyperglycemic hormones 

(Campos et al., 2012). The difference between the species responses in these studies 

may represent their relative sensitivities and/or differences in neuroendocrine systems. 

Molluscs may be more sensitive to neuroendocrine disrupting chemicals and 

consequently may ultimately be a more appropriate test organism when conducting 

these studies.   

Others aspects need to be considered when choosing test organisms for testing 

neuroendocrine effects in addition to sensitivity. In this thesis we used Physa pomilia 

and Daphnia magna. P. pomilia is a local field caught species brought into the 

laboratory and acclimated for several months, while D. magna is a common laboratory 

species that has been maintained in laboratory conditions for several generations. 

Throughout the experiments, the snails displayed a behavior in which they left the 

water causing them to subsequently dry out and die.  The propensity of snails to 

sometimes leave the water along with periodically having low egg hatching success 

and difficulty handling newly hatched snails made them somewhat challenging to 

work with. In contrast, Daphnia already being a standard, laboratory test species were 

relatively easy to work with and are entirely pelagic. Hence, when considering study 

species, it is critical to consider not only the applicability of the test species, but the 

practicality of said test species. It should be highlighted however, that in all likelihood, 

daphnia would not be a suitable representative for molluscs and while P. pomilia 

presented many challenges, the data nonetheless provide important insights into 

molluscan responses to these two contaminants. 
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Clearly, an important determinant of toxicity is exposure duration. While the 

vast majority of ecotoxicity data is based on single generation or less exposures, many 

organisms in the environmental are likely to be exposed for longer durations than what 

occurs in toxicity tests. Generally in this research, the second generation snail showed 

exacerbated effects compared to the first generation.  In the EE2 treatments, time to 

first reproduction and hatching success became significant in the second generation 

while sizes between treatments were not. With fluoxetine in the first generation only 

three endpoints were significant while in the second generation most endpoints where 

significantly different. The low and highest concentrations were both different from 

the control and the medium concentrations. There have been other multigenerational 

studies on EE2 and fluoxetine using Daphnia with results ranging from the second 

generation acclimating to toxicants to results similar to what we saw where effects 

were intensified in the second generation (Clubbs & Brooks, 2007; Péry et al., 2008). 

Furthermore studies on other types of contaminants have also shown that generational 

effects are frequently not similar (Brausch & Salice, 2011; Salice et al., 2009). From 

this we can conclude that single generation studies may not always represent what is 

seen in more environmentally relevant multigenerational studies. 

For Daphnia, the first 21 days of all exposures were compared to the full, 

extended life-cycle experiment and we determined that most results were similar at 

both times and that the standard 21 day exposure reasonably captured the range of 

effects observed in the extended life cycle test. Since Daphnia are a standard organism 

used in many chronic tests the data indicate that the 21day experiment was reasonably 
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optimized for the contaminants used here. Importantly, exposure duration is crucial 

when trying to capture potential effects of OWCs and the multigenerational study and 

the extended life cycle study point to the fact that it is not always easy to predict which 

exposure scenarios are optimal. While longer duration studies are more likely to 

capture potential effects, it may not be frequent enough to warrant the added cost of 

time and resources.   

This thesis aimed to further our understanding of the potential ecological 

impacts of the OWCs, EE2 and fluoxetine by exploring and evaluating more 

environmentally relevant testing scenarios (i.e. new species and exposure durations), 

but more research is still needed. One potentially important avenue of future research 

that needs to be further explored is the toxicity of these chemicals under sediment 

toxicity testing conditions. In particular, fluoxetine has been has a log Kow of between 

3.82- 4.67 (Oakes et al., 2010), which is relatively high and likely to sorb to 

sediments. It was also observed that fluoxetine had greater concentration in sediment 

than in water and that it partitioned rapidly to the sediment with the first 24 hrs after 

application (Kwon & Armbrust, 2006). EE2 has a log  Kow of 4.0 (Kasim et al., 2004) 

indicating that it too probably partitions to the sediment as well.  Testing not only 

water samples but sediment samples also along with conducting sediment toxicity test 

on benthic organisms would be a useful and logical next step in evaluating ecological 

effects of EE2 and fluoxetine.     
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