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INTRODUCTION 

Trace organic contaminants (TOCs) are ubiquitous in freshwater ecosystems and occur as 

contaminant mixtures. Trace organic contaminants include prescription and non-prescription 

drugs, hormones, food additives, and other consumer chemicals (Bernot et al. 2016). Although 

TOCs enter freshwater ecosystems through agriculture runoff (Bernot et al. 2013; Pederson et al. 

2005), urban runoff (Ellis 2006), and sewage overflows (Phillips et al. 2012), the dominant 

source of TOCs is wastewater effluent (Ryu et al. 2014). Wastewater treatment plants (WWTP) 

are not designed to remove TOCs from wastewater influent (Zhou et al. 2009), thus many 

compounds are released into natural waterways. Therefore, TOC concentrations are typically 

higher immediately downstream of WWTP effluents relative to upstream locations (Huang & 

Sedlak 2001; Bartlet-Hunt et al. 2009). For example, in a Nebraska study, river water samples 

downstream from the WWTP effluent contained 10-10,000x higher TOC concentrations (2.6 

ng/L to 16000 ng/L) relative to upstream of the effluent river water samples (1.9 ng/L to 30.3 

ng/L; Bartlet-Hunt et al. 2009). 

Concentrations of TOCs measured in freshwaters (ng/L of TOCs) are typically below 

lethal concentrations (mg/L of TOCs) and not likely to yield acute adverse effects on organisms. 

However, sub-lethal effects due to chronic exposure alter organismal reproduction (Dietrich et al. 

2010), growth (Bal et al. 2016) and behavior (Brown et al. 2012). Most studies on sub-lethal 

effects of TOCs have focused on a single compound rather than multiple contaminants 

simultaneously, as is observed in natural ecosystems.  

Exposure to multiple stressors simultaneously may magnify potential responses but has 

not yet been comprehensively assessed. Of the few studies conducted, exposure to multiple 

compounds has been shown to be more toxic to Hydra attenuata (Quinn et al. 2009) and causes 

more acetylcholinesterase activity inhibition in Carassius auratus (Li et al. 2012) than when 
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exposed to similar concentrations of a single TOC. Additionally, exposure to multiple TOCs 

decreases fecundity of Daphnia magna relative to single TOC exposure (Han et al. 2006). 

Though some multiple compound studies have been conducted, most assess effects based on a 

combination of independent action (multiple compounds with different effects) and 

concentration addition (multiple compounds with similar effects) as opposed to only 

concentration addition (Cleuvers 2003).  

Endocrine disrupting compounds (EDCs) are a specific class of TOCs found in aquatic 

ecosystems. Endocrine disrupting compounds are of particular concern due to their potential to 

affect growth and reproduction at trace (ng/L) concentrations (Segner et al. 2003), and include 

estrogenic and androgenic compounds (Liu et al. 2009). Vertebrate exposure to EDCs can cause 

increased plasma vitellogenin (egg precursor protein) levels in male Pimephales promelas 

(Jobling et al. 2003), failure to develop adult secondary sex-characteristics in male Danio rerio 

(Brion et al. 2004), and decreased sperm cell production in Xenopus laevis (Hecker 2005). The 

influence of EDCs on aquatic invertebrates, such as mollusks and crustaceans, has received less 

attention though some research suggests potential for adverse effects (Oetken et al. 2004). 

Physa acuta, synonymous with P. heterostropha and P. integra (Dillon et al. 2002), is a 

species of hermaphroditic, pulmonate snail common in North American streams and lakes 

(Dillon 2000). Physid snails influence primary producer abundance (Lowe & Hunter 1988) and 

are a food source in aquatic ecosystems (Crowder & Cooper 1982). Thus, changes in P. acuta 

populations can potentially affect primary producer and predator abundance and cascade to 

ecosystem changes. Physa acuta is a good model organism for chronic toxicity studies, because 

this species can tolerate a wide range of environmental conditions (De Castro-Català et al. 2013), 

is abundant in the environment (Dillon 2000), has a small size (6 mm to 16 mm), short time to 
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reproduction (wks), and fast embryonic development (wks) (Bal et al. 2016). Physa acuta is 

capable of both self-fertilization and cross-fertilization but prefers to cross-fertilize (Jarne et al. 

2000). While cross-fertilization is energy intensive, it has advantages over self-fertilization, such 

as greater fecundity and offspring viability (Dillon 2000).  

Exposure to EDCs can affect physid snails; however, effects vary with exposure 

concentrations. Higher concentrations (> 50 ng/L) of EDCs in wastewater, specifically bisphenol 

A (BPA), diuretics, and lipid regulators, reduce egg production (De Castro-Català et al. 2013). 

Further, triclosan (a common antibacterial agent) can increase snail growth at lower 

environmentally relevant concentrations (≤ 1 µg/L) but inhibits growth at higher concentrations 

typical of effluent (≥ 5 µg/L) (Brown et al. 2012). In addition to effects on adult organisms, 

adverse effects of EDCs on P. acuta can occur during embryonic development when they may be 

more susceptible (Sánchez-Argüello et al. 2012). Exposure to EDCs during embryonic 

development can result in embryo death, deformities, premature and delayed hatching, smaller 

shell length, and greater mortality after hatching (Sánchez-Argüello et al. 2012; Bal et al. 2016). 

Additionally, exposure to EDCs over multiple generations can cause magnified affects (Brennan 

et al. 2006), tolerance to EDCs (Dietrich et al. 2010), or effects on embryo viability (Luna et al. 

2013). Further study is needed to understand how multi-generational EDC exposure will affect 

aquatic organisms.  

 The goal of this study was to quantify the effects of environmentally relevant 

concentrations of EDCs, specifically estrogenic compounds, on P. acuta. This was accomplished 

through a series of laboratory bioassays coupled with descriptive sampling. The first objective 

was to evaluate the effects of individual EDCs on P. acuta. Since environmental concentrations 

of EDCs are low (ng/L) and sub-lethal, we hypothesized that EDCs would not influence 
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mortality rates of P. acuta. Additionally, we also hypothesized that exposure to EDCs would 

decrease growth, fecundity, snail movement, and shell strength. The second objective was to 

evaluate the effects EDC number on P. acuta. We hypothesized that the effects of EDC exposure 

would be additive with increasing EDC number. The third objective was to quantify the effects 

of TOCs on natural gastropod populations. We hypothesized that gastropod population size 

downstream of a WWTP effluent would be smaller than gastropod population size upstream. 

Additionally, we hypothesized that differences in population size would be related to stream 

TOC concentration. 

MATERIALS AND METHODS 

Test compounds and organisms  

Five EDCs (Table 1) were obtained from Sigma-Aldrich including bisphenol A (BPA), 

estrone (E1), 17β-estradiol (E2), estriol (E3), and ethinylestradiol (EE). These compounds were 

selected for study due to their known estrogenic effects (Campbell et al. 2006) and their common 

occurrence in the environment (Liu et al. 2009). The total treatment concentration (100 ng/L) 

was selected to be comparable to previous measurements in wastewater treatment plant effluents 

(Liu et al. 2009). Stock solutions (1 mg/L) for each compound were prepared by dissolving 1 mg 

in 1 mL of methanol. The dissolved compound was then added to 1 L of water. Treatment 

concentrations were applied as appropriate volume of stock concentration to aged tap water. In 

addition to EDC treatments, each bioassay had a control treatment (no EDC amendment).  

To reduce the effects of stream TOCs, laboratory cultures of P. acuta that had been 

maintained for ~2 years were used in the bioassays. Physa acuta were obtained from laboratory 

cultures of offspring collected from the White River (Muncie, IN, USA). Laboratory Physa acuta 



5 
 

cultures were maintained in aerated, aged tap water at ~23°C and exposed to a 16:8 hr 

photoperiod. Physa acuta cultures were fed spinach ad libitum. 

Bioassays were conducted to quantify the effects EDCs on P. acuta. Each replicate was 

maintained in a 30 mL glass culture vial with 20 mL of aerated, aged tap water at ~ 23°C. There 

were two individuals per replicate to allow cross-fertilization. Glass culture vials were capped 

with modified caps that allowed for aeration and prevented the snails from escaping (Brown et 

al. 2012). Vials were exposed to a 16:8 h photoperiod during experimental incubation. The 

duration of each experiment was 28 days. 

Physa acuta were fed 0.02 g of Spirulina flakes every three days during each 

experimental incubation period. After 15 days, P. acuta were fed 0.03 g of Spirulina flakes every 

three days to accommodate greater food needs with growth. Solutions were changed every three 

days to ensure appropriate water quality and maintenance of EDC amendments. Live P. acuta 

were subsequently transferred to a new glass culture vial using forceps.  

Experimental design 

Two bioassays were conducted. One bioassay assessed the effects of individual EDC 

compounds, and an additional bioassay assessed effects of EDC number. Since the test 

compounds used affect organisms in a similar way, effects from increased EDCs should be based 

on concentration addition, not independent action (Cleuvers 2003). In each bioassay, aerated, 

aged tap water was amended with a total of 100 ng/L effective concentration of the treatment 

compound. For treatments with exposure to more than one compound, a total concentration of 

100 ng/L was achieved with multiple compounds (e.g., treatments with all five compounds were 

amended with 20 ng/L of each).  
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To assess individual compound effects, 280 individual P. acuta juveniles (< 5 mm shell 

length) were randomly separated into treatments (n = 20 replicates per treatment).  There were 

five treatments of single compound exposure to BPA, E1, E2, E3, and EE (Table 1). 

Additionally, there was a mixture treatment containing all five EDCs.  

To assess EDC number effects, a bioassay was conducted in two separate trials (Trial A, 

Trial B). For each trial, 240 individual P. acuta juveniles (< 5 mm shell length) were randomly 

separated into treatments (n = 20 replicates per treatment). Experimental treatments were 

amended with 1, 2, 3, 4, or 5 EDCs randomly assigned to each replicate (Table 2). For example, 

the experimental treatment of 2 EDCs had 20 replicates; each replicate was exposed to 2 

separate, randomly assigned EDCs. Similarly, the experimental treatment of 4 EDCs had 20 

replicates each with 4 separate randomly assigned EDCs amended to synthetic freshwater.  

Measurement of response variables 

To test our first hypothesis, that EDCs would not increase mortality, Physa acuta 

mortality was counted daily. Mortality was determined by lack of movement after prodding with 

forceps (Bernot et al. 2005). To test the second hypothesis that EDCs influence growth, 

fecundity, movement, and shell strength, P. acuta shell length was measured at the beginning of 

each bioassay, during each water change, and either at death or the end of the bioassay. 

Beginning and ending shell length measurements were used to calculate growth.  

 Glass culture vials were inspected for egg masses every three days. If present, egg masses 

were removed, and eggs were counted. Number of egg masses, number of eggs per egg mass, 

total eggs, and day of first egg mass production were recorded. Survival of offspring was 

determined only in Trial B of the compound number effects bioassay. Additionally, egg masses 

from Trial B were incubated in a 30 mL solution identical to the solution the parent P. acuta was 



7 
 

incubated. Vials were kept in a 25 ± 1°C water bath to ensure the eggs were warm enough to 

develop (Seeland et al. 2013). Hatched juveniles were counted to determine the amount of viable 

eggs produced. After six weeks, all unhatched eggs were considered nonviable. 

Movement trials were conducted at the end of each bioassay. To measure movement, P. 

acuta were placed aperture down in the bottom of gridded (0.5 cm2) glass petri dishes filled with 

100 mL of the same solution they were exposed to during the bioassay. Physa acuta were given 

10 s to acclimate. Snails were then monitored for two minutes. The number of grid lines the snail 

crossed was recorded. If more than 50% of the snail body crossed the gridline, it was counted 

(Bernot et al. 2005). 

Shell strength trials were conducted at the end of each bioassay after all other response 

variables were recorded. To determine shell strength, P. acuta were placed aperture down inside 

a glass vial. A second glass vial was placed inside the first glass vial so that it rested on top of the 

snail (Osenberg & Mittelbach 1989). The second vial was filled with sand until the snail shell 

broke. Shell strength trials were conducted when the snails were alive, because gastropod shell 

strength deteriorates after death (LaBarbera & Merz 1992). Shell strength trials took less than 

one minute to reduce the amount of suffering the snails experienced (Beaty 2016). The mass of 

the second vial and sand were weighed, and the combined mass was multiplied by the value of 

gravitational acceleration (9.8 m s-2). This value was then divided by the shell length to 

determine the amount of Newtons (N) per mm the shell could withstand. 

Descriptive sampling 

 To quantify the abundance and size distribution of natural gastropod populations, 

monthly sampling was conducted March – September 2017 at two sites within the White River 

(Muncie, IN, USA), including one site upstream and one site downstream of the Muncie WWTP 
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effluent point. Each sampling site was a fixed 50 m reach. Sampling was conducted using one m2 

quadrats. Quadrats were placed on the nearest wetted width of each bank every 10 m for a total 

of twelve quadrats per 50 m reach. Water depth for each quadrat was less than 0.25 m. Snails 

found in each quadrat were placed in a bucket. After the quadrat had been thoroughly searched, 

snails were identified to genus, measured using calipers, and returned to the stream. 

 Water and sediment were also collected at each site during monthly sampling for 

measurement of total TOC concentrations above and below the WWTP effluent. Specifically, 

one liter of filtered (0.7 µm pore size GF/F) water was collected into HDPE bottles prior to any 

disturbance followed by collection of a composite sediment sample (top 5 cm; 50 cm3). Samples 

were delivered to the Indiana State Department of Health (ISDH) Chemical Laboratories 

(Indianapolis, IN) for measurement of 30 trace organic compounds (Bernot et al. 2016). 

Ancillary measurements of pH, water temperature, and conductivity were also collected at each 

sampling event using a Hydrolab MS5 sonde. 

Statistics 

In the individual compound effects bioassay, the effects of the categorical independent 

variable (compound) on each dependent variable (mortality, growth, fecundity, movement, shell 

strength) was assessed with analysis of variance (ANOVA) and Tukey HSD comparison using R 

3.3.1 (R Foundation for Statistical Computing, Vienna, Austria). In the compound number 

effects bioassay, the effects of the number of compounds (continuous independent variable) on 

each dependent variable (mortality, growth, fecundity, movement, shell strength) was assessed 

with linear regression analyses using SigmaPlot (Systat Software, San Jose, CA). Analysis 

significance was determined using Trial A and Trial B data combined unless otherwise stated. 

For both bioassays, only replicates that produced eggs were used to analyze the number of eggs 
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per egg mass and day of first egg production. Data collected in conjunction with the descriptive 

sampling was analyzed using SigmaPlot (Systat Software, San Jose, CA). Paired t-tests were 

used to compare the number of snails collected and TOC concentration upstream and 

downstream of the WWTP. T-tests were used to compare snail size upstream and downstream of 

the WWTP. For all statistical analyses, alpha was set at 0.05. 

RESULTS 

Individual compound effects 

 Survival of P. acuta in all five of the single EDC exposure groups ranged from 15 to 28 

days and did not differ from survival in the control group (F6,140 = 2.449, p = 0.028, HSD = 2.34; 

Figure 1a). However, survival of P. acuta exposed to all five EDCs was 6.5% lower than the 

control. Growth ranged between 1.36 and 5.13 mm over the duration of the experiment. Growth 

of P. acuta exposed to all five EDCs was similar to that of the control (F6,140 = 5.16, p = < 0.001, 

HSD = 0.65 ; Figure 1b). However, P. acuta exposed to the EDC ethinylestradiol (EE) grew 1.3 

times faster than the control. 

 Effects of EDCs on fecundity was assessed by analyses on day of first egg production, 

number of egg masses, total number of eggs produced, and number of eggs per egg mass. Seven 

replicates produced no eggs (5%). Of the replicates that laid eggs (95%), the day the first eggs 

were produced ranged between 3 and 28 d. Day first eggs were laid did not differ among the 

control and all treatment groups (F6,133 = 0.55, p = 0.769, HSD = 4.51; Figure 2a). Number of 

egg masses laid ranged between 1 and 24 masses. Number of egg masses produced did not differ 

among the control and all treatment groups (F6, 140 = 1.408, p = 0.216, HSD = 5.03; Figure 2b). 

Total eggs produced ranged between 11 and 484. Physa acuta exposed to all five EDCs and in 

all five of the single EDC exposure groups produced a similar amount of eggs as P. acuta in the 



10 
 

control group. However, P. acuta exposed to all five EDCs produced half the amount of eggs 

relative to all five of the single EDC exposure groups produced (F6, 140 = 4.621, p < 0.001, HSD = 

92.46; Figure 2c). Number of eggs per egg mass ranged between 6.5 and 35. Physa acuta 

exposed to all five EDCs laid egg masses with 33% fewer eggs relative to the control (F6,133 = 

7.653, p < 0.001, HSD = 4.91; Figure 2d). 

 Physa acuta movement rates ranged between 0.00 and 11.63 cm/min. Physa acuta 

exposed to all five EDCs had movement rates that were 57% lower than P. acuta in the control 

group (F6,137 = 23.25, p < 0.001, HSD = 1.51; Figure 3a). Physa acuta exposed to estrone (E1) 

and P. acuta exposed to all five EDCs had movement rates that were 40% lower than P. acuta in 

the control group. Additionally, P. acuta in the 17β-estradiol (E2) and estriol (E3) single EDC 

groups had movement rates that were 13% and 16% lower than P. acuta in the control group, 

respectively.  

Physa acuta shell strength ranged between 0.04 and 0.56 N/mm. Physa acuta exposed to 

all five EDCs had shell strengths that were 30% lower than P. acuta in the estrone (E1), estriol 

(E3), and ethinylestradiol (EE) single EDC groups (F6, 140 = 3.279, p = 0.005, HSD = 0.09; Figure 

3b). 

Compound number effects 

 Seventy-two replicates (30%) had no P. acuta that survived the full duration of the 

experiment (28 d). Survival time (d) ranged from 3 to 28 days. Survival of P. acuta decreased 

with exposure to increasing number of EDCs (p = 0.003, slope = -0.626, R2 = 0.036, N = 240) 

(Figure 4a). Physa acuta exposed to five EDCs lived 3.15 fewer days than P. acuta exposed to no 

EDCs. Growth (mm) ranged between 0.00 and 5.40 mm. Growth increased with EDC number in 

Trial B (p = 0.047, slope = 0.267, R2 = 0.033 N = 120) but not in Trial A (p = 0.940, slope = -
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0.004, R2 < 0.001, N = 120). When both trials were analyzed together, growth did not differ with 

increasing EDC number (p = 0.176, slope = 0.060, R2 = 0.008, N = 240) (Figure 4b). 

 Eighty-one replicates (34%) never produced eggs. Of the replicates that did produce eggs 

(66%), the day that the first egg mass was produced ranged from 3 to 28 days. There was a weak 

relationship between EDC number and the day the first egg mass was produced, but this 

relationship was not statistically significant (p = 0.056, slope = 0.456, R2 = 0.023, N = 159) 

(Figure 5a).  

 The number of egg masses produced ranged between 1 and 25. The number of egg 

masses produced decreased with increasing EDC number (p = 0.003, slope = -0.640, R2 = 0.036, 

N = 240) (Figure 5b). Physa acuta exposed to five EDCs produced 3.20 fewer egg masses than 

P. acuta exposed to no EDCs. The number of eggs produced ranged between 4 and 543. The 

number of eggs produced decreased with increasing EDC number (p < 0.001, slope = -14.524, R2 

= 0.048, N = 240) (Figure 5c). Physa acuta exposed to five EDCs produced 72.60 fewer eggs 

than P. acuta exposed to no EDCs. The number of eggs per egg mass ranged between 3.33 and 

63.00. The number of eggs per egg mass decreased with increasing EDC number (p = 0.026, 

slope = -1.078, R2 = 0.031, N = 159) (Figure 5d). Physa acuta exposed to five EDCs produced 

egg masses with 5.4 fewer eggs than P. acuta exposed to no EDCs. 

 Physa acuta movement rates ranged between 0 and 12.75 cm/min. Movement rates 

decreased with increasing EDC number in Trial B (p < 0.001, slope = -0.740, R2 = 0.321, N = 

56) but not Trial A ( p = 0.889, slope = 0.020, R2 < 0.001, N = 112). When both trials were 

analyzed together, movement rates did not differ with increasing EDC number (p = 0.250, slope 

= -0.127, R2 = 0.008, N = 168; Figure 6a). 
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 Physa acuta shell strength ranged between 0.04 and 0.93 N/mm. Shell strength increased 

with increasing EDC number in Trial B (p = 0.008, slope = 0.014, R2 = 0.058, N =120) but not in 

Trial A (p = 0.791, slope = 0.002, R2 = 0.001, N = 120). When both trials were analyzed 

together, shell strength did not differ with increasing EDC number (p = 0.158, slope = 0.008, R2 

= 0.008, N =240; Figure 6b). 

 The number of hatchlings produced ranged between 0 and 181. Number of hatchlings 

produced did not differ with increasing EDC number (p = 0.301, slope = -2.749, R2 = 0.016, N = 

69; Figure 7a). The percent of eggs that developed into hatchlings ranged between 0% and 46%. 

The percent of eggs that developed into hatchlings did not differ with increasing EDC number (p 

= 0.404, slope = -0.007, R2 = 0.011, N = 69; Figure 7b). 

Descriptive sampling 

 Snail population size did not differ upstream and downstream of the WWTP effluent (p = 

0.76; Figure 8). The two most prevalent taxa were analyzed separately. The number of Physa 

acuta collected per sampling event ranged between 0 and 15. The number of P. acuta collected 

per sampling event did not differ upstream and downstream of the WWTP effluent (p = 0.718; 

Figure 11a). Physa acuta size ranged between 2.00 and 7.10 mm. Physa acuta size did not differ 

upstream and downstream of the WWTP effluent (p = 0.480; Figure 11b).The number of 

Lymnaea sp. collected per sampling event ranged between 20 and 163. The number of Lymnaea 

sp. collected per sampling event was 21.5% greater upstream than downstream of the WWTP 

effluent (p = 0.025; Figure 10a). Lymnaea sp. size ranged between 0.30 and 21.20 mm. Lymnaea 

sp. collected upstream of the WWTP effluent were 12.17% smaller than Lymnaea sp. collected 

downstream (p = 0.021; Figure 10b). Water TOC concentration ranged between 240 and 18,174 
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ng/L. Water collected upstream had a 91.2% lower TOC concentration than water collected 

downstream of the WWTP effluent (p = 0.025; Figure 11). 

DISCUSSION 

Pharmaceutical mixtures can result in organismal responses that would not be predicted 

based on the effects of single EDC exposure. Due to low concentrations (ng/L) of these emerging 

contaminants, it was not expected that the number of EDCs would affect survival. However, 

these data showed that multiple compounds can result in decreased survival. In both bioassays, 

P. acuta exposed to all five EDCs survived for fewer days than P. acuta exposed to only one 

EDC. The effects of multiple EDCs on freshwater invertebrate survival is not consistent across 

studies. In one previous study, multiple EDCs had no effect on Physa pomilia survival (Luna et 

al. 2013). In contrast a mixture of clofibric acid and fluoxetine decrease D. manga survival 

relative to single compound exposure (Flaherty & Dodson 2005). Differences in results are likely 

due to variable modes of action and concentrations of contaminants. 

Changes in gastropod population size could affect the broader community and ecosystem. 

For example, gastropod population size can affect nutrient excretion and rates of nutrient 

recycling (Carpenter et al. 1985). Additionally, the two most prevalent gastropod taxa found in 

the descriptive sampling, P. acuta and Lymnaea sp., are opportunistic grazers (Schaller & 

Brackhage 2013; Lowe & Hunter 1988) that influence primary producer and consumer 

abundance. Thus, decreased gastropod population size could result in less prey for consumers, 

such as sunfishes (Crowder & Cooper 1982) and crayfish (Hanson et al. 1990), and greater 

primary producer abundance. Decreased snail population size could also reduce picivourous fish 

populations due to lower populations of prey fish (Carpenter et al. 1985).  

 Both bioassays showed that P. acuta exposed to all five EDCs produced fewer eggs than 

P. acuta exposed to only one EDC. Physa acuta downstream of wastewater treatment plant 
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(WWTP) effluents have also been found to produce fewer eggs (De Castro-Catala et al. 2013), 

potentially due to exposure to multiple contaminants consistent with our descriptive data of TOC 

concentrations (Table 5). However, in this population survey, there was no difference in the 

number of P. acuta collected upstream and downstream of the WWTP effluent. This may be due 

to small samples size (N = 26), and numerous high water events during the sampling period that 

affected populations. High water events can scour streams, and reduce macroinvertebrate 

diversity (Lepori & Hjerdt 2006). Additionally, Physa acuta prefer slow moving habitats (Dillon 

2000). There were fewer Lymnaea sp. collected downstream than upstream of the WWTP, 

potentially associated with wastewater contaminants. 

In both bioassays, P. acuta exposed to all five EDCs produced fewer eggs per egg mass 

than P. acuta exposed to no EDCs. However, in the individual compound effects bioassay, there 

was no difference in the number of egg masses produced among treatment groups. In the 

compound number bioassays, there was a greater range of eggs per egg mass than in the 

individual compound effects bioassay. This could be why there was no difference in the number 

of egg masses among treatment groups in the individual compound effects bioassay. Previous 

research has shown that P. acuta downstream of WWTP effluents produce fewer total egg 

masses and more eggs per egg mass than P. acuta upstream of WWTP effluents due to higher 

concentrations of estrogenic compounds (BPA, estrogens), diuretics, and lipid regulators 

downstream (De Castro-Catala et al. 2013). Differences in number of eggs per egg mass in our 

bioassays and previous research could be attributed to non-estrogenic compounds found in 

WWTP effluents. 

This study showed that P. acuta have decreased fecundity and survival when exposed to 

a mixture of estrogenic compounds. Owing to the additive effects of EDCs on freshwater 
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invertebrates over time (Marcial & Hagiwara 2007; Brennan et al. 2006), continued exposure to 

the estrogenic compound mixture could potentially have additional effects on subsequent 

generations of P. acuta. For example, chronic exposure to 17β-estradiol (E2) and bisphenol A 

(BPA) does not affect Daphnia magna survival, but second generation D. magna have lower 

survival than first generation D. magna with exposure (Brennan et al. 2006). Additionally, single 

exposure to E2 increases Diaphanosoma celebensis fecundity, and this effect is additive across 

generations (Marcial & Hagiwara 2007). However, single exposure to E2 caused no changes in 

P. acuta fecundity. E2 concentrations that cause this effect in D. celebensis are higher (10 – 1000 

µg/L) than the concentration used for this study (100 ng/L). Therefore, while single exposure to 

E2 and BPA exposure caused no changes in P. acuta survival in this study, survival may be 

affected in subsequent generations.  

It is also possible for resistance to EDCs to develop in subsequent generations. For 

example, first generation of Daphnia magna exposed to ethinylestradiol (EE) have a 

significantly smaller body size at first reproduction than D. magna not exposed to EE. However, 

there is no difference in body size in subsequent generations (Dietrich et al. 2010). Resistance to 

contaminants can happen rapidly. For example, Tubifex tubifex, a freshwater worm, can develop 

mercury resistance within four generations that persists for at least three generations (Vidal & 

Horne 2003). Therefore, the impact of EDCs on subsequent generations may not be apparent 

based on responses of the first generation. This experiment focused on the effects of estrogenic 

compounds on first generation P. acuta. Physa acuta in subsequent generations could become 

resistant to estrogenic compounds. Further research is necessary to understand the effects of 

EDCs on multiple generations of freshwater invertebrates. 
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Physa acuta is a hermaphroditic species, and the effects of estrogenic compounds on 

organisms with separate sexes may differ. For example, exposure to ethinylestradiol causes male 

and female Pimephales promelas to have elevated vitellogenin production (Butler et al. 2013; 

Kidd et al. 2007; Filby et al. 2007). However, the effects of elevated vitellogenin production 

differs between sexes. Elevated vitellogenin production causes male P. promelas to have delayed 

sperm development and develop ovarian tissue (Kidd et al. 2007; Filby et al. 2007). In female P. 

promelas, elevated vitellogenin production causes delayed ovarian development. Therefore, 

potential sex differences need to be considered when comparing the effects of estrogenic 

compounds on P. acuta with other species. 

CONCLUSIONS 

Organismal response to contaminants is typically measured for one compound. However, 

freshwater organisms are exposed to many contaminants simultaneously, and the cumulative 

effects are unknown. This study showed that EDCs can affect freshwater organisms even at low 

(ng/L) concentrations. Additionally, this study showed that EDC mixtures can have different 

effects than exposure to a single EDC even when each individual EDC in the mixture occurred at 

a lower concentration. 

Human pharmaceutical use in the United States increased between 1994 and 2014 

(NCHS 2017). Adults ages 65+ have the highest use of prescription drugs (90.8%), and 

pharmaceutical use is expected to continue to increase as the proportion of the population ages 

65+ increases. Since wastewater treatment plants (WWTP) are not designed to remove 

pharmaceuticals from wastewater (Zhou et al. 2009), concentrations of EDCs in freshwater are 

likely to increase as well. It is important to understand the effects of EDCs, especially EDC 

mixtures, to better understand how this will impact freshwater ecosystems. 
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Table 1. Physical properties of bisphenol A, 17β- estradiol, ethinylestradiol, estrone, and estriol. 

 Bisphenol A 17β- estradiol Ethinylestradiol Estrone Estriol 

Molecular structure 

     

Molecular formula C18H24O2 C18H24O2 C20H24O2 C18H22O2 C18H24O3 

Molecular weight 228.9 g/mol 272.4 g/mol 296.4 g/mol 270.4 g/mol 288.4 g/mol 

Human use Consumer and 

industrial plastics 

Hormone 

replacement 

therapy 

Oral contraceptive Hormone 

replacement 

therapy 

Hormone 

replacement 

therapy 

Surface water max (ng/L) 1000 15.5 30.8 38  3.3 

WWTP effluent max (ng/L) 4090 158 178 147 275 

Molecular structure, molecular formula, molecular weight, and human use obtained from PubChem Compound Database 2017. 

Surface water concentrations and WWTP effluent concentrations obtained from Liu et al. 2009. 
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Table 2. Endocrine disrupting compounds assigned to each replicate in the 1, 2, 3, and 4 

compound number treatment groups in the compound number effects bioassays. 

Trial Treatment Bisphenol A Ethinylestradiol 17β-estradiol Estrone Estriol 

A 1  x    

A 1 x     

A 1   x   

A 1    x  

A 1 x     

A 1 x     

A 1 x     

A 1     x 

A 1     x 

A 1     x 

A 1 x     

A 1  x    

A 1 x     

A 1 x     

A 1     x 

A 1   x   

A 1     x 

A 1   x   

A 1     x 

A 1     x 

B 1  x    

B 1     x 

B 1    x  

B 1     x 

B 1 x     

B 1   x   

B 1    x  

B 1     x 

B 1     x 

B 1  x    

B 1   x   

B 1     x 

B 1  x    

B 1   x   

B 1    x  

B 1   x   

B 1   x   

B 1   x   
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B 1   x   

B 1    x  

A 2  x   x 

A 2 x    x 

A 2   x  x 

A 2 x  x   

A 2 x  x   

A 2 x x    

A 2  x   x 

A 2  x x   

A 2  x   x 

A 2 x   x  

A 2 x   x  

A 2 x  x   

A 2  x   x 

A 2 x   x  

A 2 x x    

A 2  x   x 

A 2 x   x  

A 2 x x    

A 2  x   x 

A 2   x x  

B 2   x  x 

B 2 x    x 

B 2 x  x   

B 2    x x 

B 2   x  x 

B 2 x x    

B 2  x  x  

B 2 x x    

B 2   x x  

B 2   x x  

B 2  x x   

B 2  x   x 

B 2    x x 

B 2  x  x  

B 2 x    x 

B 2   x  x 

B 2 x x    

B 2  x  x  

B 2  x   x 

B 2    x x 

A 3 x x   x 
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A 3 x x  x  

A 3 x x  x  

A 3  x x  x 

A 3  x  x x 

A 3  x x  x 

A 3  x  x x 

A 3 x x   x 

A 3 x   x x 

A 3  x  x x 

A 3   x x x 

A 3  x  x x 

A 3 x  x  x 

A 3 x  x x  

A 3   x x x 

A 3 x   x x 

A 3 x  x  x 

A 3  x x  x 

A 3 x x   x 

A 3 x  x x  

B 3 x   x x 

B 3 x  x  x 

B 3 x   x x 

B 3 x x   x 

B 3  x  x x 

B 3 x   x x 

B 3 x   x x 

B 3 x x x   

B 3 x   x x 

B 3 x  x  x 

B 3  x  x x 

B 3  x x x  

B 3  x x x  

B 3  x x  x 

B 3  x x  x 

B 3 x x x   

B 3 x x  x  

B 3 x  x  x 

B 3  x x x  

B 3 x x  x  

A 4  x x x x 

A 4 x x  x x 

A 4 x x x x  

A 4 x x x  x 
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A 4 x x  x x 

A 4 x  x x x 

A 4 x  x x x 

A 4 x  x x x 

A 4  x x x x 

A 4 x x x x  

A 4  x x x x 

A 4 x x  x x 

A 4 x x  x x 

A 4 x x x x  

A 4 x x x  x 

A 4  x x x x 

A 4 x x x x  

A 4 x x x  x 

A 4 x x x x  

A 4  x x x x 

B 4  x x x x 

B 4 x x x x  

B 4 x x  x x 

B 4 x  x x x 

B 4 x x x  x 

B 4 x x x  x 

B 4 x  x x x 

B 4 x x  x x 

B 4 x x x x  

B 4  x x x x 

B 4 x x  x x 

B 4 x x x x  

B 4 x  x x x 

B 4 x  x x x 

B 4 x x x  x 

B 4 x x x x  

B 4 x  x x x 

B 4 x x  x x 

B 4 x x x x  

B 4 x  x x x 
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FIGURE LEGENDS 

Figure 1. For both graphs: BPA = bisphenol A, E1 = estrone, E2 = 17β-estradiol; E3 = estriol, 

and EE = ethinylestradiol. Letters above treatment groups indicate similar groups determined by 

Tukey HSD comparison. (a) Survival (d; mean ± standard error) of Physa acuta exposed to 

estrogenic compounds over 28 days. (b) Growth (mm; mean ± standard error) of Physa acuta 

exposed to estrogenic compounds over 28 days. 

Figure 2. For all four graphs: BPA = bisphenol A, E1 = estrone, E2 = 17β-estradiol; E3 = estriol, 

and EE = ethinylestradiol. Letters above treatment groups indicate similar groups determined by 

Tukey HSD comparison. (a) Day first eggs were produced (d; mean ± standard error) by Physa 

acuta after 28 days of exposure to estrogenic compounds. (b) Egg masses produced (#; mean ± 

standard error) by Physa acuta after 28 days of exposure to estrogenic compounds. (c) Total eggs 

produced (#; mean ± standard error) by Physa acuta exposed to estrogenic compounds over 28 

days. (d) Eggs per egg mass produced (#; mean ± standard error) by Physa acuta exposed to 

estrogenic compounds over 28 days. 

Figure 3. For both graphs: BPA = bisphenol A, E1 = estrone, E2 = 17β-estradiol; E3 = estriol, 

and EE = ethinylestradiol. Letters above treatment groups indicate similar groups determined by 

Tukey HSD comparison. (a) Movement rates (cm/min; mean ± standard error) of Physa acuta 

after 28 days of exposure to estrogenic compounds. (b) Shell strength (N/mm; mean ± standard 

error) of Physa acuta exposed to an increasing number of estrogenic compounds over 28 days. 

Figure 4. (a) Survival time (d; mean ± standard error) of Physa acuta exposed to an increasing 

number of estrogenic compounds over 28 days. The black line is the linear regression line from 

both trials analyzed together (Survival = 25.726 – (0.626 * EDC (#))). (b) Growth (mm; mean ± 
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standard error) of Physa acuta exposed to an increasing number of estrogenic compounds over 

28 days. 

Figure 5. (a) Day the first eggs (d; mean ± standard error) were produced by Physa acuta 

exposed to an increasing number of estrogenic compounds over 28 days. (b) Total egg masses (#; 

mean ± standard error) produced by Physa acuta exposed to an increasing number of estrogenic 

compounds over 28 days. The black line is the linear regression line from both trials analyzed 

together (Egg masses (#) = 7.325 – (0.640 * EDC (#))). (c) Total eggs (#; mean ± standard error) 

produced by Physa acuta exposed to an increasing number of estrogenic compounds over 28 

days. The black line is the linear regression line from both trials analyzed together (Total eggs 

(#) = 135.086 – (14.524 * EDC (#))). (d) Eggs per egg mass (#; mean ± standard error) produced 

by Physa acuta exposed to an increasing number of estrogenic compounds over 28 days. The 

black line is the linear regression line from both trials analyzed together (Eggs per mass (#) = 

25.726 – (19.937 * EDC (#))).  

Figure 6. (a) Movement rates (cm/min; mean ± standard error) of Physa acuta exposed to an 

increasing number of estrogenic compounds over 28 days. (b) Shell strength (N/mm; mean ± 

standard error) of Physa acuta exposed to an increasing number of estrogenic compounds over 

28 days. 

Figure 7. (a) Total number of hatched eggs that were produced by Physa acuta in Trial B. (b) 

Percent of eggs that hatched that were produced by Physa acuta in Trial B. 

Figure 8. Snail population size (#; mean ± standard error) upstream and downstream of the 

Muncie, IN wastewater treatment plant effluent.
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Figure 9. (a) Physa acuta population size (#; mean ± standard error) upstream and downstream 

of the Muncie, IN wastewater treatment plant effluent. (b) Physa acuta individual size (mm; 

mean ± standard error) upstream and downstream of the Muncie, IN wastewater treatment plant 

effluent. 

Figure 10. (a) Lymnaea sp. population size (#; mean ± standard error) upstream and downstream 

of the Muncie, IN wastewater treatment plant effluent. (b) Lymnaea sp. individual size (mm; 

mean ± standard error) upstream and downstream of the Muncie, IN wastewater treatment plant 

effluent. 

Figure 11. TOC concentration (ng/L; mean ± standard error) of water collected upstream and 

downstream of the Muncie, IN WWTP across sampling events. TOC concentration is the sum of 

all compound concentrations above detection limit.
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