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ABSTRACT

We exposed endangered bonytail chub (Gila elegans) to secondarily-treated municipal
wastewater previously shown to containing low-levels of known endocrine disrupting
compounds for 2.5 years. We

examined~

growth, cover-seeking, behavioral reaction to

disturbance, spacing, activity level and chasing/paired swimming event. Fish in raceways
containing municipal effluent grew larger than fish in control raceways by the end of the
experiment. Bonytail chub in treatment raceways were out of cover more often when disturbed,
less clumped outside of cover, and more active than fish in control raceways. There was no
difference in the number of chasing/paired swimming events between fish in treatment and
control raceways. Behavioral differences in fish exposed to municipal effluent may adversely
affect wild bonytail chub, especially if they have to combat a variety of environmental stressors
and disturbances.
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Preface
Water quality is a worldwide concern due to the limited amount of freshwater and the
demands of increasing human populations. Anthropogenic causes of aquatic ecosystem
alteration are of concern to ecosystem managers and health officials. Removal of wastewater
from municipal, mining, agricultural, and industrial areas is necessary; however, effluent waters
may have detrimental effects on receiving ecosystems. There is an estimated 1,000,000
chemicals commonly used worldwide (Boxall et al., 2004) many of which have not been tested
for their impacts on aquatic systems. Effluent waters from various sources are treated in a
variety of different ways by wastewater treatment plants (WWTP), most of which do not
currently remove all harmful compounds (Johnson and Sumpter, 2001). Many of these
compounds can alter, block, bind with, or mimic hormones important to biochemical processes
of organisms. Biochemical processes in the endocrine system mediate homeostasis, behavior,
growth, and reproduction. Disruption of one aspect of the endocrine system may cause a cascade
of effects in other hormones, morphology, physiology, and behavior.
Endocrine disrupting compounds (EDCs) in effluent are of worldwide concern (Kolpin,
2002; Jobling and Tyler 2003; Chen et al., 2006; Coleman et al., 2008; Chen and Yeh, 2010; Ge
et al., 2010; Holmes et al., 2010). Endocrine disruption has been documented in mammals
(Tabuchi et al., 2006), birds (Ottinger et al., 2009), reptiles (Ratter, 2009), amphibians (Hamlin
and Guillette, 2010), and fish (Klump et al. 2002; Pait and Nelson, 2002; Jobling et al., 2004).
For example, young harbor seals (Phoca vitulina) with high levels of poly-chlorinated biphenyls
(PCBs) showed a decrease in thyroxine (T4) in their blubber, along with fibrosis and colloid
depletion in thyroid gland tissue (Tabuchi et al., 2006). Stoker et al. (2003) showed sex reversal
of young broad-snouted caiman (Caiman latirostris) exposed to estrogenic bisphenol A used in
9

plastics. Broad-snouted caiman exhibit temperature-dependant sex determination however,
embryos inside the temperature range that normally produce males were born female after
exposure to environmentally relevant concentrations of bisphenol A. While documented cases of
endocrine disruption are found in terrestrial environments, they are especially prevalent in
aquatic environments where organisms may be continually exposed to organic wastewater
compounds (OWCs) and EDCs.
Physiological and morphological impacts from endocrine disruption in fish have been
widely documented (Kingsford et al., 1996; Lemly, 2002; Pait and Nelson, 2002; Robinson et al.,
2003; Hamilton et al., 2005; Zha and Wang, 2005; Woodling et al., 2006; Orlando et al., 2007;
Schlacher et al., 2007; Rickwood et al., 2008; Rudolph et al., 2008). Fish health status,
populations, and reproduction declines, and mortality and deformity increases, have been linked
to EDCs worldwide (Bengtsson and Larsson, 1986; Linderesjoo et al., 1994; Klump and
Westernhagen, 1995; Jobling et al., 1998; Klump et al. 2002; Pait and Nelson, 2002; Jobling et
al., 2004; Fernandez et al., 2007). Many experimental studies have focused on high
concentrations of a single compound over relatively short periods of time. For example,
estuarine minnow (Fundulus heteroclitus) embryos exposed to brominated flame retardants
showed postponed hatching and tail asymmetry as juveniles (Timme-Laragy et al., 2006). Sun et
al. (2007) found that Japanese medaka (Oryzias latipes) exhibited abnormal development of
gonads after exposure to elevated levels of aromatase. Studies focusing on high concentrations
of a single EDC may be of limited ecological significance to wild fish populations that rarely
inhabit waters with such high concentrations of a single EDC. Fish inhabiting waterways
dependent on effluent live in a matrix of low-level EDCs (Walker et al., 2009), and it is
important that scientists examine possible synergistic effects of these compounds in
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combinations that fish may encounter in the wild. Low level chemical mixtures may have
complex effects (Jobling and Tyler, 2003) and degradation ofEDCs is little understood and of
concern as some degredates are more toxic than their parent compounds (Boxall et al., 2004).
Many OWCs can persist for long periods in the environment and be found far from the source of
discharge (Cordy et al., 2004).
Behavior, Hormones and Endocrine Disrupting Compounds

Behavioral studies concerning the endocrine system and EDCs are relatively rare. The
focus of most studies have either traced the pathways of hormones and their relationship to
behavior (Francis et al., 1993; Fox, et al., 1997; Pankhurst et al., 1999; Poling, 2000; Clement et
al., 2005; Early and Hsu, 2008; Neff and Knapp, 2009), or recorded the behavioral outcome of
short exposures of one EDC at relatively high concentrations (Clements and Schreck, 2007;
Lerner et al., 2007; McGee et al., 2009; Chou et al., 2010; Saaristo et al., 2010). Research in this
latter vein is increasingly complex due to the interaction among the physiological systems
involved, and the infinite possibilities of compound mixtures and ecosystem types. In addition to
this complexity are effects of behavior and social interaction with conspecifics may have on
hormone levels of individual organisms (Rissman, 1996; Fox et al., 1997).
Hormones released from the hypothalamic, pituitary, gonadal, and thyroid systems
interact with themselves and among each other. A disruption of a single hormone at one level
can cause a cascade of hormonal and physiological changes in other systems as the organism
tries to maintain homeostasis. The hypothalamus produces corticotropin-releasing hormone
(CRH) that is a primary regulator of the hypothalamic-pituitary-adrenal/interrenal axis. CRH
disruption has an effect on the stress response and motor functions in fish (Chen and Fernald,
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2008). Level of pituitary mediated insulin-like growth factor (IGF-I) hormone has been
positively correlated with dominance in social hierarchy and mating of Nile tilapia (Oreochromis
niloticus) and blue gourami (Trichogaster trichopterus) (Shved et al., 2009). Gonadal hormones
that regulate aggression and reproduction have received the most attention. Increases or
decreases in androgens and estrogens can affect aggression (Majewski et al., 2002; Earley and
Hsu, 2008; Saaristo et al., 2010), courting (Saaristo et al., 2010), reproductive (Brian et al., 2006;
Canosa et al., 2008) and escape/survival behaviors (McGee et al., 2009). For example, increases
in testosterones such as 11-ketotestosterone ( 11-KT) and total testosterone (T), result in
increased aggression and higher dominance in male killifish (Kryptolebias marmoratus) (Earley
and Hsu, 2008), where as an increase in estrogens, such as 17a-ethynylestradiol (EE2), decreases
aggression, nest building, and mate guarding in male fathead minnows (Pimephales promelas)
(Majewski et al., 2002). Additionally, McGee et al., (2009) showed that larval fathead minnows
had reduced ability to perform predator avoidance behaviors when exposed to combinations of
environmentally relevant estrogens such as estrone (E1),

17~-estradiol

(E2), and EE2.

Behavioral modification can also be seen in male midshipman fish (Porichthys sp.) that switch to
feminized calling patterns after estrogen exposure (Bass and Zakon, 2005). Thyroid hormones
have received less attention than sex hormones although the former are crucial for brain
development and behavior (Colborn, 2002). Rankin (1991) reviewed studies of thyroid
hormones, thyroxin (T4), and their role in migration and smoltification in salmon (Oncorhynchus
spp. and Salmo spp. ). Smoltification was induced in young salmon after receiving a surge ofT4 .
A growing body of evidence shows that increases in T4 also produce increased swimming

activity in numerous fishes (Rankin, 1991 ).
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The majority of research on EDCs and behavior has focused on effects of single EDC
exposures on lethality, aggression, reproduction, and activity level behavioral endpoints of fishes
(Scholz et al., 2000; Majewski et al., 2002; Perreault et al., 2003; Chou et al., 2010; Xia et al.,
2010). Behavior offish exposed to prescription drugs for depression/anxiety and oral
contraceptives have been the most thoroughly examined. For example, male bluehead wrasse
(Thalassoma bifasciatum) chronically or acutely exposed to fluoxetine, a serotonin selective

reuptake inhibitor (SSRI) used to treat depression and anxiety, showed a decreased activity level
and aggression when conspecifics were present (Perreault et al., 2003). Majewski et al. (2002)
found that male fathead minnows exposed to oral contraceptives (17a-ethynylestradiol) exhibited
a decrease in aggression and cessation of nest building. Flame retardant used in many household
items have an effect on thyroid hormones and related behaviors. For example, Atlantic salmon
(Salmo salar) pre-smolts exposed to hexabromocyclodecane (HBCD) have higher levels ofT 3

and T4, as well as a loss of olfactory imprinting to conspecific urine, which is necessary for
return of adult fish to natal streams for spawning (Lower and Moore, 2007). In addition, juvenile
zebrafish (Danio rerio) exposed to the flame retardant 2,2' ,4,4'-tetrabromodiphenyl ether
(PBDE-47) exhibited decreased swimming speed and percent time active (Chou et al., 2010).
Compounds found in herbicides and pesticides have received attention because these compounds
make their way into waterways connected to agricultural irrigation (Kolpin et al., 2002). The
herbicide atrazine (2-chloro-4-ethylamin-6-isopropylamino-s-triazine) and its degredate
(desethyl-atrazine) result in growth reduction, hyperactivity (at low doses), hypoactivity (at high
doses), reduced predator avoidance behavior, and reduction in olfactory sensitivity in fish (Rohr
and McCoy, 201 0). Alvarez and Fuiman (2005) found that red drum larvae (Sciaenops
ocellatus) exhibited a decreased rate of growth and swam in convoluted paths after a 4-day
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exposure to atrazine and degredate products. Diazinon, an organophosphate insecticide,

·-·
prohibits olfaction in Chinook salmon (0. tshawytscha) to such a degree that it impairs homing
behavior and alarm reaction to conspecific schreckstoff. (Scholz et al., 2000). The EDC, 4nonylphenol, is ubiquitous in waterways because it has a large variety of uses, such as, industrial
detergents, synthesis of pesticides, plasticizers, and pulp and paper processing (Ozaki and Baba,
2003; Pan and Tsai, 2009; Navarro et al., 2010). Exposure to 4-nonylphenol has a detrimental
effect on shoaling and food competition in juvenile rainbow trout (0. mykiss) (Ward et al., 2006)
and a decrease in swimming activity and aggressive behavior in zebrafish (Xia et al., 2010).
Study Species and Source ofEffluent
Fishes abundance and diversity are declining at an alarming rate worldwide. One of the
hardest hit areas is the southwestern United States, in particular the Colorado River drainage
(Tyus and Saunders, 2000), where the majority of native fishes are federally listed as threatened
or endangered (Minckley and Marsh, 2009). The bonytail chub (Gila elegans) is one of four bigriver fishes of the Colorado River system, and is among the most endangered fish species in
North America (Minckley and Marsh, 2009). Bonytail chub are a long-lived, warm water
cyprinid that can reach a total length of62 em (Page and Burr, 1991). They have a streamlined
body with a concave head leading into a predosal hump, small eyes, small embedded scales,
extremely thin caudle peduncle, and enlarged caudal fin, all adaptations to hydrologically-flashy
southwestern streams with high sediment loads (Minckley 1973; Marsh, 2004; Minckley and
Marsh, 2009). Bonytail chub are thought to have been widespread throughout the Colorado
River drainage at the beginning of the 20th Century, with dramatic decreases in both number and
range noticed by the 1950's (Minckley and Thorson, 2007, Bestgen et al., 2008). Wild born
bonytail chub are extinct over most of their historical range (Minckley and Thorson, 2007), with
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only a small population of older adults found in Lake Mohave (Marsh, 2004; Bestgen et al.,
2008). Primary explanations for bonytail chub decline include; habitat degradation in the form
of reservoirs and resulting disruption of natural stream flows, predation and competitive
exclusion by nonnative fishes, hybridization with other cyprinids, and degraded water quality
from pesticides and pollutants (USFWS, 2002). Conservation and recovery actions for bonytail
chub have focused on introduction of hatchery-raised fish into waterways where fish were
historically found (USFWS, 2002; Bestgen, et al., 2008; Minckley and Marsh, 2009). Initial
reintroductions of small bonytail chub were largely unsuccessful and subsequent reintroductions
of larger fish have been only marginally successful at best (Bestgen et al., 2008; Minckley and
Marsh, 2009). Little is known about behavior and habitat utilization of wild bonytail chub
because little documentation exists prior to their steep decline (Marsh, 2004; Minckley and
Thorson, 2007; Bestgen et al., 2008; Minckley and Marsh, 2009). Bonytail chub may use riprapped banks (Minckley and Thorson, 2007) with smaller fish using calmer backwaters and
tributary mouths, and larger fish using riffles, runs, shorelines, and eddies with measurable
velocity (Bestgen et al., 2008; Minckley and Marsh, 2009). Currently, bonytail chub are being
reintroduced into Lake Mohave, to bolster the existing population and in small backwaters along
the Lower Colorado River Basin. Also, managers are using small urban ponds and golf course
water obstacles as grow out ponds for young bonytail chub, although water quality within such
areas is inadequate to support these fish (USFWS, 2002; Minckley and Thorson, 2007; Mueller,
2007). Lack of knowledge about habitat utilization makes successful reintroduction of bonytail
chub difficult.

Information about bonytail chub habitat use, water quality tolerances, and life

history requirements are needed.
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Little research has examined the impacts of EDCs on endemic southwestern fishes and
bonytail chub in particular. Small, short-lived, model organisms such as daphnids, fathead
minnows, and zebrafish are generally used as surrogate species in traditional toxicity and EDC
studies. Studies comparing the response of surrogate species and endangered fishes, such as
bonytail chub, have shown conflicting results (Jones; et al., 1998; Sappington, et al., 2001;
Dwyer, et al., 2005). Dwyer et al. (2005) suggested that larval fathead minnows are a good
surrogate species for other Ostariophysan fish such as; razorback suckers (Xyraunchen texan us),
Colorado pikeminnow, Gila topminnow (Poeciliopsis occidentalis), and bonytail chub, to test the
toxicity level offish exposed to a series often compounds and effluent mixtures. However, in
21% of trials fathead minnows were less sensitive to treatment mixtures than were the
endangered species, suggesting that surrogate species may not be accurate. Sappington et al.
(200 1) exposed rainbow trout and fathead minnows, and endangered Apache trout

(Oncorhynchus gilae apache), Colorado pikeminnow, and bonytail chub, to carbaryl, copper, 4nonylphenol, pentachlorophenol, and permethrin. Fathead minnows and rainbow trout were not
considered appropriate surrogate species because they were less or more sensitive to a variety of
chemicals than the endangered fishes. Given the contradictory results of the use of surrogate
species, and endangered status of other species, it is important that southwestern native fishes be
included in endocrine disruption studies.
Walker et al. (2009) examined secondarily treated municipal effluent and its effect on
hormone biomarkers in bonytail chub. Fish experimentally exposed to effluent water collected
downstream from the Roger Road WWTP, Tucson, AZ, showed hormonal alteration compared
to fish in control water. Male fish exposed to this effluent showed hormonal characteristics of
feminization including increases in

17~-estradiol

(primary female hormone) and vitellogenin
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(egg protein), and a decrease in 11-ketotestosterone (primary male hormone). Female fish
exposed to this effluent water showed an androgenizing effect and had a significant decrease in
17~-estradiol.

Walker et al., (2009) examined water coming from the Roger Road WWTP and

found a total of26 OWCs at concentrations of< 1.0 Jlg/L, ten of which are known to cause
endocrine disruption in fish. The most common groups of compounds found were prescription
drugs, plasticizers, nonprescription drugs, detergent metabolites, and flame retardants. Among
these compounds, carbamazapine, su1famethoxazole, benzophenone, 5-methyl-1H-benzotriazole
(5-MeBt), tributylphosphate, and tri (dichloroisopropyl) phosphate were found in treatment
effluent and are persistent with little degradation in the environment (Boxall et al., 2004 ). Also,
Walker et al., (2009) commonly found 4-nonylphenol which is also a known EDC. Looking at
environmentally relevant mixtures of EDCs are necessary if we want to see potential effects of
effluent waters on fish. Wild fish seldom experience single compounds at high concentrations;
instead fish usually experience a mixture of low-level, persistent compounds.
For organisms to survive, they must exhibit a combination of three basic characteristics.
First, an organism's morphology and physiology should work with and in harmony with the
environment in which it persists. Secondly, an organism's behavior must be beneficial in its use
of the environment and it must be able to compete successfully with other organisms and
predators. Lastly, an organism must have habitat that it can use in combination with correct
morphology and behavior (Matter and Mannan, 2005). The morphological and physiological
aspects of endocrine disruption have been widely studied in effluent water systems (Kingsford et
al., 1996; Lemly, 2002; Pait and Nelson, 2002; Robinson et al., 2003; Hamilton et al., 2005; Zha
and Wang, 2005; Woodling et al., 2006; Orlando et al., 2007; Schlacher et al., 2007; Rickwood
et al., 2008; Rudolph et al., 2008). However, information about the effects of matrices of low-
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level persistent EDCs on behavior and habitat use in fish is lacking. Changes in behavior and
habitat use caused by exposure to persistent EDCs may have the potential of decreasing survival
of organisms.
We exposed adult bonytail chub to secondarily treated municipal effluent to determine if
there are differences in behavior and habitat/resource use in fish exposed to municipal effluent
compared to clean waters. We chose bonytail chub as our study species because little endocrine
disruption research has focused on fish native to the Colorado River Basin and bonytail chub
make good model organisms for large, endangered cyprinids in southwestern watersheds. In
addition, ubiquity of persistent EDCs means that an increasing number of fish will be exposed to
these compounds; including those endangered species slated for repatriation. We exposed
bonytail chub to effluent and control water and examined differences in;
1. growth rate and condition factor,
2. fish reaction to in-tank disturbance,
3. spacing and use of cover,
4. activity level and chasing/paired swimming.
The following paper will be submitted to the journal Aquatic Toxicology. Appendix 1 contains
information about 5 types of substrates constructed and provided to fish over the course of2.5
years. Appendix 2 is a description of different types of disturbance experienced by bonytail chub.
Appendix 3 details 7 additional behaviors observed in treatment fish, 6 of which are consistent
with the fright reaction. Lastly, Appendix 4 is a synopsis of the steps taken to illicit natural
spawning of bonytail chub, which were part of the first experiment.
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BEHAVIOR MODIFICATION IN BONYTAIL CHUB (Gila elegans)
EXPOSED TO TREATED MUNICIPAL EFFLUENT; COVER-SEEKING,
SPACING AND ACTIVITY LEVEL

Introduction

Water quality is a worldwide concern and anthropogenic causes of aquatic ecosystem
alteration are of concern to ecosystem managers and health officials. Removal of wastewater
from municipal, mining, agricultural, and industrial areas is necessary, but may have detrimental
effects on receiving ecosystem with an estimated 1,000,000 synthetic chemicals commonly used
worldwide (Boxall et al., 2004). Many of these compounds can alter, block, bind with, or mimic
hormones important to biochemical processes of organisms. Biochemical processes in the
endocrine system mediate homeostasis, growth, reproduction, and behavior. Endocrine
disruption has been documented in mammals (Tabuchi et al., 2006), birds (Ottinger et al., 2009),
reptiles (Ratter, 2009), amphibians (Hamlin and Guillette, 2010), and fish (Klump et al. 2002;
Pait and Nelson, 2002; Jobling et al., 2004). Documented cases of endocrine disruption are
especially prevalent in aquatic environments where organisms may be continually exposed to
endocrine disrupting compounds (EDCs ).
Fish health status, populations, and reproduction declines, and mortality and deformity
increases, have been linked to EDCs worldwide (Bengtsson and Larsson, 1986; Linderesjoo et
al., 1994; Klump and Westernhagen, 1995; Jobling et al., 1998; Klump et al. 2002; Pait and
Nelson, 2002; Jobling et al., 2004; Fernandez et al., 2007). Many experimental studies have
focused on high concentrations of a single compound over relatively short periods of time. For
example, estuarine minnow (Fundulus heteroclitus) embryos exposed to brominated flame
retardants showed postponed hatching and tail asymmetry as juveniles (Timme-Laragy et al.,
19

2006), where as Sun et al. (2007) found that Japanese medaka (Oryzias latipes) exhibited
abnormal development of gonads after exposure to elevated levels of aromatase. Studies
focusing on high concentrations of a single EDC may be of limited ecological significance to
wild populations of fish that rarely inhabit waters with such high concentrations of a single EDC.
Fish inhabiting waterways dependent on effluent live in a matrix of low-level EDCs (Walker et
al., 2009), and it is important that scientists examine possible synergistic effects of these
compounds in combinations that fish encounter in the wild. Low-level mixtures of chemicals
may have complex effects (Jobling and Tyler, 2003) and degradation ofEDCs is little
understood and of concern as some degredates are more toxic than their parent compounds
(Boxall et al., 2004). Many organic waste water compounds (OWCs) can persist for long periods
in the environment and be found far from the source of discharge (Cordy et al., 2004).
The focus of most behavior studies have either traced the pathways of hormones and
their relationship to behavior (Francis et al., 1993; Fox, et al., 1997; Pankhurst et al., 1999;
Poling, 2000; Clement et al., 2005; Early and Hsu, 2008; Neff and Knapp, 2009), or recorded the
behavioral outcome of short exposures of one EDC at relatively high concentrations (Clements
and Schreck, 2007; Lerner et al., 2007; McGee et al., 2009; Chou et al., 2010; Saaristo et al.,
2010).

Research in this latter vein is increasingly complex due to the interaction among the

physiological systems involved, and the infinite possibilities of compound mixtures and
ecosystem types. In addition to this complexity are effects of behavior and social interaction with
conspecifics may have on hormone levels of individual organisms (Rissman, 1996; Fox et al.,
1997). Hormones released from the hypothalamus, pituitary, gonadal, and thyroid systems
interact with themselves and among each other. A disruption of a single hormone at one level
can cause a cascade of hormonal and physiological changes in other systems as the organism
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tries to maintain homeostasis. The hypothalamus produces corticotropin-releasing hormone
(CRH) that is a primary regulator of the hypothalamic-pituitary-adrenal/interrenal axis. CRH
disruption has an effect on the stress response and motor functions in fish (Chen and Fernald,
2008). Level of pituitary mediated insulin-like growth factor (IGF-I) hormone has been
positively correlated with dominance in social hierarchy and mating of Nile tilapia (Oreochromis
niloticus) and blue gourami (Trichogaster trichopterus) (Shved et al., 2009). Gonadal hormones
that regulate aggression and reproduction have received the most attention. Increases or
decreases in androgens and estrogens can affect aggression (Majewski et al., 2002; Earley and
Hsu, 2008; Saaristo et al., 2010), courting (Saaristo et al., 2010), reproductive (Brian et al., 2006;
Canosa et al., 2008) and escape/survival behaviors (McGee et al., 2009). For example, increases
in testosterones such as 11-ketotestosterone (11-KT) and total testosterone (T), result in
increased aggression and higher dominance in male killifish (Kryptolebias marmoratus) (Earley
and Hsu, 2008), where as an increase in estrogens, such as 17a-ethynylestradiol (EE2), decreases
aggression, nest building, and mate guarding in male fathead minnows (Pimephales promelas)
(Majewski et al., 2002). Additionally, McGee et al., (2009) showed that larval fathead minnows
had reduced ability to perform predator avoidance behaviors when exposed to combinations of
environmentally relevant estrogens such as estrone (E 1),

17~-estradiol

(E2), and EE2.

Behavioral modification can also be seen in male midshipman fish (Porichthys sp.) that switch to
feminized calling patterns after estrogen exposure (Bass and Zakon, 2005). Thyroid hormones
have received less attention than sex hormones although the former are crucial for brain
development and behavior (Colborn, 2002). Rankin (1991) reviewed studies of thyroid
hormones, thyroxin (T 4), and their role in migration and smoltification in salmon (Oncorhynchus
spp. and Salmo spp. ). Smoltification was induced in young salmon after receiving a surge ofT 4.

21

A growing body of evidence shows that increases in T4 also produce increased swimming
activity in numerous fishes (Rankin, 1991 ).
The majority of research on EDCs and behavior has focused on effects of single EDC
exposures on lethality, aggression, reproduction, and activity level behavioral endpoints of fishes
(Scholz et al., 2000; Majewski et al., 2002; Perreault et al., 2003; Chou et al., 2010; Xia et al.,
2010). Male bluehead wrasse (Thalassoma bifasciatum) chronically or acutely exposed to
fluoxetine, used to treat depression and anxiety, showed decreased activity and aggression when
conspecifics were present (Perreault et al., 2003). Majewski et al. (2002) found that male
fathead minnows (Pimephales promelas) exposed to oral contraceptives (17a-ethynylestradiol)
exhibited a decrease in aggression and cessation of nest building. Atlantic salmon (Salmo salar)
pre-smolts exposed to hexabromocyclodecane (HBCD) had higher levels ofT 3 and T4, and a loss
of olfactory imprinting to conspecific urine, which is necessary for return of adult fish to natal
streams for spawning (Lower and Moore, 2007). In addition, juvenile zebrafish (Dania rerio)
exposed to the flame retardant 2,2' ,4,4' -tetrabromodiphenyl ether (PBDE-47) exhibited
decreased swimming speed and percent time active (Chou et al., 2010). The herbicide, atrazine
(2-chloro-4-ethylamin-6-isopropylamino-s-triazine), and its degredate (desethyl-atrazine) result
in growth reduction, and effects on several behavioral measures in fish (Rohr and McCoy, 2010).
Alvarez and Fuiman (2005) found that red drum larvae (Sciaenops ocellatus) exhibited a
decreased growth and swam in convoluted paths after a 4-day exposure to atrazine and degredate
products. Diazinon, an organophosphate insecticide prohibits olfaction in Chinook salmon (0.
tshawytscha) to such a degree that it impairs homing behavior and alarm reaction to conspecific
schreckstoff (Scholz et al., 2000). The EDC 4-nonylphenol is ubiquitous in waterways because
it has a large variety of uses as a component in industrial detergents, pesticides, plasticizers, and
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pulp and paper processing (Ozaki and Baba, 2003; Pan and Tsai, 2009; Navarro et al., 2010).
Exposure to 4-nonylphenol has a detrimental effect on shoaling and food competition in juvenile
rainbow trout (0. mykiss) (Ward et al., 2006) and swimming activity and aggressive behavior in
zebrafish (Xia et al., 2010).
Fishes abundance and diversity are declining at an alarming rate worldwide. One of the
hardest hit areas is the southwestern United States, in particular the Colorado River drainage
(Tyus and Saunders, 2000), where the majority of native fishes are federally listed as threatened
or endangered (Minckley and Marsh, 2009). The bonytail chub (Gila elegans) is one of four bigriver fishes of the Colorado River system, and is among the most endangered fish species in
North America (Minckley and Marsh, 2009). Bonytail chub are a long-lived, warm water
cyprinid and populations of wild born fish are extinct over most of their historical range
(Minckley and Thorson, 2007), with only a small population of older adults found in Lake
Mohave (Marsh, 2004; Bestgen et al., 2008). Primary explanations for bonytail chub decline
include; habitat degradation in the form of reservoirs and resulting disruption of natural stream
flows, predation and competitive exclusion by nonnative fishes, hybridization with other
cyprinids, and degraded water quality from pesticides and pollutants (USFWS, 2002).
Conservation and recovery actions for bonytail chub have focused on introduction of hatcheryraised fish into waterways where fish were historically found (USFWS, 2002; Bestgen, et al.,
2008; Minckley and Marsh, 2009). Initial reintroductions of small bonytail chub were largely
unsuccessful and subsequent reintroductions of larger fish have been only marginally successful
at best (Bestgen et al., 2008; Minckley and Marsh, 2009).
Walker et al. (2009) examined secondarily treated municipal effluent and its effect on
hormone biomarkers in bonytail chub. Fish experimentally exposed to effluent water collected
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downstream from the Roger Road WWTP, Tucson, AZ, showed hormonal alteration compared
to fish in control water. Male fish exposed to this effluent showed increases in

17~-estradiol

and

vitellogenin, and decreases in 11-ketotestosterone. Female fish showed androgenizing effect and
had a significant decrease in

17~-estradiol.

Walker et al., (2009) examined water from the Roger

Road WWTP and found a total of26 OWCs at concentrations of< 1.0 J.!g/L, ten of which are
known to cause endocrine disruption in fish. The most common groups of compounds found
were prescription drugs, plasticizers, nonprescription drugs, detergent metabolites, and flame
retardants. Among these compounds, carbamazapine, sulfamethoxazole, benzophenone, 5methyl-1H-benzotriazole (5-MeBt), tributylphosphate, tri (dichloroisopropyl) phosphate, and 4nonylphenol were found in treatment effluent and are persistent with little degradation in the
environment (Boxall et al., 2004).
An organism must exhibit a combination of three basic characteristics in order to survive.

First, an organism's morphology and physiology should work with and in harmony with the
environment. Secondly, an organism's behavior must be beneficial in its use of the environment
and must reinforce its ability to compete successfully with other organisms and predators.
Lastly, an organism must have habitat that can be used in combination with correct morphology
and behavior (Matter and Mannan, 2005). Changes in behavior and habitat use caused by
exposure to matrices of persistent EDCs have the potential to decrease survival of organisms and
distribution of species.
We exposed adult bonytail chub to secondarily treated municipal effluent to determine if
there are differences in behavior and habitat/resource use in fish exposed to municipal effluent
compared to fish held in control conditions. We chose bonytail chub as our study species because
little endocrine disruption research has focused on fish native to the Colorado River Basin and
24

bonytail chub make good model organisms for large, endangered cyprinids in southwestern
watersheds. In addition, ubiquity of persistent EDCs means that an increasing number of fish
will be exposed to these compounds; including those endangered species slated for repatriation.
We exposed bonytail chub to effluent and control water and examined differences in; We
exposed bonytail chub to effluent and control water and examined difference in;
1. growth rate and condition factor,
2. reaction to disturbance,
3. spacing and use of cover,
4. activity level and chasing/paired swimming.
Materials and Methods
Raceways and Filtration

We housed 76 bonytail chub indoors, at the University of Arizona, Environmental
Research Laboratory (UA ERL), in four independent, re-circulating raceways (1.22 m x 3.43 m x
0.51 m). Each 2,500-L raceway was constructed of marine plywood coated with fiberglass
sheeting (Walker, et al. 2009). Filtration in each raceway consisted of a pressurized sand filter
and a gravity-fed, reverse flow, fluidized sand filter that removed solid waste from raceways and
provided surface area for nitrifying bacteria that convert potentially toxic forms of reduced
nitrogen to less toxic forms of oxidized nitrogen.
Fish were assigned randomly assigned, by a computerized random number generator, to
one of four raceways; two control and two treatment raceways. Control raceways contained tap
water treated by carbon filtration and reverse osmosis (RO) and treatment raceways contained
secondarily treated municipal effluent from the Santa Cruz River, collected downstream of the
Roger Road WWTP, near Tucson, AZ. We added a commercially available aquarium salt
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mixture (Bio-Sea Marine Mix®) and sodium bicarbonate to water in control raceways to parallel
pH and conductivity of water in treatment raceways. Each raceway was provided with a
diffuser, aerator to maintain high dissolved oxygen levels. Approximately one-third of the water
was replaced in each raceway every two weeks by back-flushing the filtration system to clear
filters of solid waste. Between back-flushing events, water was added to each tank to
compensate for evaporative loss. We measured temperature, pH, specific conductivity, and
dissolved oxygen (DO, percent saturation and mg/L) using a Hydro lab Surveyor 4 Datasonde
daily to insure water conditions were consistent and safe for fish. Monthly averages of physicchemical parameters were used for statistical analyses.
We collected secondarily treated municipal effluent approximately 400 m downstream of
the Roger Road WWTP outfall, on the Santa Cruz River, Tucson, AZ (Figure 1). A submersible
pump was used to collect effluent, and water was stored in a sterilized 5,650-L stainless steel
lined container.

Introduction and Care ofFish
Bonytail chub were transported from Dexter National Fish Hatchery, Dexter, New
Mexico, to the UA ERL on March 13, 2007. We anesthetized fish in 38-L aquaria containing
10-L of carbon filtered and RO tap water mixed with a 2:1 ratio of sodium bicarbonate and MS222 (tricaine methanesulfonate). Fish were sexed and a passive integrative transponder (PIT) tag
was inserted below the epidermis on the ventral side, posterior to the pelvic fin and anterior to
the anal fin of each fish. We revived fish in 38-L aquaria that contained aerated water from their
respective raceway and aquarium salt mix. Fish were randomly selected using a computerized
random number generator.
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An equal number of male and female bonytail chub were randomly distributed to each of

the four raceways. We housed bonytail chub in raceways in a heavily insulated room, inside a
freestanding building (Figure 2). We controlled photoperiod and temperature to approximate
natural seasonal changes for the region, and conditions were kept consistent for over 2.5 years.
Water temperature was controlled by in-raceway stainless steel manifolds with cooled water
running through them via out-of-tank chiller units by controlling air temperature (A/C and
passive evaporative cooling pre-chillers). During videotaping, photoperiod ( 14 h daylight, 10 h
dark) and temperature (average 24.9 - 24.9°C) of raceways were kept constant. Fish were fed ad
libitum once a day, in the morning, and each raceway was cleaned by moving in-raceway coverunits to allow netting and sweeping of solid waste that had not been flushed by water flow.
Each raceway was covered with an above-water, 1. 8 em mesh cover to prevent fish
escaping raceways by jumping. We constructed in-raceway cover-units two

~"PVC

frames (86

em x 54 em) with 22-cm PVC legs at each corner. Units were stacked on top of one other. The
units were covered with a combination of mesh sizes ( 1. 8 and 0.4-cm) leaving a box structure
into which fish could swim (Figure 3 ). We chose this structure because it mimicked natural
cover and fish readily used it.
Absolute Growth and Condition Factor
At the time of introduction into the raceways and at the end of the experiment, fish were
anesthetized, weighed, (UWE HS-3000 digital scale) and measured (standard length), and
revived in 38-L aquaria. We computed the Fulton Condition Factor (C = (W/L 3) X 10,000;
weight in grams and length in millimeters) for each fish at the beginning and end of the
experiment.
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Behavioral Observations

We mounted a Wisecomm CCD video camera to the ceiling, 1.8 m above each raceway,
and recorded bonytail chub behavior with a Super Circuits DVQ-2X DVR. A 20-cm black strip
was painted in two places on each raceway frame for distance scaling in spatial analysis. We
placed a divider into the raceway to block fish movement into the first third of the raceway,
leaving 258m2 for fish use, in order to insure that all raceways areas could be viewed by
cameras, and aided in acclimation of fish to in-raceway structures that fish would usually avoid
when first introduced. We recorded fish behavior in raceways from September 22, 2009 to
November 5, 2009. Video recording allowed us to observe and analyze fish behavior without
observer effects. We provided fish with two cover-units for two weeks and one cover-unit for
the remaining four weeks of recording. The majority of our analyses included the reaction of
fish to a limited resource, covers-units. We assumed that if cover is a resource for bonytail chub
than all fish would use cover if given the chance. To insure cover-units were a resource, and
were limited, we initially provided two units and noted if all fish used cover-units if given the
opportunity. We removed one of the cover-units for the remainder of behavioral trials, thereby
limiting the cover resource. We recorded location and movement of fish in three time blocks,
0730-1030 h, 1430-1500 h, and 1830-1900 h. Temperature in all raceways varied throughout the
day (0.5 to 2.0°C), and time blocks were chosen to reflect the daily minimum and maximum
temperature. Personnel entered the room once a day, for feeding and cleaning, to avoid
unscheduled disturbance and observer effects. Fish in all raceways showed a marked behavioral
reaction when disturbed for the morning feeding and cleaning routine, which we later examined.
Days of known unscheduled disturbance were eliminated from analysis. Video recordings were
downloaded and stored digitally. We used a computerized random number generator to randomly
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select days for all behavioral analyses. All behavioral measures and later assumptions were based
on fish outside of the cover-units as we could not see fish under cover-units (i.e. our black box).
Disturbance

Fish in the wild often use cover as protection from a variety of disturbances. As such, we
created in-raceway disturbance in all raceways each morning by feeding fish and cleaning
raceways. We entered the room at 0900 hr to feed fish, record physio-chemical readings, and
clean raceways. We cleaned raceways by removing the raceway cover and then moving the
cover-units to net and sweep solid wastes from raceways. We replaced both cover-units and outof-raceway cover to the original position after cleaning. We randomly chose days for video
recording under two conditions; seven days when two cover-units were available and fourteen
days when one cover-unit was available, and video recorded from 0730-1030 to observe bonytail
chub before, during, and after the morning disturbance regime.
Still frame pictures from recorded video were used to examine differences in behavior
between fish in treatment and control raceways during disturbance. We assumed fish that
experience a disturbance would seek cover as a means of protection. We determined the number
of fish out by counting the number of fish out of the cover-units mid-disturbance, five minutes
before, and five minutes after disturbance. Fish were counted as soon as a cover-unit was placed
back into its original position after cleaning, marking our mid-disturbance measure. We counted
the number of noses out of cover as the number of fish out of cover, assuming that fish with
exposed heads may feel more vulnerable than fish that were inside cover but may be exposing
only their tails.
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Average Nearest-Neighbor and Distance to Cover

We analyzed still frames of video from the single cover-unit condition for all three time
blocks; 0830 h, 1440 h, and 1840 h and used the Roxio Photosuite 8 computer program to premarked still frames (fish noses) with colored dots. Pre-marking pictures increased the ease and
accuracy of finding fish in still frame pictures in later analyses. We counted the number of fish
out of cover-units.
We used Arc GIS version 9.3.1 to compute two spatial measures; (1) average nearestneighbor and (2) average shortest distance to cover. The nearest-neighbor is a measure of spatial
clumping on a two dimensional plane. Distance to the closest neighbor was measured for each
fish outside of cover-units, and the average for all fish at each time was recorded (Figure 4).
Distance to cover was computed by measuring the distance between each individual fish and the
closest point to the cover-unit (Figure 4) and the average for all fish at each time was recorded.
Arc GIS measured in standard units, which were later converted to metric units. Arc GIS spatial
measures are generally used for landscape scale projects, but we were able to use this computer
program on a smaller scale by adjusting scaling to the 20-cm black strip visible in each picture.
Activity Level and Chasing/Paired Swimming

Fourteen days of video recording during single cover-unit condition were randomly
selected. We counted the number of fish out of the cover for each time block and tracked the
movement of two randomly selected target fish from each of the three time blocks; 0830 h, 1440
h, and 1840 h. We used dice to select target fish. Video files were examined on a laptop
computer using Video Viewer software compatible with the Super Circuits DVQ-2X DVR. The
total time a target fish was out of cover was recorded for up to five minutes. We placed a sheet
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of glass over the computer monitor and marked the location of the target fish every 2s with a dry
erase marker, connecting each successive mark to show a line of movement (Figure 5). A
Brunton® commercial map measurer was used to measure the distance moved by the target fish
while moving outside of the cover-unit. We used both measures, time out of cover and distance
traveled, as a measure of swimming activity. Speed (distance traveled/time), is often used as a
proxy for activity level, with the assumption that the faster an organism is moving, the higher the
energy expenditure is for that organism (Shirashi et al., 2008; Hasler, et al., 2009; Candelmo, et
al., 2010; Santos, et al., 2010; Murchie, et al., 2011).
We recorded number of chasing or paired swimming events of each target fish to quantify
possible aggressive or mating interactions between fish, and to insure that this behavior did not
interfere with our measure of activity level.
Statistical Analysis

We used two-sided t-tests to detect differences between control and treatment raceways
in; physico-chemical measures, growth and condition factor, cover use, overall number offish
out of cover during disturbance, all measures of spacing, and paired swimming/chasing events.
Growth was computing by subtracting length and weight at the beginning from the end of the
experiment. We used ANOVA to examine differences between number of fish out in treatment
and control raceways, and among pre-, during-, and post-disturbance blocks. All data fit the
assumption of normality and no transformations were required with the exception of measures of
activity level. For measures of activity level, time out of substrate and distance traveled, we used
natural log transformed data to meet the assumption of normality and linear regression was
applied.
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Results

·

Physico-Chemical and Fish Condition

There was no significant difference between control and treatment raceway water
temperature, DO%, DO mg/L, or specific conductivity (Table 1). There was a statistically
significant difference between control and treatment raceway pH, the pH in control raceway
water was, on average, 0.45 higher than treatment water (two-sided t-test,p < 0.0001, Table 1).
Bonytail chub in treatment raceways were significantly heavier than fish in control
raceways after accounting for length (two-sided t-test,p < 0.0001). Overall, fish in treatment
raceways scored higher in the Fulton condition factor with an average of0.025 higher at the end
of the experiment. Treatment males scored significantly higher than control males, 0.028 (twosided t-test,p < 0.0001), as did treatment females, 0.023, when compared to control female fish
(two-sided t-test,p < 0.0001). On average, fish in treatment raceways were 114.7g and 32.1cm
long, whereas fish in control raceways were 99.5g and 27.5cm, by the end of the experiment.
Disturbance

All fish could physically fit within cover-units regardless if they were provided one or
two cover-units. We conducted 72 observations with two cover-units, and 180 observations with
one cover-unit. There were significantly more fish out of cover (mean= 3.64) in trials with one
cover-unit than trials with two cover-units (mean= 0.76, two-sided t-test,p < 0.0001, Figure 6).
Fish in treatment tanks were more likely to be out before, during, and after disturbance than
control fish (two-sided t-test,p < 0.0001, Figure 6).
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There were significantly more fish out of cover in treatment raceways (ANOVA,

Ft,l76 =

66.9,p < 0.0001, Figure 7) and a significant difference among pre-, mid-, and post-disturbance
within both control race.ways and treatment raceways (ANOVA, F2,1?6 = 11.9,p < 0.0001, Figure
7) with one cover-unit. On average, there were 3.76 more fish out of cover in treatment
raceways pre-disturbance, 3.79 more during mid-disturbance, and 3.26 more during postdisturbance compared to control raceways (Table 2).

Spacing and Distribution ofFish
Fish in treatment raceways, outside of the cover-units, were Farther from each other and
farther away from the cover-unit than were fish in control raceways. The density of fish out of
cover (mean= 0.04 fish/ m 2 ) was significantly higher than in control raceways (mean = 0.03
fish/ m 2, two-sided t-test,p < 0.0001, Figure 8). There was a greater distance between individual
fish outside of cover in treatment raceways (mean= 27.6 em) than in control raceways (mean =
21.90 em, two-sided t-test,p = 0.034, Figure 9). On average, fish in treatment raceways were
farther away (mean= 47.1 em) from the cover-unit than were fish in control raceways (mean =
34.0 em, two-sided t-test,p < 0.0001, Figure 10).

Activity Level and Chasing/Paired Swimming
We calculated activity level as distance traveled and time spent outside of cover-units
during 360 observations. Fish in treatment raceways spent an average of 171.1 s out of cover
and moved 2,163. 8 em. Fish in control raceways spent an average of 89.6 s out of cover and
moved 693 .6 em. There was a significant interaction between the time fish spent out of coverunits and distance traveled (Linear regression, p < 0.0001; Figure 11).
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There was no significant difference in paired swimming/chasing events between focal
fish in control (mean= 0.25 chasing event) and treatment raceways (mean= 0.27 chasing events,
two-sided t-test, p = 0.81, Figure 12) during 5-min observations.
Discussion

We were interested in effects of secondarily-treated municipal effluent on behaviors of
bonytail chub that may ultimately affect survival, abundance, and distribution of fish. Overall,
we found differences in weight/length indices, cover-use, response to disturbance, spacing, and
activity level between fish in treatment and control raceways. When compared to bonytail chub
in control raceways, fish in treatment raceways were larger, used cover less, were farther from
other fish when outside of cover-units, were farther from cover, and demonstrated higher levels
of activity outside of cover.
Physico-Chemical Conditions
Photoperiod, temperature, and conductivity can have a strong influence on fish, often
acting as triggers to behavioral and physiological changes, such as those related to reproduction
and activity level, and movement in a wide variety of fishes. We were successful in maintaining
all variables within narrow ranges and similar across raceways, with the exception of pH, ·which
was on average, 0.45 pH units lower in treatment raceways. All pH readings were well within
tolerance range for bonytail chub and such a small difference in pH is likely not biologically
significant. The pH was probably lower in treatment raceways as a function the higher organic
load of treatment water.
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Absolute Growth and Condition Factor

Male and female bonytail chub in treatment raceways were larger and heavier for a given
length than fish in control raceways than were control fish at the end of the experiment. Results
of studies examining growth of fish exposed to EDCs have mixed results. In many cases, fish
exposed to high concentrations ofOWCs and EDCs show a decrease in growth (McMaster et al.,
1992; Hamilton et al., 2005). However, consistent with our findings, Hoger et al. (2006) found
that rainbow trout exposed to secondarily-treated sewage effluent had increased growth
compared to control fish. Hoger et al. (2006) used wastewater with low-levels of estrogenic
compounds as was the secondarily-treated municipal water collected from the Roger Road
WWTP analyzed by Walker et al. (2009) and used in our exp~eriment. In addition, zebra fish
were heavier after a five-month exposure to environmentally relevant concentrations of
polybrominated diphenyl ethers (PBDE), polychlorinated biphenyls (PCB), and
dichlorodiphenyltrichloroethane metabolites (DDT) when compared to unexposed fish (Lyche et
al., 2010). Functionally non-reproductive triploidy carp (Cyprinus sp.) and perch (Perea sp.) put
less nutritional resources into gonadal growth and more into somatic growth, leaving them larger
in size than normal fish (Rothbard et al., 2000; Rouget et al., 2003). Treatment fish in our trials
may have shown more rapid growth due to the endocrine disrupting characteristics ofOWCs
found in the municipal wastewater we used, causing fish to limit the amount of nutritional
resources used for gonadal production and sequestering resources into somatic growth.
Disturbance

Bonytail chub spent a lot of time within cover-units and were strongly attracted to it
when we entered the raceway area. In all raceways, there were fewer fish out of cover when
provided two cover-units compared to trials with one cover-unit. All fish could physically fit
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within ohe cover-substrate, however, not all fish occupied the single cover-unit all of the time.
Fish apparently used the cover-units as a resource and when cover was limited, some fish may
have been forced out of cover by social spacing.
We disturbed fish each morning by moving the cover-units and cleaning raceways. The
reaction of fish in treatment and control raceways were similar in pattern but differed in overall
number of fish out of cover. In treatment and control raceways, the lowest number of fish out of
cover occurred during disturbance and the highest number offish out of cover occurred five
minutes after disturbance. Most fish sought cover in reaction to our disturbance even as cover
was being moved within raceways. Overall, there were more fish out of cover-units in treatment
raceways than in control raceways, regardless of observation period (pre, mid, or post
disturbance). Our method of disturbance did not mimic predation or other threats in nature,
however, a fish out of cover may be more susceptible to natural dangers and fish probably
responded to our unnatural disturbance in much the same way as they would to natural
disturbance. Consistent with this, fish that have been exposed to EDCs, such as atrazine, show
reduced predator avoidance behaviors (Rohr and McCoy, 2010). Perhaps the pressure of social
spacing was greater in treatment fish and, as a result, the level of perceived threat offered by our
disturbance and the motivation to enter cover was overridden by interactions among fish packed
within cover-units. Alternatively, fish exposed to EDCs may not perceive our disturbance to be
as severe, resulting in less care for cover seeking, as did fish not exposed to low-level EDCs.
Average Nearest-Neighbor and Distance to Cover

Density of bonytail chub out of cover was higher in fish in treatment raceways, and yet,
the average distance between fish out of cover was higher in treatment than control raceways.
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Consistent with treatment fish being farther spread apart, they were also farther away from cover
than were fish in control raceways on average. Although there are no documented cases of
schooling in bonytail chub, our findings of increased spacing are in line with decreases in
shoaling of rainbow trout exposed to 4-nonylphenol (Ward et al., 2006).
Activity Level and Chasing/Paired Swimming

Lethality studies have shown that fish exposed to relatively high concentrations ofEDCs
have a marked decrease in activity (Perreault et al., 2003; Chou et al., 2010; Rohr and McCoy,
2010). However, few studies have looked at environmentally relevant levels ofEDCs and
activity level in fish. Although exposure of fish to high doses of atrazine and its degredates
result in hypoactivity there was marked hyperactivity offish at low doses (Rohr and McCoy,
2010). Larval fish exposed to these same compounds swam in convoluted paths when compared
to control fish exposed to low doses ofatrazine. Rankin (1991) found that fish with elevated T4
levels showed increased swimming activity. These studies are consistent to the findings of our
study, in which, fish in treatment raceways were more active, swimming faster outside of cover
(i.e., swam further distances during the time out of cover) than fish in control raceways.
Our only measure that may have been linked to aggression or courtship was the
frequency of chasing/paired swimming events by focal fish. Ultimately, we were uncertain
about the foundation of this behavioral display. Much of the literature that shows lower
aggression and courtship in fish exposed to estrogens and androgens (Majewski et al., 2002;
Earley and Hsu, 2008; Saaristo et al., 2010). Focal fish in our treatment raceways did not differ
in number of chasing/paired swimming events when compared to fish in control raceways. If
these behaviors were linked to either aggression or courtship, it suggests that long exposures of
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low concentrations of EDCs may not affect some high level behaviors such as aggressive
displays, physical combat, and courtship in bonytail chub.
Conclusions
Our results may have implications for wild bonytail chub exposed to mixtures of EDCs.
Treatment fish in our experiment may have been less tolerant of crowding, showing an increase
in social spacing outside of cover. Fish in treatment raceways used cover less and were farther
spread apart when outside of cover. Since we found no difference in chasing/paired swimming
events between focal fish in treatment and control raceways, we cannot implicate increased
aggressive or reproductive actions ofbonytail chub as causing the observed distribution of fish.
Bonytail chub in treatment raceways used cover less and were less clumped outside of cover,
perhaps due to; behavioral lethargy, increased social spacing pressure, increased activity level, or
a combination of these.
Inappropriate response to disturbance, lack of clumping away from cover, and increased
activity level, could result in increased stress and susceptibility to dangers, such as predation or
exposure to harsh environmental conditions in wild fish exposed to treated municipal. Although
these behaviors were not fatal in our experiment, they may be so in natural environments that
include predators and harsher conditions and could ultimately result in population level effects.
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Appendices

Appendix 1.
We constructed five types of in-raceway substrates and cover, and introduced them to
raceways to find a cover-substrate that fish would use. Substrates needed to function as a
combination of habitat enrichment, cover, and egg trap. One substrate, designed as spawning
substrate, was a stainless-steel pan (50 em x 30 em x 6 em) with holes drilled into the bottom,
covered by small mesh screen. The pan bottom was covered with rocks held in place with
silicone adhesive. Each pan was covered with a Y2-in PVC frame covered with 1.8 em mesh,
held in place with a large, all-plastic bungee cord (Figure A1 ). Another structure, designed as
spawning substrate, was made of coconut fiber. We constructed a Y2 in PVC frame (66 em x 50
em), covered with approximately 5 em thick coconut fiber sheet, and held in place with zip ties
(Figure A2). A third substrate, designed as cover and spawning substrate to mimic an undercut
bank, was a Yl-in PVC trapezoid box frame (53 em x 53 em x 36 em x 16 em) with a floating
cover frame (53 em x 33 em). The trapezoid box frame was covered with 0.4-cm mesh and the
floating cover was covered with coconut fiber, attached with zip ties (Figure A3). When we
introduced fish to all three substrates, fish swam away and stayed in a crowded group in the
comer farthest away from the introduced substrate. With acclimation, sometimes taking days,
fish came out of the comer, showed no attraction to the substrates. A fourth structure, designed
as spawning substrate, was a Y2 in PVC frame (86 em x 54 em x 22 em) with PVC legs at each
comer, and the frame was covered the substrate with 1. 8-cm plastic mesh. When we introduced
this structure to raceways, fish immediately swam underneath them. Finally, we stacked two
frame structures, just described, and covered them with a combination of mesh sizes (1.8 and 0.4
em), leaving a box structure the fish could swim into (Figure 3). The response offish to this
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structure was immediate. All fish swam into the structures and did not leave the structure during
our period of observation. We used the final in-raceway cover-substrate for the remainder of the
experiment.

40

Appendix2.
Bonytail chub experienced two different types of disturbance, in-raceway and out-ofraceway. Out-of-raceway disturbance is caused by any movement of observers or machinery
outside of raceways. We controlled out-of-raceway disturbance by limiting access to the room
except for morning cleaning and feeding. Bonytail chub have acute hearing due to their
Weberian apparatus. Part of the Weberian is the tripus which is the modified vertebra that sits on
top of and connects the gas bladder to the inner ear (Helfman et al., 2009). On several occasions,
video recording caught groups of bonytail chub rapidly and dramatically changing their behavior
as a group (c-start escape swimming and cover-seeking), when there was no in-raceway
stimulus. Fish may have been reacting to out-of-raceway stimuli. Although minimal, such
disturbances and behavioral reactions were not quantified and recordings with evidence of such
disturbance were discarded. In-raceway disturbance was deliberately created by us and of
interest in this experiment. In-raceway disturbance was quantified and controlled during the
morning cleaning and feeding routine.
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Appendix 3.
Bonytail chub in treatment raceways showed marked behavioral differences when
compared with fish in control raceways, which were both spontaneous and reactive.
Spontaneous behavioral changes were changes in behavior that had no apparent preceding
stimuli, where as reactive behavioral responses were behavioral changes preceding a stimuli,
such as in-raceway disturbance. These behaviors included; cover seeking, 60° angled swimming,
an increase in spinning and jumping from water, c-start escape, lying motionless/unresponsive,
and schooling when provided no cover-substrate. Although we did not document behavior with
the addition of conspecific schreckstoff, some behaviors were consistent with behaviors seen
with the addition of schreckstoff were observed under laboratory conditions. These behaviors
have been observed while fish were disturbed by routine feeding and cleaning of raceways and
while no known disturbance was present.
The fright reaction is a suite of behaviors elicited by a pheromone that is released when
the skin of a conspecific fish is broken or tom and is a characteristic in cyprinids and other
fishes. It is widely accepted as an anti-predation response (Pfeiffer, 1977; Beyer & Farmer,
2001; Jesuthasan & Mathuru, 2008; Lastein et al., 2008; McCormick & Larson, 2008). The
fright reaction includes several behaviors that vary in severity and are often species specific.
These behaviors can be summarized as; increased alertness, seeking cover, swimming or sinking
to the bottom of the tank, becoming motionless for a few minutes, fast swimming with head
against the substrate with the body at a 60° angle, forming tight groups or schools, and jumping
out of the water (Pfeiffer, 1977; Jesuthasan & Mathuru, 2008). The quality and quantity of these
behaviors can vary between species, within the same species, and within the same population,
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and is dependent on several factors the most important of which is the amount of schreckstoff
released into the environment.
Acute toxicity of various compounds may have a profound effect on the olfactory process
and thus the fright reaction (Saglio & Trijasse, 1998; Beyers & Farmer, 2001). Copper at
concentrations of 10 to 266

~L

cause a temporary loss of olfactory capability and the fright

reaction in the Colorado pikeminnow (Ptychocheilus lucius) exposed for 24 and 96 h.
Examination of the olfactory epithelium directly after the exposure period showed that the
ciliated receptor cells were nonexistent. However, regeneration of ciliated receptor cells
occurred by 14 days post-exposure (Beyers & Farmer, 2001). In addition, atrazine and diuron
are two common herbicides used in terrestrial and aquatic systems. Both do not degrade once in
the environment and are lethal at high doses, atrazine (4.5 to 100 mg!L) and diuron (3 to 60
mg/L). Saglio and Trijasse (1998) found that atrazine and diuron affected the fright reaction in
goldfish (Carassius auratus) at low sub-lethal doses. There was a decrease in sheltering and
grouping in goldfish that were exposed to the two herbicides along with schreckstoff from
conspecifics. Goldfish showed an increase in burst swimming with exposure to the two
pesticides without exposure to schreckstoff.
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Appendix 4.
Our initial experiment focused on the impact of municipal effluent on reproduction and
early life history parameters in bonytail chub. High levels of single EDC usually have
detrimental effects on reproduction, egg and larval development, and often result in increases of
deformity in young fish (Bengtsson and Larsson, 1986; Lindesjoo et al., 1994; Klump and
Westernhagen, 1995; Jobling et al., 1998; Klump et al., 2002; Pait and Nelson, 2002; Jobling et
al., 2004' Fernandez et al., 2007). Our goal was to examine early life history parameters in fish
exposed to the mixture of low-level EDCs found municipal effluent, over a long-term exposure,
with the ultimate goal of examining sex characteristics (hormonal and morphologic) in second
generation fish raised to maturity in municipal effluent.
The laboratory design, source of effluent, raceway design, feeding, physico-chemical
measures were the same as in the current study. Over about 18 months, we manipulated
temperature and photoperiod to mimic natural seasonal changes that would induce spawning
(Table 3). We held fish at a low temperature (14° C) and photoperiod (12 h daylight: 12 h dark)
for up to xx days and increased temperature (18-21° C) and photoperiod (16 h daylight: 8 h dark)
to elicit spawning behavior over several types of substrate. Bonytail chub naturally spawn when
temperatures increase to 18° C (Hamman, 1985) and the optimal temperature for egg
development and hatching is 20-21° C (Hamman, 1982). Since fertility was a pivotal parameter
in our study, we tried to find a standardized way to harvest eggs that would allow us to quantify
and compare number of eggs produced by fish in each raceway. We initially constructed and
provided fish with a stainless steel pan covered with medium sized rocks, as a spawning
substrate. When the pan was introduced, fish swam away from the pan and avoided it almost
completely, only acclimating to the structure after several weeks. We followed this by providing
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a series of unsuccessful substrates. Each morning we checked for eggs in all substrates and
section of the raceways, with the aid of a handheld flashlight. We cleaned raceways, fed fish, and
checked for eggs at 9:00am (2 hours after lights turned on) believing that this would not interfere
with spawning activity of bonytail chub because fish are believed to incidentally spawn at dawn
in grow-out ponds located at Dexter National Fish Hatchery (Hamtnan, personal communication,
2008).
Spawning events were sporadic during summer 2008 and non-existent during the second
summer 2009. During the first summer, fish spawned at 18° C, however, fish did not use a
spawning substrate, but instead spawned in the corner of the raceways on vertical dividers in
place there. Adult fish ate the majority of eggs before they could be removed. We removed as
many eggs as possible and placed them into aquaria. Since we were unable count the total
number of eggs, and believed we would harvest more, we used fry produced to practice feeding
and care and did not expose them to an experimental treatment.
Spawning in our raceways may have ceased due to poor body condition at the beginning
of the second summer and the daily disturbance routine. Fish at low-temperatures were provided
with two cover-units and fish left the structure very little during the second spring. We weren't
sure if fish were eating because they did not leave the structure while we were in the room. After
the addition of cameras and video recording equipment, we found that fish were not coming out
of cover-units to eat, for well over a month. This may have led to poor nutritional condition of
fish which can cause a cessation of breeding. Another possibility is that bonytail chub may not
acclimate, as do other fish species, to regular disturbance produced by natural aquaculture
routines, such as raceway cleaning and feeding in the morning. Since the end of the experiment,
fish have been disturbed far less regularly because of a change to less frequent feeding and
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cleaning and fish have spawned in all raceways when temperature reached 18° C. Fish still have
not regularly used spawning substrates provided.
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Figures
Figure 1. Santa Cruz River, Roger Road Wastewater Treatment Plant, outfall, and effluent
collection site near Tucson, AZ.

Figure 2. Indoor, recirculating raceways.
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Figure 4. Example of top-down view of raceway and measurements used to compute Average
Nearest Nei2:hbor and Avera2:e Shortest Distance to Cover-Unit.
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Figure 5. Example of top-down view of raceway and measurements used to compute distance of
fish movement during focal animal activity trials.
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Figure 6. Mean number of fish out of cover-units in control and treatment raceways during
overall disturbance routine when provided one and two cover-units.

6

-

5

::J

0
.c
1/)

4

i.L

b
....Q)

3

..0

E
::J

z

2

c
ca
Q)
::!

0

2
Control

2
Treatment

Number of Substrates within Raceway Type

51

Figure 7. Mean number offish out of cover-unit in control and treatment raceways, among pre-,
tnid-, and post-disturbance. On average, fish in treatment raceways were out more than fish in
control raceways. In addition, the same pattern can be seen for pre-, mid-, and post-disturbance
between treatment and control in that the fewest number of fish were out of cover during and the
highest number of fish out 5 minutes after disturbance.
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Figure 8. Density of fish out of single cover-unit. There were more fish out of cover in treatment
raceways when compared to control raceways, resulting in a higher density measure of treatment
fish.
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Figure 9. Average nearest neighbor distances of fish in control and treatment raceways. Fish in
treatment raceways were further apart from each other than fish in control raceways.
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Figure 10. Mean shortest distance offish in control and treatment raceways to cover-unit. On
average, fish in treatment raceways were further away from cover than fish in control raceways.
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Figure 11. Activity level of fish as measured by time spent out of cover and distance traveled.
Bonytail chub in treatment raceways moved further distances for a given time than did bonytail
chub in control raceways; interaction is shown.
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Figure 12. Number of paired swimming/chasing events of focal fish during activity level trials.
Number of paired swimming/chasing events of focal fish did not vary significantly between fish
in treattnent and control raceways.
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Figure Al. Stainless steel/rock pan substrate.

Figure A2. Coconut fiber substrate.
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Tables
Table 1.Physico-chemical parameter means, standard deviations, and p-values from two-sided ttests. Means for all parameters were computed by taking the monthly averages of hydro lab
readings.

Control Raceway
Mean
SD
3.97
Temperature 17.53
75.52
9.86
DOo/o
7.16
1.24
DO mg/L
7.93
0.24
pH
2137.56
540.69
Sp. Cond.

.

Treatment Raceway
SD
Mean
17.46
4.03
74.56
9.39
7.09
1.19
7.48
0.26
2202.26
551.82

..

~-

p-value
p-value
0.9457
0.7230
0.8311
< 0.0001
0.6712

~

- - - --- - - - - - --- - --- -- --

Table 2. Mean number and standard error ofbonytail chub out of cover-unit in control and
treatment raceways before, during, and after disturbance routine.

Control
Treatment

Pre-Disturbance
Mean
Standard
Error
2.07
0.38
5.83
0.69

Mid-Disturbance
Mean
Standard
Error
0.21
0.38
4.00
0.69
'
"
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>

Post-Disturbance
Mean
Standard
Error
3.14
0.38
6.40
0.69

I

Table 3. Time line of attempted induced spawning behavior in first experiment.

Winter & Spring (Year 1)

Result

Action

Season
I

Decreased temperature and short

No Spawn

.•
photoperiod
IJ

"'

Summer (Year 1)

Increased temperature and

'

Unquantifiable spawning

photoperiod; provided spawning
substrate
Decreased temperature and short

Late Summer (Year 1)

•.

photoperiod

~

.•

'

Late Fall (Year 1)

Increased temperature and

I

,.,

(I

No Spawn

photoperiod; provided additional
spawning substrates

Winter and Spring (Year 1)

Decreased temperature and short
photoperiod

~

~

I

Summer

No spawn

"

' .

Increased temperature and
photoperiod; provided additional
spawning substrates
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No spawn
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No Spawn
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