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ABSTRACT
DETERMINING THE EFFECTS OF MULTIPLE STRESSORS ON FATHEAD
MINNOWS (PIMEPHALES PROMELAS) USING A FLOW-THROUGH DILUTER
SYSTEM
By

Brandon M. Armstrong

Aquatic organisms are exposed to a multitude of contaminants and to fully undéwstand
impact of multiple stressors on fish populations, we must first understand thamssc

of action for each toxicant and how the combined effects manifest at the |¢vel of
individual. 1#®-ethinylestradiol has been known to cause adverse reproductive effects
including reduced fecundity and fertility, intersex and sex change in fish bickimg
naturally produced estrogen at low concentrations. Ammonia has been known to cause
adverse reproductive and mortality effects in individual fish throughtefeeadamage to
the central nervous system. A flow-through diluter system was used togésdividual
effects of environmentally relevant concentrations of these two contaseswell as

their mixture on fathead minnow reproduction. Significant findings from this study
suggest that U.S. EPA water quality criterion for ammonia in waters where non
salmonids are present (8.4mg/L) is above the lowest observable effect cdiwrefdra
fathead minnow reproduction. The lowest un-ionized ammonia concentration (5mg/L)
tested during this study resulted in a 29% decrease in cumulative fecundityixiime m

of both 1a-ethinylestradiol and ammonia at their respective environmentallyargie
concentration resulted in increased mortality, but did not to show adverse effects on
reproduction. This study demonstrated the need for toxicity testing witrprewdtressor

scenarios and the importance of re-evaluating current U.S. EPA watdy guitéria.
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CHAPTER ONE: INTRODUCTION

Concern over the harmful effects of trace chemicals found in watge
treatment plant (WWTP) effluent has risen over the pastd®eades with the discovery
that such chemicals often act as endocrine disruptors (ParRiting 2004, Jensen et al.
2000, Lange et al. 2000). Wastewater treatment plant effluenteis oftmprised of a
mixture of chemicals from household and industrial sources anddittiiown about the
effects of individual endocrine disrupting chemicals (EDCs) on fishvaldlife. Perhaps
what is more alarming is that there is a paucity of infoilenabn how multiple EDCs
interact within individual organisms. Endocrine disrupting compounds dheedeas
exogenous agents that interfere with the production, release, transpabolism,
binding, action, or elimination of endogenous hormones responsible for themnazaice
of homeostasis and regulation of developmental processes (Park§33| A mixture
of chemicals can have unexplained interactive effects on theramelegstem of fish and
other aquatic organisms (Jobling & Tyler 2003). This study's a@s o outline a
protocol for testing multiple stressors and to determine how two catnwith different
modes of action interact within a fish to affect reproduction.

The effects of multiple stressor interactions on fish and waldiife notoriously
difficult to assess because of several reasons. First, éigsebletween initial cause and
expression of cumulative effects can be long, thus making icdiffto determine a
cause-effect relationship (Adams 2005). Second, it is difficuleteeate a hypothesis to
test because we often do not know if the combined effects of twaickis will be
additive, synergistic or antagonistic. Synergistic effectsiogthen two chemicals are

mixed and the effects are more than the sum of their individéedtef Antagonistic



effects occur when the individual effects of two contaminants cracitene another
when mixed, and result in a much lower effect than predicted dfteets were additive.
Finally, several mechanisms may be involved during multiplesstre interactions
(Bonga 1997).

Information about the responses of animals to multiple natural ancpotfenic
stressors is, at the present time, insufficient for researdbepredict their combined
effects (Jenssen 2006); often the effects of just singlessire are not well-delineated.
However, the reality is that fish are exposed to multiple stresn their natural settings
and there exists a need to understand how different chemica&ctnigthin an organism
to assess population risk. Multiple stressors can interact with thet immune and
endocrine systems simultaneously and such interactions occur Wy en&ironments
where fish are threatened with pollutants, parasites, and otheorneintal stressors
(Jobling & Tyler 2003).

Endocrine disrupting compounds, a common component of WWTP effluent, are
found in many water systems throughout the United States and arouwvdrtie These
chemicals have been linked to high levels of intersex, sex changkandd sex ratios
in fish populations (Parrott & Blunt 2005, Lange et al. 2001. Jensen2&x(dl). Sources
of EDCs have been cited as pesticides, oral contraceptivesngliexid other industrial
compounds (Parrott & Blunt 2005, Lange et al. 2001). The majority oé ttiesmicals
are released into the aquatic environment via sewage systemsry few WWTPs have
proper mechanisms in place to completely remove these contamiRantstt & Blunt

2005).



Of particular interest are chemicals that mimic natunattyduced estrogen; such
chemicals have the potential to disrupt the endocrine system dhangritical sexual
development period (Lange et al. 2001). These estrogen imitators havehogan to
induce feminization in male fathead minnowBimephales promelas (FHM), by
stimulating the production of eggs and plasma vitellogenin, a lipo-phagpbaprotein
precursor to egg yolk that is normally produced in females (Rdarkk 1999). Estrogen
mimics also disrupt egg production in female FHM (Parrott & BROA5). The process
of vitellogenesis is sensitive to EDCs (Murphy et al. 2005), antunpations in this
process can have ecological consequences, because vitellogertsastig related to
fecundity and egg quality of individual fish. This study examined ffexts of 17%-
ethinylestradiol (EE2) which is a synthetic estrogen and th& sommonly used active
ingredient in oral contraceptives (Lange et al. 2001) and a known (BDKley et al.
2001, Lange et al. 2001, & Parrott & Blunt 2005).

Ammonia is another common pollutant in agquatic systems and has beendound t
be extremely toxic to fish. Effluent generally contains veEnyw concentrations of
ammonia; however during WWTP malfunctions or in parts of the worlt hbhse
nonexistent or ineffective treatment systems, ammonia concentrati waterways can
be greater than 20mg/L (Passell et al. 2007). Farm animal iopsratre another source
of water pollution including ammonia and the extent of pollution isegptdependent on
the size of the production (Robbins et al. 1972). Fertilizers used dagngultural
operations also contain a significant amount of nitrogen. During ruaradf flooding
events, nitrogen produced by these types of operations could be reletaseéarby

streams.



Ammonia exists in two forms, ionized (NB4and un-ionized (NH3) (Thurston et
al. 1986, Mayes et al. 1986). While total ammonia concentration islyheawnitored in
WWTP effluent across the United States, NH3 concentrationgajgnare not (Passell
et al. 2007) even though un-ionized ammonia is the larger contributomwiolaia
toxicity to fish (Thurston et al. 1986, Mayes et al. 1986, U.S. EPA 19995 Aeutral
molecule it is able to easily diffuse across the epithelehbranes of aquatic organisms
(U.S. EPA 1999). The toxicity of un-ionized ammonia is highly dependent
temperature and pH of the water (U.S. EPA 1999). As the temperatd pH of water
increase, the toxicity of un-ionized ammonia to FHM increases asWeéll EPA 1999).

Increased ammonia levels within the body result in both chronicarnd affects
in fish. Ammonia targets the central nervous system of vertsbratel at high
concentrations can result in acute toxicity (Randall & Tsui 200@hvulsions followed
by death are likely the result of this acute toxicity duraposures of high NH3
concentrations. The mechanism of action for this toxicity is \etieto be from an
increased activation of the glutamate receptors for the amidp Manethyl-D-aspartic
acid (NMDA) (Randall & Tsui 2002). These receptors are respongibleontrolling
synaptic plasticity and memory function. This increased activatiothege receptors
leads to a depolarization of neurons and results in subsequent celivdbattihe central
nervous system.

Human urine contains a high amount of ammonia and can contain trace smount
of EE2 (Parrott & Blunt 2005). It is possible that fish could be exgpde mixtures of
both EE2 and ammonia during release of WWTP effluent because algres of birth

control usage and presence in urine, as well as the inability of WWTcompletely



remove these chemicals from effluent. In this study | tefteceffects of both ammonia
and EE2 on fathead minnow survival and reproduction. Specificallyltingate goal of
this project was to determine whether ammonia will impact tpesure of FHM to EE2
and which endpoints are most sensitive to use in detecting changeposue and
effects. The hypotheses of this study were:

H1: Current published lowest observable effect concentrations &reEEcts on

FHM reproduction will be reduced when coupled with the multiple siresffect

of ammonia because having an added environmental stressor présigatedase

the fish’s ventilation rate and therefore increase the uptake of EE2.

H2: Ammonia concentrations at or near U.S. EPA Water Qualitgd&ines will

result in reduced vitellogenin expression in FHM males and &=mbécause

stress has been shown to decrease vitellogenin production in fish.

This thesis is split up in to separate chapters which focus on sithdydisese
hypotheses. Chapter two investigates how NH3 affects FHM reproduction d@ing a
day flow-through diluter study. This experiment was needed beaafuthe lack of
background information on the effects of NH3 on FHM reproduction; thé¢ maosnt
study prior to this experiment was conducted in 1986 (Thurston.el986).
Specifically, for this study, | needed to determine the NOEQNHEB on FHM
reproduction using the 21 day flow-through diluter method so thatlddest the
effects of both EE2 and NH3. Chapter three investigates thenmigffects of NH3
and EE2, each at their NOEC, on FHM reproduction and addresses pothdsys

(H1 and H2).



CHAPTER TWO: DETERMINING THE NO OBSERVABLE EFFECT
CONCENTRATION OF NH3 ON FATHEAD MINNOW REPRODUCTION

I ntroduction:

Ammonia is a common pollutant in aquatic environments and sources include
agricultural run-off, biological waste decomposition and WWTP effluemdBih & Tsui
2002, U.S. EPA 1999). The effects of ammonia on aquatic systems have been
documented world-wide, most commonly in regions with a high human population and/or
large animal farms (Randal & Tsui 2002). In fish, ammonia toxltas been reported to
cause chronic effects such as reduced growth, reproduction anddeotlirates as well
as acute effects including convulsions and comas which result ingseinsedeath
(Randall & Tsui 2002, Thurston et al. 1986).

Fathead minnows were chosen as the model organism for this expefisnt
species is a part of the ecologically relevant Cyprinidaglyaand its reproductive life
cycle can be altered in a laboratory setting to produce esitch50-100 eggs every 3-5
days (Appendix A). FHM have a broad distribution across North Ameritath lentic
and lotic environments (Ankley and Villeneuve 2006) and are toleramvafearange of
water types (Ankley and Villeneuve 2006).

Ammonia toxicity has chronic effects on fish such as damagbetaills and
respiratory impairment and will result in acute effects sucimartality at sufficiently
high concentrations. Ammonia also has been known to reduce growthniaipit i
reproductive success in FHM (Thurston et al. 1986). The no observaelet eff
concentration (NOEC) and lowest observable effect concentrat@&Cl). of NH3 on
FHM egg production and viability were reported as 0.37mg/L and 0.91mgfieatvely

(Thurston et al. 1986). NOEC is the greatest concentration or ambangubstance as



determined by an experiment or observation, that causes no altetiomsphology,
functional capacity, growth, development, or life span of target orgamdgtinguishable
from those observed in control organisms of the same species @ndustder the same
defined conditions of exposure (McNaught & Wilkinson 1997). LOEC isldkneest
observable concentration or amount of a substance as determinedelpeaiment or
observation, that does not cause any alteration of morphology, functapatity,
growth, development or life span of target organisms of the sa@eges and strain under
the same defined conditions of the exposure (McNaught & Wilkinson 199 FH
survival NOEC and LOEC were 0.44mg/L and 0.91mg/L, respectively. Anoth#ic,
the LC50 which is a statistically derived concentration of a substanoesimvaonmental
medium expected to kill 50% of organisms in a given population underreedefet of
conditions (McNaught & Wilkinson 1997), was estimated to be 1.50mg/LFFM
(Alexander et al. 1986). Brain lesions were noted at a concentrati@Ihg/L but not
found at a concentration of 0.11mg/L NH3 (Thurston et al. 1986).

The purpose of this experiment was to test environmentally relevant
concentrations of NH3 and to determine the NOEC of NH3 on fish reproduittat
would be used during the mixture experiment portion of this studggtér 3). There
was a need to determine a NOEC on FHM reproduction using they2flodathrough
diluter method. Prior to this study, the most recent study regoRiM reproductive
effects after an NH3 exposure was Thurston et al. (1986). Tudy stas a life-cycle
study, therefore the published NOECs needed to be tested in ordeernoidetif they

were true NOECs using my methodology.



| determined the NOEC on FHM reproductive endpoints by using atAoowugh
diluter system to continually dose adult male and female FHifireé® concentrations of
NH3. The endpoints of this experiment included fecundity, fertilitylensecondary
sexual characteristics, mortality and vitellogenin expressioboth plasma and liver.
Fecundity, fertility and mortality were monitored on a daily baglsle vitellogenin
expression and male secondary sexual characteristic endpoietsneasured at the end
of the 21 day study.

Methods:

This study used a flow-through diluter system to dose FHM to three
concentrations of ammonia and a control. The setup and design of thehrfbmgh
diluter system is an established U.S. EPA protocol for conducting 2 1ogeity tests
and allows for a continuous toxicant dosing at predetermined concemsérétroughout
the entire study (Appendix A). Total ammonia concentrations teéstéus study were
5.0mg/L (0.06mg/L NH3), 15.0mg/L (0.18mg/L NH3), and 30.0mg/L (0.42mg/L NH3).
The U.S. EPA lab in Cincinnati, OH conducted a survey of 50 wastewatgment
plants from all over the United States in 2004. The average concantoctNH3 for
these samples was 0.1mg/L and was as high as 0.76mg/L NH3 idiadual sample
(Lazorchak & Smith 2004). Thurston et al. 1986 reported the NH3 NOEEHM
reproduction was 0.37mg/L. Therefore, my NH3 baseline experimenedtest
concentrations similar to those tested before by Thurston &986) and also bracketed
the average WWTP effluent NH3 concentration. Ammonium chloride ;Q)Hwas
chosen as the source for ammonia in this study because it did echcer any
precipitants at the pH and temperature of the control/dilutionrviiatéhe presence of

fish. In a previous pilot study, | tried to use ammonium phosphate dibdsien fish

8



were introduced to the system and fed, the pH of the tanksaagextdo the point where
the ammonium phosphate dibasic reacted with the control water and guicagalcium
phosphate precipitate. Although this precipitate was probably not toxignted to
eliminate any potentially confounding variables. Therefore, ammorghloride was
chosen as the NH3 source for this study.

Water chemistries were monitored several times each veekghout the study
to ensure proper NH3 exposure. Total ammonia concentrations in indivekialg
chambers were measured once each week. Also, total ammonia catrmenivas
measured three times each week from a composite of all 7ategliwithin a treatment
group. Because temperature and pH can affect total ammoniant@ations, temperature
and pH readings for each testing chamber were recorded soorae dfieal ammonia
measurement was performed. | estimated NH3 concentrationssibg an equation
provided by the Michigan Department  of  Environmental  Quality:
NH3 = Total Ammonia/(1 + 102(0.09018 + (2729.92/(Temp°C + 273.15)) - pH)).

The diluter system required daily maintenance to ensure propagdhsiing the
21 day exposure period. Superstocks were mixed fresh daily to ptbheidéduter system
with a constant source of toxicant. The 30mg/L total ammonia (0.42rNg3)
superstock was made by mixing 48g of JHinto 18L of laboratory line water. The
15mg/L total ammonia (0.18mg/L NH3) superstock was made up by mBdggof
NH4CI into 18L of laboratory line water. The 5mg/L (0.06mg/L NH3)atammonia
superstock was made by mixing 8g of M into 18L of laboratory line water. The

pumps were calibrated three times each week to ensure propeg mixtoxicant and



target concentration delivery to the testing chambers. The tub#sefperistaltic pumps
were replaced weekly to prevent any breakage or tube malfunctioning.

This experiment consisted of a 14 day acclimation period and a 2Xxpasuee
period. A total of 168 six month old FHM were used during each expefristady.
Standard lengths and wet weights of all males and females sodected prior to the
study to ensure each individual met the testing criteria (Appendix B)wdse randomly
placed into the testing chambers immediately following weight Brdith data
collection. Because handling induces stress and ultimatelydleqgiion of cortisol, the
14 day acclimation period allowed these individuals to acclimatehéo testing
environment prior to the exposure period. Any mortality occurrencesgduhe
acclimation period were recorded and the sex of the individuahoizsl; deceased fish
were replaced only during the acclimation period. Reproduction was orexhitluring
the acclimation period to ensure each treatment was producingrsimbers of eggs
prior to exposure and to ensure no significant mortality was oonguifiany statistically
significant differences in reproduction or high mortality occurrdte study was
terminated and a new batch of fish chosen. On day 14 of the acclinpatianl, the
toxicant pumps were turned on and dosing began for the exposure period.

The exposure period for each experiment ran for 21 consecutiveddays
which survival, fecundity, fertility and mortality data was retgat daily. Any fish that
died during the 21 day exposure period was not replaced. Bacteriatcammonia to
nitrite (NO2) and this can be detrimental to a study (Thurstoal.et986), therefore
testing chambers were cleaned three times each week terddtl amount of bacteria

buildup. Extreme caution was taken during tank cleaning to preventassagyg stress to
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the fish. Tanks were cleaned using a sponge to scrape down the sdeh tdnk. A sink
siphon was then used to remove excess food and debris. Daily fecurnditypylaank,
was recorded by counting the number of eggs laid on each spaveidgléis containing
eggs were marked with respective tank number and egg count data rapthtes in an
aerated egg bath of 25°C + 1°C. Seventy-two hours after colletititized eggs in the
eyed stage were counted.

During the study, fish were fed on a regular schedule in ordenaximize
reproduction. Each testing chamber was fed three times each eayee® 8:00 and
10:00am EST, the fish were fed 20ml of concentrated newly hatched @i&}Hrine
shrimp,Artemia salina. Between 12:00 and 1:00pm, the fish were then fed with 1.0ml of
frozen adult brine shrimfSan Francisco Bay Co.). The final feeding occurred between
4:00 and 5:00 with 20ml of concentrated newly hatched brine shrimp slipplieach
chamber. The feeding regimen adopted here was found to maxiepmaluction and
provide the healthiest fish during a 21 day control pilot study conductdtehly.S. EPA
in Cincinnati, OH.

The NOEC ammonia study was terminated after 21 days of expasdithe fish
were transferred for necropsy. Endpoint data collected were reatndary sexual
characteristics, fecundity, fertility, gonadosomatic index (Gfatpad index (FPI), liver
vitellogenin concentration and plasma steroid concentration. Prioedmpsy, the fish
were anesthetized in a 200mg/L concentration of tricaine methanesulfsl&2@) and
standard length and wet weights were measured. The caudehsaslevered to allow for
collections of blood from the caudal artery via a heparinized capiildoe. Following

collection, the heparinized capillary tube was centrifuged at 300@oprt minute to
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separate the plasma from the red blood cells. After centtitgdahe plasma was
transferred into a labeled vial and then snap-frozen in liquid nrrolyemediately

following plasma collection, the fish was euthanized by sevehi@agpine just behind the
nape of the fish. Secondary sexual characteristics of males then recorded. Each
tubercle was counted and fatpad size was scored using an U.ScBiR#g system (U.S.

EPA 2002), summarized in Table 1.

Tablel. Fatpad Scoring System used by the U.S. EPA.

Rating Description
None No fatpad visible
Small Small fatpad evident

Medium | Fatpad is prominent, clearly above the body surface but not overhahging
Large Fatpad is very prominent and is starting to overhang the body surface

Each fatpad was separated using a scalpel and then weighed. éigig was then
divided by the respective fish’'s body weight to calculatetpathindex (FPI). Gonads
and livers from males and females were removed and a wat tiseight was taken.
These weights were then divided by the body weight of the fisltalculate a
gonadosomatic index (GSI) and hepatosomatic index (HSI) for each fish.
Vitellogenin in the liver samples was measured using “rea"t quantitative
polymerase chain reactions (QPCR) via a method already hbesqi.S. EPA 2009).
Total RNA from the liver samples was isolated using TriRefg(U.S. EPA 2005).
Relative concentrations of the total RNA were then measured wasingltraviolet
spectrophotometer. The isolated RNA was then converted into compleyn&niday
(cDNA) using a reverse transcriptase. A diluted sampleDdfA was then used for the
PCR reactions along with a Hot Start DyNAmo™ SYBRjyreen master-mix.

Amplification of normalizing gene (18S) sequences was performed usiversal 18S

12



primer pairs. Cycling was carried out using a thermocycleyates of 94C, 60°C and
70°C. The fluorescent intensity of vitellogenin response from eaniplsawas then
calculated as a ratio of vitellogenin:18S and compared aghmsbntrols. An Enzyme-
linked immuno-sorbent assay, ELISA, was used for the detection wandiftcation of
vitellogenin in the plasma samples. These samples were st thS. EPA laboratory
in Duluth, Minnesota for analysis.

Results:

FHM were sensitive to ammonia in both egg production and egg fdrtihza
after 20 days of exposure. The analysis only includes the first Z0afi@xposure as the
control/dilution water pump failed on exposure day 21. The pump failgrefisantly
increased ammonia concentrations and lead to mortality in ea¢heofreatments.
Therefore, day 21's egg production was removed from the analysidNAIBebaseline
experiment met EPA’s mortality criteria in the contrai9{o survival) as total mortality
was 2.4% (97.6% survival) over the 20 day study. The only treatrtteitexperienced
mortality in the 20 day exposure were the control and 5mg/L NH8nent. These
treatments each had a single male mortality; no femaleahtprvas experienced during
the 20 day exposure period.

Over the course of the 20 day exposure period the average edggsnpér per
day in the control, 5.0mg/L (0.06mg/L NH3), 15mg/L (0.18mg/L NH3) and 30raj4l
ammonia (0.42mg/L NH3) were 16.17 £ 2.69, 11.61 £ 2.53, 8.2 + 1.58 and 5.85 + 1.47

eggs per female per day, respectively (Figure 1).
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Figure 1: 21-Day Treatment Flow-through Diluter Egg Production/Female/Series/Day.
Sample Size (N) = 28. Conducted 8/26/09. Unionized Ammonia (NH3) Baseline
Experiment. Treatments included control, 0.06mg/L, 0.18mg/L and 0.42mg/L NH3. Error
bars are + 1 standard error. Study duration was 20 days. * = significant difference from
the control, p = 0.05.

This data set was not normally distributed so a non-parantestickruskal-Wallis, was
performed. The Kruskal-Wallis test determined that the treatsnwere significantly
different from one another (K = 10.20, p = 0.017, df = 3). A Kruskald¢/Blbst hoc test
(kruskalmc) was then performed in Program R and determinedtiteatwo highest
concentrations (0.18 and 0.42mg/L NH3) were significantly differemh fthe control (p
= 0.05). Because female mortality did not occur during the 20 day exposrtiog, |
could analyze cumulative egg production. When male mortality occurneds usually
only a single male from a replicate and therefore | did not tawaljust the collected
data.

After day 1 of exposure, all treatments produced fewer cumelatiimber of

eggs than the control indicating a rapid response of egg productionroraaexposure
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(Figure 2). Cumulative egg production at the end of the experimentnaasally
distributed and verified by a non-significant Shapiro-Wilks test fomadity (W=0.9846,

p = 0.9426).

Cumulative Number of
Eggs Spawned
N ()] ~
al o a1
o o o
o o o o

01 2 3 456 7 8 91011121314 1516 17 18 19|20
Time (d)
< Control 0.06mg/L =4—=0.18mg/L =<0.42mg/L

Figure 2: Cumulative fecundity by concentration during the 21 day exposure period.
Sample Size (N) = 7. Conducted 8/26/09. Unionized Ammonia (NH3) Baseline
Experiment. Treatments included control, 0.06mg/L, 0.18mg/L and 0.42mg/L NH3.
Study duration was 20 days. * = significant difference from the control, p < 0.05.

Variances amongst treatments were similar as verifiea tgn-significant Levene’s test
for homogeneity of variance (F=0.2436, p = 0.865, df = 3). An analysis ofearia
(ANOVA) was performed on cumulative egg production and found to be iseymilfy
different among treatments (F=10.167, p = <0.01, df = 3). A Tukey Hgr&ghificant
Difference (Tukey HSD) test found that all three concentratese significantly
different from the control in terms of cumulative egg production (p =500 each
treatment).

This experiment also met the aforementioned fecundity and ferdlie criteria
(Ankley et al. 2001). Fertility rates during the 21 day exposureogben the control,
5.0mg/L, 15mg/L and 30mg/L total ammonia were 89.66%, 94.39%, 92.99%, and

80.32%, respectively (Figure 3).
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Figure 3: 21-Day Treatment Flow-through Diluter Concentration Fertilizatiore Rat
Sample Size (N) = 7. Conducted 8/26/09. Unionized Ammonia (NH3) Baseline
Experiment. Treatments included control, 0.06mg/L, 0.18mg/L and 0.42mg/L NHS3.
Error bars are- 1 standard error. Study duration was 20 days. * = significant
difference from the control, p = 0.046.

The fertility data were not normally distributed amongst tineamts, however each
individual treatment was normally distributed as verified by individsl@apiro-Wilks
tests (W = 0.9744 p = 0.9283 for control, W = 0.8908 p = 0.2789 for 5mg/L NH3, W =
0.9398 p = 0.6369 for 15mg/L NH3 and W = 0.9927 p = 0.9948 for 30mg/L NH3. The
ANOVA that tested for differences in egg fertilization betwaeatments was significant
(F =6.141, p =.003, df = 3). The 30mg/L total ammonia group was ist@tistlifferent
from the control as verified by a Tukey HSD test (p = 0.046).

Ten ammonia sampling events occurred throughout the 21 day stedghnof
the treatments. The control and blank tanks did not have significantnt@imns of
ammonia (Figure 4). The blank tanks were required to monitor the gaddity of the

control and dilution water without the presence of fish. Thereforeoiftatity in the
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Figure 4: Average total ammonia concentrations from each test concentration
Conducted 8/26/09. Unionized Ammonia Baseline Experiment. Treatments
included control, 5 mg/L, 15mg/L and 30mg/L total ammonia. Error bars &re
standard error. Study duration was 20 days.

control tanks had occurred, | could check the blank tank water quality data to detérmi
water quality was an issue. The final ammonia concentration itattks matched their
desired concentrations. The 5mg/L total ammonia treatment taniegyade4.Omg/L total
ammonia (range: 2.74 to 4.74mg/L). The 15mg/L total ammonia treattaeks
averaged 12.1mg/L total ammonia (range: 10.40 to 14.22mg/L). The 30mgiL tot
ammonia treatment tanks averaged 26.8mg/L total ammonia (range: @862mg/L).
Mean measured concentrations throughout the study in the treatamdst appear
sufficiently similar to expected concentrations, however the icgait of variance (CV)
was well outside acceptable parameters (<20%). The dilutioer watmp failed on the
last day of the study and as a result the ammonia concentrafitkesl significantly on
the last day because only the toxicant pump was dosing the undilutedtsdpdo the
tank replicates. Removal of data collected on this last day edsaltCV’s of ammonia

concentrations that were within an acceptable range (<20%). ltedljtiee un-ionized
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ammonia concentration for temperature and pH using the MichiganrtDepa of

Environmental Quality’s formula (Figure 5).

0.5

o
N
1

0.2 1

0.1 1

Unionized Ammonia (mg/L)

0.0

NH3 Concentration
Control 0.06mg/L  ®0.18mg/L  ®0.42mg/L

Figure5: Average unionized ammonia (NH3) concentrations from each test
concentration. Conducted 8/26/09. NH3 Baseline Experiment. Treatments included
control, 0.06mg/L, 0.18mg/L and 0.42mg/L NH3. Error barstatestandard error.
Study duration was 20 days.

Other chemical parameters including dissolved oxygen (ANOVAQRE3, p = 1.00, df

3), pH (ANOVA, F =2.940, p = 0.065, df = 3) and temperature (ANOVA 144, p

0.932, df = 3) were determined for the test solutions and showed ncenlier
between treatments. Conductivity was significantly different betw treatments
(ANOVA, F = 19.109, p = < 0.01, df = 3) which was to be expected consider
ammonium chloride was being added to each NH3 treatment.

Liver vitellogenin concentrations were analyzed on both male emadlé FHM.
Exposure to ammonia did not induce vitellogenin production in male(figjure 6).
While the control male livers exhibited a slight vitellogenisp@nse, this was considered
non-significant as the females within the tank were most likellgasing some natural

estrogens which may have caused the males to display low levels of viteillogeni
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Figure 6: Average male vitellogenin liver concentrations. Sample Size (N) = 56.
Conducted 8/26/09. Unionized Ammonia (NH3) Baseline Experiment. Treatments
included control, 0.06mg/L, 0.18mg/L and 0.42mg/L NH3. Error bars are
standard error. Study duration was 20 days.

A log transformation was conducted on the data to account for non-nadistrédutions.
A Shapiro-Wilks test for normality was conducted on the log tramsfdr data
(W=0.9612, p = 0.1196). Variances amongst treatments were similar as veyifigtbh-
significant Levene’s test for homogeneity of variance (F=2.76, @.0537, df = 3).
Concentration of vitellogenin in male livers suggests a reductioriéhogenin, however
the reduction was not significant (F = 1.34, p = 0.27, df = 3). Fem#&dogenin
expression also was not significantly different from the con(ils 2.44, p = 0.49, df =
3) (Figure 7). The data was not normally distributed so ther#fier&ruskal-Wallis non-
parametric test was used in the analysis. A non-paramestiomMas conducted on the
female liver vitellogenin concentration after several transfaomatfailed to produce a

normalized data set.
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Figure 7: Average female vitellogenin liver concentrations. Sample Size (N)2.
Conducted 8/26/09. Unionized Ammonia (NH3) Baseline Experiment. Treatments
included control, 0.06mg/L, 0.18mg/L and 0.42mg/L NH3. Error bars are
standard error. Study duration was 20 days.

Fatpad, gonadosomatic and hepatosomatic index data were collectagl ttigi
experiment, however the results were extremely variable argl wés introduced
depending on which technician was removing the tissues. For examngldatpad was
marked as “Large” but weighed less than a fatpad that veakeoh “Small”. | felt that
these differences were sufficient means to disregard tlaerdmy analysis. Similarly,
because the evaluation of other secondary sex characterissicailjactive and variable,
| decided to disregard tubercle count data. For future studies,ativised that one
technician concentrate solely on one tissue throughout the entimsgdo reduce the
variability in tissue collection and tubercle count data.

Discussion:

The goal of my study was to determine a NOEC for NH3 on fish reproduction and

my results were surprising when compared to what has been pulpishadusly. The

lowest NH3 concentration that | tested was 5mg/L total amm@h@6mg/L NH3),

20



which caused a significant fecundity effect (29% reduction) in cativel eggs after a 20
day exposure. This concentration is far below any NOEC reporéstbpsly. Thurston
et al. (1986) reported 0.37mg/L NH3 as the no effect level on FHMyeglyiction. The
observed reproductive effect at such very low concentrations nisicagt as the current
average NH3 concentration discharging from a US WWTP efflueastimmated to be
0.1mg/L (Lazorchak & Smith 2004), twice that of the 0.06mg/L NH3 catnagon
found to cause an effect on fecundity during this study.

The differences in results between this study and those reporfdaubston et al.
(1986) were likely due to differences in methodology. Thurston et (186)
implemented a life cycle study where three to five day oldMHervae were tested in
concentrations of NH3 beyond the age of maturation. My study wasadiyday study
that exposed adult FHM to similar concentrations of NH3. Prior tetogy, | speculated
that the 21 day study would result in much higher NOECs thaliféheycle study as the
length of NH3 exposure was much shorter. Since my study ended upnidetgr
considerably lower NOECs for FHM reproduction, the differencesathadology needs
to be documented.

The control reproduction was extremely low in the study conduayeThurston
et al. (1986). The tanks averaged only 1.29 eggs per female-day. whisgmoduction
did not meet the 15 eggs per female per day criteria used duyistudy (Ankley et al.
2001). The controls also produced fewer eggs than any NH3 concentraigm fexche
0.91mg/L NH3 concentration that induced 100% mortality. It is unknown as yaheh

controls produced so few eggs during the life cycle study of Tdnet al. (1986) but
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could be related to having a different male to female ratio tharohe implemented
during my 21 day exposure.

Thurston et al. (1986) also used a 30L tank volume compared to my 9.5Levolum
The difference in tank volume was due to differences in the amoftishdfeing exposed
in each replicate. | wanted to maximize the number of repickbe each tank
concentration; therefore | tested 7 replicates per concentraanwith a 2 male to 4
female ratio. This ratio was known to optimize control reproductiomfan earlier 21
day flow through diluter pilot study. Thurston et al. (1986) only testesl replicate per
treatment, each containing 50 three to five day old larvaer Af days of exposure the
50 fish within each tank were randomly thinned to 15 fish each containing no more than 4
FHM males. My 21 day test tested a more stringent mdkntale ratio than Thurston et
al. (1986). The number of males in each treatment ranged frorh 8rtd females ranged
from 3 to 11 in Thurston et al. (1986). The differences in the number laflsnaad
females between treatments could have impacted reproduction duriifg thele study
reported by Thurston et al. (1986).

Flow rates to the tanks were also considerably different betstadies; Thurston
et al. (1986) implemented a 1L flow every 4-5 minutes wherestgy used a 40ml/min
flow. This difference was unlikely to influence reproduction asetlveere no reports of
water quality issues for either study. Temperature and digssoksygen concentrations in
the control tanks were similar between each study; Thurston (@986) used a control
water with a temperature at 24.0°C (+/- 0.08°C) and dissolved oxygetent of
6.49mg/L (+/- 0.41) where my study used a control water at 25.1*Q0(30°C) and

dissolved oxygen content of 6.26mg/L (+/- 0.84). The pH of the control wedsr
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different between each study; Thurston et al. (1986) control watea batlof 8.05 (+/-
0.04) and in my study was 7.43 (+/- 0.06). It is unknown as to whether or not the
difference in pH resulted in differences in reproduction betweentwoe studies.
Thurston et al. (1986) also tested a fluctuating photoperiod wherentienaof daylight
shortened and lengthened throughout the life cycle study (10.0 — 15.75hdasdight)

and my study kept the photoperiod constant (16 hours of daylight).

The fish in my 21 day study were fed only newly hatched brine phaimd frozen
adult brine shrimp. Thurston et al. (1986) fed both newly hatched brinepstamnd
commercial trout food (Silvercup salmon). | decided not to use trodt ifoony study
because it builds up easily and fouls the water; | wished toedtadrequency of tank
cleanings to minimize disturbance. Differences in food quality cbalde impacted
reproduction, however this is unlikely as the fish tested in my stindythose tested by
Thurston et al. (1986) were not reported to show signs of emaciatibght of all these
differences, | would recommend that the study conducted by Thurstdn (@986) be
repeated by the U.S. EPA in Cincinnati, Ohio in order to deternifirthei results
documented in that study can be replicated. | also recommenthéhstiuily be repeated
and controlled for consistent photoperiod and male to female ratiadn exposed
chamber and also implemented using a minimum control reproductienacspecified
by the U.S. EPA that is similar to the 15 eggs per femaled@g criteria used in my
study.

The cumulative egg production appeared to be the most sensitive en@point,
other endpoints indicated potential for quantifying NH3 exposure anct.efifaring the

last week of exposure, days 14 to 21, FHM in all tested NH3 contensr@appeared to
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have a reduction in reproduction. The two highest concentrations, 0.18mg/L and
0.42mg/L NH3, produced very few eggs during the last five days pdsexe. If this
study were to be carried out for an additional length of time,nktichanges in the
average eggs produced per female per day after exposure to NH3n¢nadpalid have
shown similar reductions as cumulative egg production as the treatrappeared to
produce fewer eggs over time in comparison to the control.

The determination of a NOEC was difficult because all NH3 cdraigons
caused a significant fecundity effect. Therefore, | assumed50f4t of the LOEC
(0.06mg/L NH3) was a good estimate of NOEC (0.03mg/L NH3) on FHMnigity.
This assumption is justified because the 0.06mg/L NH3 concentratiogedtaa
significant effect in only one of the two fecundity endpoints.

The lowest concentration tested in this study, 0.06mg/L NH3, isrltkan U.S.
EPA water quality guidelines for adult fish exposed to NH3. Thesemt water quality
criteria for fish are based on toxicity tests using restedoorstressed fish (Randall &
Tsui 2002). These criteria may be overestimating the NOEC betlaiseiteria do not
account for swimming fish which generally have elevated iateemmonia levels
compared to resting (Randall & Tsui 2002) nor stressed fish which drawvecreased
level of cortisol. Cortisol is the primary steroid produced upon sataur by an
environmental stressor (Giesy et al. 2003). Stress, which cawlbeeid from a variety of
biological and chemical agents, and the induction of cortisol have beem koomcrease
ammonia toxicity in some fish species (Randall & Tsui 2002). Furitvermthe
formation of cortisol can also decrease the production of vitellogerfish (Giesy et al.

2003). Additional studies are needed to obtain a full understanding of moworaa
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toxicity relates to cortisol production in FHM and at which r#te induction of
vitellogenin is reduced.

Currently, the U.S. EPA (1999) has developed its recommended ouabty
criteria based on whether or not salmon or early life stageafe present within a body
of water. There are two criterions that a freshwater sourc# meet: an acute criteria
concentration (CMC) and a chronic criteria concentration (CCG#. [iterature states
that freshwater aquatic organisms will not be affected adveifsélg one hour average
concentration of total ammonia does not exceed, more than once everydars on the
average, the CMC. In addition, they will not be affected unaccepthlhe 30 day
average of total ammonia does not exceed, more than once ewssyydars on the
average, the CCC. These criteria are temperature and pH baded tlsese purposes |
standardized all NH3 values to a pH and temperature sinildetdilution water tested
in this study, 7.3 and 25°C, respectively. If salmon are present, the iI€N.62mg/L
total ammonia and if they are not present the CMC is 8.4mg/L (0.083 angl 0.094
mg/L NH3, respectively). If early life stage fish aregent the CCC is 1.23mg/L and if
they are not present the CCC is 1.8 mg/L total ammonia (0.014 amgiL0.02 mg/L
NH3).

The reduction in reproductive endpoints in terms of both fecundity and
fertilization success can be detrimental to fish populations. inerda CMC guidelines
for adult, non-salmonid fish such as the fathead minnow is currentbt €094 mg/L
NH3. This concentration is well above my observed LOEC concentrattior06 mg/L

NH3. This tested concentration considerably lowered reproductive output (29%
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reduction) when compared to the control. The production of fewer eggs ceultine
decreased population abundance for fish exposed to these levels of NH3.

In this study | found a few disadvantages of using a flow-througiodisystem.
Such disadvantages include the challenge of maintaining a constandfrNH3, the
dependence on functional and operational equipment, and a reliance ontrghdaies
for nominal concentrations. In a natural environment, NH3 concentrati@mge due to
rain events and fluctuations in WWTP effluent concentrations. However, lecttesisest
was only looking at the effects of NH3, | did not need to mimic &ments or
fluctuations in toxicant concentrations. Pump failure could have rdsulten alteration
of tested concentrations and indeed, pump failure occurred at the &ed\HiB baseline
experiment on Day 21. The laboratory line control and dilution water gaitep which
meant that only the superstock was dispensed into the testing e¢hafie caused a
significant spike in NH3 concentrations, therefore only the fird&@& of the study were
used to analyze reproductive endpoints. Despite issues with thdhflowgh diluter
system, this study still produced several significant results.

Since the fish were housed in relatively small aquaria, it isilplesthat artifacts
and unknown stressors could have influenced the results of this studtorigdmefense,
mate selection, foraging for food and overall male dominance webalple throughout
the study. However, much consideration was taken to limit anypettion stress during
the study. Three spawning tiles were placed in to each tamki@n to provide each male
a spawning site to court female; the remaining spawning #@ig o serve as a hiding
place for the remaining females. Each day the replive¢es fed at three different times

in order to reduce the aggressiveness of the fish over food avgilabiher stressors
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including tank cleaning and technician presence were also minintzeckduce
influencing endpoint data. Cleaning was conducted in order to remove egodsand
fish waste. Since the fish biomass within each tank differeéds/than 10% (12.89g +/-
0.6g) the amount of waste being produced by the fish was condistergen replicates.
Therefore the amount of time it took to clean each tank wasoépmately the same
between replicates and this stressor should have had minimal infloeneproduction.
Also, when the fish were not being fed or tanks being cleaned, alslackvas pulled
down over the diluter system to minimize the presence of techniwi@iksg around the
room. Therefore it these experimental artifacts were notyliteektrongly influence the
results of this study.

Fish can be exposed to elevated NH3 concentrations both internally an
externally and both exposures can have effects on reproduction. locesqeesure to
environmental NH3 reduces the ability of the fish to reduce itsrniateNH3
concentration. Many fish species have the ability to detoxifyrnateammonia by
converting it to glutamine, glutamate or urea (Miller 2001). i#es éxposure to external
ammonia is prolonged, this detoxification mechanism is weakened andteliirthe fish
experiences ammonia toxicity.

Ammonia concentration in the water is likely to be directly propoéte to the
distance downstream of a WWTP discharge. River water mostirdgrwvill dilute the
concentration of ammonia in the effluent and as the distance downstream frahedise r
point increases, ammonia will become far more dilute. This stbhdwed that very low
concentrations of ammonia, 0.06ppm under very specific environmental conditions

known to optimize reproduction (light intensity, temperature, dissolvedesxgontent,
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etc.) can cause adverse reproductive effects in fish as an indicol@minant The
adverse reproductive effects could increase if other environmental stressensresent.

Mobility of FHM within streams has been described and it is igdigequite
restricted and only experienced during periods of high dischar¢doéSer 1995). FHM
movement tends to be relatively short in duration (less than 2 déysh suggests that
FHM dwelling near WWTP effluent will not have the ability tecape its exposure.
Seasonal effects may be observed as well because duringewaranths, WWTP
effluent concentrations in the river will increase due to loweugdwater inputs and
reduced rain events. This increase in concentrations could baldadtispecies such as
the FHM as it occurs during their spawning season. FHM spawn vemeperatures
reach above 16°C, extending from May and into the middle of Augumtré&t1951).
Hodges (2007) found that during periods of low flow and stream drying, moverhent
minnow species into deep pools was observed. These pools create daefugall fish;
however can lead to exposures to a variety of environmentalstebs the real world,
fish are exposed not only to ammonia, but also to mixtures of othericgierand a
variety of environmental stressors such as fluctuating temypesaand episodes of low
dissolved oxygen. It is unknown how these naturally occurring envinoiastressors
will interact with additional inputs of ammonia by WWTP effluent.

This study required extensive time and resources to complete &ulttexplore
the effects of toxicants on fish reproduction; such methodology showdnpglemented
by less labor intensive computational methods. As an example, to cdhdustudy a
total of 35 testing days were needed to fully understand theityoricNH3 on FHM

reproduction. This study also involved many resources, including expestgiy@nent,
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coordination with multiple agencies, and the assistance of more thaechficians
during the 6 hour long necropsy. Following each necropsy, several hours weredremjuire
analyze samples for vitellogenin concentration. In addition, prior tenthation of this
experiment, several pilot studies were run using the flow-througtedisystem. These
pilot studies were aimed at maximizing control reproduction and stedsof different
feeding regimens, types of food, flow rates, male to femdiesraand light intensity.
This project was extremely cost intensive and therefore itec®@mmended that a
computational modeling approach should be applied to help predict the effects
multiple stressors.

Computational models may play a significant role in relating fihéings of
studies like these to impacts on wild fish populations. Milleale§2007) suggested that
data derived from laboratory studies which analyzed reproductive andaendpoints
on an individual could be related to the population level as long as rabotéagical
linkage could be established. Mechanistic studies regarding amnoarcayt have not
been thoroughly researched (Wood 2001). In order for computational models to us
fecundity data derived from this study, future studies need to focus on determoheag a
mode of action for NH3 on fish reproduction. The mode of action of Nh3ost likely
linked to increased stress of the fish which leads to increasedatient plasma
concentrations of glucose and cortisol, and oxygen consumption (Wood 200#y. é¥lill
al. (2007) found that when FHM were exposed to various androgens, fecuadity
directly proportional to vitellogenin concentration. As female FHitgllogenin was

reduced, the fecundity was also reduced. The reduction in vitellogesithema used to
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predict population trajectories. This research suggests that noadelse used to relate
results of laboratory studies, such as the one conducted here, to populations legel effec
In conclusion, the results of this study suggest that U.S. EPA water quaétyacri
be re-evaluated to include recent research focused on both individuainoantes as
well as multiple stressor interactions. Future research shoals fon exposing fish to
environmentally relevant concentrations of NH3 while the fish areglexposed to other
environmental stressors in order to determine if a similarodetive NOEC exists.
Once these questions have been answered, computational models couldctieatebleto

predict population trajectories in order to determine if wild fish populations askat
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CHAPTER THREE: DETERMINING THE MIXTURE EFFECTS OF NH3 AND
EE2 ON FATHEAD MINNOW REPRODUCTION

I ntroduction:

Very few studies have tested the effects of multiple stregsofish reproduction;
most research has been focused on the effects of single contamlients.S. EPA has
used these single contaminant exposure studies to set currentquatky criteria.
However, in real world situations, fish are thought to be exposed variaty of
contaminants; the interactive effects of these contaminants adugpion are unknown.
For example, WWTP effluent is known to contain multiple contaminants) as NH3
and EE2 (Nash et al. 2004, Parrott & Blunt 2004, Lange et al. 2000 &BPA& 1999).
Both NH3 and EE2 have been known to reduce FHM reproduction (Chapter 2etNash
al. 2004, Parrott & Blunt 2004, Pawlowski et al. 2003, Lange et al. 200Bugsion et
al. 1986), but there is little information on how these two chemio#&dsact within an
individual fish. This study was designed to determine the simultansfterts of both
NH3 and EE2 on fish reproduction. As more data become available aplensttessor
relationships, it is my view that the U.S. EPA water qualiiyeda will need to be
readjusted to incorporate multiple stressor scenarios.

To date, there are no records of any veterinary use of EE2, whichs&udjost
this chemical is exclusive to human oral contraceptives and hormone repiateenapy
(King County 2007). EE2 is excreted through urine as free EE2 or isigaiaf to
increase solubility (e.g. EE2-glucuronide) and undergoes limitgchdation in WWTP
(Parrott & Blunt 2005). Bacteria from WWTP metabolize EE2-glonigte and then
release free EE2 into the water body, thereby, increasengdhcentration of free EE2

released from a sewage treatment plant (Parrott & Blunt 28&%).concentrations may
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also increase over time, causing concerns because of its n@uidggmproperty
(Wolfand 2007).

Surveys of WWTP around the world have detected EE2 concentraticatgergre
than 1ng/L (Parrott & Blunt 2005) which is significant because prestudies suggest
that an EE2 dose of less than or equal to 1ng/L can decrease nkdd® sexual
characteristics, reduce egg fertilization and also reduce repnoglaaccess. Fertilization
success and male secondary sexual characteristics warkcaigly different in EE2-
exposed males (<1ng/L) from the controls during a life cycposure (Parrott & Blunt
2005). Pawlowski et al. (2004) also found that male secondary sexuattehistics
were significantly different from the controls at 1ng/L EE2 i8 saveek exposure. The
mean number of spawned eggs per breeding pair had a lowest obsefffatie e
concentration (LOEC) of 0.1ng/L EE2. A LOEC is the lowest conagatr found by an
experiment or observation which causes an alteration of morphologtiohal@capacity,
growth, development, or life span of a target organism distinguistadie control
organisms of the same species and strain under defined conditions expih&ure
(McNaught & Wilkinson 1997)Nash et al. (2004) demonstrated that when male and
female zebra fisiDanio rerio, were exposed to concentrations of 0.5ng/L EE2 over a 40
day period, males showed a significant increase in vitellogempiression, but there were
no observed differences in female vitellogenin expression. Additiomdilest report that
vitellogenin expression in male FHM was significantly grettian that of control in fish
exposed to concentrations <1.0ng/L of EE2 (Pawlowski et al. 2004).

When exposed to EE2 concentrations higher than 1ng/L, male FHM exxgesti

alterations of the testis and experienced intersex developmerneshicular tissue was
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found in male FHM exposed to concentrations of EE2 higher than 4ngh exfposure
for 289 days (Grist et al. 2003). The decrease in the testitsdae of male fish may be
due to a decrease of plasma sex steroids (Parrott & Blunt 200&) also occurs when
exposed to EE2. A LOEC for the gonadosomatic index (GSI), whichradia of the
gonad weight to the fish’s total weight, for male and fenfalpromelas was 10 and
100ng/L EEZ2, respectively (Pawlowski et al. 2004). Parrott & Bl@®05) reported
female FHM experienced significantly different GSI whenpesed to EE2
concentrations between 3.5 and 23ng/L. Kidd et al. (2007) conducted a whole lake
experiment and found when male FHM were exposed to 5-6ng/L EE2 cotioastra
they produced significant amounts of vitellogenin and showed signses$emrtthrough
oocyte development in the testis. After 7 years of exposure, the poputd FHM
within the lake was near extinction, thus implying that estrmgexposures can impact
the sustainability of wild populations.

The uptake mechanism of EE2 of fish is still being studied, but sothe/gzs
have been identified and once in the water column, EE2 is readdyb&ldsvia branchial
absorption (i.e. through the gills). The absorption rate is entighendent on the fish’s
gill ventilation volume (Skillman 2006). If a fish is stressed, si&imahe case of poor
water quality, the presence of ammonia, or other factors, theatient rate of the gills
generally increases leading to a higher absorption rat&®f EE2 and other xenobiotics
are diffused across the gill epithelium through lipid membraness{Dlio and Hinton
2008). EE2 has an octanol-water partition coefficient,Kalue of 3.67, meaning that it
has a relatively high sorption potential (King County 2007%), iK defined as the ratio of

a chemical substance concentration in the octanol phase to its ttanhoenin the
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aqueous phase. Xenobiotic uptake via branchial absorption is relatiwefgridoxicants
with a K,y value less than 1. Uptake rates increase fourfold betwggnatue 1.0 and
3.0.

EEZ2, a hydrophobic compound, is relatively insoluble in water and cdyg basi
absorbed by fatty tissues or membranes. EE2 persists in thesonganiger than native
hormones and in turn can activate more hormone receptor sites leading to a higiler over
potency than native hormones. Once it enters the fish via thetig@l&€E?2 is distributed
into the blood supply where it binds to plasma proteins. The bloodstreardisiebutes
the protein bound EE2 to the several organs such as the liver, kidneg/aesties, and
brain. These tissues all contain estrogen receptors. Fish haeedistact estrogen
receptors, ER, ER3 and ER (Hawkins et al. 2000). B is the principle estrogen
receptor in the liver and is the primary control of estrogmponsive genes in fish
(Skillman et al. 2006). This estrogen receptor is also expresseeliémal other tissues
including the gonads (ovaries or testes) and brain (Islirtger 2003). EE2 will bind to
these receptor sites and mimic the functions of the naturally geddestrogen. Once the
site is activated, the proliferation of certain cell types. (production of vitellogenin)
begins (King County 2007, Osborne et al. 2007).

Once the hormone EE2 enters the fish via the gills, the bloodstream disttleite
toxicant to the kidney and liver. Weber et al. (2004) reported that kitireye cells
were undergoing necrosis leading to nephrotoxicity when fish igyesed to EE2. The
glomeruli within the kidney were enlarged and undergoing a signifiextent of cell
death during the EE2 exposure. Damage to the kidney could result iexzvetory and

osmoregulatory functioning (Weber et al. 2004) leading to a lowsrirgltion rate of
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xenobiotics. It was unknown as to whether or not the nephrotoxicity wdiseet
endpoint of exposure to EE2 or an elevated concentration of vitellog&nwother
finding by Weber et al. (2004) was that the fish were also undeydg@patotoxicity, i.e.
damage to the liver via necrosis. Since hepatocytes have thg #abilkgenerate, the
constant replacement of these cells could lead to liver cgemsis and a lowered
energy supply for reproduction (Weber et al. 2004).

In addition to disrupting the functions of the kidney and liver, the gonatishof
are also affected by exposure to levels of EE2. The productianafplasma level
concentration of testosterone and its metabolite, 11-ketotestosteronejuised by
exposure to EE2 (Wolfand 2007, Filby et al. 2007). 11-ketotestosterone is assodiated wi
the development of secondary sexual characteristics and essgmrtialuctive behaviors
(Wolfand 2007). EEZ2 inhibits the genes responsible for coding the enf@We11A1,
CYP17, B-HSD, and cytochrome P450 11B) involved in the production of androgens
(Filby et al. 2007). The ratio of androgens to estrogens produtemla’ versus a
‘female’ hormonal environment and if disrupted can lead to alssrdatios (Filby et al.
2007).

Another effect of EE2 exposure in fish is the induction of viteliog in male
fish. Vitellogenin is normally synthesized in the liver of feenéish (Jobling & Tyler
2003) and transferred to the ovaries by circulation to eventualy jaik (Jobling &
Tyler 2003, Islinger et al. 2003). Vitellogenin production is regulatedhie native
steroid 1PB-estradiol, E2. After production, vitellogenin is biotransformed by
phosphorylation, glycosylation, and lipidation and the metabolites aretsganto the

bloodstream (Parks et al. 1999). Once in the bloodstream, the vitellagetaholites are
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transported to the oocyte surface where they are seized Ipyareneediated endocytosis.
Enzymes then break down the vitellogenin metabolites into egg yol&ips (phosvitin
and vitellin) and lipids as food for the developing embryo (Parks.€t99). When
exposed to EE2, male fish will produce vitellogenin (Jobling &T003). Therefore, a
good indication of exposure to EE2 is concentrations of vitellogenhmeiblbod of male
fish (Jobling & Tyler 2003). Another advantage of using vitellogenml ather
biomarker data is that responses at lower levels of orgamzaan be much more
specific to modes or mechanisms of action (MOA) (Miller et al. 2007).

For several fish species, glucuronidation is the major pathevagdctivating and
eliminating substances via the bile (Skillman et al. 2006). EE2 unelerglucuronide
conjugation and secretion into bile, which is similar to EE2 metabotisnammals. The
highest concentration of EE2 is found in the bile as glucuronide GuBgig
Glucuronidation does not appear to significantly facilitate exsredf EE2 (Skillman et
al. 2006). EE2 undergoes enterohepatic recirculation in some fiskes@ech as trout,
where the EE2-glucuronide conjugates in the gall balder &rasexl into the gut and
reabsorbed into the intestinal tract. This process increasésifdde of EE2 within the
organism (Schultz et al. 2001) and allows for a re-dosing of the ergarifter
reabsorption into the gastrointestinal tract, the EE2-glucuronidegaiegithen undergo
deconjugation and are reabsorbed into the bloodstream or excrefedesaSchultz et
al. 2001). This recirculation allows the EE2 to become concentratbd inlood plasma,
up to nearly 780 fold relative to the exposure water (Skillman.e20fl6) Extensive
enterohepatic recirculation and mass balance studies suggesb#taif the excretion of

EEZ2 is the unconjugated form (Skillman et al. 2006).
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The NH3 baseline experiment (Chapter 2) revealed a couplegofficant
findings regarding NH3 toxicity on FHM reproduction. All three conrcations tested in
this experiment (0.06, 0.18 and 0.42mg/L NH3) significantly reduced feguihtapter
2). The most important finding from this study was that the estn@.03mg/L NH3
NOEC for FHM fecundity is far below previously reported values.r3ton et al. (1986)
reported the CETC for FHM egg production as 0.58mg/L. The LOECndieked by this
study (0.06mg/L NH3) is also below current U.S. EPA water qualitgria. NH3 also
appeared to reduce the induction of vitellogenin in males exposed talredtnogens
being produced by female fish.

One mechanism by which EE2 and NH3 can interact synergigticalby
decreasing egg production in FHM. Individually, these chemicals bothbitinhi
reproduction in fish (Thurston et al. 1986, Parrott & Blunt 2005, Langd. €081,
Jensen et al. 2001, Chapter 2). A fish’s stress response includegeased ventilation
rate in order to increase the oxygen uptake rate of the Bilsga 1997). Additional
stressors such as ammonia may increase the uptake of EE2 dbis tocreased
ventilation rate; thus these two contaminants may act syneajigtby increasing a
fish’s sensitivity to the other. Lower concentrations of EE2 may laahigher absorption
rate due to increased ventilation when in the presence of NH3.

In addition to acting synergistically with one another, NH3 and EE{® aca
antagonistically on other endpoints such as vitellogenin productionssStan also
induce the formation of cortisol, which can decrease the productioretidogenin in fish
(Giesy et al. 2003) and potentially act antagonistically from EH2cts. High

concentrations of toxic substances such as ammonia have been shown to impai

37



vitellogenesis in fish (Ma et al. 2005). Due to this antagoniskatioaship, vitellogenin
production in a male fish may not be initiated during an EE2 exposhea w the
presence of NH3.

The main hypothesis of this experiment was that the effeciSE@Qf on FHM
reproduction will experience a synergistic relationship whehermptesence of ammonia.
| tested this hypothesis using the flow-through diluter sy$fgmpendix A) by testing the
individual reproductive effects of both NH3 and EE2 at their respeestrmated NOEC
as well as the mixture of the two contaminants. A follow up hypatheshat EE2 and
NH3 will act antagonistically on vitellogenin production in FHMles, and | tested this
hypothesis by analyzing both male and female FHM plasma aed vVitellogenin
concentrations from the diluter system experiment.

Data from a previous EE2 baseline study conducted in 2009 at theEB/AS
facility located in Cincinnati, Ohio was used to determine ts&nig concentration of

EE2 toP. promelas (Figure 8).
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Figure 8: 21-Day Treatment Flow-through Diluter Egg
Production/Female/Series/Day. Sample Size (N) = 28. Conducted by U.S. ERA
in Cincinnati, OH. Treatments included control, 0.5ng/L, 1.5ng/L and 4.5ng/L
17u-ethinylestradiol (EE2). Error bars axél standard error. Study duration
was 21 days.
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The EE2 study used the same diluter system and methodology psofbit (Appendix
A). A 0.33 dilution factor was used in determining the EE2 concémmsatested during
the EE2 baseline study. This dilution factor was chosen becauseeded to establish
an EE2 NOEC for FHM egg production using this system. The low otnatien,
0.5ng/L EE2, was chosen since it was the lowest concentration thdtbsoahalytically
measured by the U.S. EPA’s chemistry laboratory in Cincinnati, @Her flow-through
diluter studies chose concentrations such that the lowest conaantvaas 10 times
lower than the highest concentration. The 0.33 dilution factor iggtisfoth of these
requirements. Three concentrations of EE2 were tested, 0.5ng/L, 1.8ngd/l4.5ng/L.
Although recent studies have shown that concentrations as low as Oabtigdte the
production of vitellogenin in adult male FHM, this low concentration ¢owlt be tested
because the U.S. EPA in Cincinnati, Ohio’s chemistry methods require 0.2ng/L error.
Methods:

This experiment’s purpose was to test the hypothesis that FillMbevmore
sensitive to EE2 when also exposed to NH3. Environmentally relewanetrations of
NH3 and EE2 that were at or near the NOEC for FHM reproducticletesmined from
the baseline studies were tested in order to mimic those corimergréound in an
average WWTP effluent. By testing the two toxicants at thespective NOEC, any
effect found in their mixture could be attributed to a multiple stressoramsip.

A control, 0.25ng/L EE2 concentration, 2.5mg/L total ammonia (0.03mg/L NH3),
and a mixture of both the EE2 and NH3 concentrations were tested dbighg
experiment. The 0.25ng/L EE2 concentration was chosen becausedrithe average

concentration found in WWTP effluent and is near the LOEC on FHMdeption and
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also can stimulate the production of vitellogenin in male FHM. TE2 Baseline study
found that after a 21 day exposure of FHM to 0.5ng/L EEZ2, reproduction was
significantly reduced (Figure 8) and the induction of vitellogeniEE2 exposed males

was significantly greater than control males (Figure 9).
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Figure 9: Average male vitellogenin liver concentrations. Sample Size (N) = 56.
Conducted by U.S. EPA in Cincinnati, OH. Treatments included control, 0.5ng/L,
1.5ng/L and 4.5ng/L Jotethinylestradiol (EE2). Error bars are + 1 standard error. Study
duration was 21 days. A) Control versus 0.5, 1.5 and 4.5ng/L EE2. B) Control versus
0.5ng/L EE2.
The 0.03mg/L NH3 concentration was chosen because it was thmatest NOEC for
NH3 on FHM reproduction per the NH3 baseline experiment resultthisfstudy
(Chapter 2).

Previous laboratory studies that conducted exposures in stawnsystported
that EE2 breaks down over time resulting in nominal concentratiohsatbaclose to
0.0mg/L. Because the flow-through diluter system provided a constaewal of testing

solution, the breakdown of EE2 had a minimal influence on my nominal cortcamgra

This constant renewal also eliminated the need to use dinmtligkide, DMSO, as a
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carrier solvent. This was important because the potential advigesés eof DMSO on
fish had not clearly been determined at the time of the studgaild have resulted in
false data interpretations after a 21 day exposure.

As performed in the NH3 experiment (Chapter 2), water chessstvere
monitored several times each week throughout the study to ensyper goxicant
exposure. The NH3 baseline experiment determined that collectdhgidual tank
ammonia measurements was unnecessary as all tank NH3 conoestvatre similar to
the composite concentration. Therefore only a total ammonia coreantraas
measured from a composite of all 7 replicates within anreatt group three times each
week. Temperature and pH readings for each composite werededcoon after a total
ammonia measurement was performed. EE2 analysis was perfosmcedeach week.
One (1) liter samples from a composite of each treatmenthandrespective superstock
were sent to the chemistry department at the U.S. EPA inrdigiti OH for analysis.
The 0.25ng/L EE2 concentration was below detection limits using theEPA method,;
therefore two (2) liter samples of each testing chambemisrda were analyzed. The
superstocks were measured to ensure that the flow-through diluter puemgpaccurately
and precisely mixing each treatment throughout the study.

The diluter system required daily maintenance to ensure propegdhsiing the
21 day exposure period. Fresh superstocks were mixed daily in orgeotide the
diluter system with a constant source of toxicant. The 2.5mg/Ldotalonia (0.03mg/L
NH3) superstock was made by mixing 4g of J/&Hinto 18L of laboratory line water. A
1.7mg/L EE2 dosing stock was provided by the U.S. EPA chemistry groupaking

the EE2 superstock. This superstock was made by adding 79.4uL of dosik¢ps18L
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of laboratory line water. The pumps were calibrated threestieaeh week to ensure
proper mixing of toxicant and delivery to the testing chambers. Thes tidrethe
peristaltic pumps were replaced weekly to prevent any breakage or tlibeatianing.
Results:

This experiment met mortality criteria in the controls (AppenBix as total
mortality was 4.8% (95.2% survival) over the 21 day study. Maleatitgrivas 1, 4, 3,
and 6 for the control, 0.25ng/L EE2, 0.03mg/L NH3 and mixture treatmesfgatively.
Female mortality was 1, 1, 2 and 6 for each of the treatmestsgctively. The mortality
data were not normally distributed; therefore, a nonparamettskidl-Wallis test was
performed. Total mortality was found to be significantly diffe@miongst treatments (K
= 7.972, p = 0.047, df = 3). The mixture (EE2 and NH3) treatment wasicgtly
higher than the control for total mortality as determined bykiheskal-Wallis multiple
comparison Post hoc test (kruskalmc) in Program R (p = 0.05).

To account for female mortality in the treatments, egg producti@s w
standardized by taking the total number of eggs produced within eatmerg and
dividing by the total number of surviving females. Over the cowfs¢he 21 day
exposure period the average eggs produced per female per day in thg 6d2Bng/L
EE2, 2.5mg/L total ammonia and the mixture were 19.79 + 2.82, 23.49 + 1.89, 22.47 £

2.48 and 21.02 = 3.37 eggs per female per day, respectively (Figure 10).
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Figure 10: 21-Day Treatment Flow-through Diluter Egg
Production/Female/Series/Day. Sample Size (N) = 28. Conducted 4/8/10. Udionize
Ammonia (NH3) and ld-ethinylestradiol (EE2) Interaction Experiment. Treatments
included control, 0.25 ng/L EE2, 0.03mg/L NH3 and a mixture of both toxicants.
Error bars are- 1 standard error. Study duration was 21 days.

Because female mortality occurred during the 21 day exposure gheoejg production
per female data set was chosen for analysis instead of curaudgiy production. Egg
production per female per day was normally distributed and verifiead iyn-significant
Shapiro-Wilks test for normality (W=0.9731 p = 0.076). Variances anidrggments
were similar as verified by a non-significant Levene’s testhomogeneity of variance
(F=2.2264, p = 0.09147, df = 3). There were no differences in egg productitemzde
between treatments (ANOVA, F=0.363, p = 0.7799, df = 3).

Fertility rates during the 21 day exposure period in the control, 0.25fig4,
2.5mg/L total ammonia and the mixture were 89.08%, 88.87%, 88.14%, and 82.08%,
respectively (Figure 11). Fertilization rates were normdisgributed and verified via a

Shapiro Wilks test for normality (W = 0.9414, p = 0.1202).
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Figure 11: 21-Day Treatment Flow-through Diluter Concentration Fertilizatiore Rat
Sample Size (N) = 7. Conducted 4/8/10. Unionized Ammonia (NH3) ard 17
ethinylestradiol (EE2) Interaction Experiment. Treatments incledattol, 0.25
ng/L EE2, 0.03mg/L NH3 and a mixture of both toxicants. Error bars are
standard error. Study duration was 21 days.

Differences in variances among treatments were negligiblevegified by a non-
significant Levene’s test (F = 0.7773, p = 0.5181, df = 3). Fertititgs were also not
significantly different amongst treatments as determinechbdNOVA (F = 0.5252, p =
0.67, df = 3).

Seven sampling events occurred throughout the 21 day exposure to \ERify E
exposure (Figure 12). The control and NH3 tanks did not have any sagnifi@ce
concentrations of EE2 and because the 0.25ng/L EE2 concentration isthanethe
chemists’ detection limits (+/- 0.2ng/L error) only the superstomkcentrations were
reported. The superstock (7.5ng/L EE2) was 30x the testing contmamtirmtthe tank
(0.25ng/L EE2). The 0.25ng/L EE2 concentration and mixture concentrationnhad a

average superstock EE2 concentration of 7.27ng/L and 8.04ng/L, respectively.
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Figure 12: Analytically measured #ethinylestradiol (EE2) concentrations from the
superstock for the 0.25ng/L and mixture concentrations. Conducted 8/26/09. EE2 and
Unionized Ammonia (NH3) Interaction Experiment.

Sampling event #4 for the 0.25ng/L EE2 concentration was not includée enalysis
as it was significantly lower than expected and may be due tanalysis error. The
coefficient of variation values were below the required 20% tesepability limit
(Ankley et al. 2001) as the EE2 and mixture superstock concent@Viovalues were
7.71% and 8.13%, respectively.

Ten sampling events for ammonia occurred throughout the 21 day study. The
control and EE2 tanks did not have significant trace concentrations ®f(Ngure 13).
The 2.5mg/L total ammonia treatment tanks ranged from 1.96 to 2.47mg/L total ammonia
with an average of 2.26mg/L total ammonia (0.03mg/L un-ionized ammohi®
mixture tanks ranged from 1.58 to 2.51mg/L total ammonia with an avefay&8mg/L
total ammonia (0.03mg/L un-ionized ammonia). Mean measured conaamgrati

throughout the study in the treatment tanks appeared sufficigntijar to expected
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concentrations and the coefficient of variance (CV) was withoe@able parameters

(<20%) for both treatments containing ammonia.
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Figure 13: Average unionized ammonia (NH3) concentrations from each test
concentration. Conducted 4/8/10. NH3 and-gthinylestradiol (EE2) Interaction
Experiment. Treatments included control, 0.25 ng/L EE2, 0.03mg/L NH3 and a
mixture of both toxicants. Error bars ard standard error.

Chemical parameters including dissolved oxygen (ANOVA, F = 0.9490p125, df =
3), pH (ANOVA, F = 0.417, p = 0.741, df = 3), temperature (ANOVA, F = 0.p8%,
0.839, df = 3), and conductivity (ANOVA, F = 0.210, p = 0.889, df = 3) were detedmi
for the old test solutions and showed no significant differences betweereaimyents.
Vitellogenin concentrations were analyzed on the male andddimers (Figures
14 and 15). Male vitellogenin concentration was log transformed in d¢odebtain
normality (Shapiro-Wilks, W=0.9759, p = 0.4939). Variances amongst trettmere
similar as verified by a non-significant Levene’s test for bgemeity of variance
(F=0.691, p = 0.5631, df = 3). Male liver vitellogenin concentration wasigoificantly
different between treatments (F = 1.844, p = 0.155, df = 3). Femalevitellogenin
concentrations were not affected by exposure to either contamingorgiromixture (K =

2.09, p = 0.55, df = 3). This data was not normally distributed; theraf&reskal Wallis
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test was used in the analysis. Again, no transformations weret@blermalize the

female liver vitellogenin concentrations data set.
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Figure 14: Average male vitellogenin liver concentrations. Sample Size (N) = 56.
Conducted 4/8/10. Unionized Ammonia (NH3) and-gthinylestradiol (EE2)
Interaction Experiment. Treatments included control, 0.25 ng/L EE2, 0.03mg/L NH3
and a mixture of both toxicants. Error bars-afestandard error. Study duration wa

21 days.
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Figure 15: Average female vitellogenin liver concentrations. Sample Size (N)2.
Conducted 4/8/10. Unionized Ammonia (NH3) and-gthinylestradiol (EE2)

Interaction Experiment. Treatments included control, 0.25 ng/L EE2, 0.03mg/L NH3
and a mixture of both toxicants. Error bars-afestandard error. Study duration was

21 days.

Plasma vitellogenin was negligible amongst all treatmientsale FHM (Figure 16). The

data were normally distributed, therefore a Kruskal-Walliswes used to determine the
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non-significance (K = 5.72, p = 0.12, df = 3). One control male outlierajisgdla high

amount of plasma vitellogenin and was removed from the analysis (Figure 17).
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Figure 16: Average male plasma vitellogenin concentrations. Sample Size (N) = 56.

Conducted 4/8/2010, data provided by U.S. EPA in Duluth, MN. Unionized Ammonia
(NH3) and 1é-ethinylestradiol (EE2) Interaction Experiment. Treatments indude
control, 0.25 ng/L EE2, 0.03mg/L NH3 and a mixture of both toxicants. Error bars are
+ 1 standard error. Study duration was 21 days.
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Figure 17: Average male plasma vitellogenin concentrations with control outlier
removed. Sample Size (N) = 55. Conducted 4/8/2010, data provided by U.S. EPA in
Duluth, MN. Unionized Ammonia (NH3) and d-&thinylestradiol (EE2) Interaction
Experiment. Treatments included control, 0.25 ng/L EE2, 0.03mg/L NH3 and a
mixture of both toxicants. Error bars ard standard error. Study duration was 21

days.

This non-response may be due to the concentrations of EE2 being belawumini

detection limits by the ELISA assay. Female plasma vitellogenguf€il8) was also not
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effected by exposure to any of the treatments (K = 3.23, p =@ .363). The data was

also non-normally distributed and analyzed using a Kruskal-Wallis test.
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Figure 18: Average female plasma vitellogenin concentrations. Sample Size (N) = 112.
Conducted 4/8/2010, data provided by U.S. EPA in Duluth, MN. Unionized Ammonia
(NH3) and 17a-ethinylestradiol (EE2) Interaction Experiment. Treatments included
control, 0.25 ng/L EE2, 0.03mg/L NH3 and a mixture of both toxicants. Error bars are +
1 standard error. Study duration was 21 days.

Discussion:

Neither EE2 nor NH3 caused a fecundity effect on FHM reproduction

individually. This was expected as both toxicants were beingdtedtean estimated
NOEC. Also, the mixture of these two contaminants did not aféexirfdity during the
21 day study. This finding rejects the author’'s hypothesis thamik&ure of these
contaminants at their respective NOEC would produce an effecHh rEproduction.
Although a fecundity effect was not apparent, a significant itgreffect was observed
in the mixture concentration. This finding is surprising because the cortmargraf both
EE2 and NH3 were far below any previous reported lethality cdraten. Thurston et
al. (1986) reported a LOEC of 0.91mg/L NH3 on FHM survival. Langal.e2001)

determined the LOEC of EE2 on adult FHM survival was greater Ihg/L. The tested
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concentrations were chosen to mimic the average WWTP efflNétg and EE2
concentrations, so this mortality effect is quite alarming for srhalitdived species such
as the fathead minnow. In natural systems, Lazorchak & Smith (2l@dd)mined that
the average NH3 concentration in U.S. WWTP effluent was around 0.1Ragrtott &
Blunt (2005) also stated that EE2 concentrations greater than arggfbund in WWTP
effluent around the world. Therefore, such a high mortality ragermxture of only two
contaminants at their environmentally relevant concentrations @eem. In light of
these findings, the current U.S. EPA water quality criteria shbal re-evaluated, and
other stressors should be considered because fish are exposed toeaterngmbers of
contaminants as well as other biological stressors including etetyppe changes,
dissolved oxygen fluctuations, starvation and predation.

The multiple stressor effect on mortality has been documentechén species
exposed to different stressors. Schisler & Bergersen (2000) mednthe combined
effects of disease and temperature on rainbow t©otprhynchus mykiss. Elevated
water temperatures on their own had minimal effect on mortafityrout; however,
mortality was significantly increased in trout infected withining diseaseMyxobolus
cerabralis.

The mortality that was experienced during this mixture studydcpatsibly be
attributed to a high reproductive output. It is important to point out tti&tcontrol
reproductive success was much higher during this study than evipys flow-through
diluter experiment conducted by the U.S. EPA in Cincinnati, OH. Tincseased
reproduction may have been a cause for the unexpected mortalitye imixture

concentration because the fish could have spent more energy on réprothen other
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similar aged and sized FHM used in previous flow-through diluter rempets; the
added stress of EE2 and NH3 in combination may have been enough toncatadity .
Females could have used more energy producing and laying eggsthehiteales may
have spent more energy courting females and guarding the eggsxpéisnent should
be repeated to make sure the mortality effect is consistent. Sond@d997) determined
that there was a tradeoff between reproductive effort and aduwit/al in fish species.
The NH3 baseline study also had a high reproductive effort expeddncthe control
fish when compared to previous flow-through diluter studies; howevealitypias not
an issue during this study (Chapter 2). If further testing prdwvesbrtality experienced
in the mixture study to be a justifiable effect, continued outpu¥WaYTP effluent
containing concentrations similar to those tested in this studyd cbe causing
detrimental effects on wild FHM populations, as well as other fish species.

The mixture study tested a 0.25ng/Ladéthinylestradiol (EE2) and a 0.03mg/L
NH3 concentration. The EE2 sample analysis revealed a conslssade of superstock
throughout the study except for one sample collection, sample #4 (Higur&his was
deemed as an outlier and was probably due to an error in sanplionlor analysis.
The EE2 analysis for the 0.25ng/L testing chambers was below.$heEBA chemistry
group’s method detection limits (x 0.2ng/L EE2) and therefore wascowsidered
reliable data. Because the EE2 superstock was within the 60 to 80%ahdest
acceptability (Grist et al. 2003) and the 0.03mg/L NH3 concentratidha tanks was
also near expected concentrations, a reasonable assumption can leatnB&2 within

the tanks was also near expected concentrations.
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Another disadvantage of using a flow-through diluter system is tlt E
chemistry data of testing solution is extremely hard to digigigfrom background levels
of natural estrogens that are produced by the fish. The U.ShB®Astablished methods
to determine the nominal testing concentrations of EE2 (U.S. EPA 288%).to eighty
percent nominal is acceptable in most studies (Grist et al. 2008).mixture study
produced better than most studies in EE2 analysis as a 96.8% noonnahtration in
the EE2 superstock was determined. The 0.25ng/L EE2 concentration amkisecould
not be determined as it is below the method detection limit fodtBe EPA chemistry
group in Cincinnati, OH.

This pilot study suggested an underlying mechanism regulatingpact of
ammonia exposure on the induction of vitellogenin in male FHM. Ammonia lyea
stimulating the production of cortisol, which has been known to decreagpeothéaction
of vitellogenin in fish (Giesy et al. 2003) and potentially acaganistically from EE2
effects. Another hypothesis may be that the males are shuwttmg unnecessary
mechanisms, such as the production of vitellogenin, in response entirenmental
stressor. Further investigation into the MOA of ammonia on @gelin production
should also be conducted in order to fully understand why the antagonisis. &y
understanding these mechanisms at which vitellogenin production idsldue to
contaminant exposure, computational models could be created in orgeedict the
effects of other contaminants on vitellogenin production, and elimihate¢ed to test
every multiple stressor combination in a costly experimental design.

The protocol used in this experiment was successful in determinudigple

stressor responses to anthropogenic and natural stressors. For examgitality effect
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was not significant in either individual FHM exposure to NH3 or EE2 absignificant
effect was found in the exposure to their mixture. EE2 appearedrgase vitellogenin
concentration in the livers of male FHM but when EE2 was mixatd WH3, the
production of vitellogenin was blocked. These findings indicate the ignde of
testing with multiple stressors rather than single contamimxposures and how
protocols such as the 21 day flow-through diluter study can be agest the impacts of
multiple stressors. Importantly, the procedures outlined here weigndd to test both
the individual effect of both toxicants and a mixture of both comtams, which is
necessary to determine synergistic and antagonistic effects.

The findings from this study suggest that multiple contaminant expeshould
be tested and used for ecological risk assessments rather thasedaed from single
contaminant dose response studies. The possibility of chemicaktiaasawithin a fish
between EDCs, other stressors and mating systems could have aipopele| effect
through reduced fertility, fecundity, or mortality. Multiple st@ss that manipulate
reproductive activity and male secondary sexual characteristiy strongly affect
sexual selection and mate choice in fish (Nash et al. 2004). T tsisted only two out
of potentially hundreds of interacting chemicals found in WWTPuefl. WWTP
effluent contains a cocktail of chemicals that could have numerpusdiective effects
on fish populations. Therefore, understanding how the chemicals within W\AffltGENt
interact with one another in terms of reproductive effects dm disd other aquatic
species should be a high priority for future toxicological studies.

Because the field of testing with multiple stressors listively new, very little

data exists regarding how different estrogenic contaminatasact with one another and
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therefore it is hard to predict the outcomes of multiple strestsdies. Therefore, more
studies testing a variety of other EDC’s should be conducted in pheulsitressor
situations in order to fully understand how estrogenic contaminatgsact and affect
fish reproduction, especially at environmentally relevant concentratistigen mimics
can occur without chemical exposures due to sub-optimal temperaesaeted food
supply, low pH, environmental pollutants, and/or parasites (Jobling & Pg03). Most
multiple stressor studies have analyzed the effects of twoahadtressors such as
predation and nutrition while very few studies have researched cdrohmaf natural
and anthropogenic stressor relationships (Folt et al. 1999). Thesenexgs have
shown that the combination of these two stressor types can cadriseed&l effects at a
level much lower than individual chemical exposures. Testing esimgentaminants
with other stressor situations such as low dissolved oxygen coatoems and high or
low temperatures should also be considered as fish may be expmsédikse
environmental situations as well.

Hanazato and Dodson (1995) tested the effects of low oxygen concenivagn
coupled with the effects of a predatory response and a pesticideusxp8gnergistic
relationships were determined when a cladoceEaphnia pulex, was exposed to a
combination of 2 or more of these stressors. Growth rates, neonatdbmieent and
maturation size were all reduced when a combination of thessmBeaesere present.
These findings determined that the synergistic relationshipsndf between
environmental factors and chemical exposures are often underestimataboratory
tests looking at the effects of single contaminant exposures. Most labdestisrare held

at high dissolved oxygen concentrations and their study determineckfteats of
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chemical exposures can be amplified when environmental strasstrais low dissolved
oxygen concentrations are present.

Short-lived species such as FHM have a greater risk of poputaiapse when
exposed to EDCs, but chronic exposures of longer-lived species sudyineextinction
as well (Kidd et al. 2007). FHM and other short-lived species aaé teitmany aquatic
food webs as forage fish (Jenkins & Burkhead 1993). If FHM populationsekhsas
other small, short-lived species, are threatened and/or reduoget, #éad longer-lived
species could be at risk due to a decreased food supply. Long-term ane légpiosures
to multiple estrogenic contaminants could also put larger spatiask due to potential
endocrine disruption and reduced reproduction success. Long-lived spmbsas
sturgeon, become sexually mature at an old age compared to ghdrspecies. The
longer lived fish also have shorter spawning seasons and in s@as can have
multiyear intervals between spawning events (Gross et al. 200@3eTspecies may be
more susceptible to population collapse if their reproductive cgchdversely altered
due to a lower reproductive output. Reproductive effects, in particular the
intergenerational effects on fertility, are difficult to asseés long-lived species due to
their low reproductive output and long generation times compared tblisiedr species.
Understanding how multiple stressor exposures affect the repneglsttccess of fish
populations is important because continued estrogenic contaminant impatshe
environment from municipal wastewaters could threaten theirisabtity (Kidd et al.

2007).
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CHAPTER FOUR: CONCLUSIONSAND FUTURE DIRECTION

Expectations for this study were to define the multiplessior effects of EE2 and
NH3 on FHM reproduction during a 21 day experiment using a flow-througtedi
system. Because the testing of multiple stressors is twefyjanew area of study and
very few data exist on how chemicals interact during exposudes, this study served
as an exploratory one to provide preliminary data for future melspessor experiments
as well as to update un-ionized ammonia toxicity relative to FHM reproduction.

The NH3 baseline experiment suggested that U.S. EPA wateryqurdtiria for
NH3 may currently be set above the NOEC on fish reproduction. USwaERer quality
criteria for waters containing adult, non-salmonid fish is culyeset at 0.094mg/L (at a
pH of 7.3 and 25°C temperature similar to the parameters of thediluater tested in
this study (Chapter 2)). This concentration is over 56% higher tharOtB€ determined
by this study (0.06mg/L) in which | found a 29% reduction in cumuldtecendity. A
reduction this severe, in addition to other threats to minnow populatiohsasucther
contaminant exposures and predation, has the potential to threaten poulatioal. If
fish in the wild are being exposed to concentrations of ammonia high fetowause
severe reproductive effects, theoretically it is possiblé ¢néire populations within a
water body are at risk.

Density dependent factors play an important role in population regukatd should be
considered when determining population risk due to a contaminant Iitilsin a healthy water
body are producing more eggs than the environment can support, densitgel@pfactors such
as competition will limit population growth. It is because aigity dependence that a reduction
in fecundity as a result of contaminant exposure may not nedgdsad to a direct population

collapse.For example, if a population of fish produces 1500 eggs in a giveragdahe
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population can only support an increase of 1000 individuals, density depencterd fa
will result in 500 of those eggs from reaching maturity in ordermtaintain the
population at its carrying capacity. If that same populatiorxp®®ed to a contaminant
that reduces the fecundity from 1500 to 1000 eggs, there still bgilllOO0 new
individuals reaching maturity within that population; hence the contarnhwmil not have
an effect on the number of individuals within that population. It is evesiljeghat the
loss in fecundity will produce healthier fish because competitionofud favailability,
sexual mate selection and territorial defense may be reducedveiwt is my view that
exposure to a known contaminant which causes reproductive efferss should not be
considered as potentially beneficial because other detrimentatdaesulting from the
exposure are likely to occur.

Extrapolating the results of this study which used laboratoryt@isihdividuals
found in the wild can be a difficult task at best. The FHM at tite. EPA AWBERC
facility in Cincinnati, OH have been raised for hundreds of geoesin conditions
specific to increasing survival and reproduction. The genetic divarsthese fish is
minimized because no new genetic sources of FHM have been inttlodwcthis
laboratory in years. These fish are not exposed to a varietyreslsars seen in wild
populations including predation, foraging, low water quality and high kv
temperature situations. Wild fish face different evolutionarysguees and also have a
much higher genetic diversity than laboratory raised fish becaese genes are
constantly being added to the gene pool because fish either nograte introduced

from different water bodies.
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Extrapolating this data to other species of fish with longespidns and lower
reproduction can be even more difficult. Long-lived fish tend to haveeshgpawning
seasons and in some cases can have multiyear intervals betweamgpavents (Gross
et al. 2002). These species may be more susceptible to contamipastires as their
reproductive output is relatively low compared to short-lived spesieh as FHM.
Reproductive effects of contaminant exposures using long-lived fiskditireult to
implement due to the long maturation rate and short and intermsgiamining seasons.
Therefore, mechanistic models using laboratory data colleated $hort-lived fish can
be used to predict the exposure response of long-lived species.

The mixture study verified that the estimated NOEC valuedeteymined from
the respective baseline experiments were justified. NeitherOtO3mg/L NH3 nor
0.25ng/L EE2 concentrations caused a FHM reproductive effect. The enottuhese
two contaminants also did not cause a reproductive effect. This sporse nullifies the
hypothesis that the mixture of these two contaminants at gegective environmentally
relevant concentration would result in a reproductive effect. The bifpathesis from
this study was that vitellogenin production in male FHM would betinduced during
exposure to EE2. This hypothesis was verified as the EE2 exposesishalved a slight
increase in vitellogenin while the mixture exposed males showed yrhalitellogenin
in either the plasma or liver. This inhibition of vitellogeniroguction in the males is
most likely influenced by the increased stress and production tisatowhich has been
shown to reduce vitellogenin production. Another interesting findiveg should be
explored further is why there wasn’t a reduction of vitellogenadpction in the females

exposed to NH3.
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My experiment found significant and alarming evidence that theuneiaf EE2
and NH3 significantly increased both male and female mortdlitg control treatment
only experienced one male and/or female mortality over the coblitbe 21 day study.
In contrast, the mortality increased by 600% for both males andlds in the mixture
concentration where 6 males and 6 females died (mortality wesierced in 5 of the 7
replicates) during the 21 day study. Twenty-eight percent (28%hedbtal fish exposed
to the mixture concentration experienced mortality. This iggaif&cant increase in
mortality over a relatively short period. The average WWifleent contains a 0.1mg/L
NH3 and greater than 1.0ng/L EE2 concentration. Previous lethakiyeatrations for
NH3 and EE2 have been reported as 0.91mg/L and greater than 1ng/L,ivespect
These previous estimates are far above the concentrations testdwe imixture
(0.03mg/L NH3 and 0.25ng/L EE2). It is recommended that this studgpeated to see
if a similar mortality effect occurs. If further studies etetine that a mortality effect at
these environmentally relevant concentrations of NH3 and EE2 ekistsecommended
that the current U.S. EPA water quality criteria be re-etisiand possibly amended to
incorporate this significant finding.

The mixture study tested environmentally relevant concentratiortSE@f and
NH3. Surveys of WWTP effluent have found concentrations of NH3 around A.Jand
EE2 greater than 1ng/L. This study tested 0.03mg/L NH3 and 0.25ng/L BE2fdre it
is assumed that fish in the wild are being exposed to a mixture of these camisnait or
above the concentrations tested in this study in areas thateaity mpacted by WWTP

effluent. The only way to avoid exposure of these chemicals is thnmoge advanced
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treatment of WWTP effluent and educating the public on proper dispbsaiused or
unwanted medication.

The removal of ammonia from wastewater treatment effluenbéeas thoroughly
researched and many types of treatments are available.rddh@onal method for
ammonia removal is through biological treatments such as mugityacteria (Jorgensen
& Weatherley 2003). Many biological methods require warm teatpegs to sufficiently
remove ammonia. Gersberg et al. (1986) found that planting vegetatioassbhahlrushes
and reeds in the wastewater treatment ponds can play a siginifala in nitrogen
removal. While vegetation may be successful in removing ammoniagdine winter
months this method may not be as efficient. lon exchange is a ma#dtdtas proven to
be successful in removing ammonia at a wide range of temperatlmegensen &
Weatherley 2003). lon exchangers such as zeolite were found toremeiyt successful
in removal of ammonia in wastewater effluent even during high spikesnmonia
concentration, another variable that biological removal methods cannot handle @orgens
& Weatherley 2003).

Because EE2 is the main ingredient in many of today’s oral axeytives and
will most-likely always be a part of human birth control and horenoeplacement
therapy, the control of EE2’s release into the environment musptake at the WWTP.
Vader et al. (2000) determined that nitrifying activated sludgehe presence of
ammonia was able to oxidize EE2 into hydrophilic compounds. The authortecefiat
this sludge degraded a 50ug/L concentration of EE2 within 6 days.effibgme,
ammonium monooxygenase, initiated the pathway of ammonium oxidation. While

oxidizing ammonia, the bacteria were also reported to cometalitize(Vader et al.
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2000, Shi et al. 2004). It is important to note that in the presence afmamonia
oxidation inhibitor, such as the compound Allylthiourea, oxidation was unaldedur
thus limiting the nitrifying bacteria sludge’s potential to delgr&E2 (Shi et al. 2004).
EEZ2 hydroxylated metabolites are known to have a substantiadigrlestrogenic effect
on fish than the EE2 parent compound (Vader et al. 2000).

Another control of the environmental release of EE2 (and possibly witer
pharmaceuticals) can be through educating the public on the proper befpegared or
unwanted pharmaceutical drugs. Thirty-five percent (35%) of Amescdispose of
these pharmaceuticals in the sink or toilet (Bound and Voulvoulis 2008).disposal
process increases the likelihood of these chemicals being eklags¢éhe environment at
concentrations above effect levels. By educating the public of theoeamental fate of
drugs, the improper disposal of these pharmaceuticals could sigtiifidee reduced.
Other forms of disposal that could have a lesser effect on theoemeant include
discarding them in household waste where they can be sent ounttfith (evhich would
allow these drugs to have a lesser chance of reaching thesysttem) or returning them
to an institution that offers a return and disposal service (Boun&/anlyoulis 2005).
As part of my graduate program, | created a brochure whichnedtline effects of
improper prescription disposal and provided alternatives to properly dispasgvanted
or expired medications. This brochure can be obtained electronicedlygh Michigan
State University’s Extension (MSUE) website at:

http://web2.msue.msu.edu/bulletins/Bulletin/PDF/E3110.pdf
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Future Directions:

Toxicity testing needs to incorporate multiple stressor effecbetter assess how
a mixture of chemicals in WWTP effluent interact with one another in situ aedtfzdly
affect the reproduction of aquatic organisms. Future studies should fodestioig a
variety of EDC’s in multiple stressor situations in order tdyfulnderstand how
estrogenic contaminant interactions, especially at environmenta#iievant
concentrations, impact fish reproduction. Estrogen mimics occur witbbeinical
exposures due to biological stressors in the environment. Testinogest contaminants
with biological stressors should also be considered if a full undeiata of multiple
stressor response is to be acquired. Most multiple stressor dtagie$ocused on testing
the effects of two biological stressors while very few stidleve researched
combinations of biological and chemical relationships.

Further investigation into the mode of action of ammonia on vitellogenin
production should also be conducted in order to fully understand why thgoaista
between ammonia exposure and vitellogenin production exists. Models have been
established relating vitellogenin to egg production. If NH3's mode dioracon
vitellogenin production was understood, data from studies such as thisbeoukkd to
predict population trajectories. These models could also be used e gflaxpensive
and time consuming flow-through diluter system experiments ifeffects of similar
contaminants with similar modes of action were being analyzkd. mixture study
determined that there is a mortality effect to exposed fishmixture of NH3 and EE2 at
their respective environmentally relevant concentration. Furtivastigation in to why

this mortality is occurring and why the synergistic respobséwveen these two

62



contaminants exists should also be thoroughly researched. These dtuitdies would
also be useful in determining if the high mortality experiencethis study could be
attributed to the high reproductive output across all concentrations vemepaced to

previous flow-through diluter experiments.
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APPENDIX A: MODEL ORGANISM AND DESIGN OF THE FLOW-THROUGH
DILUTER SYSTEM

Model Organism:

The FHM used in this study were cultured in-house at the U.S.EGRéinnati-
AWBERC location using established methods (U.S. EPA 2006). FHM haveused in
laboratory studies as a model species in toxicological reséaratecades. They are a
representative of the ecologically important Cyprinidae familgngen et al. 2001,
Ankley and Villeneuve 2006), have a broad distribution in both lentic and loti
environments across North America (Ankley and Villeneuve 2006), andaare
opportunistic omnivore tolerant of a wide range of water types (Ar&tel Villeneuve
2006). They have been used extensively in chronic life stage dgpdifeastage survival
and development tests (Ankley et al. 2001) partly because cgltaHM in a laboratory
setting is relatively easy (U.S. EPA 2006). FHM are a good margeinism because of
their life-history: they are fractional spawners; producechles of 50-100 eggs every 3-5
days and have a rapid life cycle reaching maturity within dkonths (Ankley et al.
2001). Controlling their reproductive life cycle is readily achievedugh alterations in
temperature and photoperiod (Jensen et al. 2001). Previous studies alsbthat etV
response to chemicals is comparable to responses observed inyaofahetatened and
endangered fish (Ankley et al. 2001). Extrapolating data from the tabpta the field
has been a challenging task for ecotoxicologists. Laboratory k&M played a key role
in making this linkage as they have been an important speciesedictprg the
bioavailability of inorganics and other contaminants through the use oflingpdad

caged deployments (Ankley & Villeneuve 2006).
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Flow-Through Diluter System:

An established U.S. EPA protocol for conducting flow-through diluter
experiments (Ankley et al. 2001) was implemented to explore how b&hak& NH3
act together to disrupt reproduction of the FHM. A summary of tperenental design
including test conditions and endpoints of interest is outlined in Appendialidratory
line water was made by passing tempered tap water throughad activated carbon
filters, for the removal of chlorine and organics. Liquid calcium dtidowas then added
to the water to supplement the hardness. Following treatment,atiee moved through
four 500 gallon fiberglass tanks for conditioning. After conditioning, théemvevas
pumped into the water delivery system and then fed to the dilutemsy3he diluter
system was designed to provide a continuous flow of toxicanthrae ttoxicant
concentrations including a control to the glass aguarium testing chambers.

The setup of the flow-through diluter system allowed for a continuawesvad of
toxicant to thirty chambers (Figure 19). Each day, three amourtiglofy concentrated
stock solution were added to three separate 18L dilution wateropatsduce the diluted
stock concentrations, from here on referred to as a superstock. This superstoukech
up fresh daily in order to provide a continuous diluted stock for the tioawugh diluter
system. For each treatment including the control, a 22qt staiskesd stockpot
containing a 30x toxicant (or control) superstock was placed on anceiotplate. The
superstock from each stockpot was drawn at a rate of 10ml/min asthgartridge
Watson-Marlow 205u series peristaltic pump. The superstocks Wwenediluted with
laboratory line water, which was pulled from a single 24qt stesniégeel stockpot at a

rate of 290ml/min using a Watson-Marlow 500 series peristaliimp, to create the
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testing solutions. Two 32-cartridge Watson-Marlow peristalticps then distributed the
testing solutions into randomly selected 12L testing chambehsaga rate of 20ml/min,
which resulted in fresh testing solution being supplied to the tankste of 40ml/min.
This flow-rate was sufficient enough for 6 water changes per day. The detupdcafor a
fail-safe system in the event that one pump fails or if a tubakisrduring the exposure
period. In this event, the other 32 cartridge pump would still distribute thegestiution
into each testing chamber at a rate of 20ml/min, thus allowing the dosing to continue.
The diluter system was designed to test twenty-eight teshaghbers and two
blank tanks. The blank tanks were needed to measure background watestrghientine
event of high control mortality. The testing chambers were randseiected for the
treatments using the online randomizer found at http://www.randoarge Each
chamber was equipped with a drainage system to allow for a contirereysal of 9.5L
of testing solution. The temperature within the chambers was moniarekly and
heated using a water bath to 25 + 1°C. The water bath was heatfG@ using a
submersible heating cord. Seven replicates, each consisting dé 2mtke4 female adult
FHM were used in each of three testing concentrations and cdrttiree spawning tiles,
made of PVC pipe sections, were also placed into each replitateber. Having three
tiles in each chamber allowed both males to each court adefoalspawning and

allowed an additional chamber to serve as a hiding place for the other females
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A: Laboratory line water inlet I: Lighting system

B: Either EE2 or NH3 stock solution (18L) J: Fish holding chamber (14L) with drateray
C: Control/dilution water holding tank (20L) with float valve K: Drain with carbdnafiion

D: Control/dilution water 500 series Watson-Marlow pump L: Laboratory linrenimw for heating bath
E: Toxicant and dilution water mixing tank M: Heating cord

F: 32 cartridge 205u series Watson-Marlow pump
G: Excess sink with carbon filtration
H: Toxicant delivery 4 cartridge 205u series Watson-Marlow pump

Figure 19: Flow-through diluter system used to expose fathead minnow breeding pairs temoftaii-ethinylestradiol and
un-ionized ammonia for 21 days
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APPENDIX B: SUMMARY OF TEST CONDITIONS FOR PIMEPHALES
PROMELAS

TEST PARAMETER CONDITION
Test Type Flow-through
Test Duration 14 day acclimation period

21 day exposure period

Temperature 28 (x1°C)

Photoperiod 16 h light: 8 h dark

Test Chamber Size 12 L

Test Solution Volume 95L

Renewal of Test Solution Continuous

Age of Test Organisms 4-6 month &ldnephal es promelas

Weight of Test Organisms Male: 3.0 — 4.0g
Female: 1.0 — 2.0g

No. Organisms/Test Chamber 2 male: 4 female

No. Replicate Test Chambers 7

No. Organisms/concentration 14 male: 28 female

Feeding Regime 1ml frozelrtemia salina (1x daily)
20ml newly hatchedrtemia salina
(2x daily)

Control and/or Dilution Water Laboratory Line Water

Sample/Test Material EE2, NH3, and EE2 + NH3

Endpoints Survival, Fecundity, Fertility,

Gonadosomatic Index, Fatpad Index,
Vitellogenin Analysis

Test Acceptability 90% or greater control survival

85% or greater control fertility
<20% CV for analytical chemistries
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