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Abstract:  

Endocrine disrupting compounds are ubiquitous in aquatic environments. Exposure to 

these compounds may cause deiodination of thyroid hormones in fish and also affect 

certain behaviors. Behavioral change may be a useful indicator of deiodination on an 

organismal level, and may indicate effects to populations, especially if these behaviors 

affect reproduction. We exposed Pimephales promelas (Fathead Minnow) to effluent 

from a recently upgraded wastewater treatment facility. The effluent contained a matrix 

of low-level (< 1.0 µg/L) concentrations of endocrine disrupting compounds pre- and 

post-upgrade. We examined the behavior of adult Fathead Minnow exposed to treated 

wastewater for 90 days and the behavior of their offspring at 12-20 days old. There was 

no significant difference in 11 of the 12 behaviors we documented for adult fish in 

control and treatment tanks (p > 0.05). However, treatment fish were significantly more 

aggressive towards a decoy fish compared to control fish (p < 0.05). There was no 

significant difference found in the predator avoidance behaviors examined in the F1 

generation. Although our results did not find any significant differences between control 

and treatment fish in regard to most behaviors we would typical associate with thyroid 

deiodination, such behaviors may have manifested following a longer exposure period or 

by having a larger sample size. . Other future considerations should include looking at 

different behaviors (e.g. social behaviors) and further characterization of the finished 

effluent. 
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Introduction:  

Expanding populations and climate change have been straining freshwater resources of 

the southwestern US for decades (Seager et al. 2010; US Census Population 2015). 

Increasing populations escalate demand for water resources for potable and agriculture 

purposes, and climate change threatens to alter precipitation regimes (Benotti et al. 2010). 

Additional water resources to meet increasing demand, as well as efficient management 

of wastewater are necessary. Wastewater treatment plants are charged with the task of 

processing raw sewage and the resulting treated effluent is either discharged directly into 

waterways or diverted for non-potable uses such as irrigation of lawns and crops. In some 

arid and semi-arid regions, treated wastewater is often used as a replacement for natural 

water sources to support aquatic and riparian flora and fauna. The effects of this water on 

ecosystems receiving effluent, particularly aquatic species, is often unknown. 

The Clean Water Act 

The Clean Water Act established in 1972 made the release of any pollution from a point 

source into a Water of the United States illegal without an appropriate permit. The United 

States Environmental Protection Agency (USEPA) grants National Pollutant Discharge 

Elimination System permits to establish discharge limits and water conditions. In 

Arizona, the Arizona Department of Environmental Quality has primacy over permitting 

and grants Arizona Pollutant Discharge Elimination System permits to facilities, 

regulating discharge limits and post-discharge water conditions. (Sanders et al. 2013; 

USEPA 2015; ADEQ 2016). Processes carried out in these facilities have greatly 

improved over the last 20-30 years, with much of the bacterial, viral and conventional 

pollutants, such as nitrogen and phosphorus, being targeted more efficiently.  
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Effluent-Receiving Waters 

In some cases, following treatment, a portion of wastewater is discharged to receiving 

streams. Due to groundwater withdrawal and low annual precipitation, a growing number 

of aquatic ecosystems in arid and semi-arid regions receive a major part of their water 

input from treated effluent inputs (Brooks et al. 2006). In the arid southwestern US, these 

receiving streams would often be ephemeral or intermittent were it not for the discharge 

of treated effluent. Such systems are often referred to as effluent-dependent or effluent 

dominated waters (EDWs) depending upon the ratio of total annual discharge to 

naturally-occurring surface water. Effluent-dependent streams, those that would cease to 

flow without effluent input, and effluent-dominated streams, those which are comprised 

primarily of effluent input throughout the year, are becoming more common as human 

populations grow in the southwestern US. Therefore, EDWs may provide habitat for 

aquatic, riparian and terrestrial flora and fauna that may not otherwise exist. This is 

especially true in streams which only experience flow during intense runoff events. 

However, effluent augmented flow of these streams modifies the original ecosystem by 

providing modified habitats, and altered water quality, especially increased nutrient and 

chemical loads (Brooks et al. 2006). Modified habitats are caused by altered flow regimes 

which may or may not be conducive to native wildlife. Water quality parameters are 

influenced by the wastewater treatment process itself, notably, temperatures are stable 

and higher at discharge especially during winter. Dissolved oxygen (DO) regimes are 

also altered, influencing the biodiversity of sections of some streams (Jacobsen and 

Marin 2008).  
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Contaminants of Emerging Concern 

 Many EDWs have shown to contain various concentrations of contaminants of emerging 

concern (CECs) (Kolpin et al. 2002; Chiu and Westerhoff 2010). Generalized categories 

of CECs include pharmaceuticals, personal care products, pesticides, industrial by-

products, as well as natural and synthetic hormones. Some municipalities in arid regions 

have already begun using effluent as a potable water source, either directly or indirectly 

through groundwater recharge, and more have revealed their intent to do so (Haarhoff 

and Van Der Merwe 1996; Asano and Cortruvo 2004; Al-Assad and Abdulla 2010).  

Most CECs are not specifically targeted by waste water treatment plants. Some CECs 

discharged to EDWs degrade with time through either bacterial or UV processes (Boxall 

et al. 2004; Barber et al. 2013). Biosolids (the fraction of solids removed during the 

treatment process) also contain trace concentrations of many CECs similar to those found 

in EDWs (Kinney et al. 2006; Layton et al. 2006). The biosolids are used in various land 

applications including fertilization of lawns and crops and soil treatment in reclamation 

of mining sites.  Some can be further put into a class of endocrine disrupting compounds 

(EDCs) which are known or suspected of causing a disruption of one or more parts of 

vertebrate endocrine systems. Many EDC’s may cause disruption of an organism’s 

neuroendocrine system by either mimicking a naturally occurring hormone or blocking 

them (Ankley et al. 2009).  

Many studies have tested the effects of specific compounds commonly found in effluent 

such as triclosan (Nassef et al. 2010; Schultz et al. 2012; Hontela and Habibi 2013; 

Escarrone et al. 2016;), PBDEs (Lema et al. 2007; Jiang-ping et al. 2008; Noyes et al. 

2013), and estrogenic compounds (Arukwe et al. 1997; Mills et al. 2001; Burki et al 
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2006; Hiramatsu et al. 2006; Schubert et al. 2008). However, mixtures of compounds in 

effluents usually contain a lower concentration of each chemical than typically tested in 

studies of individual chemicals (Jobling and Tyler 2003).  Studying effects of 

environmentally-persistent CECs at relevant concentrations yields insight into sub-lethal 

physiological and behavioral changes and multi-generational effects (Nugegoda and 

Kibria 2017). Understanding how mixtures of compounds in effluents potentially have 

additive, synergistic or cancelling effects would direct us to better use and management 

of waterways with effluent inputs.  

EPA Endocrine Disrupting Screening Program 

In the late 1990s, the USEPA began the Endocrine Disrupting Screening Program in 

which they used a two-tiered screening program of potential EDCs for estrogenic, 

androgenic and thyroid effects. Initial testing on 67 compounds (Table 1) identified 18 

that should be subject to tier-2 screening which would include mammal, fish and 

amphibian assays. A second list of 109 compounds to undergo tier-1 screening was 

finalized in 2013. The lists are compiled to prioritize chemicals based on public input 

(USEPA 2017). 

Thyroid Disruption 

EDCs can impact a variety of endocrine pathways, including the thyroid system. Thyroid 

hormones are highly conserved across vertebrate species so the impacts of EDCs on 

thyroid function may have similarities across taxa (Zoeller and Tan 2007). Mammalian 

species generally have a discrete gland, but in teleost fish, thyroid tissue is located 

primarily in the ventral pharyngeal region in singular or groups of follicles (Blanton and 
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Specker 2007). The thyroid hormone thyroxine (T4) is stored in the lumen of thyroid 

follicles where it is released as the main product and carried, bound to thyroid hormone-

binding proteins, to target tissues. Deiodinases remove one I from T4, and convert it to 

either reverse triiodothyronine (rT3) or the more biologically active triiodothyronine (T3) 

(Eales and Brown 1993).  

The thyroid hormones, T3 and T4, have a basic molecular structure of two benzene rings 

joined by an oxygen molecule (Hubert 2000). Many endocrine disrupting compounds 

also contain either a benzene or cyclohexane ring and have similar molecular weights and 

hydrophobicity. This similarity in structure probably is the key to how some EDCs cause 

thyroid deiodination by acting as 1) antagonists (blocking signaling and response) or 2) 

agonists (stimulating behavior) (Jarque and Pina 2014). These disruptions have the 

potential to cause change in growth, reproduction and behavior. 

Endocrine Disruption in Aquatic Wildlife 

Many examples of endocrine disruption in wildlife found in aquatic habitats have been 

demonstrated, including fish (Theodorakis et al. 2006; Hinfray et al. 2010; Sanchez et al. 

2011), amphibians (Theodorakis et al. 2006; McDaniel et al. 2008), and invertebrates 

(Peschke et al. 2014). Theodorakis et al. (2006) found that Campostoma anomalum 

(Central Stoneroller) found in perchlorate contaminated streams displayed thyroid 

follicular hyperplasia, hypertrophy, and colloid depletion. In this same study, they found 

follicle cell hypertrophy in Acris crepitans (Northern Cricket Frog). Hinfray et al. (2010) 

examined 4 contaminated streams and found vitellogenin induction and histological 

evidence for endocrine disruption in Leuciscus cephalus (European Chub). In 2011, 

Sanchez et al., found vitellogenin induction, intersex and male-biased sex-ratio in the fish 
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Gobio (Gudgeon) collected downstream from industrial and municipal wastewater 

treatment plants. McDaniel et al. (2008) examined agricultural drains that tested 

positively for metachlor and atrazine and found higher incidence of testicular ovarian 

follicles in Rana pipiens (Northern Leopard Frog) when compared to reference sites. 

Lower Santa Cruz River Tucson, Arizona 

Historically, the Lower Santa Cruz River experienced continuous flow from headwaters 

to confluence with the Gila River only during heavy flooding events (Figure 1). Several 

cienegas were maintained by perennial subflow near Tucson, AZ, near Sentinel Peak. 

However, by 1955, the water table was lowered far enough to diminish the sub flow and 

convert the perennial reach to an ephemeral reach (Wood et al. 1999). Currently, 2 

sections of the Lower Santa Cruz River near Tucson are perennial wholly due to the 

discharge of effluent from 2 waste water treatment plants under the jurisdiction of Pima 

County Wastewater Reclamation Department : the Agua Nueva Water Reclamation 

Facility (ANWRF) and the Tres Rios Water Reclamation Facility  (Figure 2).  Recent 

studies have shown that EDCs likely emanating from these treatment facilities have 

reached groundwater via infiltration of effluent through the bed of the Santa Cruz River, 

as they have been detected in monitoring wells (Quanrud et al. 2004). Additional water 

inputs contributing to flow in the Santa Cruz River come from precipitation events and 

subsequent run-off, most of which occur during the monsoon season (roughly July to 

September). However, 78 percent of the annual flow of the Lower Santa Cruz River is 

treated effluent (Sonoran Institute 2015).  Our project focused on the perennial reach 

supported by outfall from ANWRF (Figure 2). 
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In December 2013, upgrades to ANWRF were completed and flows from the older Roger 

Road Wastewater Treatment Plant were diverted to the new facility, which processes 32 

million gallons per day (MGD) of raw sewage (Figure 3). The influent, transported to 

ANWRF via~3,090 miles of conveyance system, is comprised of mainly (47%) 

residential flow. Industrial/commercial influent makes up 12%, while 7% comes from 

businesses (Pima County Wastewater Reclamation Department 2016). Upgrades at the 

ANWRF included, new headworks, influent pumping, dissolved air flotation clarification 

for primary treatment and sludge thickening, secondary treatment using a 5-Stage 

Bardenpho® activated sludge treatment with step-feed aeration, and tertiary filtration and 

chloramine-based disinfection (Pima County Wastewater Reclamation Department 2016). 

Before these upgrades were completed, more conventional pollutants, particularly 

reduced forms of nitrogen (i.e., ammonia and ammonium), were found in the effluent. 

Recent upgrades decreased the amount of pollutants delivered to receiving waters. 

According to the Pima County Wastewater Reclamation Department (2016) levels of 

ammonia decreased from 24 mg/L in 2013, to 2 mg/L in 2015. 

CECs in the Santa Cruz River 

Pre-upgrade analyses found 26 organic wastewater compounds present in water from the 

Roger Road Waste Water Treatment Plant as part of a study of hormone biomarkers in a 

native, endangered cyprinid in Arizona (Gila elegans). Among the compounds found 

were: prescription drugs, plasticizers/antioxidants, non-prescription steroids, detergent 

metabolites and flame retardants, all of which were found at <1.0 µg/L (Walker et al. 

2009). Post-upgrade analyses have shown that some of the same compounds are still 

detected in the ANWRF effluent (Quanrud and Snyder 2016; Snyder 2017, unpublished 
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data) (TABLE 2). Quanrud and Snyder (2016) quantified a suite of 15 CECs from 

ANWRF.  Six were previously tested in pre- and post-upgrade studies (2011 and 2015)). 

The authors found there was little difference in EDC concentrations in 2015 compared to 

2011. The CEC loading from the ANWRF did not seem to have been affected by the 

upgrades however, some important compounds to consider in examining deiodination of 

thyroid hormones, such as nonylphenol, have yet to be tested for post-upgrade (Quanrud 

and Snyder 2016). 

Model Organisms in Aquatic Ecotoxicology 

Many aquatic organisms such as Danio rerio (Zebrafish), Oryzias latipes (Japanese 

Medaka), Carrassius auratus (Goldfish), Cyprinus carpio (Common Carp), Daphnia 

magna (cladocerans) and rotifers have been widely used as model organisms in 

ecotoxicology to test for contaminant effects, including the effects of EDCs. We chose 

the Fathead Minnow (Pimephales promelas), as our target organism, a cyprinid, similar 

to many native Arizona fish. Fathead Minnow have been used by the USEPA in toxicity 

testing since the 1950s (Ankley and Villanueve 2006), including studies of exposure to 

heavy metals, conventional pollutants, and CECs. The small size of Fathead Minnow 

facilitate laboratory rearing, and their reproductive and other behaviors are well-

documented (Ankley and Villaneuve 2006). Fathead Minnow are tolerant to a wide range 

of physico-chemical water quality parameters including pH, turbidity, alkalinity and 

temperature, which allows for testing response to exposure within a variety of climates 

and regions (Ankley and Villanueve 2006). Although Fathead Minnow are not native to 

Arizona, they provide a good model to understand cyprinid behavior as a result to CEC 
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exposure considering their widespread use in toxicity studies and the relatedness of 

Fathead Minnow and many native cyprinids.  

Role of Studies of Behavior 

Recently, behavior has been recognized as an important tool in assessing aquatic toxicity 

testing (Melvin and Wilson 2013). Identifying behavioral changes in aquatic wildlife that 

indicate thyroid disruption could be a useful tool in management of EDWs by allowing 

quick evaluation of risk assessment.  A previous study found that Gila elegans (Bonytail 

chub) exposed to mixtures of EDCs (from wastewater collected from the Santa Cruz 

River prior to the ANWRF upgrade) showed an increase in social spacing outside of 

cover and an overall decrease in the use of cover (Gwinn 2011). That study did not find 

any difference in chasing or paired swimming events and therefore could not implicate 

modification in aggression or reproductive actions.  

The Fathead Minnow juvenile stage begins at approximately 5 days post fertilization, or 

upon hatching, and is critical because the circulatory, nervous, and neuroendocrine 

systems are just forming. It is also at this stage when young fish are most vulnerable to 

predation and must rely on evolutionary instincts to escape. Predator avoidance is a 

critical behavior in larval Fathead Minnow (Painter et al. 2009, Schoenfuss et al. 2015). 

The startle response, or C-start response, is characterized by the fish curling into a C-

shape (Figure 4) and swimming off in another direction (Painter et al. 2009). The speed at 

which the fish can react is indicative of its ability to avoid predation. Changes in the 

neuroendocrine messaging needed to initiate this reaction and its speed, likely has a large 

effect on survivability. 
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Many adult fish behaviors for fathead minnow can be considered, such as activity during 

normal conspecific interactions as well as activity when a threat is introduced. Threats 

such as the presence of a competitor or predator can be simulated with mirrors, decoy fish 

or a chemical alarm signal. Other behaviors to examine include those associated with 

reproduction or aggression such as chasing, paired swimming and charging toward a 

threat. 

In this study, we examined behavior of adult fish after a 90-day exposure to effluent. 

Additionally, predator avoidance behavior of 12-20 day old larval fish, hatched from eggs 

of the F0 generation, were given behavioral assays to examine predator avoidance 

behaviors.  Our objective was to determine (using a 95% confidence interval): 1) if adult 

Fathead Minnow exposed for 90 days to treated wastewater collected from the Santa 

Cruz River below ANWRF exhibited behaviors different than those of control Fathead 

Minnow held in control conditions and 2) if the F1 generation (12-20 days post-hatching) 

of Fathead Minnow exhibited different behavior than control fish due to exposure to 

treatment water. If deiodination of thyroid hormones in fish were occurring in response to 

effluent exposure, we would expect decreased inhibition and aggression of adult fish and 

lessened startle response of juvenile fish.  
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Methods 

Laboratory Design 

We used PVC sheeting and silicone sealant to partition six 38-L glass fish tanks. Each 

19-L section was fitted with an under gravel filter and layered with medium sized gravel 

substrate to provide surface area for nitrifying bacteria. This biological filtration was the 

only filtration used in tank set up and throughout the project. Six tanks were filled with 

control water and 6 tanks were filled with treatment water (Figure 5). Nitrifying bacteria 

were added to control tanks 2 weeks prior to introduction of fish and water in all tanks 

was left to cycle to establish biological filtration.  Artificial cover for fish was made of 

10-cm PVC halved and cut into 9-cm sections; 1 cover was placed in each tank. All tanks 

were temperature controlled with 50W submersible heaters, fitted with digital 

thermometers and wrapped in foam sheets to insulate and encourage stable temperatures. 

Fish were initially held at 26±1 ºC. After 30 d, tank temperatures were lowered slowly, to 

20±1 ºC, while also altering the photoperiod to 12 h light and 12 h dark, to simulate fall 

conditions. All fish were held at the lowest temperatures for 10 d, after which 

temperatures were adjusted back to spawning temperatures of 26 ± º1 C and photoperiod 

was increased to 16 h light and 8 h dark as suggested by USEPA (2006) guidelines. . 

Tanks were aerated by air pumps routed through manifolds, 4 tanks per pump at 0.02 L/s. 

Treatment Water Collection and Storage 

Treatment water was collected from the Santa Cruz River downstream from the ANWRF 

outfall on February 23, 2017 (Figure 6). A submersible pump was put in the river and 

approximately 500 L of water was pumped into a 1000-L cubitainer. The cubitainer was 
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stored in the aquatic toxicology laboratory at the University of Arizona Water & Energy 

Sustainable Technology (WEST) Center and aerated to remove any residual levels of 

volatile disinfectants such as bromine and chlorine. Water from the cubitainer was 

transferred to a 95-L Teflon container where the water was aerated and heated as 

necessary to match tank conditions. In May 2017, more water (approximately 400 L) was 

collected from the river in the same manner to assure adequate supply to finish the 

project. 

Control Water 

Control water was made by mixing deionized water and Marine Mix®, a bioassay grade 

salt mixture, to match specific conductivity of treatment water. Specific conductivity was 

measured using a HydroLab Series 4a data display and sonde and water was heated using 

a submersible heater. Control water was created in 95-L batches, stored in a Teflon 

container and added to control tanks as needed following water changes and to offset 

evaporation. 

Estimation of CECs 

A review of CECs was done by collecting previous data reported on pre- and post-

upgrade water from down river of the ANWRF outfall. Walker et al. (2009) analyzed pre-

upgrade target analytes that were chosen based on their suspected toxicity and used high 

performance liquid chromatography and capillary column gas chromatography-mass 

spectrometry to determine concentrations. Dong et al. (2015) also analyzed pre-upgrade 

water conditions from ANWRF in the Santa Cruz River using liquid and gas 

chromatography-mass spectrometry. Quanrud and Snyder (2016) examined post-upgrade 



23 
 

conditions of ANWRF by measuring target analytes using ultra-high performance liquid 

chromatography coupled with tandem mass spectrometry.  

Fish Care 

Fish were fed ad libitum twice daily Monday through Friday, and once daily Saturday 

and Sunday with Omega One® frozen brine shrimp and supplemented 3 times a week 

with Tetramin® flakes. All uneaten food was netted out of tanks after 5 min. Fish were 

visually inspected daily for signs of bacterial or fungal infection. Temperature, pH, DO 

and specific conductivity were measured daily in each tank using a Hydrolab ® Surveyor 

4a datasonde and display.   

Fish Breeding 

Fathead Minnow were held in static breeding tanks with biological nitrification with a 

25% water change every 2-3 days. Certified disease free Fathead Minnow were acquired 

from Pima County Regional Wastewater Reclamation Department and cared for under 

University of Arizona Institutional Animal Care and Use Committee protocol 16-093.  

We placed 1 female and 1 male Fathead Minnow into each 19-L tank. Fish were fed 

approximately 0.53-1.05 g of food to satiation within 5 min, 2x a day during the week 

and daily on weekends. The PVC cover structure placed into each tank was for nesting 

and breeding by each pair. Tanks were checked daily for eggs. When viable eggs were 

detected, we transferred them to either control or treatment water hatching tanks. These 

tanks were kept at 26o C to encourage uniform hatching. From hatching until 7 days old, 

larval fish were fed freshly hatched Artemia salina (nauplii). After 7 days, juvenile fish 

were fed ground Tetramin® flakes in addition to fresh artemia. 
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Fish Sampling 

All fish were euthanized by neutrally buffered MS-222 overdose and preserved by 

freezing at -80º C at WEST Center for future thyroid hormone analysis and histology. 

Behavior Test 

Adult: The movements of all pairs of fish were recorded using a GoPro™ 5 Black 

camera, using the narrow setting at 100 frames per second after 90 days of exposure in 

the respective control and treatment water. Each tank was recorded 5 times over the 

course of 2 weeks, with at least 1 day in between for recovery. The order in which fish 

were recorded was determined by computer generated random numbering. Most 

behaviors were quantified in 3 discrete categories: baseline activity level, activity level 

under threat and activity level during recovery after threat was removed. Time male fish 

spent chasing female fish and number of male to female attacks were determined across 

the entire video. Each recording was 12 min in duration, with each interval spanning 4 

min. The threat introduced in the second interval was an olive colored decoy fish 

constructed from a de-hooked fishing lure and attached to a foam block float using a 20-

cm long fishing line. 

Juvenile: Five treatment fish and 25 control fish were produced during the exposure 

period. We randomly selected 5 control fish for comparison in the behavior assay to 5 

treatment fish. Each fish was placed in a 5-cm petri dish and moved to the recording 

arena. The camera was fixed to a tripod facing down in a white photography square with 

a light source. The petri dish was placed on top of a small plastic rack with a vibration 

chip and LED light attached to the bottom of the petri dish. The vibration chip and LED 
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light were run in line to a trigger switch powered by a 9-volt battery. The vibration chip 

provided a short vibration to stimulate a startle response in the juvenile fish, and the LED 

light provided a reference point to the frame in which the vibration chip was triggered. A 

sheet of 1-mm gridded paper was placed directly beneath the petri dish for calibration in 

video analysis. Fish were allowed a 5-min acclimation period before recording. After the 

acclimation period, fish were observed until they settled in an area away from the side of 

the petri dish.  An LED light was triggered once the fish moved toward the middle of the 

petri dish. Each fish was recorded once per day for a total of 5 recordings, with at least 1 

day recovery period. 

Video Analysis 

All video was converted to AVI video format using GoPro™ Studio. Videos of adult 

behavior were viewed using Microsoft Video Player and behaviors were quantified using 

a stopwatch. The following specific behaviors were measured for each recording: 1) time 

male fish was in cover before a decoy was introduced, 2) time male fish was in cover 

with a decoy present, 3) time male fish was in cover after decoy removed, 4) time to first 

visit to cover after a decoy was introduced, 5) time to first strike of decoy fish by a male 

Fathead Minnow, 6) number of strikes to decoy by a male fish, 7) time female fish was in 

cover before a decoy was introduced, 8) time a female was in cover with a decoy present, 

9) time of paired swimming/chasing behavior, 10) number of times male has intentional 

body contact with female, 11) number of times male leaves cover before a decoy was 

introduced and 12) number of times male leaves cover with a decoy present.   

The AVI files were imported to VirtualDub© 1.10.4, which was used to convert AVI 

files to virtual stacks. These virtual stacks allowed us to determine latency times by 
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counting the number of frames from first appearance of the LED light to the “C” shape of 

the startle response. The virtual stacks were then viewed with ImageJ software (NIH open 

source) to analyze escape velocity by marking the fish position on screen at the start of 

the escape movement and an end point of linear movement by fish. The measure function 

in Image J was used to determine millimeters of displacement over time. 

Statistical Analysis 

We used two-sided t-tests to detect differences between physico-chemical variables in 

control and treatment tanks. Behavioral (adult and juvenile) raw data were analyzed using 

JMP 12.1.0. Log transformations were performed on the data to account for large 

variability in the data set and all zero values. We used an independent samples t-test 

(Student’s t-test) to compare the means and detect differences in 12 specific adult and 2 

juvenile escape behaviors between control and treatment fish. 
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Results 

Physico-chemical Parameters 

There was no significant difference between control and treatment tank temperature, 

DO%, DO (Table 3). The pH in treatment tanks was on average 1.4 pH SU higher than in 

control tanks (two-sided t-test, p < 0.05, Table 1). The specific conductivity in treatment 

tanks were on average 65.8 S/m higher than control tanks (two-sided t-test, p < 0.05, 

Table 1). 

Treatment Water Conditions 

Data from previous studies show that many CECs are present in water released from the 

ANWRF outfall in similar concentrations pre- and post-upgrade with some CEC 

concentrations found in greater concentrations post upgrade. The number of compounds 

for which the water was tested for pre-upgrade was more comprehensive and seasonal 

variability accounted for large differences in CEC concentrations in the Santa Cruz River 

pre-upgrade (Walker et al. 2009). Variability in concentrations post-upgrade, were also 

likely due to seasonal variability (Quanrud and Snyder 2016).  

Spawning Behavior 

Fish in 3 control tanks produced viable eggs and of the 28 counted eggs, approximately 

25 fish hatched. Exact numbers to determine survivability were hindered by larval fish 

hiding in the gravel substrate and beneath the under gravel filter. During the same time 

fish in 1 treatment tank produced 13 eggs that were transferred to the treatment hatching 

tank, and only 5 fish were observed, which determined the n used in this study. 
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Adult Behavior 

Twelve specific behaviors were observed and quantified in the adult behavior assay and 4 

categories were created: baseline activity level, activity level with a threat, reproductive 

behavior, and aggression.  

Baseline activity level: There was no significant difference in the analysis for time spent 

in cover by male fish for control (M = 3.47, SD = 1.78) and treatment (M = 3.37, SD = 

1.89; t (66) = -0.22, p = 0.83) tanks. Similarly there was no significant difference in the 

time females spent in cover for control (M = 0.93, SD = 1.58) and treatment (M = 0.81, 

SD = 1.54; t (69) = -0.33, p = 0.74) tanks. The number of times control males left cover 

(M = 1.29, SD = 1.29) compared to treatment males (M = 0.90, SD = 0.89) was not 

significant, t (70) = -1.68, p = 0.10. There was no significant difference in the time spent 

in cover, post threat by control males (M = 3.42, SD = 1.80) and treatment males (M = 

3.08, SD = 2.08); t (64) = -0.74, p = 0.46. These results suggest that exposure to 

treatment water did not have an effect on baseline activity levels in Fathead Minnow 

(Figure 7). 

 Activity level in response to threat: There was no significant difference in the time spent 

in cover by male fish, in the presence of a decoy fish, for control (M = 3.38, SD = 1.89) 

and treatment (M = 2.90, SD = 2.10; t (65) = -1.01, p = 0.31) tanks. There was also no 

significant differences in the time spent in cover by male fish, post decoy, for control (M 

= 1.06, SD = 0.95) and treatment (M = 0.94, SD = 0.86; t (70) = -0.57, p = 0.57) tanks. 

Similarly, there was no significant difference in the number of times the male Fathead 

Minnow exited cover, in the presence of a decoy, for control (M = 1.06, SD = 0.95) and 

treatment (M = 0.94, SD = 0.86; t(70) = -0.57, p = 0.57) tanks. Additionally, there was no 
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significant difference in the time to first visit to cover, by male fish in response to the 

introduction of a decoy fish, for control (M = 3.07, SD = 1.71) and treatment (M = 2.96, 

SD = 2.42; t (56) = -0.22, p = 0.83) tanks. Female response to an introduced threat 

showed no significant difference in the time the female fish spent in cover, for control (M 

= 0.82, SD = 1.68) and treatment (M = 0.38, SD = 0.89; t (60) = -1.40) tanks. These 

results suggest that treatment water exposure does not have an effect on these particular 

activity level behaviors of Fathead Minnow in response to an introduced threat (Figure 

8). 

Reproductive behavior: There were no significant difference in the time males spent 

chasing females in control (M = 1.59, SD = 1.58) and treatment (M = 2.08, SD = 1.70; t 

(66) = 1.25, p = 0.22) tanks. There was also no significant difference in the number of 

male to female intentional body contact in control (M = 0.72, SD = 1.05) and treatment 

(M = 0.66, SD = 0.75; t (68) = -0.28, p = 0.78) tanks. These results suggest that treatment 

water exposure did not have an effect on these reproductive behaviors in Fathead 

Minnow (Figure 9). 

Aggression: There was no significant difference in the time to first attack of a decoy fish 

by male Fathead Minnow in control (M = 3.55, SD = 2.36) and treatment (M = 3.13, SD 

= 2.28; t (69) = -0.76, p = 0.45) tanks. However, there was a significant difference in the 

number of attacks of decoy by male in control (M = 0.33, SD = 0.63) and treatment (M = 

0.95, SD = 1.08); t (50) = 2.88, p < 0.05, with treatment fish exhibiting more aggression. 

These results suggest that treatment water did not have an effect on latency time before 

attack of a perceived threat, but it may have an effect on the increase in aggression 

toward the threat overall (Figure 10). 
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Juvenile Fish Behavior 

Predator Avoidance: There was no significant difference in latency time of the startle 

response in control (M = 3.68, SD = 1.55) and treatment (M = 2.99, SD = 2.22); t (37) = -

1.21, p = 0.23. Similarly, there was no significant difference in the escape velocity of 

juvenile fish in control conditions (M = 4.68, SD = 1.82) and treatment (M = 3.58, SD = 

2.55); t (33) = 0.84, p = 0.40. These results suggest that treatment water did not have an 

effect on latency time to startle response or escape velocity of juvenile fish (Figure 11). 
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Discussion 

Discharge of treated effluent to rivers in arid regions, such as the southwestern US, is 

becoming an increasingly important source of base flow for these ecosystems. These 

created ecosystems often become habitat for wildlife in these areas. Wastewater treatment 

facilities continue to seek improved treatment processes benefitting the quality of 

discharged effluent, however, we are still unsure if these upgrades reduce the impacts of 

EDCs on stream biota. As seen in the Santa Cruz River, some water quality conditions 

have improved (i.e. ammonia and TDS), but new treatment processes do not target EDCs 

specifically, and there was not a marked decrease in those compounds tested post-

upgrade (Quanrud and Snyder 2016). Although we expected to see signs of thyroid 

deiodination in fish exposed to treated wastewater, such as decreased cover-seeking in 

baseline activity levels and decreased aggression as seen in previous study (Gwinn 2011), 

we did not. Our results showed no significant difference in any but one behavior; the 

number of attacks on the decoy fish by control and treatment male Fathead Minnow 

Physico-chemical 

Fathead Minnow can survive in a large range of physico-chemical conditions (Ankley 

and Villaneuve 2006). We were successful in maintaining similar physico-chemical 

parameters across the control and treatment tanks, with the exception of pH and specific 

conductivity. Although pH values were lower in control tanks than in treatment tanks, pH 

values in all tanks were within tolerance limits for Fathead Minnow (USEPA 2006), 

therefore differences between control and treatment tanks were not likely to affect the 

results of our experiment.  
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Nitrification results in the production of ammonia monooxygenase which decreases total 

alkalinity and pH over time. Specific conductivity is greatly affected by water loss to 

evaporation which was lessened by covering tanks. Control water was carefully managed 

to match conductivity in treatment tanks, however natural variance of ions present in 

treatment water collected from the Santa Cruz River may have caused the conductivity to 

rise faster than the prepared control water.  Overall, physico-chemical variables were 

very similar between treatment and control tanks. 

Adult behavior 

Treated effluent frequently contain EDCs some of which can cause deiodination of 

thyroid hormones and contribute to hypothyroidism in Fathead Minnow, and thus, a 

decrease in overall inhibited behaviors and an increase in lethargy. However, for 11 of 

the 12 behaviors we examined in Fathead Minnow, there was no significant difference in 

cover-seeking behaviors (baseline activity levels, activity levels in response to threat), or 

increase in lethargy (time to first attack on the decoy fish). This was surprising because 

we anticipated less aggression in fish kept in treatment tanks similar to a previous study 

of Santa Cruz effluent (Gwinn 2011) where Bonytail Chub exposed to treatment water 

spent less time in cover and increased social spacing out of cover. The difference 

between the study by Gwinn and ours is that the latter suffered from smaller sample size, 

far shorter exposure period and a potential decrease in EDCs. The 76 Bonytail Chub used 

by Gwinn (2011) were exposed to wastewater for 2.5 yrs. We exposed 10 Fathead 

Minnow for 90 d. There is also the possibility that the matrix of EDCs were different 

between Gwinn’s study and ours. Characterizing a larger suite of analytes in waste water 

post-upgrade would help further clarify.  
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Our treatment fish showed more aggression toward a threat. This was not expected as a 

result of exposure to EDCs. Schultz et al. (2012) found that Fathead Minnow exposed to 

a mixture of triclosan and triclocarban (potential EDCs) showed less aggression toward a 

conspecific threat than control fish and Schoenfuss et al. (2015) reported reduced nest 

defense by Fathead Minnow exposed to whole treated effluent. Given results of previous 

studies, increased aggression in treatment fish was unexpected. The differences we saw 

may be due to small sample size and the randomly selected fish were simply more 

aggressive than cohorts. Alternatively, the specific matrix of compounds (e.g. 

concentrations and length of exposure) in the collected effluent may not be contributing 

to deiodination of thyroid hormones in these fish. We believe this study should be 

repeated using longer exposure times while examining further filial generations.  

Juvenile Behavior 

Deiodination of thyroid hormones following exposure to EDCs may induce 

hypothyroidism in juvenile fish and thus we would expect longer latency times and 

slower escape velocities in treatment fish versus controls. Previous studies have shown 

that exposure to effluent and individual EDCs have resulted in such an effect in behavior 

of juvenile Fathead Minnow behavior. Schoenfuss et al. (2015) found that juvenile 

Fathead Minnow exposed to whole effluent collected from a New York Waste Water 

Treatment Facility had increased predator avoidance. Conversely, Painter et al. (2009) 

found that embryos and larval fish exposed to a mixture of antidepressants commonly 

found in treated wastewater exhibited slowed predator avoidance performance. This may 

exemplify problems with inconsistent usage of behavioral testing without standardization. 

Treatment fish in our study were produced and hatched in treatment conditions, whereas 
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Schoenfuss et al. (2015) used eggs < 24 h old, which were not produced in whole 

effluent. Embryonic Fathead Minnow were also exposed to effluent similar to our study, 

but upon hatching the juvenile fish experienced a 12 day depuration period (Painter et al. 

2009). It was a key component of our study to determine if embryonic and juvenile 

exposure would elicit a response indicating deiodination of thyroid hormone, which may 

indicate multi-generational effects. The embryonic phase is when Mauthner cells are 

forming, and this is considered a critical developmental stage for sensory-motor functions 

in fish (Painter et al. 2009). We did find more instances of no-reaction to a stimulus in 

treatment juvenile fish compared to control fish, however, there was no signature 

difference in t-tests of log transformed means. The small sample size of fish spawned 

may have affected the results of the juvenile behavior assays. Similar to the adult 

behavioral results, we must also consider the possibility that the matrix of EDCs is 

somehow different. Post-upgrade results have not included alkyl or nonyl phenols and 

further analysis should include these compounds to gain a better characterization of the 

water. 

Conclusions 

In this study, we did not find much significant difference between control and treatment 

Fathead Minnow in the 12 behaviors we examined. Increased sample size and longer 

exposure period may have resulted in differences other than we observed and is a future 

recommendation. Future work might also benefit examining more social behaviors 

similar to those used by Gwinn (2009). These behaviors may be more indicative of 

thyroid deiodination in treatment fish.  
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The fish used in this behavioral study are awaiting thyroid hormone analysis to determine 

if deiodination of thyroid hormones has occurred, and comparing those results to our 

behavior results will allow further interpretation of the data.  
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Figure 1. Aerial view of Santa Cruz Watershed. A) Direction of flow of Santa Cruz 

River. B) Confluence of Santa Cruz River with Gila River (Source: Google Earth) 
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Figure 2. Aerial view of Santa Cruz River near Tucson, AZ. A) Location of Agua Nueva 

Wastewater Reclamation Facility. Arrow denotes location of outfall. B) Location of Tres 

Rios Wastewater Reclamation Facility. 
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Figure 3. Aerial view of Agua Nueva Wastewater Reclamation facility (ANWRF) and 

retired Roger Road Wastewater Reclamation Facility (RRWRF). (Source: Google Earth) 
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Figure 4. Juvenile Fathead Minnow exhibiting startle response by initiating C-Start 

behavior. 

 

 

Figure 5. Laboratory Design. Six partitioned 38-Liter tanks.  
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Figure 6. Outfall from Agua Nueva Wastewater Reclamation Facility. (Source: Google 

Earth) 
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Figure 7. Baseline activity level. Independent Samples T-Test of A) Time spent in nest by 

male fish B) Time spent in nest by female fish and C) Number of times male leaves nest 
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Figure 8. Activity level when exposed to a threat. Independent Samples T-Test A) Time 

male fish spent in cover with threat present B) Number of times male fish left nest with 

threat present C) Time female fish spent in nest with threat present D) Number of times 

male left nest with threat present and E) Time male fish spent in nest during recovery 

period (after threat removed). 
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Figure 9. Reproductive Behavior. Independent samples T-Test A) Male to female 

intentional body contact and B) Time male fish spent chasing female fish. 
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Figure 10. Aggressive Behavior. Independent Samples T-Test A) Number of attacks by 

male to decoy fish and B) Time to first attack of decoy fish by male fish 
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Figure 11. Predator avoidance juvenile fish behavior. Independent samples t-test A) 

latency time of reaction to startle response and B) escape velocity of juvenile fish after c-

start. 
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Table 1.  First list of compounds for tier-1 screening in the Endocrine Disrupting 

Screening Program (USEPA) 

Chemical Name CAS Number 

2,4-D 94757 

4,7-Methano-1H-isoindole-1,3(2H)-dione, 2-(2-ethylhexyl)-
3a,4,7,7a-tetrahydro- 

113484 

Abamectin 71751412 

Acephate 30560191 

Acetone 67641 

Atrazine 1912249 

Benfluralin 1861401 

Bifenthrin 82657043 

Butyl benzyl phthalate 85687 

Captan 133062 

Carbamothioic acid, dipropyl-, S-ethyl ester 759944 

Carbaryl 63252 

Carbofuran 1563662 

Chlorothalonil 1897456 

Chlorpyrifos 2921882 

Cyfluthrin 68359375 

Cypermethrin 52315078 

DCPA (or chlorthal-dimethyl) 1861321 

Diazinon 333415 

Dibutyl phthalate 84742 

Dichlobenil 1194656 

Dicofol 115322 

Diethyl phthalate 84662 

Dimethoate 60515 

Dimethyl phthalate 131113 

Di-sec-octyl phthalate 117817 

Disulfoton 298044 

Endosulfan 115297 

Esfenvalerate 66230044 

Ethoprop 13194484 

Fenbutatin oxide 13356086 

Flutolanil 66332965 

Folpet 133073 
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Gardona (cis-isomer) 22248799 

Glyphosate 1071836 

Imidacloprid 138261413 

Iprodione 36734197 

Isophorone 78591 

Linuron 330552 

Malathion 121755 

Metalaxyl 57837191 

Methamidophos 10265926 

Methidathion 950378 

Methomyl 16752775 

Methyl ethyl ketone 78933 

Methyl parathion 298000 

Metolachlor 51218452 

Metribuzin 21087649 

Myclobutanil 88671890 

Norflurazon 27314132 

o-Phenylphenol 90437 

Oxamyl 23135220 

Permethrin 52645531 

Phosmet 732116 

Piperonyl butoxide 51036 

Propachlor 1918167 

Propargite 2312358 

Propiconazole 60207901 

Propyzamide 23950585 

Pyridine, 2-(1-methyl-2-(4-phenoxyphenoxy)ethoxy)- 95737681 

Quintozene 82688 

Resmethrin 10453868 

Simazine 122349 

Tebuconazole 107534963 

Toluene 108883 

Triadimefon 43121433 

Trifluralin 1582098 

Source: USEPA, www.epa.gov 

 

 

http://www.epa.gov/
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Table 2. Compounds identified in effluent from Pre- and Post- upgrade of wastewater 

reclamation facility discharging into the Lower Santa Cruz River.  

Compounds 

Mean Pre-
upgrade, µg/L 
(Walker et al. 
2009, Dong et al. 
2015) 
 
 

Mean Post-
upgrade, µg/L  
(Quanrud and 
Snyder 2016, 
Snyder  
unpublished 
data) 

1,7-Dimethylxanthine 0.078  
1-Methylnapthalene 0.003  
3-beta-coprostanol 0.213  
3-methyl-1H-indole 0.004  
4-Nonylphenol 0.222  
5-Methyl-1H-benzotriazole 0.55 4.402 

acesulfame  2.879 

atenolol  0.577, 1.036 

benzophenone 0.106 0.215, 0.420 

beta-sitosterol 0.235  
beta-stigmastanol 0.19  
Bisphenol A 0.015 0.0059 

caffeine 0.252  
carbamazepine 0.222, 0.343 0.412 

codeine 0.028  
diethyltoluamide (DEET)                      0.786 0.215, 1.093 

diclofenac  0.308 

diphenhydramine  2.76, 1.825 

ditiazem  0.012 

fluoxetine                    0.042 0.0168, 0.104 

gemfibriozil  0.159 

hydrochlorothiazide  2.711 

indole 0.0153  
iohexol  20.898 

iopamidol  22.579 

iopromide                     0.239 3.161 

meprobamate  0.499 

naproxene  0.039,0.173 

Nonylphenol, diethoxy (NPEO2) 0.35  
Nonylphenol, monothoxy (NPEO1) 0.128  
para-cresol 0.005  
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perfluorobutane sulfonic acid (PFBS)  0.0004 

perfluoroheptanoic acid (PFHpA)  0.0004 

perflouorohaxanoic acid (PFHxA)  0.0054, 0.026 

perfluorooctanoic acid (PFOA)                     0.011 0.0033, 0.014 

perfluorooctane sulfonic acid (PFOS)                      0.020 0.0032, 0.003 

primidone                      0.120 0.039 

prometon 0.014  
propranolol  0.013 

simazine  0.0002 

sucralose                      2.804 50.051 

Tri (2-chloroethyl)phosphate 0.197, 0.326 0.211, 0.210 

Tri (dichloroisopropyl) phosphate 0.097 1.562 

Tri(2-butoxyethyl) phosphate 0.103  
tributyl phosphate 0.016  
triclocarban  0.117, 0.158 

triclosan 0.089 0.067, 0.090 

triethyl citrate 0.017  
trimethoprim                      0.547 0.32, 0.327 
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Table 3. Physico-chemical results 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                 Control                      Treatment

Mean SD Mean SD p-value

Temperature, C 26.32 0.72 26.40 0.71 0.33

pH 7.08 0.14 8.32 0.11 <<0.05

%DO 86.05 7.33 86.98 7.31 0.28

DO, mg/L 6.94 0.55 7.00 0.56 0.43

Specific Conductance, S/m 1315.78 56.74 1381.66 67.51 <<0.05
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