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ABSTRACT 

 
We exposed a native endangered species, bonytail chub (Gila elegans), to graded 

concentrations of secondarily-treated effluent. At the end of each treatment period, we 

collected water from all raceways and samples were analyzed for the presence of 83 

organic wastewater compounds.  We extracted blood plasma from control and treatment 

fish in each raceway and samples were analyzed for hormones, 17β-estradiol and 11-

ketotestosterone, and the egg yolk protein, vitellogenin.  

17β-estradiol concentrations were consistently lower in treatment females than 

those detected in control females. The 17β-estradiol and vitellogenin concentrations were 

always higher in treatment males than those found in control males.  Concentrations of 

11-ketotestosterone were consistently lower in treatment males than those detected in 

control males.  

Endocrine disrupting effects occurred in male and female fish exposed to low 

concentrations of effluent.  Changes in hormone levels suggested a feminizing effect in 

treatment male fish and an androgenizing effect in treatment female fish.    
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INTRODUCTION 

The western United States is the fastest growing region in the nation, with the 

greatest rate of population increase in Nevada, Arizona, Colorado, and Utah [30 to 66% 

increase between 1990-2000 (1)].   Of the many problems concerning population growth 

and sustainable resources, the most pertinent is the demand for additional water resources 

along with the need for municipal wastewater-treatment plants to manage the sewage 

generated by additional residences, institutions, and industrial and commercial 

establishments.  Once treated, wastewater is typically discharged directly into existing 

dry, ephemeral, or perennial stream channels, where flow often is comprised mostly or 

solely of treated effluent.  These altered stream-ways are referred to as effluent-

dominated or effluent-dependent waters (EDWs) and they provide potential habitat for 

fish and wildlife species, especially where habitat has been lost to extensive water 

withdrawal (2, 3).  However, there is little understanding about how EDW ecosystems 

function and the possible negative impacts of effluent on native biota.  Of concern to 

researchers are chemicals that are not removed in the wastewater-treatment process. 

Compounds such as pesticides, household chemicals, industrial byproducts, and biogenic 

hormones are not completely removed in the wastewater-treatment process, and 

subsequently are discharged directly into aquatic environments (4). Several of these 

anthropogenic organic wastewater compounds (OWCs) may act as hormone agonists or 

antagonists by binding to receptors in the cell, which then may initiate translation of the 

genes or permanently bind to the receptor rendering it nonfunctional for endogenous 

hormones (5).  These compounds are generally referred to as endocrine-disrupting 
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compounds (EDCs) since they interact with biochemical processes within the endocrine 

system, which regulate homeostasis, behavior, reproduction, and growth. Several studies 

have documented adverse effects in fish, birds and reptiles, caused by exposure to 

anthropogenic OWCs (6-15).  This is a broad-scale, world-wide problem, with many 

potential negative implications (11, 16, 17), but investigations of the persistence, fate, 

transport, and biological effects of many of these OWCs are limited.  

New chemicals are developed every year, many of which are considered 

necessary in our “everyday lives.” These cover a large spectrum of uses ranging from 

human prescription drugs to industrial plastics to agricultural pesticides. A recent study 

revealed that out of 3,000 chemicals that have a high production volume status (one 

million pounds per year), only 7% had complete basic toxicity profiles, which include 

chronic, developmental, and reproductive toxicity for aquatic organisms and mammals 

(18).  Most anthropogenic chemicals undergo only the minimal legal toxicological testing 

that identifies the acute toxicity of a compound.  Acute levels are rarely encountered in 

most aquatic environments, and acute tests are insufficient in identifying 

transgenerational effects.  Much toxicological testing focuses only on individual 

compounds, whereas in the environment, OWCs are found at low concentrations and in a 

matrix of other chemicals.  This testing does not address the possible synergistic effects 

of compounds, where exposure to multiple compounds may cause a greater effect than 

exposure to compounds separately.  Overall this type of testing is inadequate in 

determining chronic effects on the endocrine system, where chronic concentrations are 

generally several orders of magnitude lower than those used in most acute toxicological 
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studies. Methods of exposure in acute tests are irrelevant if organisms are unable to 

survive to reproduction.  At least some studies must be designed around levels typically 

found in the environment and with the ultimate intentions of identifying effects at the 

population level.   

To better understand the potential endocrine-disrupting effects of effluent on fish 

in the Southwest, we exposed a native endangered species, bonytail chub (Gila elegans), 

to graded concentrations of secondarily-treated effluent collected from the Santa Cruz 

River in Tucson, Arizona.  Three concentrations of effluent (33%, 66%, and 100%) were 

used to identify dose-dependent relationships.  Treated fish were compared to fish kept in 

“reference water” or water that was treated with carbon and reverse osmosis filtration.  

We collected plasma and gonad samples from fish at the end of each treatment period.  

Plasma was analyzed for hormones, 17 β-estradiol (E2) and 11-ketotestosterone (11KT), 

and the egg yolk protein, vitellogenin (VTG). The laboratory sectioned, mounted, and 

stained gonad samples on glass slides in order to view them for histological analysis.  We 

analyzed the slides to determine stage of sexual maturation and evidence of intersex 

condition.  Weights and lengths of fish were measured to determine condition of fish.  In 

addition, water samples were collected from each raceway and analyzed for the presence 

of 83 OWCs.   Our objective was to use the biomarkers described above to compare 

treatment fish (exposed to treated-effluent) to control fish (unexposed to effluent). 

Secondly, we characterized and quantified the organic chemical composition of the 

secondarily-treated effluent. Finally, we identified associations between the presence and 

amount of OWCs and changes in biomarkers observed in treatment fish.   
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Description of Source-Effluent Site 

Several types of compounds commonly released from wastewater-treatment 

plants have estrogenic and androgenic properties (19-24). In a nationwide reconnaissance 

study of the United States (25, 26), samples from EDWs in Arizona had detectable levels 

of 29 to 38 OWCs, much greater than the national median of 7 compounds.  

Inconsistency in effluent discharged by treatment facilities can be attributed to treatment 

methods, climate, and demographics, which can make it difficult to compare local and 

regional trends at EDWs. To minimize variability and best represent a southwestern 

EDW, we selected a site on the Santa Cruz River in Tucson, Arizona, where previous 

studies have been completed (2, 27, 28) (Figure 1).  

The Santa Cruz River is a low-gradient desert stream dominated by a sandy, fine 

substrate, and the primary riparian vegetation consists of cottonwood (Populus fremontii), 

sycamore (Platanus wrightii), and willow (Salix gooddingii) (2). Flow was historically 

perennial from Mexico northward past Tucson, Arizona. Due to groundwater pumping 

along much of its length, the river is now dry for most of the year, with ephemeral flow 

for short periods during and briefly after heavy precipitation (Figure 2). However, in 

Tucson, perennial flow has been re-established in the river by the continuous discharge of 

effluent from the Roger Road Wastewater-Treatment Plant (WWTP) (Figure 3).   

The Roger Road WWTP, built in 1951, has a capacity of 41 million gallons per 

day (mgd) and treated an average of 38 mgd from 2004 to 2005.  The plant treats 

wastewater generated by a population of approximately 419,000, including several 

municipal, industrial, and hospital facilities (2). WWTP operations utilize primary and 
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secondary treatment processes (trickling biofilter), followed by chlorination, before 

discharging effluent into the Santa Cruz River where much of the effluent infiltrates into 

the streambed (28) and causes incidental recharge into the local aquifer.  A portion of the 

effluent is used for irrigation and another is allocated for recharge in constructed basins 

and artificial wetlands.   

Species Selection 

 Several fish species such as fathead minnow (Pimephales promelas), common 

carp (Cyprinus carpio), guppies (Poecilia reticulate), tilapia (Tilapia mossambica), 

mosquito fish (Gambusia affinis), medaka (Oryzias latipes), and goldfish (Carassius 

auratus) have been used or recommended as model test organisms to determine the effect 

of EDCs on physiology and reproduction of teleosts (29-40). Most of these species are 

not native to North America, and none are native to the Southwest. To understand the 

ecological significance of endocrine disruption, we used test organisms that have evolved 

under disturbances, resources, and general environmental conditions of the region in 

question. Native and endangered species are already affected by several anthropogenic-

related stressors (e.g., non-native species, abnormal flow regimes, and habitat 

degradation) and these species may be the most susceptible to EDCs and the most 

important with regard to understanding effects at the population level. 

 Bonytail chub (Gila elegans) are an endangered warm-water cyprinid historically 

found in various lotic environments in Arizona, New Mexico, Utah, Nevada, Colorado, 

and California (41, 42).  They have evolved in stream and river systems with sporadic 

flows, high turbidity, and a wide range of water-quality conditions.  Examples of evolved 
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morphology of bonytail chub include a pronounced dorsal hump in adults, relatively thin 

caudal peduncle but large caudal fin, small eyes, and embedded scales (42, 43). All of 

these traits are adaptations to a flow regime comprised of frequent high flow events (43-

45). Bonytail chub are omnivores and eat insects, small fish, and aquatic plants (46). 

Adults generally grow to 30-40 cm in length and weigh between 200 and 600 g, but can 

attain lengths of as much as 60 cm and weigh as much as 2 kg (46, 47).  

We used bonytail chub in this experiment, in part because they were readily-

available, with appropriate certification, from colleagues at the U.S. Fish and Wildlife 

Service Dexter National Fish Hatchery in Dexter, New Mexico. We were confident that 

these fish were not previously exposed to anthropogenic chemicals.  Secondly, the 

species of choice had to be of sufficient size to survive multiple veni-puncture events 

without threat of exsanguination. Third, bonytail chub are believed to be tolerant of a 

wide range of water-quality conditions, so they were likely to survive to the end of our 

experiment.  

Reproductive and Biochemical Biomarkers for Identifying Endocrine Disruption 

The central nervous system (CNS) and endocrine system interact through 

complex biochemical reactions that regulate vital processes, such as homeostasis, 

behavior, reproduction, and growth.  This relationship is part of an extensive self-

regulating system where chemical messages operated by the hypothalamus and 

hypophysis to produce hormones have a profound effect on the CNS (48). The 

hypothalamus, located at the base of the brain, serves as a major control center for the 
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endocrine system, for it controls the function of the hypophysis or pituitary gland, which 

mediates production of gonadotropic, adrenocorticotropic, and thyroid hormones.   

Our study focused on aspects of reproductive endocrinology of fish.   

Reproductive hormones are linked to various reproductive processes, such as mating, 

fertilization, sexual development, and maturation. Circulating concentrations in plasma 

can be used as biomarkers or proxies for altered function of these processes.  There are 

several measurable reproductive and biochemical biomarkers that respond to exposure to 

contaminants.  Biomarkers can be used appropriately only when compared to a control 

group.  Single biomarkers are of limited value in identifying endocrine disruption; 

generally several biomarkers are used to identify effects of exposure to xenobiotic 

chemicals.   We chose biomarkers based on past studies and available analytical methods 

to measure them in bonytail chub.  We controlled influencing factors, such as age of fish, 

water temperature, and photoperiod, in order to reduce variability in response by fish.  

We assumed the primary route of exposure was through gill and skin contact with water.  

We used the biomarkers; 17β-estradiol (E2), 11-ketotestosterone (11KT), vitellogenin 

(VTG), gonadosomatic index (GSI), hepatosomatic index (HSI), and gonadal 

histopathology.  

E2 is the predominant female fish hormone produced in the follicle of developing 

oocytes.  Estradiol is responsible for stimulating the liver to produce the yolk protein, 

VTG, which is incorporated into developing oocytes.  Gonadal weight is directly linked 

to this production and increases during gonadal recrudescence. Gonad weight can be used 

to calculate GSI which can be used as an indicator of reproductive impairment. The 
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weight of the liver can be used in a similar calculation, HSI, which can be an indicator of 

metabolic load. A primary function of the liver is detoxification, thus, it is a major site for 

bioaccumulation of xenobiotic contaminants, which may cause morphological damage 

and disrupt important detoxifying enzymes. In addition the catabolism of endogenous 

steroid hormones may be affected.  Gonadal histopathology can be used to determine the 

stage of sexual maturation.  It is an important method to identify resorption or necrosis of 

the ova (oocyte atresia) in female fish, usually in response to unfavorable environmental 

conditions.   

The predominant male sex hormone in fish is 11KT, which is responsible for 

secondary sexual characteristics, gonad development, and specific behaviors.  Although 

testosterone functions as the primary male hormone in mammals, its primary function in 

fish is not fully understood.  It serves as a precursor steroid in the biosynthesis of 11KT 

and E2.  Males carry the gene capable of producing VTG, but since it is primarily 

induced by naturally occurring E2, the response normally is minimal or absent in male 

fish. Anthropogenic estrogenic compounds can mimic E2 and stimulate the production of 

VTG in male fish. Chronic exposure of males to environmental estrogens can result in the 

formation of female germ cells in the gonadal tissue (12, 16, 17, 30, 49). Gonadal 

histopathology is a means of identifying intersex conditions in male fish and can be used 

to verify the stage of sexual maturation.  In males as in females decreases in GSI and HSI 

can be indicators of pollutant exposure.  

The main objectives of our study were to: (1) determine if bonytail chub exposed 

to 3 different concentrations of secondarily-treated effluent (33%, 66%, and 100%) 
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showed a difference in the biomarkers described above when compared to reference fish; 

(2) determine if the effects of three treatments were dose-dependent and if differences 

occurred between treatment and control fish; and (3) identify relationships between 

treatment effects and presence and concentrations of OWCs in the water.   
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METHODS 

Effluent Collection and Storage 

 Approximately 31,000L of secondarily-treated wastewater were collected just 

downstream from the Roger Road WWTP during three intervals corresponding to each 

treatment dose of the experiment.  For each interval, wastewater was collected at various 

times of the day to account for diel variation at the WWTP (27).  Effluent was collected 

in sterilized, 5,200-L aluminum containers and stored at the University of Arizona’s 

Environmental Research Laboratory.  

Laboratory Design   

 The experimental system we designed consisted of four large, independent 

recirculating raceways (1.22 m x 3.43 m x 0.51 m), each with a capacity of 2,500L. 

Raceways were constructed of marine plywood lined with fiberglass sheeting. Filtration 

consisted of 250-L sump raceways filled with 1-in diameter polyethylene spheres that 

provided surface area for denitrifying bacteria. Water from sump raceways was pumped 

to pressurized sand filters where a portion was either returned directly to raceways or sent 

through gravity-fed, fluidized sand-bed reactors for additional denitrification before re-

entering the raceway (Figure 4).  Water temperature was controlled through control of air 

temperature by way of the facility heaters and coolers. We used pressurized air and air 

stones to increase dissolved oxygen. Aeration, passive filtration, and denitrification were 

necessary to avoid low dissolved oxygen concentrations and toxic levels of un-ionized 

ammonia. These treatments were necessary to maintain livable conditions in our re-

circulating flow raceways.   
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 We weighed, measured, and randomly distributed approximately 300 bonytail 

chub among the four raceways with each raceway containing 63 fish (6.30 ± 3.75 g). Two 

raceways were randomly designated as treatment and two as control.  Fish were fed ad 

libitum twice per day, and amounts of food were kept consistent in all raceways. 

Approximately 40 fish were randomly selected from each raceway.  We used a 2:1 ratio 

of sodium bicarbonate and MS-222 (tricaine methanesulfonate) mixed in a 38-L 

aquarium containing 10L of tap water treated by carbon filtration and reverse osmosis 

(RO) to anesthetize fish. Once sedated, fish were removed, and a passive integrated 

transponder (PIT) was inserted just below the epidermis on the ventral side, posterior to 

the pelvic fin and anterior to the anal fin. 

To assess the potential potency of treated effluent, we used three treatment 

periods each lasting 3 months.  Bonytail chub were exposed to three concentrations of 

effluent that were based on the volumetric ratio of 1/3, 2/3, and 3/3 (full-strength) 

secondarily-treated effluent to tap water treated by carbon filtration and RO (i.e., 

reference water).  For example, during the first treatment, the total volume of the raceway 

was comprised of 1 aliquot of effluent and 2 aliquots of RO water or approximately a 

33% effluent solution.  At the end of 3 months, this ratio was replaced with 2 aliquots of 

effluent and 1 aliquot of RO water, which was roughly a 66% effluent solution.  The final 

treatment was full-strength effluent.  The terms dose 1, dose 2, and dose 3 are 

synonymous to 33%, 66%, and 100% effluent.  Water lost to evaporation was replaced 

with the respective concentration of that treatment period. There was approximately 1 

month between treatments during which sampling took place and new effluent was 
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collected.  During this month between treatments, fish remained in the effluent 

concentration of the previous treatment.  

Water Sampling 

After source-effluent was mixed with RO water (doses 1 and 2) or added as 100% 

effluent (dose 3), water samples were collected (1-2 days later) from treatment and 

control raceways at the beginning and end of each 3-month treatment period.  In addition, 

water samples were collected from source-effluent storage units prior to the introduction 

of effluent into treatment raceways and one sample was collected at the end of the third 

treatment period to identify changes in OWC chemistry during storage. Water samples 

were collected for analysis of wastewater compounds, pharmaceutical compounds, 

hormones, and general chemistry.  We used a Hydrolab Surveyor 4 Datasonde to measure 

water temperature, dissolved oxygen, pH, and specific conductance every 2 weeks on all 

raceways. We used modified USGS protocols to collect water samples (50). To minimize 

sample contamination, all researchers avoided use of tobacco, caffeine, personal care 

products, and pharmaceuticals prior to sampling. A depth-integrated nozzle connected to 

a fluorocarbon-polymer bottle was attached to a fluorocarbon-polymer coated wand and 

we used this sampler to collect composite samples from approximately five equidistant 

points along six different cross sections in each raceway.  Fluorocarbon-polymer 

equipment and bottles were used to prevent sample contamination from compounds 

contained in plastic materials. Samples were placed on ice and brought to the United 

States Geological Survey, Arizona Water Science Center laboratory (USGS/WRD) in 

Tucson, Arizona, where samples were split using a fluorocarbon-polymer conesplitter 
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(50). Unfiltered samples were split directly into pre-cleaned, baked amber 1L glass 

bottles. A fluorocarbon-polymer pump and tubing were used to run split samples through 

0.45-µm glass-fiber filters for samples requiring filtration.  Duplicate samples were 

prepared for laboratory replicates or as backup samples in case of breakage. Bottles were 

labeled, sealed, placed on ice, and shipped overnight to the U.S. Geological Survey’s 

National Water Quality Laboratory (NWQL) in Denver, Colorado.  

We implemented quality-assurance procedures to reduce the possibility of 

contamination in the field or laboratory. Quality-control measures consisted of field and 

laboratory blank samples and a set of internal standards analyzed by the NWQL.  Field 

blank samples were created by passing a volume of organic-free blank water through 

clean equipment prior to collecting other samples.  At the USGS/WRD laboratory, a 

laboratory blank was created by passing a volume of clean water through the cone-splitter 

and then pumped through our filter apparatus, before processing other samples. For every 

10 samples analyzed, the NWQL analyzed at least one fortified laboratory spike and one 

laboratory blank with their equipment.  A surrogate spike was added to samples prior to 

extraction to monitor efficiency or recovery of a sample.  Contamination detected by the 

laboratory caused us to remove that compound from the analyses unless the concentration 

in the field sample was 10 times greater than the concentration reported in the laboratory 

blank.  

Water Analysis 

The laboratory used two analytical methods to determine concentrations of 83 

OWCs in samples. Target compounds within each method were selected based on criteria 
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developed from known or suspected toxicity, potential hormonal activity, persistence in 

the environment, quantity of production and human use, as well as results from previous 

studies (25). Kolpin et al. (25) categorized compounds based on their primary use and 

each compound was placed into one of the following groups; detergent metabolites, 

fire/flame retardants, fragrances/flavors, fuels/polyaromatic hydrocarbons (PAHs), 

herbicides/insecticides, household wastewater compounds, non-prescription drugs, 

plasticizers/antioxidants prescription drugs, and steroids (Table 1).  Human prescription 

and non-prescription drugs and their select metabolites (18 compounds) were extracted 

by a solid-phase-extraction method, and analyzed with a polar reverse-phase octylsilane 

(C8) HPLC column and high-performance liquid chromatography (HPLC) (51). Sixty-

five OWCs were extracted with liquid-liquid extraction and analyzed with capillary-

column gas chromatography/mass spectrometry (52).  

Prior to analysis, mass spectrometry reference spectra were determined with 

calibration solutions to positively identify compounds in the sample. The response, 

retention times, spectra, and ion abundances were normalized to the base peak of the 

calibration compound.  The base-peak ion was used for quantitation, and if possible, two 

qualifier ions were used for confirmation. The proper elution time had to match this 

retention-time window within 0.1 min (± 6 seconds) for a positive identification.  Internal 

standards were used to calculate compound concentrations from 5- to 8-point calibration 

curves (0.01 to 10.0 µg/L). If the calculated concentration was below the lowest point on 

the calibration curve or the reporting limit, the concentration results were reported as 

estimated, “E” (52).  The reporting limit (RL) is equivalent to the lowest concentration 
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standard that could be accurately quantitated. Any RL represents a statistically-

determined reference value above which data values are reported without qualification by 

the laboratory, and these can be adjusted based on laboratory performance data (53).  

Detections and concentrations below the RL are not dismissed as long as the results are 

properly qualified (54).  Concentrations of constituents with confirmed detections below 

the reporting level or qualified with an “E” are used in analyses. 

Fish Sampling 

 Morphological and physiological measures were obtained from each fish at the 

end of each treatment period. Each fish was anesthetized with an MS-222 solution and 

then weighed, measured (total length), and identified by their PIT tag. Weight and length 

measurements were used to calculate condition factor [K = (body weight (grams) / 

(length (millimeters)3) x 100,000)].  During the first sampling event, ten individuals were 

randomly selected from each raceway for venipuncture and subsequent analyses of the 

E2, testosterone, 11KT and VTG. This sample population remained the same throughout 

the experiment.  A sterile, 1-mL syringe fitted with a 20-gauge, 1.5-in needle pre-treated 

with sodium heparin (10-20 units/mL) was used to obtain blood samples from the caudal 

vasculature of each previously selected fish. After blood was obtained, fish were quickly 

placed into an aerated recovery tank.  Samples were inserted into a microtainer tube 

pretreated with lithium heparin and were kept on ice until centrifugation.  Whole blood 

was centrifuged at 3,000 rpm for 35 min and plasma was transferred to cryovial tubes and 

stored at a temperature of -80ºC. Samples were shipped on dry ice overnight to the USGS 

Florida Caribbean Science Center in Gainesville, FL, for analysis.  
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 Gonadal and hepatic necropsies were performed on five randomly-selected fish 

from each raceway at the end of each treatment. Fish were anesthetized and a fatal cut 

made near the gill cover.  Iris scissors were used to start an incision above the anus. We 

used operating scissors (dull side) to open the abdominal cavity for collection of gonads 

and liver. Samples were weighed during dose 3 to determine organosomatic indices.  We 

calculated the gonadosomatic index as gonad weight/total body weight x 100 and 

heptosomatic index as liver weight / (total body weight – gonad weight) x 100.  We fixed 

whole gonad and liver samples in buffered formalin and we sent them to the USGS 

Florida Caribbean Science Center where they were embedded in paraffin, sectioned to 5 

µm, and stained with hematoxylin and eosin for histological evaluation. We classified 

gonads of female fish according to four stages of sexual maturation; pre- (1), early- (2), 

mid- (3), and late-vitellogenic (4) (Figure 5). Ovaries containing mostly perinuclear 

oocytes and cortical alveoli oocytes were classified as pre-vitellogenic (stage 1).  Early-

vitellogenic (stage 2) ovaries displayed vitellogenic oocytes with some yolk granules 

filling the cytoplasm. Mid-vitellogenic (stage 3) ovaries contained larger oocytes in 

which the cortical alveoli were pushed to the periphery of the cell.  Ovaries containing 

oocytes that were fused in a homogenous mass with yolk granules were considered late-

vitellogenic (stage 4).  We classified male gonads according to four stages of sexual 

maturation; pre- (1), early- (2), mid-(3), and late-spermatogenic (4) (Figure 5). Pre-

spermatogenic (stage 1) testes were immature and undeveloped and contained only 

spermatogonia.  Testes that had thick germinal epithelium and contained primarily 

spermatocytes and spermatids were classified as early-spermatogenic (stage 2).  Stage 3 
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testes, mid-spermatogenic had a germinal epithelium of moderate thickness and 

containing spermatocytes, spermatids, and spermatozoa. Testes with a thin epithelium 

and containing primarily mature spermatozoa which are characteristic of full-grown 

testes were classified as late-spermatogenic (stage 4).  

Fish Analyses  

Using a validated 3H radioimmunoassay (RIA) procedure the laboratory analyzed 

bonytail chub plasma samples for E2 and 11KT.  All plasma samples were assayed in 

duplicate, and values were reported as picograms per milliliter (pg/mL) of plasma. Fifty-

microliter samples were extracted twice with diethyl ether prior to RIA analysis, and 

results were corrected for extraction efficiency (87% and 79% for E2 and 11KT, 

respectively).  Known amounts of radioinert E2 (ICN Biomedicals, Costa Mesa, 

California) or 11KT (Sigma Chemicals, St. Louis, MO) and approximately 30,000 cpm of 

3H-E2 or 3H-11KT (specific activities of 120-180 curies per millimole) were prepared 

in phosphate-buffered saline plus gelatin and sodium azide. The laboratory analyzed 

these and established a 9-point standard curve (from 1 to 1,000 pg/L), and since 50 μl of 

plasma was utilized for these analyses, the final concentration of each plasma sex steroid 

as calculated from the standard curve, which theoretically ranged from 20 to 20,000 

pg/ml.  The laboratory purchased antibodies from ICN Biomedicals (E2) or Helix 

Biotech, Richmond, B.C., Canada (11KT). The minimum concentration distinguishable 

from zero (mean ± SD) was 47 ± 9 pg/ml for E2 and 41 ± 8 pg/ml for 11KT. Cross-

reactivities of E2 and 11KT antiserum were characterized previously (55).  Cross-

reactivities of the E2 antiserum with other steroids are 11.2% for estrone, 1.7% for 
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estradiol, 1.0 % for 17α-estradiol and androstenedione, <0.1% for all other steroids 

examined and <0.01% for atrazine.   Cross-reactivities of the 11KT with other steroids 

are 9.7% for testosterone, 3.7% for dihydrotestosterone, <1.0% for androstenedione, 

<0.1% for all other steroids examined, and <0.01% for atrazine. A pooled sample was 

assayed serially in 10, 20, 30, 40, and 50 μl volumes (final volume of 50 μl with 

charcoal-stripped plasma). Using tests for homogeneity of regression the laboratory 

examined resulting inhibition curves for parallelism to the respective standard curve.  

Further characterization and validation of the assays involved the measurement of known 

amounts (1, 2, 5, 10, 25, 50, 100, 250, and 500 pg) of E2 or 11KT in 50 μl charcoal-

stripped plasma to document mass recoveries.  Interassay and intrassay coefficients of 

variation were 9.7 and 10.5% for plasma E2 and 9.2 and 10.1% for 11KT.  

The laboratory used commercially-available ELISA (enzyme-linked 

immunosorbent assay) procedure (Biosense Laboratories AS) to determine plasma VTG 

concentrations.  The laboratory developed standard curves from serial dilutions of 

purified largemouth bass VTG (0.001 to 100 mg/ml).  

Data Interpretation and Statistical Analyses 

Due to the lack of sexual dimorphism in early life stages of bonytail chub, it was 

difficult to determine gender a priori.  Sex could only be determined upon performing a 

necropsy.  The batch of fish provided for the study had a high proportion of females to 

males.  The ratio of male fish to female fish among all raceways was approximately 10 to 

20 males for every 30 to 50 females.  For each dose, treatment and control replicates were 

pooled to increase sample sizes.  The results of statistical analyses are reported for either 
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treatment or control fish, which is the combination of two raceways for each. We used 

descriptive statistics to show differences between hormone and VTG concentrations of 

fish in control and treatment raceways.  For correlation analyses, we performed natural 

log transformations on all hormone concentrations and a (VTG + 1) natural log 

transformation was made on the VTG concentration to account for zero values. We 

examined within-raceway correlations of hormone and VTG concentrations and used 

Pearson product-moment correlation coefficients (R) to determine the strength and 

direction of the association between hormone and VTG concentrations.   

We collected water samples from the beginning and end of each treatment and we 

averaged the results of control and treatment raceways to represent the concentration of 

OWCs during the exposure period.  In addition, we analyzed the source-effluent to obtain 

information about compounds that may be volatilizing, degrading, adsorbing to 

particulate matter, or bioaccumulating in fish and not adequately represented in water-

column samples.   

We categorized compounds by chemical groups based on their primary use and 

structure to better interpret the extensive number of compounds analyzed (25).  

Classifications help provide additional information about groups of similar compound 

that may be associated with endocrine-disrupting effects.  Groups of compounds are a 

summation of the individual compounds that comprise that particular group. We analyzed 

groups as a percentage of the total OWC concentration, rather than total concentrations.  

We analyzed percentages of OWC groups for individual doses and as a collective for all 

doses, which provides information about groups present throughout the study.  
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RESULTS 

 
Physical Parameters of the Raceways 
 

Mean temperatures were maintained at approximately 26°C. Mean water 

temperatures between control and treatment raceways did not differ significantly during 

the study (Figure 6A).  Because water temperature was regulated through control of air 

temperature, these slight fluctuations mimic seasonal temperature changes.  Mean 

dissolved oxygen (DO) concentrations were very similar between control and treatment 

raceways (Figure 6B).  The pH measurements in treatment raceways were consistently 

lower than those measured in control raceways, but the difference was less than 1 pH SU 

throughout the study (Figure 6C).  The mean specific conductance values were 

significantly lower in control raceways than those measured in treatment raceways 

(Figure 6D). The mean difference in specific conductance in treatment raceways 

increased from 246 μS/cm during dose 1 to 1,320 μS/cm during dose 3.   

General Chemistry of the Raceways 

 No dissolved metals were found in control and treatment raceways during doses 1 

and 2. Dose 3 was not analyzed for dissolved metals.  During dose 1, un-ionized 

ammonia (NH4+), nitrate (NO3-), total kjeldahl nitrogen (TKN), and chloride (Cl-) 

concentrations were all relatively similar among control and treatment raceways (Figure 

7A). Parameters that differed significantly were total phosphorus (TP) (control: 1.04 ± 

0.26 mg/L, treatment: 3.92 ± 1.13 mg/L), total organic carbon (TOC) (control: 8.13 ± 

1.93 mg/L, treatment: 4.74 ± 2.20 mg/L) and sulfate (control: 257.39 ± 22.86 mg/L, 

treatment: 142.34 ± 13.64 mg/L).   
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During dose 2, NH4+ concentrations were low (0.04 ± 0.08 mg/L) for both control 

and treatment raceways (Figure 7B), and concentrations were undetectable in dose 3 

(Figure 7C).  Significant decreases in concentrations of TOC (41%), TKN (45%), and TP 

(16%) occurred in control raceways.  Concentrations in treatment raceways increased 

during dose 2, but remained unchanged in treatment raceways during dose 3. 

Concentrations of Cl- were more than 2 times greater in treatment raceways than in 

controls during dose 2 and approximately 5 times greater in dose 3 (Figure 7C).  TKN 

and TP concentrations were about 5 times greater in treatment raceways than in control 

raceways in dose 2.  TOC was roughly 2 times greater in treatment than in controls 

raceways for dose 2 and approximately 4 times greater during dose 3. 

Organic Wastewater Compounds Common to Control and Treatment Raceways 
 
 Phenol was the only compound detected in both field and laboratory blanks and it 

was removed from treatment raceway analyses.  Phenol is a chronic lab contaminant 

detected in USGS field and lab blanks (56, 57).  Seven wastewater compounds were 

common to the water in both treatment and control raceways (cholesterol; N, N-

diethyltoluamide (DEET); caffeine; tri (2-chloroethyl) phosphate; triphenyl phosphate; 

tribromomethane; and cotinine) (Figure 8).  Concentrations were generally greater in 

water collected from treatment raceways when compared to control raceways. If a 

compound was found in both treatment and control raceways, it was not considered in 

analyses, unless the concentration was 10 times greater in treatment raceways for than in 

the control raceways.   
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 Of all the compounds detected in both raceways, cholesterol (human and animal 

steroid) was found in the highest concentrations, ranging from 0.115 ± 0.115 μg/L to 

0.388 ± 0.050 μg/L in control raceways and 0.465 ± 0.140 μg/L to 0.588 ± 0.278 μg/L in 

treatment raceways.  N,N-diethyltoluamide (DEET) was commonly detected in water in 

control and treatment raceways (range: 0.009 ± 0.005 μg/L to 0.260 ± 0.113 μg/L and 

0.159 ± 0.063 μg/L to 0.333 ± 0.127 μg/L, respectively).  Caffeine was detected in water 

during all dose periods and was approximately 22 to 45 times greater in treatment 

raceways than in control raceways.  

 Flame-retardants, tri (2-chloroethyl) phosphate (TCEP) and triphenyl phosphate 

were detected in control raceways. Triphenyl phosphate was detected only in dose 1 at 

similar concentrations for both control and treatment raceways (0.015 ± 0.011 μg/L and 

0.021 ± 0.012 μg/L, respectively). TCEP was found in control raceways (0.009 ± 0.009 

μg/L) during dose 3, but the mean concentration in water from treatment raceways (0.330 

± 0.061 μg/L) was 38 times greater than control raceways.  TCEP was included in water 

analyses.  Tribromomethane, a water-treatment-disinfection byproduct, was found in very 

low concentrations in some samples from both control (0.007 ± 0.007 μg/L) and 

treatment raceways (0.005 ± 0.005 μg/L). Cotinine, a nicotine metabolite, was found in 

very low concentrations in water of the control raceways (range: 0.007 ± 0.003 μg/L to 

0.012 ± 0.001 μg/L) and treatment raceways (range: 0.011 ± 0.006 μg/L to 0.158 ± 0.091 

μg/L).    
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Organic Wastewater Compounds in Treatment Raceways 

The 33% and 66% doses (dose 1 and 2) had the greatest number of compounds 

detected (21 and 18, respectively) and contained highest percentage of the total OWC 

concentration measure throughout the study (29% and 45%, respectively) (total OWC 

concentration for an individual dose by the total OWC concentration of all doses), 

whereas the 100% effluent (dose 3) had detections of 11 compounds and it was 26% of 

the total OWC concentration (Table 2).  Groups detected frequently and in greater 

concentrations throughout the study (all doses collectively) were, prescription drugs 

(25%), plasticizers (23%), detergent metabolites (14%), non-prescription drugs (12%) 

and flame retardants (11%).   

Prescription drug compounds in doses 2 and 3 accounted for 31% and 32% of the 

total concentration of OWCs detected in those doses, but were considerably less during 

dose 1 (7%) (Figure 9A).  Sulfamethoxazole and carbamazepine comprised most of the 

total prescription drug concentration in dose 1 and were the only prescription drugs found 

in doses 2 and 3 (Figure 9B, 9C).  Sulfamethoxazole is an antibiotic often used in 

combination with trimethoprim (antibiotic), but the latter was not detected in raceways, 

although, it was detected in the source-effluent. Sulfamethoxazole had the highest 

concentration of any individual compound in the study (dose 2, 0.820 ± 0.110 μg/L).  

Half as much was detected in dose 3 (0.431 ± 0.431 μg/L) and significantly less was 

found in dose 1 (0.085 ± 0.067 μg/L). Carbamazepine is an antiepileptic and mood 

stabilizing drug that is used primarily in the treatment of epilepsy and bipolar disorder. 
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Like sulfamethoxazole, the greatest concentrations of carbamazepine were found during 

doses 2 and 3 (0.339 ± 0.014 and 0.278 ± 0.041 μg/L, respectively).  

 The percentage of plasticizer and antioxidant concentrations were similar for all 

doses (dose 1, 23%; dose 2, 23%; dose 3, 22%).  The major compound detected was 5-

methyl-1H-benzotriazole (5-MeBt) which accounted for most or all of the plasticizer and 

antioxidant concentrations during all doses. This compound is an antioxidant in deicers 

and antifreeze used for aircraft. It is also used as an antioxidant in rust and corrosion 

inhibitors. It had the second highest concentration of all the individual compounds 

analyzed (dose 2, 0.765 ± 0.339 μg/L).  Doses 1 and 3 contained 5-MeBt concentrations 

of 0.405 ± 0.234 μg/L and 0.480 ± 0.121 μg/L, respectively.  The known endocrine-

disruptor, bisphenol A (35, 36, 39), was present in low concentrations during doses 1 and 

2 (0.016 ± 0.009 μg/L and 0.018 ± 0.018 μg/L, respectively). The suspected endocrine-

disrupting compound para –cresol (wood preservative) (58) was detected in dose 1 at 

0.005 μg/L.   

Detergent metabolites made up 32% of the total OWC concentration during dose 

1.  This group contains biodegradation products of the alkylphenol polyethoxylates, one 

of the major ionic surfactants produced and used in the United States, Western Europe, 

and Japan (350,000 tons per year) (59).  These surfactants are widely used in commercial 

and household detergents.  Diethoxynonylphenol (NPEO2), monoethoxynonylphenol 

(NPEO1), and 4-nonylphenol [(para-nonylphenol, total) (4NP)] were the major 

compounds in this group detected during dose 1 (0.350 ± 0.350 μg/L, 0.128 ± 0.128 μg/L, 
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and 0.303 ± 0.127 μg/L, respectively).  The only compound in the group detected during 

doses 2 and 3 was 4NP, at a concentration of approximately 0.18 μg/L in both doses.   

Flame retardants accounted for 12%, 8%, and 15% of the total OWC 

concentrations in dose 1, 2, and 3, respectively.  Tri (dichloroisopropyl) phosphate 

(TCPP) and TCEP are part of a group of halogenated phosphate flame retardants that are 

usually added to polymers to reduce and suppress the flammability of certain plastics.  

These two suspected endocrine-disrupting compounds (60, 61) comprise the total flame 

retardant concentrations for dose 1 and 3 and a majority of dose 2 (95%), which included 

tributyl phosphate. During dose 1, the concentration of TCPP (0.245 ± 0.216 μg/L) was 

higher than TCEP (0.053 ± 0.053 μg/L), but during doses 2 and 3 TCEP, concentrations 

were much greater than TCPP.   

 Non-prescription drugs were 10% of the total OWC concentration for dose 1 and 

2 and 15% of dose 3. Within this group, only caffeine and its major metabolite, 1, 7-

dimethylxanthine, were detected.  Caffeine concentrations were much higher in doses 2 

and 3 (0.338 ± 0.145 μg/L and 0.269 ± 0.132 μg/L, respectively) than in dose 1 (0.148 ± 

0.092 μg/L).  Concentrations of 1, 7-dimethylxanthine were considerably less in doses 2 

(0.051 ± 0.051 μg/L) and 3 (0.072 ± 0.006μg/L) than in dose 1 (0.110 ± 0.064 μg/L). 

These compounds do not have known or suspected endocrine-disrupting properties.  

 Of the steroids analyzed, the total highest concentrations occurred during dose 2 

(17% of the OWC concentration), and included the fecal sterol, 3-beta-coprostanol, and 

the plant sterols, beta-stigmastnol and beta-sitosterol.  Beta-sitosterol is a phytoestrogen 

that competes with cholesterol, in goldfish, reducing the production of testosterone, 
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11KT, and E2 (62).  No steroids were detected during dose 3 and only 3-beta-coprostanol 

was detected during dose 1 (0.223 ± 0.143 μg/L).   

 Fragrances comprised approximately 3% of the total OWC concentration for all 

doses and individual concentrations of most compounds in this group were less than 0.05 

μg/L, with the exception of benzophenone which was found at 0.089 ± 0.033 μg/L and 

0.123 ± 0.041 μg/L for doses 2 and 3, respectively. Benzophenone is a fixative used to 

prevent ultraviolet light from damaging scents and colors in perfumes and soaps and it is 

a known endocrine-disrupting compound (63). 

 Only one compound was detected in each of the following groups among all 

doses: household wastewater compounds, fuels / polyaromatic hydrocarbons, and 

herbicides. Triclosan is a common antimicrobial disinfectant that has endocrine-

disrupting properties (64).  The concentrations found in doses 1 and 2 were 0.090 ± 0.052 

μg/L and 0.088 ± 0.055 μg/L, respectively.  A constituent of gasoline, 1-

methylnaphthalene, was found at a low concentration during dose 1 only (0.003 ± 0.002 

μg/L).  The endocrine-disrupting herbicide, prometon (65), was detected at a 

concentration of 0.014 ± 0.014 μg/L in dose 3.  

Organic Wastewater Compounds in Source-effluent 

 The first collection of source effluent (collected in December of 2004) contained 

the greatest number of compounds and the highest concentration of OWCs compared to 

other source effluent collections. Unlike the composition of OWCs in treatment 

raceways, a majority of the total OWC concentration (greater than 60%) in source 

effluent collections consisted of detergent metabolites, steroids, and plasticizers, for all 
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doses.  In the first source effluent collection, these groups comprised 39%, 30%, 14% of 

the total OWC concentration, respectively (Figure 10A).  The compounds most prevalent 

among detergent metabolites were NPEO2 (9.00 µg/L), NPEO1 (6.90 µg/L), and 4NP 

(3.6 µg/L).  Concentrations of ethoxyoctylphenol (OPEO1) (1.30 µg/L) and 

diethoxyoctylphenol (OPEO2) (0.820 µg/L) were much lower, but unlike concentrations 

in treatment raceways, qualified as a detections because concentrations were more than 

10 times the concentration detected in the laboratory blank. Similar to treatment 

raceways, steroids were comprised mostly of cholesterol (7.50 µg/L), 3-beta-coprostanol 

(6.00 µg/L), and beta-sitosterol (2.50 µg/L).  Major compounds in the plasticizer group 

were 5-methyl-1H-benzotriazole (5-MeBt) (2.50 µg/L), bisphenol A (1.7 µg/L), and tri 

(2-butoxyethyl) phosphate (1.7 µg/L). Fragrances and EDCs, tonalide (AHTN), 

galaxolide (HHCB), and benzophenone, accounted for 7% of the total OWC 

concentration in the first collection of source effluent.  These fragrances were not 

detected in the treatment raceways during dose 1.   

 The types of compounds in the second collection of source effluent (collected in 

March of 2005) were similar to the first except that concentrations were generally lower 

(Figure 10B).  Most concentrations of detergent metabolites, steroids, and plasticizers 

were half as concentrated as the first collection of source effluent. Plasticizer, 5-MeBt, 

was measured at the same concentration and fragrance, AHTN (2.00 µg/L) was higher in 

effluent-batch 2. Fire retardants consistently comprised 2 to 5% of the total OWC 

concentration in all batches and most fire retardant compounds (TCEP, TCPP and 
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tributylphosphate) in the second collection of effluent had similar or higher 

concentrations as those in the first collection.   

 Plasticizers and detergent metabolites each comprised 25% of the total OWC 

concentration in the third collection of source effluent (collected in August of 2005) 

(Figure 10C).  OWC concentrations were mostly lower in the third collection of source 

effluent than in the first or second collections, with the exceptions of 5-MeBt, 

carbamazepine, and sulfamethoxazole.  Plasticizer, 5-MeBt (3.20 µg/L), had the highest 

concentration in the third collection of source effluent.  Detergent metabolite 

concentrations were approximately 40 to 60% lower in the third collection than those in 

the second collection of source effluent, and octylphenol compounds were absent from 

the third collection of source effluent.   

Changes in Organic Wastewater Concentration from the Addition of Source-Effluent to 
Treatment Raceways and Changes Caused by Long-Term Storage 
 

The concentrations of OWCs changed significantly in the process of adding the 

mixed or whole source-effluent to treatment raceways. Several detergent metabolites, 

fragrances, plasticizers, and non-prescription drugs were detected in the source-effluent 

but were absent in treatment raceways.  Percent reduction due to this process was 

consistent for most OWCs regardless of dose. NPEO1, NPEO2, and 4NP were 

consistently reduced by 90 to 98% from storage to re-circulating treatment raceway.  

Steroids, beta-stigmastanol (75%), beta-sitosterol (82%), and 3-beta-coprostanol (96%), 

were reduced significantly upon entering treatment raceways.  Similar patterns of 

decreasing concentrations occurred with bisphenol A (98%), butoxyethylphosphate 

(90%), triclosan (dose 1, 91% and dose 2, 68%), and benzophenone (76%). There was 
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more variation in reduction of the two flame retardants TCPP and TCEP, where the 

concentration of TCPP was 49% lower in treatment raceways than in source effluent for 

dose 1 and approximately 90% less for doses 2 and 3. During dose 1, concentrations of 

TCEP were reduced by 85% from source effluent to raceway, and it was 15% lower in 

treatment raceways than in source-effluent during dose 3.  Concentrations of non-

prescription drugs, sulfamethoxazole and carbamazepine, were significantly lower in 

dose 1, but were 1.5 times higher in treatment raceways during dose 2 and more than 

doubled in dose 3.   

OWCs measured from source effluent from the third collection at the end of dose 

3 indicated that several compounds decreased in concentration with time (Figure 10C).  

Detergent metabolites and steroid concentrations (except cholesterol) were not detected 

after three months.  Benzophenone, caffeine, 5-MeBt, DEET, and diphenhydramine all 

decreased in concentration by 71 to 88% and triclosan, AHTN, and HHCB decreased in 

concentration by 18 to 44%.  OWC concentrations were higher in the final sample of 

third collection of source effluent than in the initial sample for some compounds.  

Prescription drugs and flame retardant concentrations increased 1 to 2 times in the three-

month storage period.  Bisphenol A increased 10-fold (0.084 µg/L to 0.860 µg/L) during 

the three-month storage.  

Fish Condition  

 Condition factors (K) for female fish were similar during all treatments among 

control and treatment raceways (Figure 11), but the K was slightly lower in treatment 

females in doses 2 and 3.  During doses 1 and 2, K was similar among males in control 
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and treatment raceways. During dose 3, the K for treatment males was higher than control 

males (1.48 ± 0.52 and 0.81 ± 0.03, respectively). The number of males was small and 

variation in the data was too great to assess trends.   

Gonadosomatic Index, Hepatosomatic Index, and Histopathology  

There was no significant difference in mean GSI and HSI between females in 

treatment and control raceways at the end of the experiment (Figure 12).  The GSI was 

0.996 μg/L higher in control female fish than in treatment female fish. There was a 

positive relationship for VTG production and GSI for both control and treatment females, 

but slightly more positively correlated for control fish (R = 0.48, p = 0.12) compared to 

treatment fish (R = 0.38, p = 0.17). Mean HSI was slightly greater (0.106 ± 0.35) for 

females in treatment raceways compared to those in control raceways.  There was 

stronger positive association for VTG and HSI in control females (R = 0.78, p = 0.02) 

than in treatment females (R = 0.41, p = 0.36).   

 A wide distribution of sexual stages was represented by fish in control and 

treatment raceways.  Fish collected at the end of dose 1 contained more fish in later 

stages of sexual development (3 and 4) than those fish sampled at the end of dose 2 

(Figure 13A and B). Females in control raceways during dose 1 and 2 were 

predominantly in stage 2 (71 and 86%, respectively).  In doses 1 and 2, of females in 

treatment raceways, 30% were in stage 1, 50% in stage 2 and one fish in stage 3.  Dose 2 

was similar to dose 1, where 85% of females were in stage 2 for control raceways and 

only 40% were in stage 2 for treatment raceways.  In dose 3, females in treatment 

raceways had more fish in later stages of sexual development than female fish in control 



 

 

41

raceways (Figure 13C).  Of the treatment females collected at the end of dose 3, 53% 

were in stage 3 and 41% were in stage 4, whereas control females had 24% and 35% in 

stages 3 and 4, respectively.  The majority of control females were in stage 2 (41%) 

during dose 3.  Two cases of oocytic atresia were documented in treatment females and 

none were found in control females.  

 Male fish samples in control and treatment raceways had fish in similar stages of 

sexual development for doses 1 and 2 (Figure 13A and B), where fish sampled in dose 1 

were all in stage 2 of sexual maturation, and fish collected in dose 2 were all in stage 1 of 

development, except for a single fish in the treatment raceways that was in stage 2 of 

development.  In dose 3, treatment raceways contained more fish that were in later stages 

of sexual development than males in control raceways, and a majority of treatment males 

were in stages 2 and 3, whereas, all control males were in stage 1 (Figure 13C).   

Fish Plasma Hormone and Vitellogenin Concentrations  
 

 The greatest difference occurred in the concentrations of E2 during doses 1 and 

3, where concentrations were approximately 200 pg/L less in treatment female fish than 

those measured in control female fish (Figure 14A). Control female fish had similar mean 

E2 concentrations for doses 1 and 3 (634 ± 76 pg/L and 626 ± 75 pg/L) and a similar 

pattern occurred in treatment female fish (dose 1, 432 ± 55 pg/L and dose 3, 432 ± 46 

pg/L, respectively). During dose 2, concentrations of primary male fish sex hormone, 

11KT, were higher in control females than in treatment females.  For doses 1and 3, levels 

of 11KT were not significantly different between control and treatment female fish. 
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Concentrations VTG were not significantly different between treatment and control 

female fish during any dose.   

We observed differences in E2, primary female sex hormone, between treatment 

and control male fish during all doses.  The difference was most pronounced in dose 1 

where concentrations in treatment males were 5.7 times greater than in control males 

(689 ± 134 pg/L and 121 ± 16 pg/L, respectively). Levels of E2 were lower during dose 2 

than in dose 1 for male fish in treatment raceways; however, treatment males had E2 

concentrations that were 1.8 times higher than those measured in control males (317 ± 48 

pg/L and 177 ± 32 pg/L, respectively). Differences in E2 levels remained during dose 3 

with a mean concentration in treatment males that was 1.7 times higher than those 

measured in control males (601 ± 68 pg/L and 355 ± 103 pg/L, respectively).  

 The greatest difference in the predominant male fish sex hormone, 11KT, 

between control and treatment males was in dose 1 where control males had 2.7 times the 

concentrations found in treatment males (1,027 ± 296 pg/L and 380 ± 95 pg/L, 

respectively) (Figure 14B). Though differences were not as pronounced in male fish in 

doses 2 and 3, there were lower levels in treatment males than those measured in control 

males.  For doses 2 and 3, control males had mean 11KT levels approximately 1.4 times 

higher than those measured in treatment males.    

VTG was present in control males, but at concentrations that were approximately 

6 times less than concentrations found in control females (except for dose 3).  VTG is 

commonly a dormant compound in male fish and higher concentrations are 

predominantly found in female fish. Concentrations of VTG were much higher in 
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treatment males compared to those in control males for all doses (Figure 14C). This 

difference was the greatest during dose 1, where the mean concentration of VTG was 15 

times greater in treatment males than in control males (0.435 ± 0.137 pg/L and 0.029 ± 

0.025 pg/L, respectively). 

In female fish, the primary sex hormone, E2, and should be greater than the 

primary male sex hormone, 11KT, and the opposite should be true for males.  Control 

females had an E2 to 11KT (E2/11KT) ratio greater than 1 for all doses (Figure 15).  

Treatment females had E2/11KT ratios less than 1 for all doses 1 and 2 (0.96 ± 0.21 and 

0.87 ± 0.18, respectively) and dose 3 was slightly greater than 1 (1.09 ± 0.16); however 

the ratio was still higher in control females than in treatment fish.  Control male E2/11KT 

ratios were consistently less than 1 for all doses.  For treatment males, E2/11KT ratios 

were greater than 1 for doses 1 and 3 (2.41 ± 0.65 and 1.53 ± 0.37) and less than 1 in 

dose 2 (0.81 ± 0.43).  Although the E2/11KT ratio was less than 1 for males in both 

treatment and control raceways during dose 2, the E2/11KT ratio for treatment males was 

more than 3 times the E2/11KT ratio for control males. 

 Correlations between Sex Hormones and Vitellogenin  

Correlations of the sex hormone and vitellogenin concentrations provide 

information about how strongly these concentrations are associated in treatment and 

control fish (Figure 16).  During dose 1, E2 and 11KT were negatively associated in 

control female fish (R = -0.39, p = 0.090) and the same association was much weaker in 

treatment females (R = -0.14, p = 0.610) (Table 3).  During dose 2, this same relationship 

was stronger for control females (R = -0.84, p ≤ 0.001) (i.e., as E2 increases, 11KT 
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decreases), whereas treatment females showed a strong positive association (R = 0.44, p 

= 0.090) (i.e., as E2 increases, 11KT increases).  Finally in dose 3, treatment females 

showed essentially no correlation between E2 and 11KT (R = -0.06, p = 0.840).  Control 

females maintained a strong negative association during dose 3 (R = -0.63, p = 0.005).  

For all three doses, the association between VTG and sex hormones remained consistent 

between control and treatment female fish (i.e., as the concentration of VTG increased, 

E2 increased and 11KT decreased).  From dose 1 to dose 3, the strength of correlations 

between VTG and sex hormones decreased by about half in treatment females.  

Throughout the study (all doses collectively), control females maintained strong 

associations between sex hormones and VTG, whereas the overall association between 

hormones and VTG for treatment females was much less and positively associated for the 

E2 and 11KT relationship. 

 The low number of males prohibited similar comparisons across doses. However, 

when we analyzed the overall association for all doses, control males displayed patterns 

similar to control females.  The 11KT and E2 had a strong inverse association for control 

males (R = -0.89, p = 0.020). VTG levels in control male fish were positively correlated 

with E2 levels and negatively correlated 11KT levels (R = 0.67, p = 0.150 and R = -0.60, 

p = 0.200, respectively).  Treatment males exhibited similar patterns, but the strength of 

the associations was much less for 11KT and E2 and for VTG and 11KT (R = -0.50, p = 

0.080 and R = -0.34, p = 0.250, respectively).  The strength of the VTG and E2 

relationship was stronger in treatment males than those measured in control males (R = 

0.73, p = 0.005 and R = 0.67, p = 0.150, respectively).   
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     DISCUSSION 

To date, few studies have examined the effects of effluent contaminants on native 

and endangered species.  Our study is one of the first to use an endangered species in 

such a comprehensive approach, where fish biomarkers and effluent composition were 

measured concurrently over a year.  We wanted to monitor and adjust for as many 

influential variables that may confound effects caused by exposure to effluent, which 

otherwise may be difficult in nature.  By monitoring physico-chemico parameters, 

measuring OWCs in control raceways, and observing fish condition and behavior; we 

were able to ensure that the differences in fish hormones between treatment and control 

fish were mostly a result of effluent exposure.  We obtained strong evidence to support a 

feminizing effect in treatment male fish and an androgenizing effect in treatment female 

fish exposed to effluent.   

Physical Parameters and General Chemistry of the Raceways 

In order to isolate treatment effects and make conditions in control raceways 

comparable to treatment conditions, we needed to control environmental and physical-

chemistry water parameters, such as light, temperature, dissolved oxygen and specific 

conductance between control and treatment raceways.  We observed slight fluctuations in 

temperature (less than 3ºC) with seasons. Dissolved oxygen concentrations were similar 

in all raceways due to similar raceway construction, action by pumps, and water surface-

area exposed to the air.  The pH and specific conductance were more difficult to maintain 

among raceways due to the chemical nature of effluent. The pH decreased in control and 

treatment raceways (less than 1 pH SU) over the duration of the experiment and was 
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likely caused by decay of food and waste generated by the fish. Lower pH in treatment 

raceways was inevitable with increased dissolved organic carbon and other acidic ions 

present in effluent. Specific conductance of water used to fill control raceways was less 

than 5.0 μS/cm, but evaporation and the addition of food caused specific conductance to 

increase over time. Addition of effluent, which is rich in salts, nearly doubled specific 

conductance in treatment raceways.  The specific conductance within treatment raceways 

was close to conditions in which bonytail chub are raised and bred at Dexter National 

Fish Hatchery (6,720 μS/cm) (47).  At the end of dose 3, specific conductance was 1,320 

± 516 μS/cm greater in treatment raceways than in controls.  Although osmoregulation is 

an important function regulated by the endocrine system, lower levels of specific 

conductance in control raceways probably were not low enough to affect bonytail chub 

because they are tolerant of a wide range in specific conductance.  

No metals were detected in control or treatment raceways.  Metals entering the 

wastewater facility are often precipitated in flocculation processes and are more likely to 

concentrate in biosolids (66).  Concentrations of chloride, sulfate, organic carbon, 

nitrogen, and phosphorus were relatively similar among control and treatment raceways 

during dose 1, but concentrations were 2 to 5 times greater in treatment raceways than in 

controls in doses 2 and 3. Effluent is rich in most of these ions, due to human waste and 

disinfection byproducts, and it was difficult to maintain equal concentrations of these 

constituents among control and treatment raceways.  High concentrations of nitrate, 

sulfate and chloride are known to increase stress and susceptibility of fish to parasites; 

however, we stress related behavior or parasitic infections were not observed in control or 
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treatment fish during this study. Similar feeding behavior and condition factors between 

treatments and controls reassured us that fish were not unduly stressed.  In addition, 

physico-chemico parameters discussed above had similar levels among control and 

treatment raceways during dose 1, which was the dose associated with the most 

pronounced hormone and vitellogenin effects in treatment fish.   

Temporal Variation in the Effluent  

A goal of this study was to quantify endocrine-disrupting effects of graded 

concentrations of effluent on bonytail chub.  Previous studies have documented a dose-

dependent relationship of wastewater exposure on the production of vitellogenin (30, 67, 

68).  Unfortunately, there was limited a priori knowledge of the magnitude of temporal 

variability in the occurrence and concentration of wastewater compounds discharged 

from Roger Road WWTP.  Tucson’s intensely hot summers and moderate winters 

promote seasonal fluctuations in the city’s population.  These fluctuations are amplified 

by large numbers of students and retirees, which affect the quantity and composition of 

the influent entering the WWTP. Seasonal variation in temperature and precipitation also 

affect the chemistry of wastewater. Ultimately, effluent reflects the wastewater put into a 

sewer system on a given day or time.  Our results support this variability in chemical 

composition of effluent.  We are unable to draw conclusions about dose-dependent 

effects because we could not control for temporal variability in the composition of the 

effluent, however this occurrence did not preclude our primary objective and throughout 

the study, we observed effects in fish hormone and vitellogenin concentrations exposed 

to treated effluent.  
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Anthropogenic Hormones 

 Given our objectives and the longevity of the experiment, we feel that human 

hormones contributed less to the long-term treatment effects observed than did some of 

the more persistent OWCs.  During the wastewater-treatment process, hormones are 

susceptible to biological degradation, biotransformation, sorption to particulates, and 

photodegradation (4, 69). The wastewater-treatment process (influent to effluent) can 

remove 61-98% of estrone, 87-100% of  E2, 64-98% of 17α-ethinyl estradiol (EE2), 95% 

of estriol (E3), and 93-100% of dihydrotestosterone, depending on the method of 

wastewater-treatment (19-24).   Removal rates of hormones will be variable and depend 

upon a city’s waste discharge (source type and volume), wastewater-treatment facilities 

(process, residence time, volume capability), climate, and season (70).   

Overall WWTPs, remove a majority of human hormones and the greatest 

reduction occurs during the secondary-treatment stage when biodegradation and 

adsorption to particulate matter occur (19, 22). After effluent is discharged, the half lives 

of hormones can be on the order of days due to photodegradation and microbial 

degradation (69, 71).  Roger Road WWTP discharges secondarily-treated effluent that is 

likely to have similar removal rates of human hormones to those reported above.  Human 

hormone concentrations were likely reduced or possibly removed by biodegradation and 

sorption by sand filtration during recirculation of raceway water. 

Organic Wastewater Compounds Common to Control and Treatment Raceways 

The facility used to house raceways was susceptible to air exchange from the 

outside environment, and this may have resulted in some raceway contamination.  The 
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laboratory is near a major international airport where jet fuel combustion is common and 

use of pesticides and herbicides is probably frequent.  Some fuel combustion products 

were detected in water samples from control raceways.  These compounds were never 

detected in source-effluent or other samples collected during the experiment, and 

detections of these compounds were excluded from analyses.   

Due to continuous and widespread application, many anthropogenic compounds 

are persistent and ubiquitous in the environment (25). Contaminants adsorbed to dust 

particles can be a source of contamination (72). Compounds such as DEET, caffeine, and 

cotinine are persistent and widespread in aquatic ecosystems and drinking-water sources 

(25, 56, 73, 74).  Cotinine and DEET were excluded from comparisons due to some 

samples from the control raceways having concentrations that were not at least 10 times 

less than treatment raceways.  We expected to find cholesterol because it is a constituent 

of fish food and occurs naturally in fish excreta. Elevated cholesterol levels in treatment 

raceways likely occurred from additional anthropogenic inputs from wastewater.  The 

presence of plasticizers was likely a result of use of plastics in plumbing and raceway 

construction.  Triphenyl phosphate is a plasticizer used as a flame-retardant for film 

sheeting and plastic coatings (60). TCEP was produced at 9,000 tonnes a year in the 

1980’s, but production was reduced by more than half in 1997 (60).  TCEP is a fire-

retardant used in polyester resins, which are incorporated into pipes, castings, and textile 

back-coatings (60). TCEP was found only in control raceways after dose 3, but the mean 

concentration in water from treatment raceways was more than 35 times greater than 



 

 

50

those detected in control raceways, suggesting that a majority of the concentration found 

in the treatment raceways originated from effluent.  

Fish Condition, GSI, HSI, and Gonadal Histopathology 

Overall, fish weights and lengths and physical appearances did not vary among 

treatment and control raceways, indicating that growth was unaffected by effluent 

exposure.  Yet there was an obvious effect with regard to hormone and vitellogenin 

concentrations. Much of the impact of xenobiotic chemicals depends on the timing and 

duration of exposure (5).  Results similar and contrasting to ours have been reported (30, 

33, 67, 75), which suggests that condition factor alone is a poor indicator of contaminant 

exposure.    

The GSI and HSI of females were similar in all raceways at the end of dose 3.  

The mean GSI was approximately 1 unit greater in control females than in treatment 

females and was more positively correlated to VTG. It is common for female fish 

exposed to xenobiotic contaminants to have lower GSI and plasma VTG concentrations 

(14, 17, 30, 76). The mean HSI was slightly greater for females in treatment raceways 

than in control raceways. An increase in the HSI value naturally occurs during the onset 

of gonadal recrudescence and increased VTG production; however, increases in HSI can 

also be associated with detoxification of xenobiotics (5, 15).   

 Fish from the hatchery were similar in age, however this does not preclude some 

variability in the rate of maturation fish experience. There was a higher number of female 

fish in later stages (3 and 4) than male fish in the same stages, suggesting gonadal 

development occurred more quickly in female fish. For unknown reasons, fish collected 
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in dose 1 had more fish in later stages of sexual developed than fish sampled in dose 2.  

Development of testes and ovaries in most fish appeared normal.  In doses 1 and 2, 

females in treatment raceways had less fish in later stages (3 and 4) of sexual 

development than females in control raceways.  In dose 3, this trend was reversed and 

treatment females had greater percentage in stages 3 and 4 as compared to control female 

fish. Two cases of oocytic atresia were documented in treatment raceways and none were 

found in control raceways. Although oocyte atresia is a natural physiological process, it 

has been correlated with exposure to environmental contaminants (30, 34, 77).  Males in 

control and treatment raceways were very similar in stage of maturation for doses 1 and 

2.  Treatment males in dose 3 had more fish in later stages of sexual development (2 and 

3) than those found in the control raceways.  

  Gonadal development and recrudescence are directly influenced by changes 

circulating sex steroid hormones; however, changes in hormones from pollutant exposure 

may not result in intersex or abnormal reproductive conditions.  It is likely that 

contaminant exposure is most influential during critical stages of sexual development 

(e.g., differentiation and first-year growth) when low concentrations of endogenous 

hormones are controlling development (5).  Our study used fish at least a year of age and 

focused on low concentrations of OWCs, which may be insufficient in causing intersex 

conditions, whereas fish that are exposed to high concentrations of xenobiotics at an early 

age may result in abnormal reproductive development.    
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Occurrence of Organic Wastewater Compounds and Plasma Biomarkers 

The effluent we collected contained a wide variety of OWCs, many of which were 

typical EDW wastewater compounds, personal care products, and pharmaceuticals.  

Although the graded concentrations were unsuccessful, there was still a significant 

change in hormones of fish exposed to effluent.  Some of the greatest effects occurred 

early on in the experiment which is when we detected the greatest number of compounds 

present in the effluent.  We found several suspected or known EDCs in the source-

effluent but detected fewer and in lower concentrations after pumping the effluent into 

the treatment raceways.  The most significant EDCs were the detergent metabolites- 4NP, 

NPEO1, NPEO2; fire and flame retardants-TCPP, TCEP; herbicide- prometon; anti-

bacterial- triclosan; plasticizers- bisphenol A; phytoestrogen- beta-sitosterol; and 

prescription drug- carbamazapine.   

 Dose 1 was dominated by the detergent metabolites (32%) and was the only dose 

where NPEO2 and NPEO1 were detected in combination with 4NP.  Alkylphenol 

ethoxylates are receiving much attention due to their known endocrine-disrupting effects 

and persistence in the environment. Compounds such as 4NP, NPEO1, and NPEO2 are 

known to induce an estrogenic response in male fish (31, 33, 38, 76, 78).  Absent from 

the treatment raceways, OPEO1 and OPEO2 were detected in the source effluent.  

Jobling (76) found octylphenol to be five times more potent than NP. Octylphenol 

induced vitellogenin production in male rainbow trout (Oncorhynchus mykiss) similar to 

the synthetic hormone, ethinyl estradiol. Concentrations of OPEO compounds were 

detected in treatment raceways during doses 1 and 2; however data were excluded due to 
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laboratory sample contamination. The highest detergent metabolite concentration in 

treatment raceways (dose 1) coincides with the greatest difference in levels of E2 and 

VTG in male fish, where concentrations were approximately 6 and 15 times greater in 

treatment than in control males, respectively.  In several studies, an increase in 

vitellogenin production occurred in the range of 5-20 μg/mL of 4NP in various species 

(30, 33, 68, 76). Our study suggests that, in bonytail chub, an observable effect may be 

induced at concentrations up to an order of magnitude lower.  We must consider that 

there are multiple estrogen agonists and antagonists in the treatment effluent (e.g., 

triclosan) that may increase vitellogenin production in males (64). Assessing whether one 

OWC has a stronger affinity for an estrogen receptor over another is difficult and beyond 

the scope of this study. Endogenous hormones may be 10,000-100,000 times more 

estrogenic than exogenous hormones (4) and sensitivities to other compounds, such as 

octylphenol, 4NP, and bisphenol A, appear to be much less obvious.     

Androgen (11KT and testosterone) steroid levels in treatment males were 

significantly depressed compared to control males.  This was concurrent with the 

presence of the estrogenic and anti-androgenic compound, bisphenol A (79).  Flame 

retardants were present in dose 1; however, there is limited toxicological information 

concerning aquatic species and exposure to the flame retardants detected.  In a study of 

mammals, males were more sensitive to TCEP than were females.  TCEP affected sperm 

quality and litter sex ratios (more females than males) (61).  Though this information is 

difficult to extrapolate to fish, it suggests that TCEP has potential estrogenic or anti-

androgenic properties.   
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 Concentrations of E2 were suppressed in treatment females during dose 1. The 

decrease in E2 coincided with a decrease in VTG production.  Androgen hormone 

concentrations were not significantly different in control females, suggesting that an anti-

estrogenic effect occurred during dose 1. The laboratory did not analyzed the 

carboxylated derivatives of the alkylphenol ethoxylates, but they have been shown to 

have anti-estrogenic properties (80).  The source effluent for dose 1 contained high 

concentrations of the polycylic musks, AHTN (1.90 μg/L) and HHCB (0.35 μg/L), and 

the phytoestrogen, beta-sitosterol (2.50 μg/L).  These compounds are also known to have 

anti-estrogenic properties, especially beta-sitosterol which has been implicated in the 

masculinization of female goldfish (6, 62, 81).  None of these compounds were detected 

in treatment raceways (except AHTN, which was excluded from this analysis due to 

detection in a laboratory blank); however there was likely some exposure if only for a 

brief time.  

 During dose 1, 5-methyl-1H-benzotriazole (5-MeBt) had the highest 

concentration (0.405 μg/L) of the OWCs detected and was the most abundant compound 

throughout the study.  Limited information has been published on its possible effects in 

aquatic systems.  Aircraft deicing and anti-icing fluids (ADAFs) appear to be very 

persistent and abundant in the aquatic environment (25).  Five-MeBt was found in whole-

tissue extracts from fathead minnows placed downstream of an effluent outfall that 

receives ADAF-contaminated runoff.  Some toxicity testing has been conducted, but 

additional studies need to investigate the effects of low-level chronic exposures.   
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In dose 2, OWCs similar to dose 1 were found, but at lower concentrations.  It is 

likely that fish were exposed to lower concentrations of detergent metabolites in dose 2 

than in dose 1. Treatment raceway concentrations of 4NP were approximately half of 

those measured in dose 1.  Prescription drugs and plasticizers were most dominant in 

treatment raceways (31% and 23%, respectively).  Several prescription drugs may not 

directly affect circulating hormones but, many can alter behavioral patterns tied to 

essential life history activities such as reproduction and territoriality. Sulfamethoxazole 

and carbamazapine accounted for 30% of the total OWC concentration of dose 2 and 

were frequently detected in the study (range: 0.049 μg/L to 0.820 μg/L).  

Sulfamethoxazole-trimethoprim has effects on thyroxine production and is implicated in 

hypothyroidism in mammals (82).  Carbamazapine is not considered to be a known 

endocrine-disrupting compound, however, Oetken et al. (83) found a concentration-

dependent decrease in the emergence of the non-biting midge Chironomus riparius and 

Triebskorn et al. (84)  found carbamazepine to negatively affect the liver, kidney, and gill 

development in rainbow trout and common carp.  In two cell-line tests (ovarian cells, 

BGI and breast cells, MCF7), carbamazepine inhibited cell proliferation, suggesting an 

anti-estrogenic activity (85).  

In dose 2, hormone and vitellogenin levels in treatment females were similar to 

dose 1. Treatment male E2 and VTG levels were half as much as in dose 1.  One major 

difference in the composition of treatment raceway water was a high concentration of 

beta-sitosterol (0.235 μg/L), and the fire retardant, TCEP, was markedly greater in dose 2 

(0.235 ± 0.748 μg/L). Maclatchy (62) found that beta-sitosterol was responsible for 
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reducing testosterone and 11KT concentrations in male goldfish and reducing 

testosterone and E2 in females.  This compound may have contributed to the reduction in 

E2 and VTG levels in treatment males.   

 Differences in hormones and VTG were greater in dose 3 than in dose 2 among 

control and treatment raceways.  Specifically, levels of VTG were greater in treatment 

males than in control male fish, and E2 concentrations were lower in treatment females 

than in control fish.  VTG concentrations were slightly greater in treatment females than 

in controls.  These changes are known to be induced in fish by prolonged exposure or 

specific concentrations of effluent, bisphenol A, and various alkylphenol ethoxylates (33, 

35, 38, 86).  Control and treatment 11KT levels did not vary significantly in either sex.   

Hormone Ratios and Correlations 

There were marked differences in the concentrations of biomarkers for treatment 

males and females. We assumed that normally the ratio of the primary hormones, 17β-

estradiol to 11-ketotestosterone (E2/11KT), would be greater in females than in males.  

Results validated this assumption and un-exposed females had an E2/11KT ratio clearly 

greater than 1 and males had a ratio less than 1. For treatment females, E2/11KT ratios 

were less obvious and ratios were below or just above 1.  Control males had an E2/11KT 

ratio less than 1 for all doses, whereas, the ratio for treatment males was much greater 

than 1 for doses 2 and 3.  Treatment males had ratios more comparable to control females 

and during dose 1 was higher than those found in control females.    

We expected E2 and 11KT concentrations to be negatively correlated in the 

control group.  We assumed that major deviations from this inverse association could be 
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attributed to an effect caused by the exposure to effluent. Correlations of E2 and 11KT 

were negatively associated in female fish in the control raceways.  The strength of 

association was very strong for doses 2 and 3; whereas dose 1, was much weaker.  Fish 

were less developed in dose 1, which may explain the weaker association in dose 1. 

During dose 1, concentrations in primary sex hormones of treatment female fish had an 

inverse association, but the strength of the relationship was much weaker than the control 

female fish.  During dose 2, the relationship between E2 and 11KT became strongly 

positive and showed no correlation in dose 3.  A strong relationship between primary sex 

hormones appears to establish early in the lifecycle of a fish and this could be used as a 

responsive indicator for identifying endocrine disruption.     

Source-effluent Compared and Treatment Raceway Relationship 

Long-term storage and filtration processes affected the water chemistry of the 

effluent used in our study; however, using effluent that has undergone chemical changes, 

such as volatilization, adsorption, and degradation, allowed us to analyze the most 

persistent compounds.  At the landscape scale, environmentally-persistent compounds are 

likely those causing the most harm at the population level due to chronic exposure; 

whereas, compounds that readily degrade by oxidation, photolysis, or bacterial action are 

probably most influential on organisms living in close proximity to the outfall, but have 

less impact down-stream. 

Analysis of OWCs in source effluent provided information about compounds that 

were not detected in raceways. Concentrations of compounds detected in treatment 

raceways were generally an order of magnitude less than levels found in batches of 
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source-effluent. After adding source-effluent to treatment raceways, concentrations of 

OWCs were typically 70 to 90%, however some OWCs increased in concentration.  The 

most probable cause is the additive effect occurring between treatment doses.  If 

compounds like carbamazepine and sulfamethoxazole do not degrading between doses, 

then concentrations will increase with each additional effluent dose. Carbamazepine and 

sulfamethoxazole both increased in concentration in treatment raceways during doses 2 

and 3.  The fates of OWCs are influenced by chemical and physical factors (alkalinity, 

temperature, pH) along with compound characteristics, such as structure, size, reactivity, 

solubility, and phase-partitioning behavior.  Octanol-water partition coefficients (log Kow) 

are most commonly used to describe the partitioning behavior of OWCs in an aqueous 

phase, and these can be used as surrogates to explain a compound’s tendency to 

accumulate in the organic phase (organism or sediment) or remain in the water phase. 

Compounds with a log Kow of 3 to 4, such as alkylphenol ethoxylates, triclosan, bisphenol 

a, and carbamazepine have moderate bioaccumulation properties in organisms or in fine 

sediment, which may explain large discrepancies between the source-effluent and 

treatment raceways for these compounds.  Concentrations of some plasticizers and flame 

retardants were less affected in the process of adding effluent to raceways, possibly 

because these compounds have lower log Kow values.  

Conclusions and Future Considerations  

17β-estradiol concentrations were consistently lower in treatment females than 

those detected in control females. The 17β-estradiol and vitellogenin concentrations were 

always higher in treatment males than those found in control males.  Concentrations of 
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11-ketotestosterone were consistently lower in treatment males than those detected in 

control males. Endocrine disrupting effects occurred in male and female fish exposed to 

low concentrations of effluent.  Changes in hormone levels suggested a feminizing effect 

in treatment male fish and an androgenizing effect in treatment female fish.  Throughout 

the study OWCs were detected in the treatment raceways and several of these compounds 

are considered EDCs.  Whole effluent was associated with effects observed in treatment 

fish and it is not possible to implicate individual OWCs in a cause-effect relationship, due 

to multiple variables that must be considered in a complex environmental system.   

Trying to identify and quantify organic chemicals in a water source can be a 

challenging task.  The temporal and spatial variability of a stream heavily influenced by 

effluent should be taken into account for in the design of a study.  Due to changes in 

precipitation, temperature, demographics of the nearest urban area, and seasonal 

population changes, EDWs are generally in a constant state of flux.  Traditional “dip” or 

water-column samples represent only a single moment in time where compounds soluble 

in the column are the only ones measured.  Employing passive integrative-sampling 

techniques may be the best way to obtain a time-weighted average exposure and 

represent the concentrations in which fish are exposed.  The kinetic rate at which a 

compound binds to the sampler surface can be related to the total concentration found on 

the sampler surface and then translated into a daily exposure.  Methods of analysis and 

instrumentation must be selective and sensitive enough to detect compounds in a sample, 

where OWCs are usually bound in a matrix of organic material and present in 

concentrations on the order of parts per trillion.  Linking OWCs present in a water-source 
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to effects observed in organisms can be difficult due to inherent variation associated with 

organism physiology and the aquatic environment.  

Complex exposures and dynamic environmental conditions make it difficult to 

isolate specific effects of EDCs.  Furthermore, it is difficult to predict the overall 

endocrine-disrupting effect of a single compound, much less a mixture of compounds.  

Individual compounds have androgenic, anti-androgenic, estrogenic, or anti-estrogenic 

properties and some compounds can have multiple active hormone mechanisms, (e.g., 

bisphenol A).  Hormones used as biomarkers can be misleading, but they are also the 

most sensitive indicator of contaminant exposure. Estrogen and testosterone have been 

evolutionarily conserved over various species, suggesting that many animals will be 

sensitive to compounds structurally similar to endogenous hormones.  

Precautions must be taken when interpreting results from past studies to identify 

possible endocrine-disrupting compounds.  Various animal and assay models can be used 

to test a chemical’s endocrine-disrupting potential.  Estrogen receptor-binding 

competitive assays demonstrate the relative affinity for a compound to bind to a given 

estrogen receptor over another, but such tests ignore the toxicokinetics of the compound 

and bioavailability within a living organism. In vivo studies provide information about 

specific species, genders, and routes of exposure, whereas in vitro assays are useful for a 

more mechanistic understanding of contaminant bioactivities.  The link between 

xenobiotics and reproductive impairment is difficult to establish and to ultimately 

explain.  
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There are several natural physiological variables that must be considered in 

environmental studies to avoid confounding effects not caused by pollutants.  Response 

to an exposure will be species dependent, since differences in size, diet, behavior, and 

reproduction will be characteristic of each target species. In addition, the dose-

concentration, route of exposure, and life-stage in which the exposure occurred will 

greatly influence the effects.  For example, a nest of fish eggs immersed in an aqueous 

chemical solution would likely result in different effects, than fry consuming 

invertebrates contaminated with the same compound.  There must be an understanding of 

the mechanistic action of contaminants on fish physiology since they can act at a range of 

sites in the body.  The affinity of one compound to bind to a hormone receptor over 

another will vary significantly.   Generally several organs are interconnected and operate 

through a feedback system, where the production of hormones can initiate and end 

biochemical processes.  The disruption of one operation may disrupt the feedback loop of 

another operation resulting in a negative cascade of effects.  

Attempts to identify cause-effect relationships of EDCs should start in laboratory 

settings where environmental factors can be manipulated and the proper control and 

replication can be performed. Laboratory studies provide more of a mechanistic 

understanding about how an EDC functions and often these studies focus on the 

biochemical effects of single compound (Figure 17).  Unfortunately, some ecological 

relevance may be lost in a laboratory setting. Observational studies are located at the 

opposite end of the spectrum and these are usually more relevant at the population or 

species level, but lack true control and replication.  In complex environmental studies, it 
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is difficult striking a balance between sound research design, relevant scope of inference, 

and available resources.  Preliminary studies should focus on relevant species, be 

developed with the awareness of study limitations, and be designed to enhance 

understanding of implications at the population level.  Our study was designed with the 

intentions of having more control over environmental variables and known exposures to 

alleviate confounding variables found in observational studies, while relating it back to 

pertinent species and realistic landscape conditions.     

Reproduction in fish is the most significant endpoint to a species.  Future studies 

should be directed at assessing the behavioral and reproductive effects of EDCs.  Past 

studies have used several indicators, such as vitellogenin production and intersexuality in 

males, to infer reproductive impairment caused by exposure to organic wastewater 

compounds.  Studies focusing on the link between exposure and population-level effects, 

such as fecundity and fertility, will provide the most relevant information concerning a 

species. Reproductive potential and success can be difficult life processes to assess, but 

study design should encompass a wide selection of bioindicators including reproductive 

behavior.  Behavior is also regulated by circulating hormones and is essential in 

controlling activities associated with successful breeding (migration, territoriality, mating 

behavior). Failure of organisms to responding to proper cues could be just as devastating 

to a population as reduced fecundity or fertility. Reproductive impairment will likely be 

some combination of complex physiological or behavioral effects.  The more 

comprehensively we understand fish response to xenobiotic stressors the better we will be 

able to identify transgenerational effects that affect the population. 
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Figure 1. Annual number of days of zero flow for years 1999 to 2006 for the Santa Cruz 
River at Tucson, AZ (Station, 09482500).  Includes provisional data from October 2005 
to December 2006 (87). 
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Figure 2. Streamflow (cubic feet per second) for the Santa Cruz River at Tucson, AZ 
(Station, 09482500), for 2005.  Includes provisional data from October 2005 to 
December 2005 (87). 
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Figure 3. Roger Road Wastewater Treatment Plant and the outfall discharge point where 
perennial streamflow begins in the Santa Cruz River, Tucson, AZ (88). 
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Figure 4. A schematic showing the laboratory setup and the recirculating raceways.  
1. Tank with either control or treatment water; 2. Pre-filter; 3. Pump; 4. Primary sand 
filter (outside building); 5. Control valves; 6. Secondary sand filter; 7. Sump; 8. Cage 
surrounding sump; 9. Shade screen; 10. Primary inlet; 11. Secondary inlet; 12. Air 
injector lines; 13. Sample tap; 14. Drain line; 15. Walkway. 
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Figure 5. Various stages of gonadal development in male and female fish. A) Stage 1, 
pre-vitellogenic ovaries containing mostly perinuclear oocytes and cortical alveoli 
oocytes. B)  Stage 2, early-vitellogenic ovaries displayed vitellogenic oocytes with some 
yolk granules filling the cytoplasm. C) Stage 3, mid-vitellogenic ovaries contained larger 
oocytes in which the cortical alveoli were pushed to the periphery of the cell. D) Stage 4, 
late-vitellogenic ovaries containing oocytes that were fused in a homogenous mass with 
yolk granules. E) Stage 4-late-vitellogenic. F) Oocytic atresia.  
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G) Stage 1, pre-spermatogenic testes were immature and undeveloped and contained only 
spermatogonia.  H) Stage 2, early-spermatogenic testes that had thick germinal 
epithelium and contained primarily spermatocytes and spermatids.  
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Figure 6. A) Temperature (oC) in control and treatment raceways for dose 1, 2, and 3. B) 
Dissolved oxygen (mg/L). C) pH.  D) Specific conductance (µS/cm). [Control, gray 
diamond; treatment, black square; error bars represent the standard error]. 
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Figure 7. Mean concentrations of nutrients, carbon, chloride, sulfate and alkalinity in 
treatment and control raceways. [A, dose 1; B, dose 2; C, dose 3; control, open bars; 
treatment, shaded bars; error bars represent the standard error]. 
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Figure 8. Organic wastewater compounds that were detected in both control and 
treatment raceways for all doses. [Control, open bars; treatment, shaded bars; error bars 
represent the standard error].  
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Figure 9. Mean concentrations of OWCs detected in treatment raceways. The inner bar 
chart is the percentage of each general-use group total OWC concentration. [A, dose 1; B, 
dose 2; C, dose 3; error bars represent the standard error]. 
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Figure 10. Mean concentrations of OWCs detected in the collections of source effluent. 
The inner bar chart is the percentage of each general-use group total OWC concentration. 
[A, dose 1; B, dose 2; C, dose 3]. 
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Figure 10C. Open bars represent OWC concentrations after 3 months of storage.  The 
concentrations are in italics. The inner bar chart is the percentage of each general-use 
group total OWC concentration after 3 months storage.  
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Figure 11. Condition factor (K) of female and male fish in control and treatment 
raceways. [Control, open; treatment, shaded; A, females; B, males; error bars represent 
the standard error]. 
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Figure 12. Gonadosomatic (GSI) and hepatosomatic indicies (HSI) of female fish after 
dose 3 [Control, open; treatment, shaded; error bars represent the standard error].   
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Figure 13. Gonadal stage proportions of fish in female and male fish from control and 
treatment raceways [A., dose 1; B., dose 2; C. dose 3; numbers represent number of fish 
in that stage of development]. [Stage 1, pre-vitellogenic or pre-spermatogenic; stage 2, 
early-vitellogenic or early-spermatogenic; stage 3, mid-vitellogenic or mid-
spermatogenic; stage 4, late-vitellogenic or late-spermatogenic]  
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Figure 14. Mean concentrations of hormones, 17β-estradiol, 11-ketotestosterone, and 
egg-yolk protein, vitellogenin in female and male fish from control and treatment 
raceways for all doses [A, 17β-estradiol; B, 11-ketotestosterone; C, vitellogenin; control, 
open bars; treatment, shaded bars; error bars represent the standard error]. 
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Figure 15. Ratio of 17β-estradiol to 11-ketotestosterone of female and male fish in 
control and treatment raceways for all doses [Control, open bars; treatment, shaded bars; 
line at 1:1 ratio, error bars represent the standard error]. 
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Figure 16. Correlations between concentrations of 17β-estradiol, 11-ketotestosterone, 
and vitellogenin in female (A) and male (B) fish, for all doses collectively. [Scatter plot 
matrix. Control, gray outline; treatment, black outline]. 
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Figure 17.  A generalized spectrum of research design and objectives.  
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Table 1. Wastewater and pharmaceutical compound groups, analyte names, reporting 
level, endocrine disrupting potential [EDP, endocrine-disrupting potential; K, known; S, 
suspected; …, no data; PAH, polycyclicaromatic hydrocarbon (52)]. 

Chemical 
Group Analyte Name Chemical Use RL EDP 

Detergent Metabolites    

 
Nonylphenol,diethoxy 
(NPEO2) Nonionic detergent metabolite <5 K(31,76) 

 
Nonylphenol, monothoxy 
(NPEO1) Nonionic detergent metabolite <2 K(31) 

 
Octylphenol,diethoxy 
(OPEO2) Nonionic detergent metabolite <1 K(31) 

 
Octylphenol, monoethoxy 
(OPEO1) Nonionic detergent metabolite <1 K(31) 

 4-Cumylphenol Nonionic detergent metabolite <1 K(89) 
 4-n-Octylphenol Nonionic detergent metabolite <1 K(76,90) 
 4-tert-Octylphenol Nonionic detergent metabolite <1 K(31,91) 

 

4-Nonylphenol (para-
nonylphenol, total) (4NP) 

Nonionic detergent metabolite <5 
K(31,76,7

8) 
Fire/Flame Retardants    

 
Tributyl phosphate Antifoaming agent, flame 

retardant <.5 … 

 
Tri (dichlorisopropyl) 
phosphate (TCPP) Fire retardant <.5 S(92) 

 
Tri (2-chloroethyl) phosphate 
(TCEP) Fire retardant <.5 S(61) 

Fragrances/ flavors    

 
Menthol Cigarettes, cough drops, liniment, 

mouthwash <.5 … 
 Benzophenone Fixative in perfumes and soaps <.5 K(63) 
 Isoquinoline Flavors and fragrances <.5 … 
 Camphor Flavor, odorant, ointments <.5 … 

 
3-methyl-1H-indole (skatol) Fragrance, stench in feces and 

coal tar <1 … 

 
Isoborneol Fragrance in perfumery, in 

disinfectants <.5 … 
 Tonalide (AHTN) Fragrance, musk <.5 S(81, 93) 

 Galaxolide (HHCB) Fragrance, musk <.5 S(81) 

 
Indole Fragrance in coffee, pesticide 

inert ingredient <.5 … 

 
Triethyl citrate Fragrance, tobacco additive, 

cosmetics <.5 … 

 
Methyl salicylate Liniment, food, beverage, 

ultraviolet-absorbing lotion <.5 … 
 Metalaxyl Soil pathogen, mildew <.5 … 
Fuels/PAHs     
 Fluoranthene Component of coal tar and asphalt <.5 … 
 Pyrene Component of coal tar and asphalt <.5 K(89) 

 
2-Methylnaphthalene 2-5% of gasoline, disesl fuel, or 

crude oil <.5 … 

 
2,6-Dimethylnaphthalene 2-5% of gasoline, disesl fuel, or 

crude oil <.5 … 
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1-Methylnaphthalene 2-5% of gasoline, disesl fuel, or 

crude oil <.5 … 

 
Naphthalene Fumigant, moth repellant, major 

component of (10%) gasoline <.5 … 

 

Phenanthrene Manufacture of explosives, 
component of tar, diesel fuel, or 
crude oil <.5 … 

 
Benzo[a]pyrene Regulated PAH, used in cancer 

research, combustion product <.5 K(89) 

 
Anthracene Wood preservative, component of 

tar, crude oil, combustion product <.5 K(89) 
Herbicides/insecticides    
 Chlorpyrifos Domestic pest/termite control <.5 K(89) 
 Bromacil Herbicide <.5 … 
 Prometon Herbicide <.5 K(65) 
 Atrazine Herbicide <.5 … 
 Metolachlor Herbicide <.5 … 
 Dichlorvos Insecticide <1 … 
 Diazinon Insecticide <.5 K(89) 
 Carbaryl Pesticide <1 K(89) 
 Anthraquinone Pesticide <.5 … 
Household Wastewater Compounds    
 d-limonene Antimicrobial, fragrance <.5 … 

 
1,4-Dichlorobenzene Moth repellent, fumigant, 

deodorizer <.5 S(89) 
 Triclosan Disinfectant, antimicrobial <1 K(64, 94) 

 
Acetophenone Fragrance in detergent and 

tobacco, flavor in beverages <.5 … 

 
N,N-diethyltoluamide (DEET) Insecticide, urban uses, mosquito 

repellant <.5 … 
Non-prescription drugs    
 Ranitidine Histamine H2 inhibitor (Zantac) <.025 … 
 Diphenhydramine Antihistamine (Benadryl) <.023 … 
 Acetaminophen Analgesic (Acetaminophen) <.024 … 

 
1,7-Dimethylxanthine CNS stimulant, caffeine 

metabolite <.021 … 

 
Cotinine CNS stimulant, nicotine metabolite 

(Nicotine) <.028 … 
 Caffeine CNS stimulant <.015 … 
Plasticizers/antioxidants    

 
5-Methyl-1H-benzotriazole Antioxidant in antifreeze and 

deicers < 2 … 

 
Phenol Disinfectant, manufacturing of 

several products, leachate <.5 … 

 
Isopropylbenzene (Cumene) Intermediate in production of 

plastics <.5 … 
 Diethyl phthalate Plasticizer <.5 K(89) 
 Diethylhexyl phthalate Plasticizer < 2 K(89) 

 

Bisphenol A Manufacturing of polycarbonate 
resins, antioxidant, flame 
retardant <.5 K(35, 36) 

 
Tri(2-butoxyethyl) phosphate Flame retardant, used in 

polymers, plasticizer <.5 … 

 
Triphenyl phosphate Plasticizer, resin, wax, finish, 

roofing paper, flame retardant <.5 … 
 3,4-dichlorophenyl isocyanate Plastics additive <.5 … 
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 Isophorone Solvent <.5 … 
 Tetrachloroethene Solvent, degreaser <.5 … 

 

Carbazole Used in the synthesis of dyes, 
agrochemicals, pharmaceuticals, 
and plastics <.5 … 

 Tribromomethane Wastewater ozonation byproduct <.5 … 

 
Pentachlorophenol Herbicide, fungicide, wood 

preservative, termite control < 2 S(89) 
 para-cresol Wood preservative < 1 S(58) 
Prescription drugs    
 Codeine Analgesic <.022 … 

 
Dehydronifedipine Antianginal-degradate (Procardia 

XL) <.022 … 
 Salbutamol (albutamol) Antiasthmatic <.014 … 
 Trimethoprim Antibiotic <.020 … 
 Sulfamethoxazole Antibiotic <.024 … 
 Warfarin Anticoagulant <.019 … 
 Fluoxetine Antidepressant <.039 K(95, 96) 
 Carbamazepine Antiepileptic <.018 S(83) 
 Thiabendazole Antifungal agent and antihelmintic <.025 … 
 Diltiazem Antihypertensive <.018 … 
Steroids     
 3-beta-coprostanol Fecal sterol < 2 … 
 beta-stigmastanol Plant sterol < 2 … 
 beta-sitosterol Plant sterol < 2 S(6, 62) 

 Cholesterol Plant/animal sterol < 2 … 
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Table 2. Mean concentrations of compounds detected during each dose [EDP, endocrine-
disrupting potential; K, known; S, suspected; … , no data; PAH, polycyclicaromatic 
hydrocarbon].    

Chemical Group Chemical Compound Dose 
1 

Dose 
2 

Dose 
3 EDP

  Mean Concentration, in µg/L 
Detergent Metabolites      
 Nonylphenol,diethoxy (NPEO2) 0.350 0 0 K 
 Nonylphenol, monothoxy (NPEO1) 0.128 0 0 K 

 
4-Nonylphenol (para-nonylphenol, 
total) 0.303 0.180 0.183 K 

Fire/Flame Retardants      
 Tri (dichloroisopropyl) phosphate 0.245 0.039 0.008 S 
 Tri (2-chloroethyl) phosphate 0.026 0.235 0.330 S 
 Tributyl phosphate 0 0.016 0 … 
Fragrances/flavors      
 3-methyl-1H-indole 0.004 0 0 … 
 Benzophenone 0 0.089 0.123 K 
 Indole 0.016 0.018 0.012 … 
 Triethyl citrate 0.022 0.012 0 … 
Fuels/PAHs      
 1-Methylnaphthalene 0.003 0 0 … 
Herbicides/insecticides      
 Prometon 0 0 0.014 K 
Household Wastewater 
Compounds      
 Triclosan 0.090 0.088 0 K 
Non-prescription drugs      
 Caffeine 0.148 0.338 0.269 … 
 1,7-Dimethylxanthine 0.110 0.051 0.072 … 
Plasticizers/antioxidants      
 5-Methyl-1H-benzotriazole 0.405 0.765 0.480 … 
 Bisphenol A 0.012 0.018 0 K 
 Tri(2-butoxyethyl) phosphate  0.133 0.073 0 … 
 para-cresol 0.005 0 0 S 
Steroids      
 beta-stigmastanol 0 0.190 0 … 
 3-beta-coprostanol 0.223 0.203 0 … 
 beta-sitosterol 0 0.235 0 S 
Prescription drugs      
 Diltiazem 0.015 0 0 … 
 Sulfamethoxazole 0.085 0.820 0.431 … 
 Codeine 0.028 0 0 … 
 Carbamazepine  0.049 0.340 0.278 S 
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Table 3. Correlation between 17β-estradiol, 11-ketotestosterone and vitellogenin levels in fish 
for all doses [Pearson correlation coefficients(97); n, number of observations; plot correlation; 
boldface numbers = p ≤ 0.05].    

Biomarker Relationship Correlation (r) n 
Dose 1   

Control females   
11-ketotestosterone by 17β-estradiol -0.39 20 
Vitellogenin by 17β-estradiol 0.34 20 
Vitellogenin by 11-ketotestosterone -0.77 20 
Treatment females   
11-ketotestosterone by 17β-estradiol -0.14 15 
Vitellogenin by 17β-estradiol 0.43 15 
Vitellogenin by 11-ketotestosterone -0.64 15 

Dose 2   
Control females   
11-ketotestosterone by17β-estradiol -0.84 18 
Vitellogenin by 17β-estradiol 0.75 18 
Vitellogenin by 11-ketotestosterone -0.89 18 
Treatment females   
11-ketotestosterone by 17β-estradiol 0.44 16 
Vitellogenin by 17β-estradiol 0.22 16 
Vitellogenin by 11-ketotestosterone -0.32 16 

Dose 3   
Control females   
11-ketotestosterone by17β-estradiol -0.63 18 
Vitellogenin by 17β-estradiol 0.46 18 
Vitellogenin by 11-ketotestosterone -0.47 18 
Treatment females   
11-ketotestosterone by 17β-estradiol -0.06 16 
Vitellogenin by 17β-estradiol 0.20 16 
Vitellogenin by 11-ketotestosterone -0.17 16 
Control males (All Doses)   
11-ketotestosterone by 17β-estradiol -0.89 6 
Vitellogenin by 17β-estradiol 0.67 6 
Vitellogenin by 11-ketotestosterone -0.60 6 
Treatment males (All Doses)   
11-ketotestosterone by 17β-estradiol -0.50 13 
Vitellogenin by 17β-estradiol 0.73 13 
Vitellogenin by 11-ketotestosterone -0.34 13 
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APPENDIX A: SUMMARY STATISTICS 
 
Summary Statistics 1. Physical water parameters; temperature, specific conductance, 
pH, and dissolved oxygen in control and treatment raceways for all doses [Sample size, 
mean, standard deviation, standard error of the mean, lower 95% confidence interval, and 
upper 95% confidence interval]. 

Raceway Water Parameters 
Temperature (Degrees Celcius) 

Dose 1  Number Mean SD 
SE 

Mean Lower 95% Upper 95% 
Control 11 26.63 1.71 0.52 25.48 27.78 
Treatment 13 27.01 1.41 0.39 26.16 27.87 
Dose 2             
Control 8 28.25 0.61 0.22 27.74 28.77 
Treatment 8 28.65 0.44 0.15 28.29 29.02 
Dose 3             
Control 8 25.87 0.72 0.25 25.27 26.47 
Treatment 8 25.69 0.57 0.20 25.21 26.17 

Specific Conductance (Microsemens per centimeter) 

Dose 1  Number Mean SD 
SE 

Mean Lower 95% Upper 95% 
Control 11 1124.90 209.36 63.13 984.30 1265.60 
Treatment 13 1370.89 327.44 90.81 1173.00 1568.80 
Dose 2             
Control 8 1148.53 233.01 82.38 953.70 1343.30 
Treatment 8 2219.58 521.49 184.37 1783.60 2655.60 
Dose 3             
Control 8 824.59 98.82 34.94 742.00 907.20 
Treatment 8 2145.00 615.51 217.61 1630.40 2659.60 

pH (Standard Units) 

Dose 1  Number Mean SD 
SE 

Mean Lower 95% Upper 95% 
Control 11 8.09 0.23 0.07 7.93 8.25 
Treatment 13 7.62 0.58 0.16 7.27 7.97 
Dose 2             
Control 8 7.78 0.31 0.11 7.53 8.04 
Treatment 8 6.89 0.42 0.15 6.54 7.24 
Dose 3             
Control 8 7.78 0.39 0.14 7.46 8.11 
Treatment 8 7.02 0.97 0.34 6.21 7.83 

Dissolved Oxygen (Milligrams per liter) 

Dose 1  Number Mean SD 
SE 

Mean Lower 95% Upper 95% 
Control 11 4.93 0.90 0.27 4.33 5.54 
Treatment 13 5.03 0.79 0.22 4.55 5.51 
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Dose 2             
Control 8 5.06 0.68 0.24 4.49 5.63 
Treatment 8 5.01 0.59 0.21 4.52 5.51 
Dose 3             
Control 8 5.94 0.60 0.21 5.44 6.44 
Treatment 8 5.96 0.56 0.20 5.48 6.43 
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Summary Statistics 2. General chemistry for control and treatment raceways for all 
doses [Sample size, mean, standard deviation, standard error of the mean, lower 95% 
confidence interval, and upper 95% confidence interval].  
Dose 1              

Control Raceways       

Chemical Constituent  Number Mean Std Dev 
SE 

Mean 
Lower 
95% 

Upper 
95% 

Alkalinity as calcium carbonate 4 92.77 74.08 37.04 0.00 210.65 
Chloride 4 63.69 24.55 12.27 24.60 102.75 
Dissolved organic carbon 4 11.02 7.27 3.63 0.00 22.58 
Unionized Ammonia 4 0.33 0.27 0.13 0.00 0.76 
Nitrate 4 203.12 200.04 100.02 0.00 521.44 
Orthophosphate 4 0.89 0.45 0.22 0.18 1.60 
Sulfate 4 257.39 45.73 22.86 184.60 330.16 
Total kjeldahl nitrogen 4 47.68 46.12 23.06 0.00 121.06 
Total organic carbon 4 8.13 3.86 1.93 2.00 14.26 
Total phosphorus 4 1.04 0.52 0.26 0.21 1.87 
Total arsenic 4 <0.01 NA NA NA NA 
Total cadmium 4 <0.001 NA NA NA NA 
Total chromium 4 <0.01 NA NA NA NA 
Total copper 4 <0.01 NA NA NA NA 
Total lead 4 <0.003 NA NA NA NA 
Total mercury 4 <0.01 NA NA NA NA 
Total selenium 4 <0.015 NA NA NA NA 
Total zinc 4 <0.001 NA NA NA NA 
              

Treatment Raceways      
Alkalinity as calcium carbonate 4 81.03 57.44 28.72 0.00 172.43 
Chloride 4 86.08 33.26 16.63 33.20 139.00 
Dissolved organic carbon 4 4.89 1.97 0.99 1.70 8.02 
Unionized Ammonia 4 0.38 0.33 0.16 0.00 0.89 
Nitrate 4 229.65 171.04 85.52 0.00 501.81 
Orthophosphate 4 3.88 2.23 1.12 0.33 7.43 
Sulfate 4 142.34 13.64 6.82 120.60 164.05 
Total kjeldahl nitrogen 4 54.20 42.67 21.33 0.00 122.09 
Total organic carbon 4 4.74 2.20 1.10 1.20 8.25 
Total phosphorus 4 3.92 2.25 1.13 0.34 7.50 
Total arsenic 4 <0.01 NA NA NA NA 
Total cadmium 4 <0.001 NA NA NA NA 
Total chromium 4 <0.01 NA NA NA NA 
Total copper 4 <0.01 NA NA NA NA 
Total lead 4 <0.003 NA NA NA NA 
Total mercury 4 <0.01 NA NA NA NA 
Total selenium 4 <0.015 NA NA NA NA 
Total zinc 4 <0.001 NA NA NA NA 
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Dose 2             

Control Raceways       

Chemical Constituent  Number Mean Std Dev 
SE 

Mean 
Lower 
95% 

Upper 
95% 

Alkalinity as calcium carbonate 4 124.29 12.92 6.46 103.70 144.85 
Chloride 4 67.01 23.87 11.93 29.00 104.99 
Dissolved organic carbon 4 3.89 1.94 0.97 0.81 6.97 
Unionized ammonia 4 0.04 0.08 0.04 0.00 0.17 
Nitrate 4 110.20 22.22 11.11 74.80 145.55 
Orthophosphate 4 0.70 0.17 0.08 0.43 0.96 
Sulfate 4 181.77 6.74 3.37 171.00 192.51 
Total kjeldahl nitrogen 4 26.35 6.98 3.49 15.20 37.45 
Total organic carbon 4 4.79 3.42 1.71 0.00 10.23 
Total phosphorus 4 0.88 0.15 0.07 0.64 1.11 
Total arsenic 4 <0.01 NA NA NA NA 
Total cadmium 4 <0.001 NA NA NA NA 
Total chromium 4 <0.01 NA NA NA NA 
Total copper 4 <0.01 NA NA NA NA 
Total lead 4 <0.003 NA NA NA NA 
Total mercury 4 <0.01 NA NA NA NA 
Total selenium 4 <0.015 NA NA NA NA 
Total zinc 4 <0.001 NA NA NA NA 
              

Treatment Raceways      
Alkalinity as calcium carbonate 4 37.68 9.70 4.85 22.20 53.11 
Chloride 4 164.28 32.67 16.34 112.30 216.27 
Dissolved organic carbon 4 10.18 0.38 0.19 9.60 10.78 
Unionized Ammonia 4 0.04 0.04 0.02 0.00 0.11 
Nitrate 4 523.75 157.72 78.86 272.80 774.72 
Orthophosphate 4 3.84 1.49 0.75 1.50 6.21 
Sulfate 4 346.43 28.29 14.15 301.40 391.45 
Total kjeldahl nitrogen 4 119.09 29.35 14.67 72.40 165.79 
Total organic carbon 4 10.00 0.73 0.36 8.80 11.16 
Total phosphorus 4 4.16 1.66 0.83 1.50 6.79 
Total arsenic 4 <0.01 NA NA NA NA 
Total cadmium 4 <0.001 NA NA NA NA 
Total chromium 4 <0.01 NA NA NA NA 
Total copper 4 <0.01 NA NA NA NA 
Total lead 4 <0.003 NA NA NA NA 
Total mercury 4 <0.01 NA NA NA NA 
Total selenium 4 <0.015 NA NA NA NA 
Total zinc 4 <0.001 NA NA NA NA 
              

Dose 3             

Control Raceways       
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Chemical Constituent  Number Mean Std Dev 
SE 

Mean 
Lower 
95% 

Upper 
95% 

Alkalinity as calcium carbonate 4 104.69 29.75 14.87 57.36 152.02 
Chloride 4 35.92 20.18 10.09 3.81 68.03 
Dissolved organic carbon 4 2.75 0.25 0.13 2.34 3.15 
Unionized Ammonia 4 <0.01 <0.01 <0.01 <0.01 <0.01 
Nitrate 4 101.73 17.76 8.88 73.46 129.99 
Orthophosphate 4 0.90 0.23 0.12 0.52 1.27 
Sulfate 4 145.33 22.31 11.16 109.83 180.84 
Total kjeldahl nitrogen 4 23.84 5.25 2.63 15.48 32.20 
Total organic carbon 4 2.44 0.54 0.27 1.58 3.30 
Total phosphorus 4 0.96 0.19 0.10 0.65 1.27 

Treatment Raceways      
Alkalinity as calcium carbonate 4 39.44 26.76 13.38 0.00 82.01 
Chloride 4 195.51 37.39 18.70 136.00 255.01 
Dissolved organic carbon 4 9.93 1.26 0.63 7.90 11.94 
Unionized Ammonia 4 <0.01 <0.01 <0.01 <0.01 <0.01 
Nitrate 4 444.20 161.33 80.67 187.50 700.91 
Orthophosphate 4 4.78 1.35 0.68 2.60 6.93 
Sulfate 4 321.02 30.86 15.43 271.90 370.13 
Total kjeldahl nitrogen 4 105.65 37.03 18.51 46.70 164.57 
Total organic carbon 4 10.04 2.34 1.17 6.30 13.77 
Total phosphorus 4 4.93 1.13 0.56 3.10 6.73 
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Summary Statistics 3. Organic wastewater compounds detected in both control and 
treatment raceways for all doses [Sample size, mean, standard deviation, standard error of 
the mean, lower 95% confidence interval, and upper 95% confidence interval].  
OWCs Detected in Control and Treatment Raceways, Dose 1 

Control Number Mean SD 
SE 

Mean 
Lower 
95% 

Upper 
95% 

Caffeine 4 0.006 0.012 0.006 0.000 0.025
Tri (2-chloroethyl) phosphate 4 0.000 0.000 0.000 0.000 0.000
Cholesterol 4 0.388 0.100 0.050 0.229 0.546
Cotinine 4 0.013 0.013 0.007 0.000 0.034
 N,N-diethyltoluamide (DEET) 4 0.260 0.227 0.113 0.000 0.620
Tribromomethane 4 0.007 0.014 0.007 0.000 0.028
Triphenyl phosphate 4 0.015 0.022 0.011 0.000 0.050
Treatmetent        
Caffeine 4 0.148 0.184 0.092 0.000 0.440
Tri (2-chloroethyl) phosphate 4 0.053 0.105 0.053 0.000 0.220
Cholesterol 4 0.465 0.281 0.140 0.018 0.912
Cotinine 4 0.158 0.182 0.091 0.000 0.448
 N,N-diethyltoluamide (DEET) 4 0.333 0.254 0.127 0.000 0.737
Tribromomethane 4 0.000 0.000 0.000 0.000 0.000
Triphenyl phosphate 4 0.021 0.024 0.012 0.000 0.059

Proportions (yellow, treatment 10 x times greater)     
Caffeine 25.00       
Tri (2-chloroethyl) phosphate Treatment only      
Cholesterol 1.20       
Cotinine 12.16       
 N,N-diethyltoluamide (DEET) 1.28       
Tribromomethane Control only      
Triphenyl phosphate 1.41        
              
OWCs Detected in the Control and Treatment Raceways, Dose 2 

Control Number Mean SD 
SE 

Mean 
Lower 
95% 

Upper 
95% 

Caffeine 4 0.012 0.014 0.007 0.000 0.034
Tri (2-chloroethyl) phosphate 4 0.000 0.000 0.000 0.000 0.000
Cholesterol 4 0.168 0.208 0.104 0.000 0.499
Cotinine 4 0.007 0.007 0.003 0.000 0.018
 N,N-diethyltoluamide (DEET) 4 0.224 0.265 0.133 0.000 0.646
Tribromomethane 4 0.000 0.000 0.000 0.000 0.000
Treatmetent             
Caffeine 4 0.265 0.279 0.139 0.000 0.709
Tri (2-chloroethyl) phosphate 4 0.235 0.013 0.006 0.215 0.256
Cholesterol 4 0.465 0.555 0.277 0.000 1.348
Cotinine 4 0.034 0.041 0.021 0.000 0.099
 N,N-diethyltoluamide (DEET) 4 0.210 0.136 0.068 0.000 0.427
Tribromomethane 4 0.005 0.010 0.005 0.000 0.021
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Proportions (yellow, treatment 10 x times greater)  
   

Caffeine 22.27       
Tri (2-chloroethyl) phosphate Treatment only      
Cholesterol 2.78       
Cotinine 4.85       
 N,N-diethyltoluamide (DEET) 0.94       
Tribromomethane Treatment only        
              
OWCs Detected in the Control and Treatment Raceways, Dose 3 

Control Number Mean SD 
SE 

Mean 
Lower 
95% 

Upper 
95% 

Caffeine 4 0.006 0.012 0.006 0.000 0.025
Tri (2-chloroethyl) phosphate 4 0.009 0.018 0.009 0.000 0.037
Cholesterol 4 0.115 0.230 0.115 0.000 0.481
Cotinine 4 0.012 0.002 0.001 0.009 0.015
 N,N-diethyltoluamide (DEET) 4 0.009 0.010 0.005 0.000 0.025
Tribromomethane 4 0.000 0.000 0.000 0.000 0.000
Treatmetent             
Caffeine 4 0.269 0.264 0.132 0.000 0.688
Tri (2-chloroethyl) phosphate 4 0.330 0.121 0.061 0.137 0.523
Cholesterol 4 0.558 0.556 0.278 0.000 1.442
Cotinine 4 0.011 0.013 0.006 0.000 0.031
 N,N-diethyltoluamide (DEET) 4 0.159 0.127 0.063 0.000 0.361
Tribromomethane 4 0.000 0.000 0.000 0.000 0.000

Proportions (yellow, treatment 10 x times greater)  
   

Caffeine 44.83       
Tri (2-chloroethyl) phosphate 37.71       
Cholesterol 4.85       
Cotinine 0.86       
 N,N-diethyltoluamide (DEET) 18.17        
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Summary Statistics 4.  Organic wastewater compounds detected in treatment raceways 
for all doses [Sample size, mean, standard deviation, standard error of the mean, lower 
95% confidence interval, and upper 95% confidence interval].  

Organic Wastewater Compounds 
Dose 1 (Micrograms per liter)           

Level Number Mean SD 
SE 

Mean 
Lower 
95% 

Upper 
95% 

5-Methyl-1H-benzotriazole 4 0.405 0.468 0.234 0.000 1.150 
Diethoxynonylphenol (NPEO2) 4 0.350 0.700 0.350 0.000 1.464 
4-Nonylphenol 4 0.303 0.254 0.127 0.000 0.707 
Tri (dichloroisopropyl) 
phosphate 4 0.245 0.432 0.216 0.000 0.932 
3-beta-coprostanol 4 0.223 0.286 0.143 0.000 0.678 
Caffeine 4 0.148 0.184 0.092 0.000 0.440 
Tri (2-butoxyethyl) phosphate 4 0.133 0.153 0.077 0.000 0.377 
Ethoxynonylphenol (NPEO1) 4 0.128 0.255 0.128 0.000 0.533 
1,7-Dimethylxanthine 4 0.110 0.127 0.064 0.000 0.313 
Triclosan 4 0.090 0.104 0.052 0.000 0.255 
Sulfamethoxazole 4 0.085 0.106 0.053 0.000 0.254 
Tri (2-chloroethyl) phosphate 4 0.053 0.105 0.053 0.000 0.220 
Carbamazepine 4 0.049 0.056 0.028 0.000 0.138 
Codeine 4 0.028 0.035 0.018 0.000 0.084 
Triethyl citrate 4 0.022 0.026 0.013 0.000 0.063 
Bisphenol A 4 0.016 0.018 0.009 0.000 0.044 
Diltiazem 4 0.015 0.017 0.008 0.000 0.041 
Indole 4 0.012 0.020 0.010 0.000 0.043 
para-cresol 4 0.005 0.006 0.003 0.000 0.014 
3-methyl-1H-indole 4 0.004 0.004 0.002 0.000 0.010 
1-Methylnaphthalene 4 0.003 0.003 0.002 0.000 0.008 
Dose 2 (µg/L)             

Level Number Mean SD 
SE 

Mean 
Lower 
95% 

Upper 
95% 

Sulfamethoxazole 4 0.820 0.221 0.110 0.469 1.171 
5-Methyl-1H-benzotriazole 4 0.765 0.678 0.339 0.000 1.843 
Carbamazapine 4 0.340 0.028 0.014 0.295 0.384 
Caffeine 4 0.338 0.290 0.145 0.000 0.799 
Tri (2-chloroethyl) phosphate 4 0.235 0.013 0.006 0.215 0.256 
beta-sitosterol 4 0.235 0.470 0.235 0.000 0.983 
3-beta-coprostanol 4 0.203 0.237 0.118 0.000 0.579 
beta-stigmastanol 4 0.190 0.380 0.190 0.000 0.795 
4-Nonylphenol 4 0.180 0.214 0.107 0.000 0.520 
Benzophenone 4 0.089 0.067 0.033 0.000 0.195 
Triclosan 4 0.088 0.111 0.055 0.000 0.263 
Tri(2-butoxyethyl) phosphate 4 0.073 0.145 0.073 0.000 0.303 
1,7-Dimethylxanthine 4 0.051 0.101 0.051 0.000 0.211 
Tri (dichloroisopropyl) 
phosphate 4 0.039 0.033 0.017 0.000 0.092 
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Bisphenol A 4 0.018 0.036 0.018 0.000 0.075 
Tributylphosphate 4 0.016 0.018 0.009 0.000 0.045 
Indole 4 0.012 0.003 0.001 0.008 0.016 
Triethyl citrate 4 0.012 0.014 0.007 0.000 0.033 
Dose 3 (µg/L)             

Level Number Mean SD 
SE 

Mean 
Lower 
95% 

Upper 
95% 

5-Methyl-1H-benzotriazole 4 0.480 0.243 0.121 0.000 0.866 
Sulfamethoxazole 4 0.431 0.134 0.067 0.000 0.644 
Tri (2-chloroethyl) phosphate 4 0.330 0.121 0.061 0.137 0.523 
Carbamazepine 4 0.278 0.083 0.041 0.146 0.410 
Caffeine 4 0.269 0.264 0.132 0.000 0.688 
4-Nonylphenol 4 0.183 0.365 0.183 0.000 0.763 
Benzophenone 4 0.123 0.083 0.041 0.000 0.254 
1,7-Dimethylxanthine 4 0.072 0.012 0.006 0.053 0.092 
Prometon 4 0.014 0.028 0.014 0.000 0.059 
Indole 4 0.012 0.014 0.007 0.000 0.034 
Tri (dichloroisopropyl) 
phosphate 4 0.008 0.016 0.008 0.000 0.033 
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Summary Statistics 5. Condition factor of control and treatment fish for all doses. GSI 
and HSI are of control and treatment female fish in dose 3 [Sample size, mean, standard 
deviation, standard error of the mean, lower 95% confidence interval, and upper 95% 
confidence interval]. 

Condition Factor  
Dose 1 Number Mean SD SE Mean Lower 95% Upper 95% 
Control Female 25 0.82 0.15 0.03 0.76 0.89 
Treatment Female 21 0.83 0.17 0.04 0.75 0.91 
Control Male 7 0.75 0.08 0.03 0.67 0.83 
Treatment Male 9 0.91 0.15 0.05 0.80 1.02 
Dose 2             
Control Female 24 0.89 0.22 0.05 0.80 0.98 
Treatment Female 21 0.86 0.14 0.03 0.80 0.92 
Control Male 5 0.86 0.10 0.05 0.73 0.99 
Treatment Male 9 0.94 0.16 0.05 0.81 1.06 
Dose 3             
Control Female 18 0.97 0.20 0.05 0.87 1.07 
Treatment Female 17 0.94 0.15 0.04 0.86 1.01 
Control Male 2 0.81 0.04 0.03 0.48 1.15 
Treatment Male 4 1.48 1.03 0.52 0.00 3.13 
       

Gonadosomatic Index (%) 
Dose 3 Number Mean SD SE Mean Lower 95% Upper 95% 
Control Female 12 3.30 2.80 0.81 1.52 5.08 
Treatment Female 16 2.30 1.29 0.32 1.62 2.99 
Control Male 1 1.39 . . . . 
Treatment Male 4 1.51 0.45 0.22 0.81 2.22 
       

Hepatosomatic Index (%) 
Dose 3 Number Mean SD SE Mean Lower 95% Upper 95% 
Control Female 8 1.56 0.42 0.15 1.21 1.91 
Treatment Female 8 1.66 0.60 0.21 1.16 2.16 
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Summary Statistics 6.  Concentrations of hormones, 17β-estradiol, 11-ketotestosterone, 
and egg-yolk protein, vitellogenin in female and male fish in control and treatment 
raceways for all doses. [Sample size, mean, standard deviation, standard error of the 
mean, lower 95% confidence interval, and upper 95% confidence interval].  

Plasma Hormones,17β-estradiol, Testosterone,             
11-ketotestosterone, and Vitellogenin 

17β-estradiol (Picograms per liter) 

Dose 1 Number Mean SD 
SE 

Mean Lower 95% Upper 95% 
Control Female 20 633.95 339.56 75.93 475.00 792.90 
Treatment Female 15 432.20 213.33 55.08 314.10 550.30 
Control Male 2 120.50 21.92 15.50 0.00 317.40 
Treatment Male 5 688.60 299.27 133.84 317.00 1060.20 
Dose 2             
Control Female 18 460.50 295.00 69.53 313.80 607.20 
Treatment Female 16 349.00 133.65 33.41 277.80 420.22 
Control Male 2 176.50 44.55 31.50 0.00 576.75 
Treatment Male 4 317.25 95.92 47.96 164.60 469.88 
Dose 3             
Control Female 18 625.94 316.15 74.52 468.70 783.20 
Treatment Female 16 431.75 182.77 45.69 334.40 529.10 
Control Male 2 355.00 145.66 103.00 0.00 1663.70 
Treatment Male 4 601.00 135.12 67.56 386.00 816.00 

Testosterone (pg/L) 

Dose 1 Number Mean SD 
SE 

Mean Lower 95% Upper 95% 
Control Female 20 383.90 188.77 42.21 295.55 472.25 
Treatment Female 15 355.20 68.63 17.72 317.19 393.21 
Control Male 2 348.50 34.65 24.50 37.20 659.80 
Treatment Male 5 289.00 38.50 17.22 241.19 336.81 
Dose 2             
Control Female 18 370.72 100.91 23.78 320.54 420.90 
Treatment Female 16 353.13 88.43 22.11 306.01 400.24 
Control Male 2 402.00 43.84 31.00 8.11 795.89 
Treatment Male 4 391.00 131.95 65.97 181.04 600.96 
Dose 3             
Control Female 18 270.44 112.20 26.45 215.00 326.20 
Treatment Female 16 297.88 152.41 38.10 217.00 379.10 
Control Male 2 305.00 216.38 153.00 0.00 2249.00 
Treatment Male 4 313.75 70.56 35.28 201.00 426.00 

11-ketotestosterone (pg/L) 
Dose 1 Number Mean SD SE  Lower 95% Upper 95% 
Control Female 20 590.85 283.54 63.40 458.00 723.50 
Treatment Female 15 578.93 272.48 70.35 428.00 729.80 
Control Male 2 1026.50 417.90 295.50 0.00 4781.20 
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Treatment Male 5 380.20 211.34 94.51 118.00 642.60 
Dose 2             
Control Female 18 700.39 364.27 85.86 519.00 881.50 
Treatment Female 16 545.13 301.96 75.49 384.00 706.00 
Control Male 2 864.50 350.02 247.50 0.00 4009.30 
Treatment Male 4 617.25 299.90 149.95 140.00 1094.50 
Dose 3             
Control Female 18 510.00 239.18 56.37 391.00 628.90 
Treatment Female 16 470.25 231.83 57.96 347.00 593.80 
Control Male 2 571.50 351.43 248.50 0.00 3729.00 
Treatment Male 4 446.50 184.60 92.30 153.00 740.20 

Vitellogenin (pg/L) 

Dose 1 Number Mean SD 
SE 

Mean Lower 95% Upper 95% 
Control Female 20 0.211 0.305 0.068 0.068 0.353 
Treatment Female 15 0.168 0.300 0.077 0.002 0.334 
Control Male 2 0.029 0.035 0.025 0.000 0.340 
Treatment Male 5 0.435 0.307 0.137 0.054 0.816 
Dose 2             
Control Female 18 0.162 0.204 0.048 0.061 0.264 
Treatment Female 16 0.210 0.180 0.045 0.114 0.306 
Control Male 2 0.029 0.033 0.024 0.000 0.327 
Treatment Male 4 0.097 0.025 0.013 0.058 0.137 
Dose 3             
Control Female 18 0.155 0.176 0.042 0.067 0.242 
Treatment Female 16 0.168 0.237 0.059 0.042 0.295 
Control Male 2 0.221 0.286 0.202 0.000 2.788 
Treatment Male 4 0.404 0.250 0.125 0.006 0.801 
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