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Chapter I 

Ecotoxicity of Perfluorooctane sulfonate (PFOS): Supporting Information for 

Estimating Ecological Risk at Barksdale AFB, LA 

Perfluorinated compounds (PFCs) are a class of synthetic chemicals that have 

recently become of increased interest and concern due to their ability to biomagnify 

through food webs (Kannan et al. 2005). There are thousands of different PFCs but all are 

characterized by carbon chains with attached fluorines. This chemical structure makes 

PFCs thermally stable and repellent of water and oil and, as such, these chemicals have 

been used in a wide variety of consumer products including non-stick cookware, food 

packaging, stain protectors, lubricants, and fire-fighting foams. Perfluorinated 

compounds, in general, are persistent in the environment and some are carcinogenic 

(Seacat et al. 2002; Kennedy et al. 2004). Many PFCs, including perfluoroalkyl acids 

(PFAAs) are considered ubiquitous in the environment (Tomy et al. 2004). One specific 

PFAA, perflurooctane sulfonate (PFOS), has gained increased attention because it is 

slightly toxic to aquatic organisms and has been detected in tissues of a wide variety of 

animals from all over the world including remote species such as polar bears (Giesy & 

Kannan 2001a; Giesy & Kannan 2001b; Smithwick et al. 2005). Like other PFCs, PFOS 

is highly resistant to chemical, biological, and thermal breakdown (Roos et al. 2013), and 

has high water solubility and low volatility; all of which indicate that PFOS can be both 

mobile and persistent in the environment. Like all PFCs, PFOS preferentially partitions to 

proteins in liver and blood (Vanden Heuvel et al. 1992; Jones et al. 2003). Because of its 

unique binding properties, PFOS may easily sorb to soil, sediment, and sludge via 

chemisorption (Guelfo & Higgins 2013). The characteristics of PFCs and the detection of 

PFOS in a wide range of organisms have led to the designation of PFCs as contaminants 
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of emerging concern (U.S. EPA 2013). Efforts to characterize PFC (and especially 

PFOS) concentrations in fish tissue are ongoing although there are considerable 

uncertainties regarding the toxicity of many PFCs making estimating ecological risk of 

PFCs challenging. 

Like many PFAAs, PFOS was a key ingredient in Aqueous Film Forming Foams 

(AFFF) to fight hydrocarbon-fueled fires on fire-fighting training facilities common to 

airports and air force bases. The surfactant properties of PFAAs allow AFFF to quickly 

extinguish a fire and prevent it from reigniting (Yeung & Mabury 2013). Developed in 

the 1960’s, AFFF formulation composition was changed in the early 2000’s from longer 

chained PFCs (8 carbons and longer: like PFOS) to shorter chained PFCs (Kishi & Arai 

2008). This was due to voluntary phase out of PFOS-based fluorosurfactants by 3M (3M 

Company, St. Paul, MN, USA), the largest manufacturer of surfactant foams, because of 

PFC persistence, widespread detection of PFCs in biota, and overall concern regarding 

potential human and ecological toxicity (Darwin 2004). Despite the fact that PFCs like 

PFOS have been detected in many habitats, the fate, biotransport mechanism, and overall 

ecotoxicology of PFCs are highly uncertain. While there are some data on environmental 

concentrations and toxicity to organisms, there is a general lack of toxicity data for many 

aquatic taxa. Uses of AFFFs have led to contamination of many aquatic habitats, mainly 

due to runoff events (Awad et al. 2011; Moody et al. 2002; Karrman et al. 2011). 

Not only have studies reported the detection of PFOS in a number of waterways 

(Hansen et al. 2002; Boulanger et al. 2004; Nakayama et al. 2007) but the chemical can 

bioaccumulate and biomagnify in aquatic organisms such as macrophytes (Boudreau et 

al. 2003a; Boudreau et al. 2003b; Li 2009), macroinvertebrates (MacDonald et al. 2004; 
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Boudreau et al. 2003a; Boudreau et al. 2003b; Li 2009; Sanderson et al. 2003), freshwater 

snails (Lee et al. 2007; Li 2009), fish (Moody et al. 2002; Martin et al. 2003a; Martin et 

al. 2003b; Awad et al. 2011; Kannan et al. 2005; Ankley et al. 2005), and mink otters 

(Kannan et al. 2002; Kannan et al. 2005). 

Regarding the toxicity of PFOS to ecological receptors, the dataset is small in 

comparison to many other emerging chemicals of concern. For example, there are 

currently only fourteen 96-hour LC50 estimates for aquatic species, and even fewer for 

chronic toxicity estimates (Giesy et al. 2010; Beach et al. 2006; Qi et al. 2011). Among 

fish, 96-hour PFOS LC50’s for Oncorhynchus mykiss and Pimephales promelas were 22 

mg/L and 9.5 mg /L, respectively (3M 2002; 3M 2000). Even though PFOS is 

predominant in the environment at µg/L concentrations (Moody et al. 2002), toxicity data 

for a variety of taxa are not available (Boudreau et al. 2003b; Shi et al. 2008), including 

many freshwater invertebrates such as crustaceans, aquatic midges, and mollusks (e.g., 

MacDonald et al. 2004; Li 2009). The most sensitive species to PFOS is Chironomus 

tentans which was found to be much more sensitive to PFOS than most other aquatic taxa 

with a 10-day EC50 for growth of 0.0872 mg/L and a 10-day LC50 of 0.045 mg/L 

(MacDonald et al. 2004). This LC50 is generally a few orders of magnitude below the 

next most sensitive taxa, Rana pipiens (5-week LC50 of 6.21 mg/L; Ankley et al. 2004). 

Among the most tolerant to PFOS were the freshwater gastropods, Physella acuta and 

Chinensis cathayensis with a 96-hour LC50 of 247.14 mg/L (Yang et al. 2014) in the 

latter. However, one considerable uncertainty with regard to PFOS ecotoxicity is a 

general lack of longer-term exposure studies. As an example, the vast majority of studies 

on PFOS toxicity to aquatic invertebrates have been less than a generation of particular 
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study organisms and overall, less than 28 days. Because many PFCs and especially PFOS 

are persistent, longer-term exposures may occur in the environment. Hence, 

understanding and predicting risks of PFCs including PFOS will necessitate 

characterizing ecotoxicity to a wider suite of species, potentially involving longer 

duration exposures. 

Despite initial heavy use on U.S. Air Force Bases, there is now growing concern 

of PFCs as they emerge as important contaminants on a global scale (Giesy & Kannan 

2001c). Because PFCs spread through ground and surface waters from contaminated 

sites, there is now considerable effort to better understand potential exposure, toxicity, 

and risks associated to PFCs in water bodies. The vast majority of U.S. Air Force Bases 

include fire training facilities; several have already been shown to be contaminated with 

PFCs (Karrman et al. 2011). Barksdale Air Force Base (BAFB) is located near 

Shreveport, Louisiana and for years had two active fire-fighting training areas. 

Construction to build “Barksdale Field” began in 1931 and was the world’s largest 

airfield at the time, comprising 22,000 acres (Barksdale 2011). It was renamed Barksdale 

Air Force Base in 1948, shortly after the Air Force was designated as a separate branch of 

the military (T.A. Anderson, personal communication). The original fire protection 

training area was in use from the inception of the base until the 1940’s. They then moved 

the training area (FTA1) to the south end of the runway, from the early 1950’s-1975, 

where they started using AFFF and trained 1-12 times per month. From 1975-1994, they 

moved the fire training facility (FTA2) to north of the runway, where they continued to 

use AFFF and had training 1-2 times per month. Currently, the fire-fighting training is 

held in between FTA1 and FTA2 and the extinguishing foam most likely no longer 
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contains AFFF with long chain PFCs (i.e. PFOS). Because BAFB is still an active 

military training site, much of the information regarding exact AFFF formulations and its 

use is still classified. The Air Force grew concerned over the use of PFC foam 

formulations in AFFF in 2010 (T.A. Anderson, personal communication) and long-term 

and continued use has led to PFC contamination of ground water. Of particular concern is 

whether PFCs from BAFB have now entered surface water and, if so, whether 

concentrations are high enough to potentially cause human or ecological effects. 

The research presented here is part of a larger project to develop and implement a 

comprehensive approach for characterizing PFC contamination and estimating potential 

human and ecological risk focused on BAFB. This project is comprised of three separate 

components to gain a more comprehensive understanding of PFCs in the environment: 

(1) laboratory research to characterize aquatic toxicity, exposure processes, and 

bioavailability; (2) field research to characterize the magnitude and extent of PFC 

contamination on BAFB (site characterization); and (3) development of probabilistic and 

spatially-explicit human and ecological risk assessments. The specific research presented 

here focused on further characterizing the toxicity of PFOS to several aquatic organisms, 

which represent taxa observed at BAFB. The goal was to determine dose-response 

relationships as well as species sensitivity to PFOS to ultimately support upcoming 

environmental risk assessments. A component of this research included field-work on 

BAFB to assess the AFFF-contaminated site for sediments, surface water, fish, and 

benthic invertebrates. 

Specifically, I conducted acute and chronic (full life cycle) toxicity tests to a 

model freshwater gastropod (Physa pomilia) and acute and sub-chronic toxicity tests to a 
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new model organism, the marbled crayfish. Representatives from both taxa have been 

observed at BAFB. Snails, and gastropods in general, are a major primary consumer in 

aquatic systems (Li 2009) but unfortunately, they are among the most imperiled taxa 

(Lysne et al. 2008). We used the hermaphroditic pulmonate Physa pomilia to characterize 

the acute and chronic toxicity of PFOS. Physa pomilia are excellent laboratory organisms 

and can make up a large portion of biomass in the aquatic ecosystem (Cattaneo & Kalff 

1986; Anderson & Smith 2000). Like many freshwater gastropods, this species can be 

readily collected from local habitats, has a short generation time, and is relatively easy to 

culture in the lab. We conducted several experiments to characterize toxicity of PFOS to 

P. pomilia including (1) a 96-hour acute toxicity study on adults, (2) a sub-chronic 

toxicity study on adults, (3) a full-life cycle study, and (4) a behavioral assay. Because 

environmental exposures to PFCs are likely to occur for an extended period of time, it 

was important to characterize chronic exposure of PFOS to snails, as well assess the 

acute to chronic ratio. 

Next, we characterized PFOS toxicity to the marbled crayfish, Procambarus 

fallax f. virginalis (Martin et al. 2010), which is a subspecies of Procambarus fallax. The 

marmorkreb is unique because it is the first known parthenogenetic decapod; offspring 

produced by individuals are genetically identical (Martin et al. 2007). Importantly, with 

their high fecundity (up to 416 eggs) (Seitz et al. 2005), their ability to reproduce several 

times throughout the year, and because it would only take one individual to populate an 

area, this species could rapidly invade new waters (Scholtz et al. 2003) and has gained 

attention as a potentially important invasive species. However, the traits that make them 

potentially important invaders may also facilitate ecotoxicological research. Since 
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marmorkreb development, physiology, and even ecology is similar to other crayfish 

species, they may serve as excellent laboratory model organisms for decapods (Seitz et 

al. 2005). To determine PFOS toxicity to the marmorkreb we conducted several studies 

that included (1) an acute juvenile study, (2) a sub-chronic juvenile study, and (3) a 

juvenile study in which animals were raised under two different densities. The last study 

was performed because the role of social interaction among crayfish is important due to 

their display of aggression toward conspecifics (Bergman & Moore 2003; Capelli & 

Munjal 1982). 

The specific goals for this laboratory project on Physa pomilia and Procambarus 

fallax f. virginalis were to characterize the ecotoxicity of PFOS in two species that 

represent environmentally relevant taxa. Because the overall toxicity of PFOS varies 

considerably among taxa, our hope was to add toxicity data that could then be used to 

build an updated species sensitivity distribution (SSD) to inform future ecological risk 

assessments (Newman et al. 2000). 
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Chapter II 

Acute and Chronic Toxicity of Perfluorooctane sulfonate (PFOS) to the Freshwater 

Gastropod, Physa pomilia 

Abstract 

Perfluorinated compounds (PFCs) are persistent and bioaccumulative anthropogenic 

pollutants that have been measured in a wide variety of biota. One of the most common 

PFCs is perfluorooctane sulfonate (PFOS), which was a component of fire-fighting foam 

formulations used throughout Canada and the United States. Perfluorooctane sulfonate 

has been detected in a number of waterways and studies show PFOS can bioaccumulate 

and biomagnify in aquatic organisms such as macrophytes, fish, and macroinvertebrates. 

Despite global prevalence of PFOS, toxicity data for many taxa are not available. The 

purpose of this study was to characterize the acute and chronic toxicity of PFOS to the 

freshwater gastropod Physa pomilia. We first characterized PFOS behavior in our 

experimental system that involved static renewal replacement of treatment solutions 

(twice per week) in polypropylene beakers. We reliably measured PFOS and found it to 

be stable in our system between water changes. Establishing PFOS toxicity to P. pomilia 

was achieved with three separate experiments: 1) a 96-hour acute study on adults, 2) a 2-

week sub-chronic study on adults, and 3) a full life-cycle study that started with exposure 

to egg masses and continued through reproduction (6.5 weeks total). A behavioral assay 

was also conducted to determine how snails responded when exposed to PFOS. For the 

adult acute study, exposure concentrations ranged from 100-375 mg/L, with a 96-hour 

LC50 of 161.77 mg/L. In the sub-chronic exposure, concentrations ranged from 0-175 

mg/L, with a 14-day LC50 of 94.99 mg/L. The life cycle study exposure concentrations 

ranged from 0-90mg/L and results indicated that higher PFOS exposures led to a decrease 
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in P. pomilia survival (χ
2 
= 150, p < 0.000). This decreased survival could be due to

either increased sensitivity of developing life stages or because of a longer time of 

exposure. We also found higher parental concentrations of PFOS decreased clutch size (p 

≤ 0.001). Physa pomilia were able to detect PFOS and demonstrated some avoidance 

behavior at higher concentrations. Although P. pomilia represents a relatively PFOS-

tolerant species, this study is among the few full life-cycle studies on PFOS. 

Keywords: Acute and chronic toxicity, perfluorinated chemicals, PFOS, Physa pomilia 
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Introduction 

Perfluorinated compounds (PFCs) are anthropogenic pollutants that can be very 

persistent in the environment (Kurume Laboratory 2002) (half-life (t1/2) ≥ 41 years in 

water (Hatfield 2001)) and have been measured in a wide variety of biota. These 

chemicals are now globally distributed and have distinctive properties that led to their 

extensive use to increase stain-resistance and non-stick properties in a variety of common 

household products. For example, Scotchgard, manufactured by 3M Company (St. Paul, 

MN, USA), is a stain protector for carpets and upholstery that contained many PFCs, 

such as Perfluorooctane sulfonate (PFOS), among other flame retardants. One of the most 

common PFC’s, PFOS was also used as a major ingredient in fire-fighting foam 

formulations throughout Canada and the United States (Moody et al. 2002). As a result of 

extensive fire training exercises, PFCs including PFOS are frequently found as 

contaminants in and around fire-fighting training facilities on United States Air Force 

bases (Moody et al. 2002). 

Many ingredients of Aqueous Film Forming Foams (AFFFs), including PFOS, 

have been detected in groundwater due to their abundant use over the years and 

environmental persistence resulting from their unique chemical properties such as high 

solubility (Moody et al. 2002). The U.S. military was the largest user of all AFFF 

products, accounting for about 75% (Moody & Field 2000), until 2002 when 3M, the 

leading manufacturer of PFOS (and other PFCs), voluntarily ceased production of PFOS-

based fluorosurfactants. While considerable quantities are still stockpiled (as of 2004, 

almost 11 million liters; Darwin 2004), as of 2014, Canadian AFFF stock containing 

PFOS can no longer be used (Canadian EPA 2008). Despite their phase-out, PFCs 
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including PFOS have been detected in a number of water bodies in close proximity to 

airports or Air Force bases. Surface water concentrations of PFOS have been measured at 

25 ng/L-114 ng/L in Alabama and 83.3 ng/L in Columbus, Georgia (3M 2001). 

Additionally, after an accidental release of approximately 22,000 liters of perfluorinated 

surfactants on an international airport into Etobicoke creek (Ontario, Canada) in June, 

2000, PFOS water concentrations were found to be as high as 2,210 µg/L two days after 

the spill and as high as 0.44 µg/L 153 days after the spill (Moody et al. 2002). Even ten 

years after a spill of fire-fighting foam at an airport in Canada, PFOS concentrations 

could still be detected (Awad et al. 2011). More commonly, PFOS is found at much 

lower ng/L levels in freshwater systems (Hansen et al. 2002; Rostkowski et al. 2006; 

Wilson et al. 2007). Thus, PFOS is a ubiquitous source of environmental contamination 

and is highly resistant to chemical, thermal, and biological breakdown (Roos et al. 2013). 

Because of its low Henry’s constant, PFOS is unlikely to volatilize from water to air, 

which makes aquatic environments a likely site for PFOS contamination (Boudreau et al. 

2003a). 

Perfluorooctane sulfonate has been detected in a number of waterways (Hansen et 

al. 2002; Boulanger et al. 2004; Nakayama et al. 2007) and studies show PFOS can 

bioaccumulate and biomagnify in aquatic organisms. For example, exposure studies for 

PFOS have been performed on macrophytes (Boudreau et al. 2003a; Boudreau et al. 

2003b; Li 2009), macroinvertebrates (MacDonald et al. 2004; Boudreau et al. 2003a; 

Boudreau et al. 2003b; Li 2009; Sanderson et al. 2003), freshwater snails (Lee et al. 

2007; Li 2009), fish (Moody et al. 2002; Martin et al. 2003a; Martin et al. 2003b; Awad 

et al. 2011; Kannan et al. 2005; Ankley et al. 2005), and mink otters (Kannan et al. 2002; 
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Kannan et al. 2005). Unlike many bioaccumulative compounds that are lipid soluble, 

PFOS preferentially partitions to proteins in liver and blood (Vanden Heuvel et al. 1992; 

Jones et al. 2003). The global distribution of PFOS and its potential to accumulate in 

biota has led to concerns regarding the risk of PFOS to ecological systems and humans. 

Because PFOS is the predominant PFC in environmental samples, there has been 

some effort investigating its acute and chronic ecotoxicological effects in aquatic 

organisms (for reviews see: Beach et al. 2006; Giesy et al. 2010). Among higher trophic 

levels, 96-hour PFOS LC50’s for Oncorhynchus mykiss and Pimephales promelas were 22 

mg/L and 9.5 mg/L, respectively (3M 2002; 3M 2000a). Even with the prevalence of 

PFOS in the environment at µg/L concentrations (Moody et al. 2002), toxicity data for 

many freshwater aquatic organisms is lacking. For example, insect and mollusk toxicity 

data are scarcely available for PFOS but these data may be important (Boudreau et al. 

2003a; Shi et al. 2008; MacDonald et al. 2004; Li 2009). Chironomus tentans, a 

commonly studied insect in ecotoxicology, has been shown to be the most sensitive 

species to PFOS compared to species tested, with a 10-day growth EC50 of 0.0872 mg/L 

and 10-day LC50 of 0.045 mg/L (MacDonald et al. 2004). Li (2008) found Physella acuta 

to be the least sensitive of all aquatic invertebrate species tested with a 96-hour LC50 of 

178 mg/L. Similarly, the snail Chinensis cathayensis had a 96-hour LC50 of 247.14 mg/L, 

indicating that this species is quite tolerant to PFOS (Yang et al. 2014). In general, based 

on the average acute LC50 of PFOS to aquatic invertebrates, the chemical can be 

characterized as slightly toxic (10-100 mg/L; U.S. Fish and Wildlife, Seow 2013). In 

addition to a lack of studies on many ecologically important taxa, there are also very few 

long-term PFOS toxicity studies for aquatic organisms (Li 2009). For example, we only 
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found longer-term (>14 days) exposure studies for three species; a 5-week study on Rana 

pipiens with an LC50 of 6.21 mg/L (Ankley et al. 2004), a 28-day LC50 of 7.2 mg/L on 

Pimephales promelas (Oakes et al. 2005), and a 21-day LC50 of 9.1 mg/L on Daphnia 

magna (Li 2010). In these three examples, PFOS is more toxic under chronic conditions 

compared to acute. To understand and evaluate the relative comparability of PFOS 

ecotoxicity, we used the freshwater gastropod Physa pomilia to compare acute and 

chronic toxicity estimates to those from other gastropod studies. 

Physa pomilia is a freshwater hermaphroditic pulmonate gastropod that is 

primarily found in eastern North America. P. pomilia has not been frequently used in 

toxicity studies although the related Physella acuta has been used commonly. In general, 

freshwater gastropods are a taxa in decline, but some species can comprise a major 

biomass in aquatic systems (Lysne et al. 2008) and are therefore important ecological 

receptors. We chose P. pomilia for this study because it is a good model species for 

toxicity studies, an important primary consumer (Li 2009), and can account for a 

significant component of the biomass in certain habitats (Cattaneo & Kalff 1986; 

Anderson & Smith 2000). Additionally, like many freshwater gastropods, this species can 

be readily collected from local habitats, has a short generation time, and is relatively easy 

to culture in the lab. 

The purpose of this study was to characterize the acute and chronic toxicity of 

PFOS to the freshwater gastropod Physa pomilia. We performed several studies to 

evaluate PFOS toxicity under short- and long-term exposure conditions and compared 

existing toxicity data to closely related species as well as other aquatic animals. 

Specifically, because we were interested in the sensitivity of P. pomilia compared to 
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other taxa, we conducted an acute LC50 test, a 14-day sub-chronic study, a full life-cycle 

test, and a snail behavioral assay. We performed a full life-cycle test to represent 

potential exposure scenarios that could reveal adverse effects for chemicals like PFOS. 

Similar to other studies on freshwater gastropods (e.g. Kimberly & Salice 2013), we 

predicted developmental life stages would be the most sensitive to PFOS and that toxicity 

would increase with exposure duration. Earlier life stages of vertebrates and invertebrates 

have been shown to be more sensitive to environmental chemicals than later life stages 

(Chen et al. 2013; Eversole & Seller 1997). At higher concentrations of PFOS we also 

expected to see a decrease in growth and reproduction, and that P. pomilia behavior may 

be a sensitive indicator of PFOS toxicity. The results are discussed in light of available 

toxicity data for PFOS with regard to aquatic organisms. 

Methods 

Chemical and Exposure Characterization 

For all stock solutions, PFOS (heptadecafluorooctanesulfonic acid potassium salt, 

≥ 98.0% PFOS, Sigma-Aldrich, St. Louis, MO) was dissolved in moderately hard water 

(hereafter referred to as “lab water”, 3.0 g CaSO4, 3.0 g MgSO4, 0.2 g KCl, and 4.9 g 

NaHCO3 to 50 L deionized water). All PFOS concentrations and stocks were below the 

solubility limit of 370 mg/L for fresh water (3M Report 1999). For all chemical analyses, 

the recovery standard PFOS was purchased from AccuStandard (Scotchgard Post-2002 

Formulation (Tech mix), 100 mg/L in MeOH, New Haven, CT) and the internal standard 

PFOS was purchased from Wellington Laboratories Inc. (Sodium perfluoro-1-octane 

sulfonate, 50 mg/L, Ontario, Canada). Solvents were HPLC grade (J.T. Baker, NJ). 
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Critical to assessing toxicity thresholds for potential use in ecological risk assessments is 

adequate characterization of exposure concentrations. To fully characterize our PFOS 

exposure concentrations through time in our experimental beakers, we sampled 1.0 mL 

from a random set of exposure containers during the sub-chronic study until the first 

water change, at four days. Samples were passed through regenerated cellulose (RC) 

filters and analyzed using liquid chromatography/tandem mass spectrometry (LC-MS/MS 

methods for PFOS [U.S. EPA 2009] with slight modifications to improve instrument 

performance [i.e., sensitivity]). 

Experimental animals 

Physa pomilia are a distinct freshwater gastropod species from the more 

commonly occurring Physella acuta (Dillon et al. 2007) and our laboratory line (used for 

the 96-hour acute PFOS toxicity study) was obtained from 2 different collections from 

the North Fork of the Double Mountain Fork of the Brazos River (NFDMF-BR) near 

Lubbock, Texas. During the first collection, in 2009, about 100 egg masses were 

collected from rocks near the river edge. Snails from these egg masses were reared in the 

lab for 3-4 generations before being mixed with 70 adult snails obtained from a second 

collection in the same location, in June 2010. Offspring from both collections were then 

reared in twelve, 10-gallon aquaria with lab water for at least several generations prior to 

use in these experiments. Snails were fed an ad libitum amount of romaine lettuce cooked 

briefly in a microwave and culture water was changed once a week. The average (± 1˚C) 

lab temperature was 22˚C with a 14:10 light:dark cycle. 

For the sub-chronic adult study, life cycle study, and avoidance experiments, 100 

P. pomilia adults were collected from Canyon Lake 6, Lubbock Lakes System, Lubbock, 
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Texas, in May 2013. All snails were cultured at The Institute of Environmental and 

Human Health, Texas Tech University, Lubbock, Texas, in lab water and acclimated for 

at least one week. For experiments, snails were kept in a 25°C ± 1°C incubator with a 

12:12 light:dark cycle. Experimental snails were kept under semi-static conditions with 

water changes twice per week and fed an ad libitum amount of romaine lettuce cooked 

briefly in a microwave, except where indicated. In toxicity studies, mortality was 

determined either by probing the snail and observing movement or checking for a 

heartbeat every 24 hours. 

Adult 96-hour study 

Initial range finding assays indicated that P. pomilia was not sensitive below 

100mg/L, and we therefore used the following PFOS concentrations for the definitive 

acute toxicity test: 0, 100, 150, 200, 250, 300, and 375 mg/L. At each concentration, four 

adult snails (average length = 4 mm) were placed in each of 400 mL polypropylene 

containers with 200mL lab water. There were two replicates per concentration and all 

containers were placed in an incubator (25°C ± 1°C) and covered with opaque sheeting to 

limit evaporation and snail escape. Snails were not fed during the exposure. 

Adult sub-chronic study 

This fourteen day toxicity study was conducted on adult P. pomilia to further 

refine toxicity estimates and to better identify suitable PFOS concentrations for the life 

cycle study. Snails were exposed in 1-L polypropylene beakers with 400 mL lab water, 

and placed in an incubator (25°C ± 1°C) and covered with opaque sheeting to limit 

evaporation. Four 6-month old adults were randomly placed in each beaker with four 

beakers per concentration at each of the following PFOS concentrations of 0, 25, 50, 75, 
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100, 125, 150, and 175 mg/L (n = 32 snails per concentration). Every four days, water 

was changed and the PFOS concentration was renewed, after which snails were fed 

0.05g±0.001 g fish food (FF; crude protein minimum 44%, crude fat minimum 10%, fatty 

acids 3%; Nutrafin Max Spirulina Flakes, Rolf C. Hagen Corp., Massachusetts, USA) 

and 6.45 cm
2
 cooked romaine lettuce. Fish food was added to this study because previous 

snail work revealed snails grew and reproduced more when fed fish food plus cooked 

romaine lettuce (Plautz et al. 2013b). 

Life cycle study 

The design of our life cycle study involved starting exposures from newly laid 

egg masses and maintaining constant exposure concentrations through reproduction (e.g., 

Salice & Miller 2003; Luna et al. 2013). A total of 16 egg masses were chosen randomly 

from the parental snail stocks and exposed to 8 PFOS concentrations (0, 10, 20, 40, 50, 

70, 80, and 90 mg/L), with two egg masses per concentration (average of 37.25 eggs per 

egg mass). Each egg mass was placed in a 250 mL polypropylene beaker with 200 mL 

lab water. Egg masses were not provided with food prior to hatching; however, once a 

hatch day was recorded (when 50% of eggs in the egg mass hatch) snails were fed fish 

food ad libitum but with care so as not to overfeed. Once hatched, sixteen snails from 

each concentration were placed into four 400 mL polypropylene beakers with 200 mL lab 

water, four to each beaker (n = 32 snails per concentration). Juveniles were exposed to 

the same concentration of PFOS that they were when exposed to while developing in egg 

masses, so exposures were continuous across developmental stages. Snail shell length 

(from the tip of the apex to the end of the posterior edge of the aperture [Brown & 

Lydeard 2010]) was measured for each snail on day 28 by taking three measures with 
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digital calipers (±0.01 cm) and using the average of the three measurements as the shell 

length for an individual snail. Snails started reproducing on day 31 post-hatch. 

Every 24 hours snails were checked for mortality with any dead snails removed 

immediately. At each water change, egg masses were counted and removed to count the 

number of eggs per egg mass. We looked at these reproductive endpoints: time to first 

reproduction, number of eggs per egg mass, number of egg masses per snail per replicate, 

time to hatch, and hatching success (when 50% of eggs in the egg mass hatched). To 

determine the impact of parental exposure on time to hatch and hatching success, egg 

masses were exposed in PFOS-free water and a subset were also exposed to PFOS 

concentrations that were the same as the concentration to which parental snails were 

exposed. The two different egg mass exposures were to determine whether a parental 

effect such as tolerance to environmental contaminants (Plautz et al. 2013b) may have 

been present. The study lasted for 44 days post-hatch. 

Avoidance experiment 

We conducted a short-term behavioral assay to determine whether PFOS would 

alter normal snail behavior using snail position in our exposure containers as a metric of 

behavior. Behavioral assays, in general, may be more sensitive for indicating adverse 

ecological effects (Weis et al. 2001). Chironomids, for example, spend more time on the 

sediment surface as PFOS concentration increased suggesting a potentially important 

(and sensitive) ecological effect (MacDonald et al. 2004).  Snails are good models for 

behavioral toxicity studies because, in general, they show a range of movement patterns 

based on stimuli such as predator cues (Salice & Plautz 2011) and chemical stressors 

(Lefcort et al. 2004). We randomly placed four adult snails (average length = 5 mm) in 20 
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1-L polypropylene beakers with 400 mL lab water. Experimental setup in this study was 

similar to previous studies, so exposure concentrations should be stable. Snails were 

exposed to 0, 30, 60, 90, or 120 mg/L PFOS and were not fed. There were two replicates 

per concentration and all containers were placed in an incubator (25°C±1°C) and covered 

with opaque sheeting to limit evaporation and snail escape. Mortality and placement in 

container (at water surface, in water, and out of water) were checked 28 times during the 

50-hour exposure. We assessed whether PFOS concentration affected snail position in 

containers by checking the snail position at regular time intervals. This method is similar 

to other studies (Salice & Kimberly 2013; Salice & Plautz 2011; Lee et al. 2007). 

Statistical Analyses 

The 96-hour LC50 was calculated using logistic regression. We also evaluated 

time-to-death using parametric regression analysis (survival analysis using function 

survreg in R; R Development Core Team 2007), right-censoring all snails that survived to 

the end of the study. Survival analysis enabled us to compare survival across exposure 

concentrations. 

The 14-day LC50 for the adult sub-chronic study was calculated via logistic 

regression. We conducted a time-to-death analysis via parametric regression (using the 

survival analysis function survreg in R), and right-censored all snails that survived to the 

end of the study. Survival analysis allowed for comparisons of survival across 

concentrations 

For the life cycle study, we calculated the 44-day LC50 by logistic regression to 

compare survival across our studies. We evaluated time-to-death by a parametric 

regression analysis (survival analysis using function survdiff in R), right-censoring all 
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snails that survived to the end of the study. This permitted us to compare survival across 

exposure concentrations. The number of eggs per egg mass was analyzed via repeated 

measures Analysis of Variance (ANOVA) with concentration as the factor followed by a 

Tukey’s HSD for pairwise comparisons. The number of egg masses laid per snail per 

replicate was analyzed by repeated measures ANOVA with concentration as the factor. 

Because concentration significantly affected the number of egg masses laid per snail per 

replicate, a one-way ANOVA with concentration as the factor was then performed, 

followed by a Tukey’s HSD. For offspring egg masses, time to hatch was analyzed via a 

log-rank survival analysis with all snails surviving to the end of the study censored, and 

hatching success was analyzed by repeated measures ANOVA with concentration as the 

factor followed by a Tukey’s HSD. Snail length was found by averaging measurements 

of all snails in a replicate beaker and was analyzed by a two-way ANOVA with 

concentration as the factor, followed by a Tukey’s HSD. We compared offspring egg 

masses for number of egg masses per snail per replicate, number of eggs per egg mass, 

time to hatch, and hatching success using Student’s t-tests. 

For the avoidance assay, a linear mixed effects model was used to analyze the 

response variables proportion of snails at the water line as well as the proportion of snails 

out of the water, with container number as the fixed factor and concentration and time as 

the random factors. Additionally, we used a Student’s t-test to compare day 1 to day 2. 

Proportion of snails at water line in the PFOS avoidance experiment was analyzed by 

repeated measures ANOVA. 

In all experiments, assumptions for parametric tests were assessed and if not met, 

transformations were performed. All proportions were transformed using the arcsine 
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square root (Zar 2010). For all survival analyses, we used the MASS (Venables & Ripley 

2002) and Survival (Therneau & Lumley 2009) packages. All data were evaluated in R 

version 2.14.1 with α = 0.05 (R Development Core Team 2007). 

Results 

Using LC-MS/MS with a detection limit of 10 µg/L, we found PFOS to be stable 

in our experimental beakers between water changes (every 3-4 days; Figure 2.1). 

Adult 96-hour study 

By 48 hours, there were 100% mortality of snails in concentrations of 200 mg/L 

and higher. By 96 hours, survival was significantly reduced above 150 mg/L, with one 

mortality in the 150 mg/L PFOS concentration, and no mortality in lower PFOS 

concentrations. The calculated 96-hour LC50 was 161.77 mg/L (95% confidence interval 

[CI] = 136.08: 187.46) with a clear dose-response (Figure 2.2). Survival analysis 

indicated that PFOS concentrations of: 200, 250, 300, and 375 mg/L caused significantly 

higher mortality compared to the control (χ
2 

= 65.99, p ≤ 0.001).

Adult sub-chronic study 

An LC50 of 94.99 mg/L (95% CI = 77.59: 112.40) was found for this 14-day 

study. There was a clear dose-response (Figure 2.3) and survival analysis indicated that 

snails in the 125, 150, and 175 mg/L treatments had significantly greater mortality 

compared to the control (χ
2 

= 47.66, p ≤ 0.001) (Figure 2.4).

Life cycle study 

Overall, snail survival decreased with increasing PFOS concentrations (χ
2 

= 150, p

< 0.000) (Figure 2.5) with a 44-day LC50 of 35.9 mg/L (95% CI = 42.66: 29.15). Snail 
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length was significantly affected by concentration (F4, 57 = 16.45, p ≤ 0.001), with snails 

in higher concentrations of PFOS significantly smaller than snails at lower concentrations 

(Figure 2.6). There was a non-monotonic response of snails exposed to PFOS, with snails 

exposed to 10 mg/L (p = 0.008) larger than the controls, but snails at 50 mg/L were 

smaller than the controls (p = 0.001). Additionally, snails in 10 mg/L were significantly 

larger than snails at 40 mg/L (p = 0.019) and 50 mg/L (p ≤ 0.001) and snails exposed to 

20 mg/L were significantly larger than those exposed to 50 mg/L (p ≤ 0.001). Mean 

averages for length by concentration followed by the standard deviation are: 0 mg/L 

(4.033 g; 0.872 g), 10 mg/L (5.183 g; 1.217 g), 20 mg/L (4.902 g; 0.989 g), 40 mg/L 

(3.523 g; 0.774 g), and 50 mg/L (2.608 g; 0.438 g). 

Generally, higher PFOS concentrations decreased clutch size (the number of eggs 

per egg mass; F4, 80 = 6.090, p ≤ 0.001) (Figure 2.7). Clutch size was significantly higher 

in the control than in 20 mg/L (p = 0.009), 40 mg/L (p = 0.006), and 50 mg/L (p = 0.047). 

Neither length of the parental snail (p = 0.189) nor parental time of exposure to PFOS 

significantly affected the number of eggs per egg mass (p = 0.419). 

Overall, adult snails exposed to the higher PFOS concentrations produced fewer 

egg masses per snail per replicate (F4, 80 = 4.924, p = 0.001). There were significantly 

fewer egg masses per snail per replicate at 40 mg/L than the control (p ≤ 0.001), 10 mg/L 

(p = 0.017), and 20 mg/L (p = 0.012). Neither time of exposure (p = 0.595) nor length of 

the parental snail (p = 0.646) affected the number of egg masses per snail per replicate. 

To gain insight into potential parental effects associated with PFOS, we took 

offspring from parental snails and either exposed the offspring to PFOS at the same 

concentration as the parents or we did not expose them to PFOS. When offspring were 
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exposed to the same concentrations of PFOS as their parents, neither parental length (χ
2 

=

14.5, p = 0.339) nor parental exposure concentration (χ
2 

= 2.9, p = 0.572) significantly

affected time to hatch. However, offspring egg masses exposed to higher concentrations 

of PFOS had a decreased hatching success (F4, 34 = 3.126, p = 0.027) with 5 0mg/L 

having 0% hatching success (Figure 2.8). Larger parents produced egg masses with 

higher hatching success compared to smaller parents (longer shell length; F1, 34 = 6.61, p 

= 0.015). When offspring were not exposed to PFOS, neither parental size (χ
2 

= 17.1, p =

0.145) nor the concentration parents were exposed to (χ
2 

= 4.4, p = 0.357) significantly

affected offspring time to hatch. Additionally, when offspring were not exposed to PFOS, 

the parental concentration significantly affected offspring hatching success (F4, 107 = 

2.902, p = 0.025). However, for offspring not exposed to PFOS, parental size did not 

significantly affect offspring hatching success (p = 0.619) and 40 mg/L did not have a 

hatch day (when 50% of eggs in the egg mass hatch). 

When comparing egg masses from offspring exposed to PFOS versus those not 

exposed to PFOS, parental exposure concentration did not significantly affect either the 

number of egg masses per snail per replicate (t = 0.674, p = 0.503) nor the number of 

eggs per egg mass (t = 0.104, p = 0.918). Overall, offspring exposed to PFOS took longer 

to hatch (mean of 11.6 days) than offspring not exposed to PFOS (mean of 9.4 days) (t = 

3.712, p = 0.001). When comparing offspring who were and were not exposed to PFOS, 

parental exposure did not significantly affect offspring hatching success (t = 0.592, p = 

0.557). 
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Avoidance experiment 

Concentration and time had a significant effect on proportion of snails at the 

water line (p < 0.0001, p = 0.0001, respectively). Snails exposed at 120 mg/L were at the 

water line significantly more than the control (p < 0.001), 60 mg/L (p = 0.001) and 90 

mg/L (p = 0.026). When comparing day 1 and day 2, a lower proportion of snails on day 

2 were at the water line, regardless of concentration (t = 6.238, p ≤ 0.001), while there 

was no significant difference for snails being above the water line more at the end of day 

1 (6 hours) than day 2 (t = 0.012, p = 0.991). Additionally, there was a significant 

increase of proportion of snails above the water line when exposed to 30 mg/L (t = 2.349, 

p = 0.019), 60 mg/L (t = 2.269, p = 0.024), 90 mg/L (t = 3.795, p < 0.000), and 120 mg/L 

(t = 5.130, p < 0.000) (Figure 2.9). There was a significant interaction of time on 

proportion of snails out of the water at 60 mg/L (t = 2.549, p = 0.011), 90 mg/L (t = 

3.005, p = 0.003), and 120 mg/L (t = 3.265, p = 0.001). After running a Tukey’s HSD, it 

was discovered that significantly more snails were out of the water at 90 mg/L than the 

control (p = 0.001). Also, significantly more snails were out of the water when exposed to 

120 mg/L than the control (p < 0.001), 30 mg/L (p = 0.043), and 60 mg/L (p = 0.034). 

 

Discussion 

This study represents the most comprehensive assessment of the toxicity of an 

important PFC to freshwater gastropods. Because PFOS concentrations used for the 

current study were much higher than those typically detected in the environment, (e.g., 

7.4 ng/L in Lake Biwa, Japan; Taniyasu et al. 2003, 114 ng/L downstream of a 

fluoroochemical facility in the Tennessee river; Hansen et al. 2002, and up to 2.21 mg/L 
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after a spill; Moody et al. 2002), we conclude that P. pomilia do not appear to be 

sensitive to known ecologically relevant concentrations of PFOS. During the 44-day life 

cycle study, there were significant effects of PFOS on reproduction and growth but these 

occurred at relatively high concentrations (10 mg/L and above). Therefore, effects on 

gastropod growth and reproduction due to PFOS are unlikely in contaminated habitats, 

although it is possible that under even longer exposure durations, toxicity may increase. 

Snails in higher concentrations of PFOS were significantly smaller than snails at lower 

concentrations, suggesting that PFOS does inhibit growth. However, snails at 10 mg/L 

were significantly larger than the controls, which could be a result of a hormetic response 

(Stebbing 1982). A similar stimulatory effect at lower PFOS concentrations was also 

shown in Danio rerio male fry when concentrations of 50 and 250 µg/L increased weight 

after 40 days but after 70 days, body weight and length was reduced for the 250 µg/L 

PFOS exposed group (Du et al. 2009). Even though PFOS may elicit a hormetic response 

at low concentrations in D. rerio and snails, it could have a negative effect at higher 

concentrations and longer exposure durations. Physa pomilia are pulmonates and 

therefore do not have gills, so the only exposure routes for aquatic contaminants are 

dermal, such as through the foot epithelium where they can be exposed via contact with 

sediment (Dallinger 1993) and water. Oral exposure, through diet, is also a potential route 

of uptake (Coeurdassier et al. 2002; Heng et al. 2004) although was not likely in the 

current study. The lack of gills may be one reason that pulmonate gastropods are among 

the least sensitive aquatic species. It may be, however, that if food were also 

contaminated, PFOS toxicity to gastropods would increase. 
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Perfluorooctane sulfonate causes moderate mortality in aquatic organisms such as 

Daphnia magna (48-hour LC50 of 112 mg/L; Li 2009) and Pimephales promelas (42-day 

NOEC of 0.29 mg/L; 3M 2000a). Other LC50's for invertebrates include a 96-hour of 10 

mg/L for Neocaridina denticulata (Li 2009) and 3.6 mg/L for Mysidopsis bahia (3M 

2000b). A chronic LC50 for PFOS had not yet been reported on P. pomilia and it was less 

sensitive to PFOS than other documented invertebrates and vertebrates but roughly the 

same as other snails. For example, we found Physa pomilia to be less sensitive to PFOS 

compared to Chironomus tentans (MacDonald et al. 2004) and similar in sensitivity 

(161.7 mg/L) to Physella acuta (178 mg/L) (Li 2009). 

The life cycle study results indicated PFOS exposure over the reproductive period 

of P. pomilia led to a decrease in survival, which could have been due to either a greater 

sensitivity stemming from exposures that were initiated during development (egg masses) 

or an accumulation of PFOS resulting from the overall exposure duration. Most likely it 

was due to the egg masses and juveniles being more sensitive than adult stages, which 

was a consistent life-stage pattern for a range of chemicals (Hutchinson et al. 1998). 

Generally, it seems aquatic invertebrate larvae and juveniles are more sensitive than 

adults (Hutchinson et al. 1998). As an alternative explanation for the observed decrease 

in survival, many studies show the accumulation of chemicals in the snail shell. For 

example, the contents of a snail shell can provide insight into snail diet (DeNiro & 

Epstein 1978; Laskowski & Hopkin 1996; Heng et al. 2004). Additionally, Laskowski & 

Hopkin (1996) found some heavy metals to preferentially partition to the soft tissue of 

snails instead of the shell. Juvenile snails can accumulate toxicants when developing and 

therefore, they have an overall longer lifetime exposure than adults. Conversely, juveniles 
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may be more sensitive during the lifetime exposure because they have a greater 

proportion of body size to mass leading to greater dermal exposure and because 

developing organ structures may increase sensitivity (Mohammed 1994; Ozoh 1979). The 

increased sensitivity of developing life stages is consistent with other research on 

gastropods and may emerge as a general rule in gastropods (Salice & Roesijadi 2002; 

Kimberly & Salice 2013). 

While PFCs in general have been well documented as carcinogens (Betts 2007; 

Thomford 2002; U.S. EPA 2006; Hu et al. 2002; COT 2010), there is still much to be 

learned about the mechanism and mode of action of PFOS toxicity (Lau et al. 2003; 

Boudreau et al. 2003a). Some examples of toxicity that provide insight into potential 

mechanisms include decreased liver function and effects specific to the reproductive and 

developmental system (Seacat et al. 2002; Kennedy et al. 2004). The dose-response 

relationship for PFOS mortality is generally steep and repeated exposure can cause 

hepatotoxicity and mortality (Thomford 2000; Goldenthal et al. 1978). Additionally, the 

liver is frequently the target of toxic action (Seow et al. 2013), but PFOS can also target 

and increase the kidney and brain weight in mammals (Goldenthal et al. 1978). 

MacDonald et al. (2004) hypothesized that PFOS may interact with hemoglobin and 

create oxidative stress in Chironomus tentans, which could explain why they were highly 

sensitive to PFOS. Long term exposure to PFOS can lead to organ system structural 

deformities (Lee et al. 2007) as well as deformities and a decreased behavioral response 

in the F1 offspring (Chen et al. 2013). Boudreau et al. (2003b) saw no resilience in 

cladoceran or copepod populations when zooplankton species were constantly exposed 

30mg/L PFOS. While chronic exposures can be detrimental to entire ecosystems, chronic 
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exposure responses from each organism vary depending on the susceptibility of the 

organism. 

We conducted a full life cycle experiment for several reasons. First, life cycles 

studies typically use lower and potentially more ecologically relevant concentrations, to 

explore potential long-term effects of chemicals. With that, life cycle studies can 

encompass a full suite of life cycle traits, including survival, growth, and reproduction. 

Reproductive endpoints are critical for population sustainability and typically cannot be 

adequately evaluated using short duration studies, especially since some chemicals 

negatively affect reproduction (Ankley et al. 2001). By conducting additional studies, 

such as those we performed on egg masses (exposed to PFOS versus not exposed), we 

can gain insight into potential transgenerational effects. These effects are potentially 

more representative of effects in the field and can be significant (Salice & Plautz 2011; 

Plautz et al. 2013a). Transgenerational effects can include increasing offspring tolerance, 

altering offspring morphology, and altering other offspring traits (e.g., anti-predatory 

behaviors; Plautz et al. 2013a; Storm & Lima 2010). The current life cycle study found 

that parental effects of PFOS are possible and could be significantly detrimental to the 

offspring. During the life cycle study presented here, we noted that when both offspring 

and their parents were exposed to PFOS, it took offspring longer to hatch, suggesting 

some transgenerational impacts occurred. Interestingly, whether or not offspring were 

exposed to PFOS, parental exposure concentration significantly affected hatching 

success. This suggests the success of offspring is potentially dependent on parental 

exposure and not solely on egg mass exposure concomitant with development. Shi et al. 

(2008) also found decreased hatching success, when zebrafish embryos were exposed to 
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1, 3, and 5 mg/L PFOS. In our study, there appear to be parental effects to the F1 

generation which may be mediated by maternal transfer of PFOS. However, we did not 

verify the maternal transfer because we did not measure tissue samples, but this could be 

an area for future research. It was noted that developing F0 snails were found to be 

deformed inside egg mass exposed to higher concentrations of PFOS (70, 80, and 90 

mg/L). These F0 snails did not fully form a shell and subsequently died soon after 

hatching. Danio rerio embryos and larvae had severe malformation and mortality 

potentially due to their parents being exposed to PFOS (Du et al. 2009). Not only are 

direct exposures important for understanding the effects of PFOS on snails, it is also 

necessary to determine whether or not snails can actively select for a better environment. 

The behavioral assay showed that PFOS-exposed snails were more frequently at 

or above the water line. This result, however, does not necessarily indicate there was 

active avoidance by snails. Instead, PFOS may have inhibited normal physiological 

function such as respiration causing snails to seek the water surface to facilitate breathing 

(recall, P. pomilia do not have gills). This could affect respiration rates, as seen in a study 

on Chironomus tentans where behavioral responses (occupying sediment surface) and 

physiological (loss of red coloration and body undulation) was found which the 

researchers hypothesized to indicate an effect on respiration (uncoupling of oxidative 

phosphorylation; MacDonald et al. 2004). Our study showed the potential for PFOS to 

increase the energetic demand of snails, which is similar to another study that found 

PFOS increased the amount of metabolic cost in Cyprinus carpio, which fit the metabolic 

cost hypothesis (Hagenaars et al. 2008). This could cause the snails to climb to the water 

line to seek more oxygen, with higher PFOS concentrations increasing the proportion of 
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snails out of the water. It is also possible that P. pomilia merely avoided what amounts to 

toxicant induced irritation whereby elevated concentrations of PFOS elicits a flee 

response of the snail to avoid the chemical. For example, Biomphalaria glabrata avoided 

a stressor by moving up to the water line (Plautz et al. 2013b) and Potamopyrgus 

antipodarum avoided toxic levels of dissolved Arsenic (III) (Golding et al. 1997). As a 

consequence of this type of behavioral response, feeding rates and predator avoidance 

behaviors may be impacted (Salice & Kimberly 2013) although these were not tested in 

the current study. Although our behavioral assay was not definitive, it provided a basis 

for potential PFOS effects and additional hypotheses. 

Future directions include looking for transgenerational gene expression and 

biochemical/physiological biomarkers to fully characterize mechanisms of PFOS toxicity 

to gastropods (and other aquatic organisms). Lake Whitefish (Coregonus clupeaformis) 

eggs from Michigan contained high concentrations of PFOS (263 ng/g) (Kannan et al. 

2005). Additionally, it is important to look at the impact PFOS exposure could have on 

multiple generations, since environmental concentrations have been found to be constant 

over years. It would also be beneficial to measure body burdens in offspring to show the 

amount of PFOS passed from mother to offspring. With this, future testing should be 

performed to determine whether earlier life stages are more susceptible because they are 

exposed for a longer period or because they are exposed when they are young. Not only 

can PFOS be passed to offspring but it also can bioaccumulate and biomagnify. Thus, 

ecological risk assessments are crucial to remediating these contaminants in the 

environment, since they potentially pose a threat to all organisms. 
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Figure 2.1 – Perfluorooctane sulfonate (PFOS) concentration in the 14-day sub-chronic 

exposure beakers over time. PFOS concentrations (1.0 mL samples) were fairly stable 

between water changes (96-hours).
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Figure 2.2 – 96-hr toxicity of PFOS to Physa pomilia adults. LC50 of 161.77 mg/L (SE = 

13.11). 
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Figure 2.3 – 14-day toxicity of PFOS to Physa pomilia adults. LC50 of 94.99 mg/L (SE = 

8.88). 

32 64 128 256

-0.5

0.0

0.5

1.0

1.5

concentration

M
o
rt

a
li
ty

PFOS conc (mg/L) 



Texas Tech University, Meghan A. Funkhouser, May 2014 

47 

Figure 2.4 – Sub-chronic adult study: Proportion survival for P. pomilia exposed to 

PFOS. Snails in the 125, 150, and 175 mg/L treatments had significantly greater mortality 

compared to the control (χ
2 

= 47.66, p ≤ 0.001).
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Figure 2.5 – Life cycle study: Proportion survival for P. pomilia adults exposed to PFOS. 

Higher concentrations of PFOS decreased survival (χ
2 

= 150, p = 0.000).
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Figure 2.6 – Life cycle study: effect of PFOS concentration on average length of parent 

P. pomilia. Snails in higher concentrations were significantly smaller than those at lower 

concentrations (p ≤ 0.001). (Letters indicate significance) 
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Figure 2.7 – Life cycle study: offspring average number of eggs per egg mass. Higher 

parental concentrations of PFOS decreased number of eggs per egg mass (p ≤ 0.001). The 

control snails had more eggs per egg mass than snails in 20 mg/L (p = 0.009), 40 mg/L (p 

= 0.006), and 50 mg/L (p = 0.047). (Letters indicates significance) 
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Figure 2.8 – Life cycle study: F1 hatching success. High concentrations of PFOS led to 
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not exposed to PFOS: p = 0.025). “No PFOS” indicates egg masses that were not exposed 

to PFOS while “PFOS” indicates eggs masses that were exposed. F0 were exposed to 

PFOS. 
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Figure 2.9 – Avoidance experiment: Average proportion of P. pomilia adult snails out of 

the water when exposed to PFOS. Higher concentrations of PFOS lead to an increased 

proportion of snails out of the water. (Letters indicate significance) 
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Chapter III 

Toxicological Effects of Perfluorooctane sulfonate (PFOS) to the Juvenile 

Parthenogenetic Decapod, Procambarus fallax f. virginalis 

Abstract 

Perfluorinated compounds (PFCs) are persistent anthropogenic pollutants that have been 

shown to bioaccumulate and biomagnify. Perfluorooctane sulfonate (PFOS), one of the 

most prevalent PFCs, was a major component of fire-fighting foam formulations used in 

the United States and Canada. Perfluorooctane sulfonate has been detected in the 

environment in many waterways and aquatic organisms from many taxa including 

macrophytes, fish, and macroinvertebrates. Despite the global persistence and 

pervasiveness of PFOS, there are few toxicity data for a wide range of taxa, especially 

those not represented in standard toxicity testing protocols. Crayfish (Order Decapoda) 

are an example of commonly found aquatic animals that are generally not used in toxicity 

testing. I used the laboratory reared parthenogenetic crayfish, Procambarus fallax f. 

virginalis (“Marmorkrebs”) to characterize the toxicological effects of PFOS to this 

underrepresented taxa. Characterizing PFOS toxicity to P. f. f. virginalis was achieved via 

three experiments: 1) a 7-day acute study on juveniles, 2) a 28-day sub-chronic juvenile 

study, and 3) a 38-day study in which juveniles at different densities were exposed to 

PFOS. For the 7-day acute study, exposure concentrations ranged from 0-200 mg/L, with 

a 7-day LC50 of 59.87 mg/L. In the sub-chronic exposure to juvenile marmorkrebs, 

concentrations ranged from 0-20 mg/L, with a 28-day LC50 of 0.167 mg/L. Overall, for 

the 38-day study, survival of juveniles at different densities exposed to 0-0.2 mg/L PFOS 

were not significantly affected (Density1: F3,14 = 0.476, p = 0.704; Density 4: F3,14 = 

0.196, p = 0.898). Contrary to expectations, crayfish exposed to PFOS at lower density 
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had lower survival than those in higher density, which suggests a positive effect of 

conspecifics such as social facilitation. Overall, we found P. f. f. virginalis to be more 

sensitive to PFOS compared to most other taxa that have been tested. The data generated 

provide additional understanding of the potential ecotoxicity of PFOS to crustaceans and 

improve our overall ability to estimate risk of PFOS to aquatic animals. 

Keywords: Acute and chronic toxicity, marmorkreb, perfluorinated chemicals, PFOS, 

Procambarus fallax f. virginalis 
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Introduction 

Perfluorinated compounds (PFCs) are anthropogenic pollutants that are surface-

active organic substances and are emerging contaminants of concern (U.S. EPA 2013). 

They were manufactured to make many common household products stick and stain 

resistant, including carpets, upholstery, and pots and pans. These chemicals present 

potential human and ecological risk because they are persistent in the environment for 

years (Kannan et al. 2005). Of particular concern are PFC’s thatwere used as flame-

retardants, such as perfluorooctane sulfonate (PFOS). Due to its use as a major ingredient 

in Aqueous Film Forming Foam (AFFF) formulations throughout Canada and the United 

States, PFOS is often found as a contaminant around fire-fighting training facilities on 

Air Force bases and airports (Moody et al. 2002). 

Perfluorooctane sulfonate has become a factor in global ground and surface water 

contamination due to its wide spread use, from the 1950’s to the early 2000’s, in fighting 

hydrocarbon fueled fires (Moody et al. 2000). The surfactant properties of PFOS provide 

the ability to cover fires, preventing reignition, making it a useful component of AFFF. 

As a result, AFFF’s with PFOS were used on many U.S. Air Force bases during fire-

fighting training exercises (Yeung & Mabury 2013). Once the leading AFFF 

manufacturer to the military, 3M (3M Company, St. Paul, MN, USA) stopped production 

of PFOS-based AFFF products in 2000, when PFOS and PFOS-related compounds were 

suspected of potentially causing harm to the environment (3M 2000b). Despite ceasing 

production, almost 11 million liters of AFFF containing harmful PFC’s are still 

stockpiled on many U.S. military bases (Darwin 2004). Even though Canada and the 

European Union have placed regulations to remove AFFF with PFOS stockpiles because 
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of risk and toxicity concerns (Chemical 2011; Environment Canada 2006), it is still 

produced in Southeast Asia (Roos et al. 2013). Since longer perfluoroalkyl chains (8 

carbons and longer; PFOS) can increase bioconcentration (Martin et al. 2003), some 

manufacturers of PFOS and other AFFF have agreed to comply with the EPA 

PFOA/PFOS Stewardship program regulations to end all C8-based fluorinated compound 

production by 2015 (Directive 2006). 

Perfluorooctane sulfonate (PFOS) is resilient against chemical, thermal, and 

biological breakdown (Roos et al. 2013), partially because it has one of the strongest 

chemical bonds, carbon-fluorine (Smart 1994). While many chemicals bioaccumulate by 

partitioning to lipids, PFOS preferentially partitions to proteins in liver and blood 

(Vanden Heuvel et al. 1992; Jones et al. 2003). Because of its low Henry’s law constant, 

PFOS is not likely to volatilize from water to air, but may sorb to soil, sediment, and 

sludge via chemisorption (Guelfo & Higgins 2013). These physicochemical properties 

allow for the bioaccumulation and global biomagnification of PFOS. Thus, AFFF 

compounds like PFOS and a similar compound, Perfluorooctanoic acid (PFOA), have 

been found in groundwater and surface water samples, where they can persist for years 

(Awad et al. 2011; Moody et al. 2002; Karrman et al. 2011). 

Surface water PFOS concentrations in the environment typically range from low 

ng/L to low µg/L (Hansen et al. 2002; Rostkowski et al. 2006; Wilson et al. 2007). 

Shortly after an accidental spill of AFFF into Etobicoke creek (Ontario, Canada), PFOS 

was detected at 2,210 µg/L (Moody et al. 2001) and even a decade after the spill, PFOS 

concentrations in sediment were still elevated (Awad et al. 2011). Therefore, PFOS can 

be a ubiquitous source of environmental contamination for aquatic organisms (Roos et al. 
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2013) although considerable uncertainties remain regarding the ecotoxicity of PFOS 

precluding robust estimates of risk. Recently, there has been a growing effort focused on 

characterizing the acute and chronic ecotoxicological effects of PFOS to organisms 

(Giesy et al. 2010). In general, PFOS can be characterized as slightly toxic to aquatic 

invertebrates under acute exposure conditions (LC50 or EC50=10-100 mg/L; U.S. Fish and 

Wildlife Service Acute LC50 or EC50 Toxicity Rating found in Seow 2013). 

While PFOS is slightly toxic to most aquatic organisms, there are some notable 

outliers. Several studies show low PFOS toxicity, for example, Li (2009) found a 48-hour 

LC50 of 112 mg/L for Daphnia magna and a 96-hour LC50 of 178 mg/L for the snail 

Physella acuta. The bluegill (Lepomis macrochirus) had a 96-hour LC50 of 7.8 mg/L (3M 

2000a). Alternatively, Chironomus tentans is the most sensitive species to date with a 10-

day EC50 for growth of 0.0872 mg/L (MacDonald et al. 2004). Other studies have 

reported crustaceans Neocaridina denticulata (Li 2009) and Mysidopsis bahia (3M 

2000c) to have 96-hour LC50’s of 10 mg/L and 3.6 mg/L, respectively. One of the few 

known PFOS studies performed on crayfish, Kannan et al. (2005) investigated crayfish 

(species not identified) inhabiting the Great Lakes and found tissue concentrations 

between 2.4-4.3 µg/L but there was no linkage to potential toxicity. To our knowledge, 

no data currently exist for PFOS toxicity to crayfish, even though they are ecologically 

(and sometimes economically) important species in aquatic habitats. 

In general, crayfish comprise the most species rich taxa of invertebrate organisms 

in temperate freshwater ecosystems and frequently persist at relatively high densities 

where they are found (Gherardi et al. 2011). Crayfish are important components of the 

food web because they feed on benthic invertebrates and macrophytes, but primarily feed 
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on detritus, which they can convert into protein in one trophic step (Momot 1984). Since 

crayfish are keystone consumers and are food for higher trophic level species, such as 

fish and birds (Gherardi 2007), they are a good representation of a link between benthic 

macroinvertebrates and species residing in the water column. Crayfish are suitable for 

ecotoxicological studies because typically higher invertebrate taxa accumulate more 

contaminants, such as Mercury, and are thus, good ecological indicators of waterbody 

contamination (Pennuto et al. 2005). Additionally, because crayfish bury in sediment, 

they can release contaminants through bioturbation (Matisoff & Wang 1998), or increase 

their exposure to chemicals that accumulate in the sediments. Even though the species 

can be difficult to rear in the lab, Procambarus clarkii is frequently used in toxicological 

studies for its commercial importance and highly invasive capabilities (Naqvi & Howell 

1993; Bini & Chelazzi 2006; Gherardi et al. 2011). Another crayfish, Procambarus 

fallax, showed similar responses to P. clarkii of increased ammonia excretion at high pH 

(Mauro & Moore 1987). Only recently has a unique subspecies of Procambarus fallax 

been identified that may facilitate research efforts (Martin et al. 2010). 

The marbled crayfish, Procambarus fallax f. virginalis, is a subspecies of 

Procambarus fallax and does not currently have its own formal name (Martin et al. 

2010). We chose to use this species to characterize PFOS toxicity to crayfish because 

they are relatively easy to work with and rear in the lab since they are the only known 

parthenogenetic decapod (Scholtz et al. 2003). In general, decapods are often used in 

neurological studies (Edwards et al. 1999), and up to this point, studies on marmorkrebs 

have centered on reproductive and developmental life stages (Seitz et al. 2005; Vogt et al. 

2004; Martin et al. 2007) as well as central nervous system development (Vilpoux et al. 
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2006) and morphological and molecular analysis (Schiewek et al. 2007). Marmorkrebs 

could potentially be an excellent model organism for laboratory toxicity experiments if 

more is known about their sensitivity to contaminants. Additionally, they may provide 

opportunities to evaluate the differences in toxicity among sexually and asexually 

reproducing species (Otto 2009). Marmorkrebs are good model organisms for decapods 

since their development is quite similar to other crayfish species (Seitz et al. 2005). With 

that said, there are few, if any, toxicological studies on marmorkrebs despite the excellent 

potential for this species. In this current study, we attempt to characterize the 

toxiciological effects of PFOS to P. f. f. virginalis. 

Our first hypothesis was that higher concentrations of PFOS would decrease 

growth of P. f. f. virginalis. Presently, PFOS effects on growth are mixed across multiple 

taxa including fish and mammals (Ankley et al. 2005; Du et al. 2009; Seacat et al. 2002; 

Thibodeaux et al. 2003; Luebker et al. 2005) but the exact mechanism for why this occurs 

is unknown. While PFOS showed no adverse effect on growth in developing fathead 

minnows (Ankley et al. 2005), it actually increased weight in rats, mice, and monkeys 

(Seacat et al. 2002; Thibodeaux et al. 2003; Luebker et al. 2005). In contrast, Chironomus 

tentans experienced decreased growth with concentrations of 50 µg/L and greater 

(MacDonald et al. 2004). 

Our second hypothesis was that because P. f. f. virginalis uses gills for respiration, 

this would be a factor in increasing its’ sensitivity to PFOS compared to another common 

model benthic invertebrate, Physa pomilia (Gastropoda; see Chapter II). Marmorkrebs 

have a high exposure potential to toxicants and with a similarly high likelihood of 

absorbing chemicals due to the high surface area of the gills. For example, fluoride plays 
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a vital role in developing the hard tissues of crustaceans and uptake in the marmorkreb 

occurs directly from water (Sands et al. 1998) pointing to the high uptake potential of the 

gills. Similarly for a toxicant, the gill was the site of most uptake of cadmium in 

Orconectes virilis, even more than the hepatopancreas, antennal gland, carapace, and 

abdominal muscle (Mirenda 1986). This mechanism could result in greater sensitivity to 

PFOS in crayfish compared to other benthic macroinvertebrates that do not have gills. 

We characterized PFOS effects on P. f. f. virginalis by conducting several studies 

on juveniles because this life stage appears especially sensitive to the effects of toxicants 

(Eversole & Seller 2007). Three separate studies were conducted: (1) a 7-day acute study, 

(2) a 28-day sub-chronic study, and (3) a study in which we exposed juveniles to PFOS at 

two densities. We conducted the density experiment because it has been shown that 

crayfish are generally aggressive toward one another (Bergman & Moore 2003; Capelli & 

Munjal 1982; Vorburger & Ribi 1999) and because PFOS appeared to decrease 

marmorkreb mobility and behavior in previous pilot studies. If PFOS would increase 

marmorkreb immobility, it suggests that juveniles at high densities exposed to PFOS may 

be less interactive and therefore, would show slower effects of density. Our ultimate goal 

was to establish the toxicity of PFOS to crayfish using the marmorkreb and to then 

compare their sensitivity to other aquatic organisms. 

Methods 

Chemical and Exposure Characterization 

Perfluorooctane sulfonate stock solutions (heptadecafluorooctanesulfonic acid 

potassium salt, ≥ 98.0% PFOS, Sigma-Aldrich, St. Louis, MO) were made from a pure 

powder form and dissolved in reconstituted moderately hard water (hereafter referred to 
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as “lab water”; 3.0 g CaSO4, 3.0 g MgSO4, 0.2 g KCl, and 4.9 g NaHCO3 to 50 L 

deionized water as all concentrations and stocks were below the solubility limit (fresh 

water solubility = 370 mg/L) (3M Report 1999). For all chemical analyses, PFOS 

recovery standard was obtained from AccuStandard (Scotchgard Post-2002 Formulation 

(Tech mix), 100 mg/L in MeOH, New Haven, CT) and PFOS internal standard was from 

Wellington Laboratories Inc. (Sodium perfluoro-1-octane sulfonate, 50 mg/L, Ontario, 

Canada). Solvents were HPLC grade (J.T. Baker, NJ). Critical to assessing toxicity 

thresholds for potential use in ecological risk assessments is adequate characterization of 

exposure concentrations in specific experimental conditions. We used two different 

exposure chambers for toxicity studies on marmorkrebs: 1-L polypropylene beakers and 

5-gallon HDPE carboys. To characterize PFOS exposure concentrations through time, we 

sampled 1.0 mL from each exposure beaker each day as well as before and after each 

water change (see Chapter II Figure 2.1). Additionally, we monitored PFOS 

concentration in each experimental carboy. Initial characterization involved non-aerated 

exposure chambers because aeration was not used for studies involving beakers. All 

samples were filtered through regenerated cellulose (RC) filters and analyzed using liquid 

chromatography/tandem mass spectrometry (LC-MS/MS generally following methods 

outlined in U.S. EPA 2009). 

Experimental animals 

Procambarus fallax f. virginalis (Procambarus sp.; Marmorkrebs; Malacostraca, 

Decapoda, Astacida) reproduce without a male partner so all organisms from a single 

female are genetically identical females (parthenogenetic) (Martin et al. 2007). 

Parthenogenetic reproduction is a highly sought after trait for laboratory animal models 
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because of the limited genetic variation which reduces variation in responses among 

individuals and because of the ease with which animals can be reared. Parthenogenesis is 

rare among crustaceans because most are either diecious or hermaphroditic (Vogt et al. 

2004). However, because P. f. f. virginalis only need one individual to populate an area, 

they could prove highly invasive if released into non-native waters (Scholtz et al. 2003). 

Marmorkrebs can have very large clutches (up to 416 eggs) and can reproduce several 

times a year (Seitz et al. 2005). First discovered in the German aquarium trade in the mid 

1990’s, so far there are no known native populations in the United States but they have 

been found in Germany, the Netherlands, Italy, Japan, and Madagascar (e.g. Holdich & 

Pöckl 2007; Jones et al. 2009; Kawai et al. 2009; Martin et al. 2010; Kawai & Takahata 

2010). 

The original stock of P. f. f. virginalis used in this study was obtained in July 

2009 from a private collector that advertises on Aquabid.com. The marmorkrebs 

reproduced for several generations before being used for experiments in 2013. Based on 

an average reproductive age of 141-255 days, an interclutch period of 50-85 days, and a 

brooding time of 22-42 days, we estimated the experimental animals to be F4-F6 (Seitz et 

al. 2005). Marmorkrebs were reared at low densities in 5, 10-gallon aquaria with lab 

water successfully for multiple generations. Stock cultures were fed shrimp pellets 

(Wardley, The Hartz Mountain Corporation, Secaucus, NJ) and water was changed every 

other week. Tanks contained a shallow layer of dried leaves, which provided shelter and 

an additional food source. The average lab temperature was 20 ± 1˚C throughout the 

duration of holding, which has been shown to be the optimal temperature for minimizing 

mortality (Seitz et al. 2005), with a 14:10 light:dark cycle. 
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Toxicity Experiments  

Characterizing PFOS toxicity to P.f. f. virginalis was achieved via (1) a 7-day 

acute study on juveniles, (2) a sub-chronic juvenile study, and (3) a study in which 

juveniles at different densities were exposed to PFOS. Crayfish mortality was checked 

every 24 hours by probing the juvenile with a small paintbrush. If the crayfish fled from 

the paintbrush, it was scored as alive. However, if it did not flee but exhibited some 

movement, it was scored as alive with no flee response. All crayfish displaying no 

movement when probed and thought to be dead were checked under a microscope to 

confirm mortality (no gill movement or heartbeat). 

Acute juvenile study 

In the seven-day acute study juvenile crayfish were exposed to the following 

PFOS concentrations: 0, 40, 80, 120, 160, 200 mg/L. At each concentration, three 

juvenile marmorkrebs (approximate age: two weeks; average weight = 0.041 g) from lab 

stock cultures were randomly placed in each of 12, 1-L polypropylene containers with 

500 mL lab water. There were two replicates per concentration (n = 36) and all containers 

were placed in an incubator (25°C ± 1°C) and covered with plastic opaque sheeting to 

limit evaporation. There was a water change on day four and juveniles were fed crushed 

shrimp pellet ad libitum but being careful to not over-feed. Mortality was checked every 

24 hours, and any molts or dead crayfish found were recorded and discarded, without 

replacement. 

Sub-chronic juvenile study 

This 28 day toxicity study on juvenile marmorkrebs (approximate age: four 

weeks; average weight = 0.056 g) was conducted based on the acute study results, with 
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PFOS concentrations of 0, 0.2, 0.5, 1.3, 3.2, 8, and 20 mg/L. Marmorkrebs were exposed 

in 1-L polypropylene beakers with 500mL lab water, and placed in an incubator (25°C ± 

1°C) and covered with opaque sheeting to limit evaporation. Marmorkrebs were weighed 

(± 0.01 g) before and after the experiment and distributed to containers so that there was 

no difference in size among treatments. One juvenile was randomly placed in each beaker 

with eight beakers per concentration (n = 56). Water changes were every five days and 

water quality (average dissolved oxygen = 68.38% saturated; SD = 7.23) was monitored 

for the first few days. Juveniles were fed crushed shrimp pellets ad libitum but being 

careful to not over-feed. Mortality was checked every 24 hours, and any molts or dead 

crayfish found were recorded and discarded, without replacement. 

Sub-chronic juvenile study with density 

To evaluate the impact of conspecifics on the behavior and response of 

marmorkrebs exposed to PFOS, either one or four juveniles marmorkrebs (approximate 

age: 3 weeks; average weight = 0.048g) were exposed to PFOS concentrations of 0, 0.05, 

0.1, or 0.2 mg/L in 5-gallon HDPE carboys with 1-L lab water per crayfish with two 

replicates per concentration. Because of the higher density of animals, we aerated all 

exposure chambers to ensure adequate dissolved oxygen concentrations. Water changes 

were every four days and water quality measurements (dissolved oxygen, room and tank 

temperature) were taken daily. Marmorkrebs were weighed (± 0.01 g) before and after 

the experiment and distributed to containers so that there was no difference in size among 

treatments. To account for greater energy demands with growth, marmorkrebs were fed 

0.05 g (± 0.002 g) crushed shrimp pellet after every water change for the first 10 days, 

0.07 g (± 0.002 g) from day 11-20, 0.09 g (± 0.002 g) from day 21-31, and 0.11 g (± 
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0.002 g) from day 32-38. Mortality was checked every 24 hours, and any molts or dead 

crayfish found were recorded and discarded, without replacement. 

Statistical analyses 

The 96-hour and 7-day LC50 estimates were calculated using logistic regression. 

To investigate time to death, we used parametric regression analysis (survival analysis 

using function survdiff in R), right censoring all surviving snails at the end of the study. 

Survival analysis allowed us to compare survival across exposure concentrations. 

We calculated the 28-day LC50 via logistic regression. We used parametric 

regression analysis (survival analysis using function survreg in R) to assess time-to-death, 

right censoring all snails that survived past termination of study. 

Analyzing time-to-death in juveniles from the 38-day study was performed via 

parametric regression analysis (survival analysis using function survreg in R) right 

censoring all snails that survived to the end of the study. Marmorkreb weight before and 

after the study was analyzed via two-way analysis of variance (ANOVA). Difference in 

marmorkreb weight before and after the study was analyzed via a T-test. 

Survival analyses were implemented using the MASS (Venables & Ripley 2002) 

and Survival (Therneau & Lumley 2009) packages. All data were analyzed in R version 

2.14.1 and α = 0.05 (R Development Core Team 2007). 

 

Results 

We found PFOS to be stable in our exposure beakers between water changes 

(every 3-4 days) and did not vary by more than 20% (see Chapter II Figure 2.1) although 

measured concentrations were slightly higher than nominal concentrations. Additionally, 
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PFOS did not appear to degrade over 14-days in our experimental carboy exposure 

chambers (Figure 3.1). Importantly, the initial characterization method for the carboy 

exposure chambers involved a 14-day study without crayfish or aearation. 

Acute juvenile study 

The calculated 96-hour LC50 was 59.87 mg/L (95% confidence intervals [CI] = 

80.98: 38.76) and the 7-day LC50 was 39.71 mg/L (95% CI = 60.05: 19.36). At 96 hours, 

there were no marmorkrebs that survived at or above 120 mg/L. The survival analysis 

indicated a significant difference between concentration and survival, with higher PFOS 

concentrations causing greater mortality (χ
2 

= 23.04, p < 0.000) (Figure 3.2).

Sub-chronic juvenile study 

The 28-day LC50 was 0.167 mg/L (95% CI = 0.958: 0) and the LC20 was 6.04 

mg/L (95% CI = 11.355: 0.719). The survival analysis revealed higher concentrations 

decreased survival (χ
2 

= 17.27, p = 0.008) (Figure 3.3), with 0.5 mg/L (p = 0.032), 3.2

mg/L (p = 0.024), 8 mg/L (p = 0.020), and 20 mg/L (p = 0.016) significantly decreasing 

survival. Final weight did not significantly vary between treatments (F6, 49 = 0.781, p = 

0.589; F3, 13 = 1.082, p = 0.391, respectively). Marmorkrebs that survived to the end of 

the study were significantly bigger than their initial weight (t = 6.813, p ≤ 0.001; Figure 

3.4). Concentration did not significantly affect changes in body weight (F1, 15 = 1.228, p = 

0.285). 

Sub-chronic juvenile study with density 

Concentration did not significantly affect the survival of juveniles at either density 

during the 38-day exposure to PFOS (Density1: F3,14 = 0.476, p = 0.704; Density 4: F3,14 = 

0.196, p = 0.898). This was also supported by a survival analysis which showed no 
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significant effect of concentration on survival for either density (Density1: χ
2 

= 2.77, p =

0.43; Density4: χ
2 

= 0.6, p = 0.9). Density did not significantly affect survival (χ
2 

= 0.2, p

= 0.66) (Figure 3.5). Initial and final weights were not significantly different between 

treatments (F3,86 = 0.923, p = 0.433; F3,43 = 2.173, p = 0.105, respectively). Before and 

after the study, lower density marmorkrebs (individuals) weighed slightly more than 

those at the higher density (F1,45 = 4.122, p = 0.048; Density1: mean = 0.071, SD = 0.042; 

Density4: mean = 0.048, SD = 0.027; Figure 3.6; Table 3.1). The marmorkrebs were 

significantly larger at the end of the study compared to the beginning (t = 11.688, p ≤ 

0.001), but there was no effect of concentration on the change in mass (F1,45 = 0.04, p = 

0.843). 

Discussion 

This study represents the only study on the effects of PFOS on a decapod 

crustacean and one of the few ecotoxicity studies on Procambarus fallax f. virginalis. We 

found in the acute and sub-chronic toxicity studies that PFOS decreased survival and that 

while the marmorkrebs grew during the 28-day sub-chronic and 38-day density studies, 

final body mass was not significantly different between PFOS treatments. For the study 

in which we manipulated marmorkreb density in addition to exposure to PFOS, we found 

no effect of marmorkreb density or PFOS on survival, which conflicted somewhat with 

results from the 28-day toxicity study on individually exposed marmorkreb juveniles (see 

below) where PFOS caused mortality at similar concentrations. However, some deaths 

were observed at the higher density which may have been because juveniles were 

affected by PFOS and either had difficulty obtaining food or may have been harassed by 

conspecifics. We have observed in cultures that marmorkrebs will interact with 
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conspecifics, which sometimes leads to mortality of one of the individuals. Regardless, 

we expected greater effects in the 38-day study (see below). 

The 96-hour LC50 of 59.87 mg/L shows P. f. f. virginalis to be less sensitive to 

PFOS than other reported crustaceans, such as Mysidopsis bahia (96-hour LC50 of 3.6 

mg/L; 3M 2000c) and Neocaridina denticulata (96-hour LC50 of 10 mg/L; Li 2009). 

However, this study revealed that marmorkrebs are much more sensitive to PFOS at 

longer exposure durations with a 28-day LC50 of 0.167 mg/L. This yields an acute to 

chronic ratio of about 375 which is extremely high. The sensitivity of marmorkrebs as 

indicated by the 28-day study suggests greater sensitivity than most other species, 

including Daphnia magna (21-day LC50 of 9.1 mg/L; Li 2010), Rana pipiens (5-week 

LC50 of 6.21 mg/L; Ankley et al. 2004) and Pimephales promelas (28-day LC50 of 7.2 

mg/L; Oakes et al. 2005). When comparing our study on marmorkrebs to our previous 

study on Physa pomilia in which the acute to chronic ratio was about 16, we did not 

anticipate marmorkrebs exhibiting such high sensitivity to PFOS during the longer term 

study. Concentrations of PFOS have been found in the environment at low mg/L and low 

ng/L levels (Taniyasu et al. 2003; Moody et al. 2002), which is in the range of 

concentrations that elicited marmorkreb mortality in this study (28-day LC50 of 0.167 

mg/L). Because Mysidopsis bahia and Neocaridina denticulata are closely related to 

crayfish, it could be inferred that if they were exposed to similar conditions, they would 

also be quite sensitive to PFOS. 

To our surprise, we did not find that PFOS decreased growth in either the 28-day 

or the 38-day density study. For the density study, individual marmorkrebs, regardless of 

concentration, were significantly bigger than those in groups, and even though all 
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treatments were given ample food, the observed effects could be attributed to 

marmorkreb competition for resources such as space or food. Similarly, juvenile P. 

clarkii that were the same size as conspecifics were more likely to win encounters than 

those that were smaller (Figler et al. 1999).  We found marmorkrebs housed singly to 

have lower survival than those in groups. Our study used juveniles and thus, a potential 

reason why there was increased survival of those in groups could be because 

marmorkrebs become more aggressive as they age. When young, there may be a survival 

advantage in the presence of conspecifics, commonly referred to as social facilitation. 

Based on our observations and the knowledge that older crayfish can be more aggressive, 

additional studies on the effects of toxicants at different crayfish densities are likely 

warranted. 

The nominal concentrations used for the density study and some of the 

concentrations used for the 28-day study were ecologically relevant since PFOS 

concentrations have been measured in the environment up to 2,210 µg/L (Moody et al. 

2002). Additionally, one of the first studies to measure PFOS concentrations in crayfish 

tested 40 wild crayfish (species not identified) in China but only 1 contained PFOS at 

0.344 ng/L (Hu et al. 2011). We did not observe significant effects during the density 

study but during the sub-chronic study we found PFOS decreased survival. A potential 

reason for this discrepancy between the studies may relate to the differences in 

experimental design, such as the different exposure chambers used in the two studies. An 

important aspect of design may relate to aeration of exposure chambers. The beakers used 

during the 28-d toxicity study were not aerated but oxygen levels were maintained at a 

reasonable level. We did aerate the exposure chambers (carboys) during the density study 
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because of concerns regarding water quality, particularly for crayfish at the higher 

density. A follow up study in which we evaluated the effect of aeration on PFOS water 

concentrations showed an approximate 50% decline in PFOS in exposure chambers 

(carboys) that were aerated (Figure 3.7). We also found an apparent effect of aeration 

with the use of airstones decreasing PFOS more so than the use of pipet tips, which 

yielded stable PFOS concentrations (Figure 3.7). The results of this last characterization 

study point to the importance of understanding how experimental conditions and 

procedures can impact study results. As is, we are more inclined to support the results of 

the 28-day toxicity study in which exposure concentrations were more constant as 

determined by PFOS measurements over the exposure period. Were we to adjust our 

nominal exposure concentrations used in the juvenile density study based on the apparent 

loss of PFOS from the aerated exposure chambers, the actual exposure concentrations 

were likely closer to approximately 0.025, 0.05 and 0.1 mg/L, which would likely explain 

the lack of observed effects on survival. Overall, these results highlight the importance of 

characterizing the effect of specific experimental conditions on exposure. 

Crayfish are a vital component of aquatic communities because they prey upon 

macrophytes and snails and provide important functions to aquatic food webs (Nystrom 

1999). An example of how drastically crayfish can alter ecosystems is provided in the 

overabundance of the invasive rusty crayfish (Orconectes rusticus). This crayfish has 

greatly reduced the production of the littoral food web, with decreased snail, macrophyte, 

and periphyton communities in Northern Wisconsin lakes (Lodge et al. 1994). 

Marmorkrebs appear to be excellent candidates for routine toxicity testing as surrogates 

for decapod crustaceans. This species is amenable to laboratory study and offers 
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opportunity to evaluate impacts of toxicants on different life stages (including 

reproduction) and potentially over longer-term exposure conditions. Even though 

marmorkrebs may not be naturally occurring in many aquatic habitats, it is important to 

continue studying the direct impacts of PFOS and other toxicants on marmorkrebs to 

provide added insight into potential toxicological effects. The 28-day study provided 

valuable insight into the potential sensitivity of decapods to PFOS and suggests that 

additional studies may be warranted. Importantly, the current study is a relatively short 

time period compared to how long this species lives (estimated at 3-4 years; Vogt et al. 

2004). Because the 28-day study data were reliable, we can postulate that marmokrebs 

exposed to PFOS for longer durations may show even greater signs of toxicity. 

Because marmorkrebs are genotypically uniform, have high fitness, and fast 

development and sexual maturity, they are a good example of a model organism 

(Vrijenhoek 1994). Since marmorkrebs are at the beginning stages of being a 

representative organism for toxicity studies, having a standardized protocol for culturing 

marmorkrebs across all laboratories would maintain consistency when performing 

experiments. For example, protocols might include using higher temperatures (25˚C - 

30˚C), which tends to increase length and survival (Seitz et al. 2005), and having 

reproduction as a focal endpoint, since all offspring are genetically identical. It would 

also be useful to look at transgenerational effects of chemicals on marmorkrebs, since 

that has not been studied thus far. Because so little research has been performed on the 

marmorkreb, a vast database of knowledge is still to be acquired. For example, additional 

studies on competition and predation would be useful to determine if marmorkreb 

tolerance to chemical stressors is impacted. It would be beneficial to investigate PFOS in 



Texas Tech University, Meghan A. Funkhouser, May 2014 

72 

marmorkreb tissues, including uptake and elimination rates. Additionally, it would be 

important to look at whether marmorkrebs can detect levels of PFOS, either in the 

environment or in food, and/or if they would move to a non-contaminated habitat. 
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Figure 3.1 –Perfluorooctane sulfonate (PFOS) concentrations in static carboys over time 

(nominal PFOS concentration of 10 µg/L). Concentrations were stable between water 

changes (3-7 days). A water change occurred on day 7 (* indicates after the water 

change; dashed line indicates trend). 
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Figure 3.2 – Acute study: Proportion survival for Procambarus fallax f. virginalis 

juveniles exposed to PFOS. Higher concentrations of PFOS decreased survival (χ
2 

=

23.04, p < 0.000). 
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Figure 3.3 - Sub-chronic study: Proportion survival for Procambarus fallax f. virginalis 

juveniles exposed to PFOS. Marmorkrebs in the 0.5, 3.2, 8 and 20 mg/L treatments had 

significantly greater mortality compared to the control (χ
2 

= 17.27, p = 0.008).
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Figure 3.4 – Sub-chronic study: Procambarus fallax f. virginalis juveniles exposed to 

PFOS for 28-days had an increase in weight over time (t = 6.813, p ≤ 0.001). 

Concentration did not significantly affect the difference between beginning and ending 

weights (F1, 15 = 1.228, p = 0.285). 
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Figure 3.5 – Density study: Proportion of surviving Procambarus fallax f. virginalis 

juveniles when exposed to PFOS at densities of 1 and 4 marmorkrebs. There was no 

significant difference of density on survival (χ
2
 = 0.2, p = 0.66).
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Figure 3.6 – Density study: Weight of Procambarus fallax f. virginalis juveniles before 

and after experiment. Individual marmorkrebs weighed slightly more than those in groups 

(Before: F1,88 = 7.026, p = 0.009; After: F1,45 = 4.122, p = 0.048). 
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Figure 3.7 – Nominal perfluorooctane sulfonate (PFOS) degradation under three types of 

aeration (no aeration, pipet tips, and sand stone aerators) over four days in experimental 

carboys. 
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Table 3.1 - Growth, expressed as dry weight in grams, of Procambarus fallax f. virginalis 

juveniles exposed to low concentrations of PFOS for 38 days. 

 Control 0.05mg/L 0.1mg/L 0.2mg/L 

Density 1 4 1 4 1 4 1 4 

Start 0.049 0.052 0.059 0.043 0.079 0.040 0.052 0.053 

End 0.141 0.103 0.083 0.091 0.133 0.084 0.135 0.104 

Increase 0.092 0.051 0.024 0.048 0.033 0.044 0.083 0.051 

% Increase 188% 98% 41% 112% 42% 110% 160% 96% 
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Chapter IV 

Placing Perfluorooctane sulfonate (PFOS) Ecotoxicity Data in the Context of 

Ecological Risk Assessment Using a Species Sensitivity Distribution (SSD) 

Abstract 

Species Sensitivity Distributions (SSD) have been used in Ecological Risk 

Assessments (ERA) to better inform management decisions, with the goal to determine 

potential effects of chemical contaminants on ecological receptors. Perfluorinated 

Compounds (PFC), specifically Perfluorooctane sulfonate (PFOS), are contaminants of 

emerging concern and are anthropogenic pollutants that are highly persistent in the 

environment. There exists a need for reliable ERA methods, especially since there are so 

few acute and chronic toxicity data for PFOS. We conducted toxicity studies on Physa 

pomilia and Procambarus fallax f. virginalis (Chapters 2 and 3, respectively) to 

determine the sensitivity of these organisms to PFOS, to ultimately generate an updated 

SSD for aquatic animals exposed to PFOS. Using an SSD model based on EPA’s SSD 

Generator V1 for already existing PFOS toxicity data, we found the hazardous 

concentration for 5% of species (HC5) for the acute toxicity data to be 2.45mg/L and the 

lower confidence limit (LHC5) for the HC5 to be 1.17mg/L. The chronic HC5 was 

0.06mg/L and the LHC5 was 0.0013mg/L. Adding our data increased the acute SSD HC5 

to 2.82mg/L and the LHC5 to 1.31mg/L. The chronic HC5 increased to 0.046mg/L and the 

LHC5 to 0.003mg/L (Figure 4.5). Our studies on the sensitivity of Physa pomilia and 

Procambarus fallax f. virginalis provide important insight into potential ecotoxicological 

effects of PFOS and likely improved the overall SSDs. We saw decreased sensitivity for 

the acute SSD but increased sensitivity for the chronic SSD with the addition of our 

toxicity data. Because there are so few toxicity data for PFOS, additional acute and 
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chronic studies are needed to refine the SSD and provide less uncertain risk assessment 

tools. 

Keywords: Ecological risk assessment, perfluorinated chemicals, PFOS, species 

sensitivity distribution  
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Introduction 

The Species Sensitivity Distribution (SSD) concept has been widely used in 

Ecological Risk Assessments (ERA) to better inform management decisions regarding 

the potential effects of chemical contaminants on ecological receptors (Posthuma et al. 

2001). The goal of an SSD is ultimately to determine the chemical concentration at which 

most species (e.g., ~95%, Maltby et al. 2005) in the environment are protected (Wheeler 

et al. 2002). Species sensitivity distributions are comprised of all known toxicity data of 

different species exposed to a single chemical. These data are fitted to a distribution of 

sensitivities that can be used to then determine which concentration correspond to which 

percentage of species affected (Newman et al. 2000). Risk assessors and managers use 

SSDs when assessing whether species on a contaminated site are potentially affected and 

for setting water quality standards (Hose & Van den Brink 2004). Species sensitivity 

distributions are almost universally s-shaped and are akin to the single-species dose-

response relationship (Figure 4.1). 

The strength of any given SSD is related to the availability of suitable toxicity 

data. Generally, a minimum of 10-15 single-species toxicity estimates are needed to 

produce reasonably reliable SSDs for chemical contaminants (Wheeler et al. 2002). The 

addition of more data, however, will reduce the error and also will increase confidence 

that reasonably sensitive species have been represented. The lower HC5 estimate protects 

all but the 5% most sensitive species from adverse ecological effects, which means that 

95% of species are protected (Maltby et al. 2005). Species sensitivity distributions are 

powerful tools for estimating risk and setting cleanup goals at contaminated sites, provide 
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some insight into potential overall ecosystem effects, and also provide quantitative 

estimates of uncertainty when reaching a risk management decision. 

Perfluorooctane sulfonate (PFOS), and Perfluorinated Compounds (PFC) in 

general, are anthropogenic pollutants that are highly persistent in the environment, 

globally distributed, and bioaccumulative. Perfluorinated compounds, including PFOS, 

are contaminants of emerging concern (U.S. EPA 2013) and there is a growing need for 

robust ecological risk assessment methodologies. One issue that may preclude robust 

assessments of risk is that even though PFOS is widespread in the environment, acute and 

chronic toxicity data are generally very limited with fewer than 15 acute and 10 chronic 

toxicity estimates for aquatic animal species. An important goal in conducting Physa 

pomilia and Procambarus fallax f. virginalis toxicity studies (Chapters 2 and 3, 

respectively) was to determine the sensitivity of those species to PFOS and to use those 

data in combination with already existing data to generate a current SSD for PFOS. 

One paper has been published which sought to establish a Predicted No Effect 

Concentration (PNEC) for PFOS (Qi et al. 2011). The authors used four different 

approaches for estimating the PNEC, one of which was a SSD. Qi et al. (2011) found that 

PNECs ranged from 0.61-35.16 µg/L, depending on how the PNEC was calculated. The 

PNEC resulting from the 5
th

 percentile most sensitive species (HC5) was 6.66 µg/L. An

important aspect to the use of SSDs is to ensure that they are up to date, accurate, and 

representative. An important goal in the current research is to update the SSD with newly 

obtained or discovered data. 

The toxicity studies (Chapters 2 and 3) and the SSD generated here are part of a 

larger project sponsored by the United States Air Force to develop methodology and to 
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characterize risks of PFOS and other PFCs to aquatic species resulting from 

contamination at Barksdale Air Force Base near Shreveport, Louisiana. There is ongoing 

concern that Air Force bases across the United States (and the world) have been 

contaminated with PFCs potentially due to the use of fire training facilities (Karrman et 

al. 2011). Barksdale Air Force Base (BAFB) has been a site of active fire-fighting 

training and until recently, the base also extinguished fluid containing multiple PFCs, 

including PFOS. Contamination of ground water, sediment, and biota has been seen on 

BAFB, and the concern is that those chemicals may cause harm to aquatic organisms or 

human health. The goal for the overall project is to devise a multifaceted approach for 

estimating potential human and ecological risk of PFCs with a focus on PFOS. The 

research we conducted focused on estimating the toxicity of PFOS to P. pomilia and P. f. 

f. virginalis, which are species representative of those observed at BAFB. These data 

were then combined with existing, similar toxicity data for other aquatic animals to 

generate current SSDs for eventual use in site-specific ecological risk assessments. 

 

Methods 

 We used a species sensitivity distribution calculator programmed in R but based 

on the EPA’s SSD Generator V1 (Shaw-Allen & Suter 2012). The SSD model is based 

on fitting a log-normal distribution to available toxicity data that are re-ordered to 

establish the proportion of species affected. We used the 5
th

 percentile (HC5; Maltby et al. 

2005) as our threshold and also considered the lower 95% confidence limit as protecting 

95% of the 5% most sensitive species. 
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To the best of our knowledge, we compiled the available LC50 acute and chronic 

toxicity estimates for PFOS for generating the acute and chronic SSDs, respecitively. We 

then back calculated the expected response based on the results of the regression for 

proportion of species affected ranging from 0.01 to 1.0. The raw data along with the 

species name were also plotted with the SSD to better visualize the relationships between 

raw data and the SSD. Where there were multiple 96-hour data for a species, we choose 

the lowest LC50. Where there was no 96-hour data for a species, we choose the next 

greatest time point (i.e. 72-hours or 48-hours). Additionally, we plotted all of the 

available chronic (greater than 96-hours) LC50 toxicity data for species exposed to PFOS 

(n = 5; Figure 4.2). For the chronic data, we choose the longest duration exposure and 

lowest LC50 toxicity endpoint for a species. Importantly, although we were able to 

generate SSDs, there are still relatively few data points for both acute and especially 

chronic PFOS toxicity studies. The addition of more data points to the SSD will increase 

confidence that the SSD is representative and likely capturing important potential effects. 

Therefore, in this PFOS SSD, we have more confidence in the acute SSD, since the 

chronic SSD data has less data points, and therefore, more uncertainty. 

Results and Discussion 

Prior to the addition of our data we calculated acute and chronic SSDs for PFOS 

as a way to evaluate the impact of new data on existing toxicity estimates. The hazardous 

concentration for 5% of species (HC5) for the acute toxicity data was 2.45 mg/L and the 

lower confidence limit (LHC5) for the HC5 was 1.17 mg/L while the chronic HC5 was 0.06 



Texas Tech University, Meghan A. Funkhouser, May 2014 

94 

mg/L and the LHC5 was 0.0013 mg/L. The larger difference between the HC5 and the LHC5 

for the chronic toxicity data reflect the overall lack of data for this analysis. 

The LC50’s we generated for both the Physa pomilia and P. f. f. virginalis added 

data points for estimating the acute and chronic SSDs. For example, when our data was 

added to the acute SSD, the HC5 increased to 2.82 mg/L and the LHC5 was 1.31 mg/L 

(Figure 4.2). When our data was added to the chronic SSD, the HC5 decreased slightly to 

0.046 mg/L and the LHC5 was 0.003 mg/L (Figure 4.3). Note the lower confidence limit 

increased by an order of magnitude reflecting the addition of new data. Qi et al. (2011) 

found PFOS PNECs to range from 0.61-35.16 µg/L using four methods for PNEC 

determination including an inter-species correlation approach (ICE). The SSD yielded an 

HC5 of 6.66 µg/L. The range of PNECs is lower compared to an empirical study that 

determined a No Observed Effective Concentration (NOEC) of 0.8-46.9 mg/L for a 

PFOS community level assessment (Boudreau et al. 2002). In this case, our predicted 

chronic HC5 and LHC5 appear to be protective as they were lower than the empirical 

NOEC. Unfortunately, there are few empirical studies evaluating community level effects 

of PFOS with which to compare SSD predictions. As an example, Sanderson et al. (2002) 

conducted a community-level assessment of PFOS toxicity but could not define a NOEC 

because their analysis had low statistical power at the 1mg/L level. Because of its longer 

exposure durations, there is typically increased mortality with chronic exposures and 

therefore, the chronic PFOS SSD may be more conservative compared to the acute PFOS 

SSD. As a result of chronic SSDs being based on LC50 data, which can show strong 

effects, we might expect to see effects for species above the HC5. 
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Species sensitivity can vary widely for any chemical and the SSD helps to 

account for that variability. The updated PFOS SSD compiles the currently known data of 

species LC50s to determine the proportion of species that could be affected at any 

particular concentration. This new SSD will likely prove useful in the risk estimation 

phase of ecological risk assessments and any continued refinements will help to improve 

environmental management decisions on contaminated sites by improving our confidence 

in estimating potential effects. Specifically, this can be used to assess potential PFOS 

effects on a community and will aid in the ERA decision-making process. Determining 

the community effect level will depend on the 5% effect level (HC5), which is the point 

when species are most likely adversely affected. Species above this line are generally 

thought to be unaffected. If additional toxicity values for new species are added to the 

distribution, the SSD curve is adjusted to control for the 5% of affected organisms. 

Environmental risk managers should therefore aim to monitor levels of PFOS. If the 

levels exceed the HC5, managers should initiate remediation processes of the 

contaminated site.  

Our studies on the sensitivity of Physa pomilia and Procambarus fallax f. 

virginalis provide important insight into potential ecotoxicological effects of PFOS. 

Adding our species to the acute PFOS SSD shifted the curve to the right, indicating the 

distribution of species tested is less sensitive. This decreased sensitivity makes the 

allowable HC5 concentrations slightly higher. Even though we found a higher HC5 (0.046 

mg/L) than Qi et al. (2011) which found a chronic HC5 of 0.006 mg/L, because our 

chronic PFOS SSD is based on LC50s, there may be effects that occur which may make it 

not as protective of species. For the chronic PFOS SSD, adding our species shifted the 
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curve slightly to the left, indicating more sensitivity amongst species and lower HC5, 

making management decisions more conservative. Similarly, because there are so few 

species on the chronic SSD, by adding our species, the 95% confidence intervals 

decreased and we gained more confidence in the SSD. Additional chronic PFOS tests are 

needed to refine the SSD and, in general, testing a range of species under both acute and 

chronic conditions will help identify the most sensitive species to PFOS. 
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Figure 4.1 – Example Species Sensitivity Distribution (SSD) 
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Figure 4.2 – SSD generated from acute LC50 data on 16 species exposed to 

Perfluorooctane sulfonate (PFOS). Dotted lines represent the 95% confidence limits. The 

black curve and red confidence limits represent the SSD for data prior to the addition of 

toxicity data for Physa pomilia and Procambarus fallax f. virginalis. Blue lines and data 

points are data contributed by this research. 
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Figure 4.3 - SSD generated from chronic LC50 data on 7 species exposed to 

Perfluorooctane sulfonate (PFOS). Dotted lines represent the 95% confidence limits. The 

black curve and red confidence limits represent the SSD for data prior to the addition of 

toxicity data for Physa pomilia and Procambarus fallax f. virginalis. Blue lines and data 

points are data contributed by this research. 




