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ABSTRACT 

 Conservation of native fish is a pressing issue for fisheries managers.  
Conservation efforts often require eliminating threats posed by nonnative fish by 
eradicating them with piscicides.  The piscicides rotenone and antimycin are used for 
eradication but their application is often inefficient or ineffective.  My goal was to 
increase the efficiency and efficacy of nonnative fish eradication using piscicides.  I 
identified environmental conditions affecting piscicide application, researched methods 
to overcome these problems, and provided tools that piscicide applicators can use to 
make piscicide application more efficient and effective.  Rotenone and antimycin were 
exposed to varying levels of sunlight, turbulence, and dissolved organic matter (DOM) to 
determine the effect these environmental conditions have on piscicides.  Bioassay fish 
were used to determine the toxicity of the piscicides.  Sunlight and turbulence affected 
rotenone and antimycin but DOM did not.  Increasing the concentration of chemical can 
increase the resistance to the effects of these environmental conditions; however, the 
effects of these conditions are considerable in natural settings.  Observations of bioassay 
fish in stream applications of rotenone were used to develop a statistical model to predict 
the persistence of the piscicide.  The model can be used to predict rotenone persistence in 
small montane streams and to estimate where rotenone concentrations need to be 
fortified.  I measured the mixing rate of a chemical plume in different channel 
morphologies and at center or edge applications.  Center application had a significantly 
shorter mixing distance than edge application, but mixing distance was not different 
among meandering, straight, and riffle/pool morphologies.  Application of my findings 
will increase the efficiency and efficacy of native fish conservation using piscicides. 
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 CHAPTER 1 

TECHNIQUES FOR NATIVE FISH RESTORATION:  AN OVERVIEW 

Background Information 

Conservation of native fishes has become an important issue for fisheries 

managers.  Habitat loss, competition, predation, hybridization with nonnative fish, 

and disease have all contributed to reductions in native fish abundances and ranges 

(Callicott 1991; Krueger and May 1991; Ross 1991; Dunham et al. 1997; Campbell et 

al. 2002).  Native fish populations are valuable ecologically, economically, culturally, 

and legally.  These values have prompted fisheries managers to undertake projects 

that restore diminished native fish populations (Stefferud et al. 1992; DeMong 2001). 

Inland salmonids are commonly the subject of fisheries restoration projects.  

They have been reduced in abundance, geographic range, and genetic integrity largely 

because of nonnative species.  The presence of nonnative species has decreased the 

abundance and range of many western trout Oncorhynchus spp. populations (e.g., 

Shepard et al. 2005) and has resulted in the listing of several species as threatened or 

endangered under the Endangered Species Act (Propst et al. 1992; Young 1995b; 

Shepard et al. 1997; Weigel et al. 2003).  As part of recovery efforts, or to preclude 

listing, state and federal fisheries management agencies have undertaken projects to 

reduce the risks to which native salmonids are exposed (Propst et al. 1992).  Stocking 

(Hilderbrand 2002), angling restrictions (Strach and Bjornn 1989), and habitat 
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modification (Binns and Remmick 1994) have been used to increase populations of 

native fish.  However, eradication of nonnative fish is considered the most effective 

strategy (Hepworth et al. 2002). 

Headwater streams and lakes are common locations for restoration projects 

because populations of native fish are often isolated in headwater areas and these 

areas are considered easier to manipulate than larger downstream reaches (Stefferud 

et al. 1992; Young 1995a; Hepworth et al. 2002).  For example, all lotic restoration 

projects in Utah between 1977 and 2002 were carried out in small headwater streams 

with low discharge (< 0.3 m3/s; Hepworth et al. 2002).  Large-scale projects in Lake 

Davis, California, and in the Strawberry Valley, Utah, failed to eradicate or exclude 

nonnative fish (Lee 2001; Lentsch et al. 2001). 

Mechanical and chemical methods can be used to remove nonnative fish 

(Finlayson et al. 2000).  Mechanical methods include electrofishing and netting.  

Chemical removal is the use of piscicides including rotenone, antimycin, and 

lampricides.  Complete eradication was first thought impossible and early removal 

efforts were meant to reduce abundance of undesirable fish (Moore and Ridley 1983; 

Moore et al. 1986).  Today, eradication techniques are improving and complete 

eradication is the goal of most removal efforts.   

Mechanical removal is attractive because fisheries managers can use gears and 

techniques that they are already familiar with (e.g., electrofishing) and because these 

techniques often do not require special permits (Finlayson et al. 2005).  Unsuccessful 

attempts at eradication by electrofishing identified the limitations of this technique 
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(Moore and Ridley 1983; Moore et al. 1986; Habera et al. 1992).  Guided by these 

unsuccessful projects, recent attempts have proven electrofishing successful in 

eradicating nonnative fish (Thompson and Rahel 1996; Shepard and Nelson 2004).  

Eradication using electrofishing is successful in streams with low amounts of coarse 

woody material in the channel and low riparian vegetation density (Habera et al. 

1992; Shepard and Nelson 2004).  Clearing abundant coarse woody material and 

dense riparian vegetation is necessary to allow removal crews better access (Shepard 

and Nelson 2004).  Electrofishing removal and chemical removal were comparable in 

total cost when bank and coarse wood clearing needs were minimal and could be 

done by hand; costs of electrofishing removal would likely be significantly higher 

than the cost of chemical removal if heavy equipment was needed for riparian or 

channel clearing (Shepard and Nelson 2004).   Mechanical removal of fish in 

backcountry areas (e.g., wilderness areas) has not been attempted, likely because of 

the need for repeated access.  Moving the necessary crew and gear into remote areas 

for mechanical removal, multiple times each year, for several years, would not be cost 

effective. 

Mechanical eradication in water bodies larger than small streams remains to 

be proven effective.  Currently, gill nets and angling restrictions are being used to try 

to eradicate lake trout Salvelinus namaycush from Yellowstone Lake, Wyoming 

(Koel et al. 2005).  That effort will be the case study for mechanical eradication in 

large water bodies. 
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Twenty-nine synthetic and naturally occurring chemicals including nicotine, 

croton seed powder, lime, and malathion have been used historically to kill fish 

(Marking 1992).  Restrictions enacted in 1970 by the Environmental Protection 

Agency (EPA) reduced the number of chemicals legally used as piscicides.  Many of 

the original 29 chemicals used as piscicides were never registered.  Manufacturers 

have also allowed “grandfathered” registrations to lapse because of the high cost of 

research necessary for re-registration and the limited market for piscicides (Marking 

1992).  Antimycin-A (antimycin), rotenone, and 3-trifluoromethyl-4-nitrophenol 

(TFM) are the only chemicals currently registered with the EPA for use as piscicides 

(Finlayson et al. 2000).  Rotenone and antimycin kill a variety of fish species and 

TFM is used specifically to kill lamprey. 

Rotenone and antimycin are naturally occurring substances.  Rotenone is a 

substance found in the roots of several species of plants in the family Leguminosae 

(Finlayson et al. 2000).  Antimycin is an antibiotic produced by the bacteria of the 

genus Streptomyces.  Both rotenone and antimycin interrupt electron transport during 

mitochondrial respiration causing death to cells.  Death of fish results from overall 

tissue anoxia and associated cardiac and neurological failure (Ling 2003).   

Piscicides have been used to collect fish for consumption (Leonard 1939; Ling 

2003), for control of unwanted fish (Brown and Ball 1943; Binns 1967), and to 

sample fish populations (Bettoli and Maceina 1996).  Rotenone has been used by 

indigenous peoples in Asia, Oceana, and South America to collect fish for 

consumption for hundreds of years (Leonard 1939; Finlayson et al. 2000; Ling 2003).  
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Rotenone was first used in the USA in 1934 to eradicate fish from two Michigan 

ponds (Ball 1945) and soon became a common way to remove unwanted “rough fish” 

(i.e., non-sport fish) from lakes and rivers (Eschmeyer 1938; Leonard 1939; Brown 

and Ball 1943; Ball 1945; Binns 1967; Bettoli and Maceina 1996; McClay 2000; 

Lentsch et al. 2001; Hepworth et al. 2002).  These projects were considered 

successful as judged by increases in angler effort or game fish abundance.  However, 

they rarely eradicated all unwanted fish (Spitler 1970; Lee 2001; Lentsch et al. 2001).  

Complete fish kills were reported in 40.5% of Michigan lakes subjected to rotenone 

application and adequate post-treatment sampling (Spitler 1970).  Rotenone was 

commonly used by management agencies to sample fish abundance in lakes and 

reservoirs during the 1960s, but was replaced by less intrusive sampling methods 

(e.g., hydroacoustic surveys; Bettoli and Maceina 1996).  Antimycin was initially 

used as an antifungal agent on plants (Leben and Keith 1948).  Its toxicity was 

discovered after application to rice fields killed fish cohabitating the fields.  A patent 

for the use of antimycin as a fish toxicant was first applied for in 1962 (Schnick 

1974a) and the first studies of antimycin as a fish toxicant were conducted the 

following year (Derse 1963). 

Piscicides have also been used by fisheries scientists for eradication of disease 

organisms.  The parasitic trematode Gyrodactylus salaries was discovered in Norway 

in 1975 and was cited as the primary factor in the decline of Atlantic salmon Salmo 

salar abundance in several rivers (Johnsen and Jenser 1991).  The adult parasite only 

lives on fish and can not survive in seawater.  Therefore, eradication of all fish in 
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affected water bodies using piscicides was the most effective way to eradicate the 

parasite (Johnsen and Jenser 1991).  

Minnows are effectively culled from catfish farming ponds using antimycin.  

This is an effective method because catfish are more tolerant to antimycin than are 

other fish.  Most antimycin is used by the aquaculture industry for this purpose 

(Finlayson et al. 2002). 

Control or complete eradication of introduced fish in lakes, reservoirs, and 

streams to conserve threatened or endangered fish has become the primary reason for 

application of rotenone and antimycin by fisheries managers (McClay 2000; DeMong 

2001; Ottenbacher and Hepworth 2001; Finlayson et al. 2002; Hepworth et al. 2002).  

From 1988 to 2000, rotenone was primarily used for removal of undesirable fish 

species (McClay 2002) and antimycin application outside of aquaculture was used for 

the removal of nonnative fish (Finlayson et al. 2002).    

Applications of piscicides to lentic and lotic systems require separate 

techniques and equipment.  Piscicide application techniques and equipment were 

previously developed independently or shared informally between applicators.  

However, instructions for constructing application equipment have recently been 

published and workshops provide guidance on the effective use of these systems 

(Finlayson et al. 2000).   

Piscicide application to lakes and reservoirs is typically done from a boat.  

Boat-mounted application systems use a pump and a reservoir of piscicide.  These 

systems often use a surface spray through a garden hose or fire hose and are effective 
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to a depth of 1 m (Finlayson et al. 2000).  Deeper mixing can be achieved by applying 

piscicides directly into propeller wash or by pumping piscicides through weighted 

hoses (Finlayson et al. 2000).  Formulations of rotenone and antimycin have been 

developed to penetrate thermally stratified lakes by a slow release of piscicide on 

sinking granules (Berger et al. 1969; Spateholts and Lentsch 2001).  These methods 

for mixing piscicides into the water column have reduced the problem of incomplete 

mixing in lentic waters (Gresswell 1991; Finlayson et al. 2000).   

Pools isolated from streams at low discharge potentially allow fish to survive 

piscicide application to proximal streams, and are therefore a significant problem for 

piscicide applicators.  Time-released piscicide formulations can be used to apply 

piscicides to isolated pools (Spateholts and Lentsch 2001) but backpack spray 

systems originally designed to apply herbicides or insecticides to terrestrial 

environments are more typically used (Gresswell 1991; Stefferud et al. 1992; 

Finlayson et al. 2000; Lentsch et al. 2001).  In streams, the need for these special 

application techniques can be reduced or eliminated by reducing the number of lentic 

reaches (e.g., beaver dams; Finlayson et al. 2000; Lentsch et al. 2001).  Application of 

piscicides through ice during winter has also been successful (Finlayson et al. 2002). 

Application of piscicides to flowing portions of streams typically involves a 

reservoir to hold the piscicide and an apparatus to deliver the piscicide at a constant 

rate.  These two components together are typically referred to as a drip station.  Drip 

stations are placed along a stream to fortify the concentration of piscicide and the 

flow of each station is adjusted to apply a set amount of piscicide over an appropriate 
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time period (typically 4 to 8 h).  Leaking fittings, changes in head pressure, and 

clogging of the uniform-application orifice by debris are problems associated with 

drip stations (Gresswell 1991) that likely occur because the apparatuses are built 

using parts that are not intended for the constant application of a liquid.  To overcome 

these problems, many applicators find it necessary to assign a person to monitor each 

drip station during the application period.  This solution results in inefficient use of 

personnel. 

Identifying and addressing issues associated with efficient and effective 

piscicide use are critical in the conservation of inland salmonids.  Social issues 

surrounding restoration projects include public concerns over the use of piscicides, 

potential environmental effects, and the perceived loss of angling opportunities 

(Finlayson et al. 2000; Finlayson et al. 2005).  Protests and lawsuits from 

stakeholders decrease efficiency by increasing the time and monetary expenditures 

for each project and are a major impediment to the use of piscicides (Stuber et al. 

1988; Bettoli and Maceina 1996; Schnick 2001; Hepworth et al. 2002).  Legal 

challenges can interrupt individual projects (e.g., Cherry Creek, Montana), impede 

statewide native fish conservation efforts (e.g., the ban on piscicide use in New 

Mexico), and increase legal expenditures of management agencies.  The increasingly 

complex and difficult process necessary to obtain regulatory clearances has been 

identified as a legal issue that impedes efficient piscicides application (Hepworth et 

al. 2002; Finlayson et al. 2005).   
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Practical issues include problems associated with eradication and exclusion of 

nonnative fish.  The goal of fisheries restoration is to provide native species a place to 

flourish by eradicating and excluding nonnative fishes.  Ineffective eradication and 

exclusion are common reasons for failure of restoration (Gresswell 1991; Lee 2001; 

Lentsch et al. 2001; Hepworth et al. 2002).  Incomplete removal of nonnative fish, 

barrier failures, surreptitious stockings, and unsuitable habitat caused failed 

restoration projects during 25 years of salmonid conservation efforts in Utah 

(Hepworth et al. 2002).  These failures could potentially be prevented by perfecting 

and disseminating effective methodology.   

Piscicides have drawbacks associated with their application aside from social, 

legal, and practical issues.  First, rotenone is perceived to have a greater effect on 

aquatic invertebrate abundance and diversity than antimycin.  Applications of 

antimycin alone had no short term effects on invertebrate assemblages as measured 

by bioassays, invertebrate drift, and benthic density and biomass (Cerreto 2004).  

Rotenone and antimycin applied in combination decreased insect bioassay survival, 

increased invertebrate drift rates, and reduced benthic density and biomass when 

compared to control reaches (Cerreto 2004).  Another drawback to rotenone is the 

ability of fish to detect and avoid the formulation (Hogue 1999; Finlayson et al. 2000; 

Ling 2003).  It is currently unknown if fish are detecting the actual rotenone chemical 

or the surfactants used in all formulations (e.g., acetone; Schnick 2001).  Because fish 

can avoid water treated with rotenone, it is possible for fish to survive rotenone 

application by finding untreated water.  Antimycin is favored by some applicators 
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because fish cannot detect the chemical and do not search for untreated water 

(Gresswell 1991).   

Persistence of rotenone and antimycin in streams is perhaps the most pressing 

unknown factor associated with piscicide application.  This unknown likely plays a 

large role in the failure to eradicate nonnative fish and the wasteful application of 

piscicides.  Piscicides are expected to persist in a treated water body such that fish 

remain in contact with the chemical long enough to absorb a toxic dose.  The 

piscicides will be ineffective if they degrade before they come into contact with fish.  

Currently, applicators can not predict where in a water body piscicides become 

nontoxic.  Therefore, sections of streams or parts of lakes may be nontoxic allowing 

fish to survive.  Applicators often overlap piscicide applications to try to prevent 

areas of nontoxic water, but this tactic may result in excessive piscicide use.  

Understanding the dynamics of piscicide persistence is important in making piscicide 

application efficient and effective.   

Both rotenone and antimycin can persist for several days when applied to 

water (Zilliox 1960; Walker et al. 1964; Schnick 1974a; Schnick 1974b).  However, 

cases of rapid degradation are common (Gilderhus 1982; Dawson et al. 1991; Tiffan 

and Bergersen 1996).  Rotenone can persist in aquatic systems for up to a year but 

more frequently lasts 1 to 100 d (Zilliox 1960; Schnick 1974b).  Rotenone persistence 

was less than 1 d when the chemical was exposed to high water temperatures (i.e., > 

20ºC) in earthen ponds (Dawson et al. 1991).  Natural degradation of antimycin can 

take from 1 to 14 d (Walker et al. 1964), but it can possibly take only hours (Tiffan 
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and Bergersen 1996), and be shorter than the effective contact time (Gilderhus 1972).  

Factors known or believed to degrade piscicides include pH, water temperature, 

sunlight, turbulence, and organic matter.  

Information on the effects of pH on rotenone toxicity is sparse but sufficient 

to make application recommendations.  Water with a pH of 10 required three times 

more rotenone than water with a pH of 5-7 (0.33 μL/L and 0.1 μL/L, respectively) to 

kill fish (Brooks 1961 in Schnick 1974b).  On the other hand, information on the 

influence of pH on the effectiveness of antimycin is substantial.  Antimycin is rapidly 

hydrolyzed allowing it to be effective for short periods at a pH of 8.0 but ineffective 

at pH levels above 8.5 (Marking 1975).  The half life of antimycin was over 7 h at pH 

4.5 and 5.5, 5 h at pH 7.0 and 8.0, 4 h at pH 8.5, 40 min at pH 9.0, 20 min at pH 9.5, 

and 6 min at pH 10.0 (Lee et al. 1971).  The effective concentration necessary to kill 

100% of fish (EC100) increased three-fold from pH 5 to 8, six-fold from pH 8 to 9, 

and fourteen-fold from pH 9 to 10 (Marking 1975).  Three hours of exposure were 

necessary to achieve 75% mortality at pH 9.5, and no mortality occurred in 3 h at a 

pH of 10.0 (Berger et al. 1969).  Therefore, the manufacturer recommends application 

of 5 to 7.5 μg/L antimycin if pH is less than 8.5 and 7.5-10 μg/L if pH is greater than 

8.5.   

 The rate of rotenone detoxification increases with increasing water 

temperature (Post 1955; Engstrom-Heg and Colesante 1979; Gilderhus et al. 1986; 

Gilderhus et al. 1988).  The half life of rotenone is 13.9 d in water less than 8°C but 

only 83.9 h in 24°C water (Gilderhus et al. 1986; Gilderhus et al. 1988).  Fish are also 
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more susceptible to both rotenone and antimycin at higher water temperatures 

because of increased metabolic activity (Lennon and Berger 1970; Marking and Bills 

1976).  For example, two to five-fold differences exist in the antimycin EC100 at 7 

and 22°C (Berger et al. 1969).  Therefore, antimycin concentrations can be decreased 

when water temperatures are greater than 15.5°C.  Cold water may have been the 

primary factor responsible for unsuccessful antimycin treatments in the tributary to 

Government Creek, Montana (Tiffan and Bergersen 1996).  Fish showed no signs of 

antimycin toxicity during two separate antimycin treatments at water temperatures 

ranging from 5 to 8°C.  Antimycin application at colder water temperatures (average 

4°C) of a headwater stream did not produce signs of toxicity 120 m downstream from 

the drip station (Tiffan and Bergersen 1996).     

 Sunlight detoxifies rotenone.  Ultraviolet radiation rapidly degraded rotenone 

in spray applications to control terrestrial insects (Subba Rao and Pollard 1951).  

Rotenone-treated water placed in clear plastic bags and submerged in a lake degraded 

more rapidly than rotenone-treated water placed in opaque bags (Engstrom-Heg and 

Colesante 1979).  The effect of sunlight on piscicide toxicity decreased as depth 

increased (Engstrom-Heg and Colesante 1979).  Sunlight also degrades the toxicity of 

antimycin (Berger et al. 1969; Lee et al. 1971) especially near the surface of the water 

as turbidity limits further penetration of sunlight (Lee et al. 1971).  Slightly quicker 

degradation of antimycin occurs in clear water (i.e., greater light penetration) than in 

turbid water (i.e., less light penetration; Berger et al. 1969).  The half life of 

antimycin in direct sunlight and “open shade” was less than 20 min (Lee et al. 1971).  
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Sunlight may therefore affect antimycin toxicity more in high elevation lakes where a 

thinner atmosphere (i.e., less absorbance) would allow greater levels of sunlight than 

at lower elevations.  Premature detoxification because of exposure to sunlight has 

been suspected as the cause of several incomplete fish kills in Montana (Don Skaar, 

Montana Department of Fish, Wildlife and Parks, personal communication).  No 

recommendations exist for adjusting concentrations of piscicides in response to 

exposure to sunlight despite evidence showing sunlight detoxifies both rotenone and 

antimycin. 

 Turbulence is suspected to play a role in the degradation of antimycin.  

Antimycin in turbulent water has more contact with dissolved air and bubbles.  These 

two factors are thought to increase the deactivation rate of antimycin by allowing 

oxygen to bind to the molecule.  However, no difference was observed in antimycin 

degradation when air or helium were bubbled into water treated with 1 mg/L 

antimycin (Tiffan and Bergersen 1996).  A loss of toxicity was observed when 

antimycin solutions were subjected to agitation and turbulence with no air contact 

(i.e., pumped; Pat Clancy, Montana Fish Wildlife and Parks, personal 

communication) inferring that degradation may be caused directly by turbulence and 

not by oxidation.  Water turbulence may be an important factor in the degradation of 

antimycin applied to montane streams, a common location for eradication efforts.   

Water turbulence is not known to cause degradation of rotenone.   

 Rotenone is absorbed by inorganic compounds such as fine sediment and 

carbon (Engstrom-Heg 1974; Dawson 1975; Gilderhus 1982; Dawson et al. 1991; 
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Bettoli and Maceina 1996).  Carbon (i.e., activated charcoal) is effective in absorbing 

rotenone in the laboratory and small streams (Engstrom-Heg 1974) and is 

recommended as the most efficient and economical absorbent for piscicides (Dawson 

1975).  Moreover, other materials can absorb piscicides.  Suspended clay particles 

(i.e., bentonite) reduced the effectiveness of rotenone and antimycin (Gilderhus 

1982).  Rotenone and antimycin were not detoxified by the macrophyte Elodea 

canadensis (Gilderhus 1982).  Contradicting these findings, thick vegetative mats 

decreased piscicide dispersion (Gresswell 1991) and deciduous leaf litter was 

suspected in the failure of antimycin treatments in Great Smokey Mountain National 

Park (Moore et al. 2005).  The role of dissolved carbon in absorption of piscicides by 

organic matter has not been studied and remains unclear. 

  
Overview of Dissertation 

 Conservation of native fish, and specifically eradication of undesirable fish, 

relies heavily on the efficient and effective use of piscicides.  The goal of my research 

was to improve the efficiency and efficacy of piscicide application for the eradication 

of undesirable fish.  The objectives, described in the following chapters, are meant to 

move fisheries managers, piscicide applicators, and fish conservationists closer to that 

goal.  Chapter 2 describes the relationship between size of fish and response to 

piscicides.  I examined whether fish of different sizes have an equivalent response to 

piscicides, an important assumption when using bioassay fish as sentinels during 

piscicide applications or toxicity studies.  Chapter 3 describes research on three 



15 
 

 

environmental conditions that were suspected, but not yet proven, to reduce piscicide 

efficacy by degrading the toxicity of the chemicals.  Chapter 4 describes development 

of a model to predict the persistence of rotenone in streams.  Lack of understanding of 

the persistence of both rotenone and antimycin in streams is a major cause of 

inefficient and ineffective application.  Applicators try to prevent areas of non-toxic 

water in streams by over-applying piscicides.  A persistence model will allow 

applicators the ability to predict where in a stream the chemical will detoxify, rather 

than relying on intuition to estimate the detoxification location.  Chapter 5 describes a 

study to determine the sites in a stream that are most efficient at mixing piscicides.  

Piscicide applicators currently place drip stations at locations that are convenient for 

access (e.g., the edge of the stream) rather than placing a drip station where channel 

morphology and flow characteristics most efficiently mix piscicides.  Together, the 

research described herein provides piscicide applicators greater certainty when 

measuring piscicides using bioassay fish, more detailed knowledge of the effects of 

environmental conditions, a model to predict rotenone persistence, and protocols for 

efficiently mixing piscicides into a stream using drip stations. 
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CHAPTER 2 

EFFECT OF FISH SIZE ON RESPONSE TO PISCICIDES 

Abstract 

 The piscicides rotenone and antimycin are commonly used to eradicate 

unwanted fish populations.  However, the relationships, if present, between their 

toxicities and fish sizes are unknown and could be especially important when 

bioassay fish are used to detect piscicide presence and effectiveness.  Size-mediated 

toxicity could lead to either excessive or inadequate piscicide applications if bioassay 

fish are larger or smaller than the fish being eradicated.  The relationships between 

time to death and rainbow trout Oncorhynchus mykiss weight (0.7 to 574.0 g) at 7.5 

µg/L antimycin and 12.5 µg/L rotenone concentrations were determined.  Significant 

positive relationships existed between size and time to death in both rotenone and 

antimycin; however, these relationships accounted for less than 21% of the variation 

in time to death.  The remainder of variation was likely caused by the phenotypic 

threshold effect rather than variation in uptake rate. 

 
Introduction 

Bioassay fish are the most practical method for rapidly and effectively 

determining the presence of rotenone or antimycin (Finlayson et al. 2000).  Rotenone 

can be measured at piscicidal concentrations using high pressure liquid 

chromatography (HPLC) but antimycin is applied at a lower concentration and cannot 
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be measured.  Moreover, HPLC can not be done in real time in the field.  An 

important assumption surrounding the use of bioassay fish in the past is that fish of all 

sizes will have a similar response to the piscicide.  However, bioassay fish are often 

collected locally before treatment or brought to the site from a hatchery.  A local 

source produces a wide range in fish sizes with abundance skewed toward smaller 

fish.  A hatchery source typically results in a relatively small size range of same-age 

fish.  Both of these scenarios make the assumption that different size fish will respond 

similarly to piscicides. This assumption may not be valid. 

Existing information on the relationship between fish size and piscicide 

toxicity is incomplete.  The most detailed experiments on piscicide toxicity exposed 

21 species of fish to a range of piscicide concentrations for 3, 6, 24, and 96 h to 

determine the lowest concentration lethal to 50% of fish (LC50; Walker et al. 1964; 

Marking and Bills 1976).  However, the fish used in these experiments were small 

and ranged from only 1.0 to 1.8 g.  Experiments using a wider size range of eight 

species (30 to 305 mm in length) determined the effective contact time at several 

concentrations of rotenone and antimycin but the relationship between size and time 

to death was not explored (Gilderhus 1972).  Comparisons among previous studies 

are problematic because experiments used different concentrations of piscicide, 

exposure times, and usually narrow size ranges of fish (e.g., Walker et al. 1964; 

Gilderhus 1972; Marking and Bills 1976).  Further, the responses of individuals were 

not reported because experiments were designed to find an effective concentration 

that killed 50 or 100% of exposed fish.  Schick (1974b) suggested that a higher 
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concentration of rotenone is necessary to kill larger fish.  The only information 

available describing the relationship between size and piscicide tolerance suggests a 

positive relationship (Rowe-Rowe 1971).  Dwarf tilapia Tilapia sparrmanii with an 

average length of 41 mm, had a lower LC50 (7.28 µg/L) than fish with an average 

length of 77 mm (9.75 µg/L; Rowe-Rowe 1971).  Whereas this relationship suggests 

that larger fish are more tolerant of piscicides, it provides little guidance to those 

using fish as bioassay organisms.  For example, a piscicide applicator may 

prematurely conclude that all fish in a stream are dead if larger fish take longer to die 

than smaller fish and only small fish are used for bioassay.  The objective of this 

research was to determine the relationship between fish size and piscicide time to 

death.  This information provides piscicide applicators certainty regarding the 

assumption of a similar response to piscicides among different-sized fish.  

 
Methods 

 Rainbow trout Oncorhynchus mykiss were obtained from Ennis National Fish 

Hatchery in Ennis, Montana.  The hatchery raises McConaughy, Shasta, Arlee, Erwin 

x Arlee, Eagle Lake, and Fish Lake strain rainbow trout; the strains have widely 

varied spawning dates allowing the hatchery to provide a wide variety of fish sizes at 

any given time.  Fish of several different ages (2 to 36 months) were used to 

incorporate a spectrum of fish sizes; therefore, all of the strains were used.  Fish were 

transported to the Aquatic Sciences Laboratory at Montana State University, 

Bozeman, Montana, and maintained for two weeks prior to experiments.  During this 
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period, fish were held in 469-L fiberglass tanks supplied with 13°C filtered water at a 

20 min turnover rate (Zale et al. 2005). Fish ranged in weight from 0.7 to 574.0 g.   

Fish were randomly removed from holding tanks, anesthetized with 100 mg 

tricaine methanesulfonate/L water, weighed, and allowed to acclimate to test 

chambers for 24 h.  Fish were assigned to test chambers to maintain a 1.6 g/L tank 

loading.  The U.S. Environmental Protection Agency (USEPA) recommends loading 

at 1.1 g/L during static, nonaerated, nonrenewal exposure (USEPA (U.S. 

Environmental Protection Agency) 2002).  However, I used a slightly higher loading 

because I maintained aeration during toxicity testing.  Test chambers were isolated 

from circulating facility system water immediately prior to treatment with piscicides.  

Fish were divided into five size classes (31 to 75 mm, 76 to 120 mm, 121 to 210 mm, 

211 to 300 mm, 301 to 345 mm) and separated with perforated dividers to prevent 

large fish from antagonizing or consuming small fish.  Three trials were carried out 

for each chemical.  There were 67 fish used in the first antimycin trial, 33 fish used in 

the second trial, and 18 fish used in the third trial.  There were 32 fish used in the first 

rotenone trial and 45 fish used in each of the second and third trials.  Test chambers 

were treated to 7.5 μg antimycin/L water or 12.5 μg rotenone/L water, which are 

concentrations within the range of those typically used in stream or lake restoration 

projects (Finlayson et al. 2010).  The liquid formulation of Prenfish (Prentiss 

Incorporated, Floral Park, New York) was our source of rotenone.  Fintrol 

(Aquabiotics Corp., Bainbridge Island, Washington), a commonly used antimycin 

formulation, was unavailable because of irregularities in the shelf life of Fintrol 
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manufactured from 2004 to 2006.  Fintrol comes in two parts, Fintrol Concentrate 

(antimycin, acetone, and soy lipids [a byproduct of manufacture]) and Fintrol Diluent 

(diethyl phthalate, nonoxyl-9, and acetone).  Fintrol Concentrate was “recreated” by 

mixing 90% pure antimycin (Sigma Aldrich, Product #A8674) with 99.5% pure 

acetone in the appropriate proportions, and replacing the soy lipids with acetone.  

This concentrate was mixed with Fintrol Diluent and applied as per the label 

instructions.  The piscicides were applied with a pipette that was held over an air 

stone to allow circulation of the chemical throughout the tank.  Application of dye in 

the same fashion mixed throughout the tank within three minutes.  

 A total of 122 fish was exposed to rotenone and 118 were exposed to 

antimycin.  Fish were also maintained in untreated but aerated static hatchery system 

water as a control exposure to ensure that fish death was caused by piscicides and not 

extraneous factors.  Fish were continually monitored until all fish in treatment groups 

died.  Death was defined as no gill movement and no response to touch.  When a fish 

died, it was removed from the exposure chamber, weighed, and time of death was 

recorded.   

   For comparison between chemicals, the Kolmogorov-Smirnov two-sample 

test was used to test for similarity of time to death distributions between fish exposed 

to each piscicide.  Because this test showed that the distributions were not similar (D 

= 0.683; p < 0.0001), I used the Wilcoxon Rank Sum test to compare median time to 

death of fish exposed to rotenone to median time to death of fish exposed to 

antimycin.   
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 To determine the relationship between fish size and time to death I first used a 

mixed model ANOVA to compare mean time to death among size classes and trials. 

In this model, trial was considered a random effect and size group a fixed effect.  I 

used this test to identify potential confounding factors such as position of fish in the 

tank.  I also plotted the distribution of time to death by size class to determine if one 

of the groups of fish (potentially the fish closest or farthest from the piscicide 

application) died sooner than the others.  Simple linear regression was used to 

determine if time to death was dependent on fish weight.  Fish weights were log10 

transformed to meet assumptions of normality.  All statistical analyses were 

performed using SAS software (SAS institute Inc., Cary, North Carolina; version 9.2) 

and an alpha of 0.05. 

 
Results 

 Antimycin took significantly longer than rotenone to kill rainbow trout at 

concentrations typically used in eradication projects (Wilcoxon Rank Sum test; Z = 

10.34; n = 240; p < 0.0001).  Median time to death was 161 min when exposed to 

rotenone and 288 min when exposed to antimycin (Figure 2.1).  Time to death also 

spanned a larger range for antimycin than rotenone (Figure 2.1).  The range in 

rotenone time to death (284 min) was almost half that of antimycin (520 min).  Fish 

showed similar signs of distress between piscicides including erratic swimming, pale 

coloration, and flaring of opercula.  Fish began showing these signs of distress 10 min 

after exposure to piscicides but survived for an additional 90 min.  Most fish died 
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after this initial 100 min exposure period (Figure 2.2).  Fish mortalities were more 

evenly spread over a longer time when exposed to antimycin (Figure 2.2).  Eighty-

two percent of fish exposed to rotenone died in less than 215 min whereas only 17% 

exposed to antimycin died in that time. 

     There were significant differences in mean time to death among size classes 

of fish for antimycin (ANOVA; F = 7.66; p < 0.0001) and rotenone exposures 

(ANOVA; F = 14.48; p < 0.0001).  None of the groups was unexpectedly lower or 

higher than the others (Figure 2.3). That is, the pattern of box plots shows the same 

pattern as the linear regression results. The smaller fish tended to die faster but size 

explained less than 20% of the variation in time to death.  Despite dying faster, the 

smallest two groups of fish were actually farthest from the piscicide application point.  

When these groups were pooled there were significant positive relationships between 

rainbow trout size and time to death during exposures to rotenone (linear regression; t 

= 6.73; p < 0.0001) and antimycin (linear regression; t = 4.03; p < 0.0001; Figure 

2.4).  Despite the significant positive relationships, fish size only explained 20.1% of 

the variation in time to death in rotenone and 14.1% of the variation in antimycin.  

Smaller fish appeared to be affected by the chemicals more quickly but they did not 

consistently die before larger fish. 

 
 

Discussion 

 Time to death and behavior of fish observed in this experiment was similar to 

that observed during previous research on piscicides (Gilderhus et al. 1969; Gilderhus 
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1972).  Size of fish explained only a small amount of the variation in time to death 

among rainbow trout.  The large residual variation could be caused by different rates 

of chemical uptake (i.e., variation in chemical concentration among fish) or 

differences in the physiological response among fish (i.e., fish uptake similar 

piscicide concentrations but exhibit different responses).  A large component of 

hydrophobic organic chemical (e.g., piscicide) uptake by fish is through the gills 

(Hayton and Barron 1990).  Concentration of contaminants or piscicides in fish is a 

function of gill uptake, gill elimination, fecal egestion, dilution through growth, and 

metabolic biotransformation (Arnot and Gobas 2006).  I assumed that fecal egestion, 

dilution through growth, and metabolic biotransformation were negligible because of 

the short duration of this experiment.  I also assumed that the concentration of 

piscicide in the water was higher than the concentration of piscicide circulating 

through fish making the diffusion gradient across the fish gills positive in the water 

and negative in the fish.  Therefore, gill elimination was also assumed to be 

negligible.  The concentration of piscicides in each fish was therefore a function of 

piscicide uptake across its gills. 

 Gill uptake rate is a function of chemical, anatomical, and physiological 

characteristics.  Chemical hydrophobicity (i.e., octanol-water partition coefficient) 

and diffusion rate affect the rate at which chemicals pass across gills (Sijm and Linde 

1995).  These characteristics would not cause variation in uptake rate among 

individuals because they only vary among different chemicals.  Octanol-water 

partition coefficient varies between rotenone and antimycin but was the same among 
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fish exposed to each chemical.  The diffusion coefficient varies according to the 

physical-chemical properties of the chemical and the liquid it is traveling through 

(Sijm and Linde 1995).  However, this factor varied negligibly among replicates in 

this experiment because the water used for each replicate was from the same source 

and all replicates were kept at the same temperature.   

 Gill uptake rate could be affected by some anatomical characteristics such as 

gill surface area to weight ratio or distance between gill lamellae (Sijm and Linde 

1995; Arnot and Gobas 2006; Cheng and Farrell 2007).  For example, gill surface 

area to weight ratio varies among strains of rainbow trout (Palzenberger and Pohla 

1992) and variation in such characteristics could cause uptake rate to vary among 

strains for fish.  Differences among strains in gill surface to weight ratio could cause 

differences among strains in time to death.  However, for gill related strain 

differences to be responsible for the positive relationship I observed, the gill surface 

to weight ratio would need to be coincidently aligned such that earlier hatched strains 

would have smaller surface area to weight ratio and successive strains would have 

progressively larger surface area to weight ratio.  This relationship could be present 

within a yearly period, but across fish of several year classes this relationship would 

be nonlinear showing a repeating annual pattern.  I used several age classes of fish, 

did not observe this pattern, and conclude that gill surface area to weight ratio is not 

responsible for variation in uptake rate of piscicides.   

 Physiological characteristics that would affect uptake rate are ventilation rate 

and metabolic rate (Sijm and Linde 1995; Arnot and Gobas 2006; Cheng and Farrell 
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2007).  Variation in uptake of piscicides should not be attributed to differences in 

ventilation rate among fish.  All fish in the experiment maintained similar activity 

levels, were in the same water and therefore had similar oxygen demand and 

ventilation rate.  Smaller fish have a higher metabolism (Liao 1971) and consequently 

higher uptake rates of some chemicals (Sijm et al. 1993; Sijm et al. 1995).  For 

example, the smallest fish in my experiment use more than twice the oxygen per gram 

of fish than the largest (Liao 1971).  Smaller fish draw relatively more water across 

their gills allowing greater potential for chemical uptake.  Whereas this explains the 

positive trend in the relationship I observed, fish size explained less than a quarter of 

the variation in time to death.  Variation in characteristics other than size accounted 

for most of the variation in time to death among fish exposed to piscicides.  

 Toxicity of piscicides may be more closely linked to the biochemical 

response of a fish than to internal concentration.  That is, individuals with the 

same internal concentration of piscicide may have different responses to 

piscicide.  The action of piscicides varies among fish because of the phenotypic 

threshold effect (Rossignol et al. 2003).  The threshold effect is caused by 

randomly occurring mutations in mitochondrial DNA (mtDNA).  These 

mutations cause irregularities in transcription, translation, and enzyme complex 

assembly that result in inhibition of activity at any of the five enzyme 

complexes in the respiration chain.  These complexes have an excess processing 

capacity that provides a base level of function for the mitochondria despite 

varied levels of inhibition among individuals.  Further, this buffering capacity 
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allows mitochondria to withstand additional inhibition by complex inhibitors 

(e.g., piscicides).  However, if activity at a given complex falls below a 

threshold, mitochondria can no longer supply cells with energy and cell damage 

occurs.  The variation in baseline complex inhibition among individuals allows 

for differences in the amount of additional complex inhibition they can 

withstand.  For example, if the inhibition threshold at complex I is 75%, and 

mtDNA mutation causes a baseline inhibition of 25% in one fish, then it can 

withstand an additional 50% inhibition by piscicides before cell damage occurs.  

If another fish exhibits a baseline inhibition of 5% in activity at complex I, it 

can withstand an additional 70% inhibition.  Mitochondrial inhibition by 

piscicides may explain the variation in time to death unexplained by fish size.   

 The phenotypic threshold effect may also explain differences in time to 

death between fish exposed to rotenone and antimycin.  The response of fish 

exposed to antimycin displayed a more variable trend than the response of those 

exposed to antimycin (Figure 2.4) suggesting greater variation in complex 

inhibition among individuals.  Also, the average time to death was significantly 

lower for rotenone than antimycin (Figure 2.1) indicating that the inhibition 

threshold is lower for rotenone than antimycin. 

 The significant difference in time to death between rotenone and 

antimycin may also be explained by the fact that I used a higher concentration 

of rotenone than antimycin.  Differences between the response of fish exposed 

to rotenone and antimycin can be dramatic.  For example, the effective contact 
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time required for 50% mortality (LT50) of bighead carp Hypophthalmichthys 

molitrix was 6 h at 2.5 μg/L antimycin but it took 20 times as much rotenone 

(50 μg/L) to achieve the same LT50 (Rach et al. 2009).  

 Manifestation of the subtle relationship between time to death and fish 

size should be negligible at commonly used piscicide concentrations and 

exposure times; however, applicators using lower concentrations of piscicides 

(or other polycyclic aromatic hydrocarbons) and exposing fish over longer time 

periods may observe a more pronounced relationship between fish size and time 

to death.  Higher piscicide concentrations have a shorter effective contact time 

(Rach et al. 2009) making any differences across a size range less pronounced.     

Piscicide applicators can expect a similar time to death among the sizes of fish 

commonly used as bioassay organisms during piscicide application.  If bioassay 

fish are of a wide size range (e.g., from a stream source) or a narrow size range 

(e.g., hatchery origin) applicators can expect that non-bioassay fish will have a 

similar response.  This information removes a level of uncertainty associated 

with the response of fish of different sizes when exposed to piscicides and will 

help piscicide applicators maintain a level of certainty when applying piscicides.  
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Figure 2.1. Box plots summarizing the distributions of the time to death of 
rainbow trout when exposed to 7.5 μg/L antimycin or 12.5 μg/L rotenone.  
Box represents 25th and 75th percentiles, horizontal lines represent the 
median value, whiskers represent the 10th and 90th percentiles and dots 
represent outliers.  Median time to death was significantly different between 
antimycin and rotenone (Wilcoxon Rank Sum test; Z = 10.34; n = 240; p < 
0.0001).  
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Figure 2.2. Frequency distributions of time to death (min) of rainbow trout 
exposed to rotenone and antimycin. The number of fish exposed (n) is included 
for each chemical.  
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Figure 2.3. Time to death of rainbow trout by size group exposed to 
antimycin and rotenone.  Closed circles represent mean values and 
whiskers represent 95% confidence intervals.  Mean time to death was 
significantly different among groups antimycin (ANOVA; F = 7.66; p 
< 0.0001) and rotenone (ANOVA; F = 14.48; p < 0.0001).  Triangles 
in the largest size class of fish exposed to antimycin represent the 
actual time to death of the only two fish in that size class.  
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Figure 2.4. Relationships between time to death (min) and weight of fish 
(g) exposed to antimycin and rotenone.  
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CHAPTER 3 

DETERMINATION OF THE AMOUNT OF ISOLATED EXPOSURE TO 

SUNLIGHT, ORGANIC MATTER, AND TURBULENCE NECESSARY FOR THE 

PISCICIDES ROTENONE AND ANTIMYCIN TO BECOME INEFFECTIVE 

 
Abstract 

 Piscicide toxicity is known to be affected by pH, water temperature, sunlight, 

organic matter, and turbulence.  However, the effects of sunlight, organic matter, and 

turbulence have not been studied in enough detail to provide detailed descriptions of 

the amount of exposure of each of these constituents necessary to detoxify the 

chemicals.  Rotenone and antimycin were exposed to sunlight, turbulence, and 

dissolved organic matter in controlled experiments to determine the amount of 

exposure necessary for the chemicals to become nontoxic to rainbow trout 

Oncorhynchus mykiss.  Logistic regression was used to calculate the probability of 

eradication under different amounts of environmental exposure.  Sunlight and 

turbulence degraded rotenone and antimycin; dissolved organic matter did not.  

Increasing the concentrations of both piscicides increased their resistance to 

degradation by sunlight and turbulence.  Rotenone was more resistant to sunlight and 

turbulence than antimycin at the same concentration.  Both rotenone and antimycin 

became nontoxic after 2 h of exposure to full sunlight.  Whereas increasing 

concentration is one way to overcome the effects of sunlight and turbulence, 
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adjustments of treatment protocols such as treatment timing or drip station spacing 

would be more efficient measures. 

 
Introduction 

Sunlight, organic matter, and turbulence detoxify rotenone and antimycin and 

have been implicated as causes of incomplete fish eradication (Gresswell 1991; 

Stefferud et al. 1992).  Past research determined that these factors affect piscicides by 

exposing the piscicides to a single exposure level of one of these factors and then 

testing toxicity (Walker et al. 1964; Gilderhus et al. 1969; Lee et al. 1971; Engstrom-

Heg and Colesante 1979; Tiffan and Bergersen 1996).  These experiments were 

successful in answering the “yes or no” question of detoxification, but they did not 

determine at what level of exposure the piscicide became nontoxic.  Current 

application guidelines cite this body of research when identifying sunlight, organic 

matter, and turbulence as potential problems (Finlayson et al. 2002; Ling 2003).  

However, these guidelines fall short of describing the amount of exposure necessary 

to cause detoxification because this information does not exist.  No published 

research has been conducted that reports on effects of different exposure levels of 

sunlight, turbulence, and organic matter to determine when rotenone and antimycin 

become ineffective.  I conducted experiments that isolated these environmental 

conditions in the laboratory and exposed piscicides to different levels of these three 

conditions to provide a more detailed understanding of piscicide efficacy. 
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Methods 

Toxicity testing is the best way to isolate effects of sunlight, organic matter, 

and turbulence on the toxicity of rotenone and antimycin toxicity to trout.  Standard 

toxicity testing calls for exposure of test organisms (subjects) to multiple 

concentrations of a chemical (exposure levels) for 96 h.  The survival rates of test 

organisms at each concentration are then plotted to determine the lowest 

concentration of chemical that kills 50% of the organisms (LC50).  Three 

modifications to the standard toxicity testing methods were necessary to test the effect 

of these environmental conditions (exposure level) on piscicides (subjects).  First, this 

experiment exposed replicates of piscicide-treated water to varying amounts of the 

three environmental characteristics.  The duration of exposure of organisms to the 

chemical was modified from 96 h to 8 h because piscicides are typically applied to 

water bodies for 4 to 8 h.  Allowing 96 h for piscicides to affect fish would be 

unrealistic.  In addition to calculating the LC50 toxicity, thresholds closer to 100% 

were calculated because piscicide applicators are interested in complete eradication.  

Each environmental condition had two associated controls.  The negative 

control used fish exposed only to fresh water (i.e., no piscicides) during the testing.  

This control was used to ensure that fish mortality was not caused by extraneous 

factors.  The positive control exposed fish to piscicide-treated water taken directly 

from the stock tank without exposure to an environmental condition.  This ensured 

that initial concentrations were adequate to kill fish.   
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 A two-stage protocol was used to reduce the number of test organisms 

necessary to determine the lowest environmental exposure that allowed the piscicide 

to remain effective (Douglas et al. 1986).  The first stage used three widely spaced 

exposures and identified the appropriate range of a more narrow set of exposures.  

The second stage exposed piscicides to environmental conditions between the levels 

that caused the piscicides to be ineffective and the level that allowed the piscicide to 

remain effective (Douglas et al. 1986).  For example, a first trial using exposures of 1, 

5, and 10 h of exposure might result in the piscicide remaining toxic after 1 h of 

exposure but not after 5 h of exposure.  A second experiment would then use 

exposures of 2, 3, and 4 h to more accurately determine the exposure that causes the 

piscicide to become nontoxic.  This design causes harm to fewer fish because fish do 

not need to be exposed to experiments with 6, 7, 8, and 9 h.  

Rainbow trout Oncorhynchus mykiss ranging in length from 50 to 100 mm, 

from Ennis National Fish Hatchery, were used as bioassay organisms (fish in this 

small size range respond similarly to piscicides; Chapter 2).  Three fish were 

randomly assigned to each 30-L aquarium in a recirculating hatchery system.  Fish 

were allowed to acclimate to these aquaria for 24 h before being exposed to 

piscicides.  

  Rotenone and antimycin were tested at concentrations of 12.5 µg/L and 7.5 

µg/L, respectively, to represent concentrations typically used for eradication.  

Experiments were also carried out using 15 µg/L of each chemical to determine the 

effect of piscicide concentration on degradation by each environmental condition.  A 
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stock solution of each concentration was mixed in a 2,000-L tank.  It was divided into 

30-L units, exposed to the appropriate environmental factor, and then transferred to 

empty 30-L aquaria adjacent to tanks holding bioassay fish.  Bioassay fish were 

transferred to the static, aerated, piscicide treated water for 8 h.  After the 8 h 

piscicide exposure, fish were returned to the adjacent flow-through aquaria.  Dead 

fish were removed and counted during transfer.  The remaining fish were monitored 

at 24-h intervals until all fish died or until 96 h after the end of piscicide exposure 

(Gilderhus 1972).  These steps for handling fish were identical among experiments.  

The methods for simulating environmental exposure varied among experiments. 

Sunlight exposure experiments were carried out using piscicide treated water, 

in clear polyethylene bags, exposed to different amounts of sunlight.  Treatment 

levels differed by the density of shade fabric placed over each bag and ranged from 

10% to 90% shade.  An opaque bag (i.e., 100% shade) acted as a control for sunlight 

exposures.  The shade bags were placed in a 10-cm deep water bath to control 

temperature and exposed to direct sunlight for 4 h.  The amount of sunlight radiation 

falling on the bags was quantified using a VWR light meter (model 21899-014; West 

Chester, PA).  The sunlight radiation that each bag was exposed to was multiplied by 

the proportion of light allowed through the shade fabric to calculate the sunlight 

exposure rate for each bag.  This number was then multiplied by the amount of time 

each bag was exposed to sunlight to determine the total amount of sunlight each bag 

received (kilolux hours; klxh).   
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To relate the amount of sunlight exposure in this lab experiment to actual field 

piscicide application situations, sunlight was measured in three situations.  One 

stream treatment occurred in October under an overcast sky in a stream that averaged 

77% canopy cover.  The other stream treatment occurred in June under a clear sky 

and in a stream that averaged 50% canopy cover.  The amount of sunlight reaching 

streams was measured at ten locations spaced at 100-m intervals during two actual 

piscicide applications (see Chapter 4).  A third set of measurements was averaged 

among measurements taken at mid-day under a clear sky within days of the summer 

solstice. 

 Turbulence was created by circulating piscicide treated water through column 

aerators similar to those described by Marking (1983).  The air in these tubes was 

replaced with helium to eliminate the effect of oxidization on piscicides.  Air was 

initially purged from the tubes and helium was added thereafter at a rate of less than 1 

L/min.  Turbulence exposures ranged from 5 min to 24 h.  The amount of turbulence 

was quantified as the difference in kinetic energy ( ΔE ; kilojoules; kJ) between water 

falling freely (unobstructed tube) and water falling through an obstructed tube making 

the water turbulent.  This difference was calculated as: 

,)()( obskunobsk EEE −=Δ  

where kE , in kilojoules (kJ), was calculated as: 

221 mvEk = , 

where m is the mass of the object in kilograms, and v is the velocity in meters per 

second.  The velocity of water falling in an unobstructed tube was calculated as: 
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hgv ounobs 2)( = , 

where v(unobs) is the velocity of water in an unobstructed pipe, go is the gravitational 

acceleration constant (9.8 m/s), and h is the length of the tube (2 m). The velocity of 

water moving through an obstructed tube was measured as: 

tdv obs =)( , 

where d is the tube length and t is the average time for 1 L of water to fall through 

the tube.   

 To relate the amount of turbulence each treatment received in this experiment 

to field piscicide application situations, the amount of turbulence was calculated in 

four turbulent stream reaches.  The water velocity was measured in these reaches by 

introducing a plume of fluorescent die (Bright Dyes, FLT Yellow/Green; Kingscote 

Chemicals, Miamisburg, OH) into the stream and recording the time required for the 

middle of the plume to travel between two points.  The mean slope of these reaches 

was 2.1, 4.5, 7.3, and 11.3% and each of these reaches had rubble and cobble 

substrates (see Chapter 4 for description of slope measurement).  The amount of 

turbulence (i.e., energy dissipated; kE ) was calculated similarly to that of tubes in the 

lab experiments (i.e., theoretical velocity/actual velocity) except that Manning’s 

formula was used to estimate the unobstructed water velocity.  Manning’s formula is: 

2
1

3
21 SR

n
V h= , 



39 
 

 

where V is the cross-sectional average velocity, n is Manning’s roughness coefficient 

(i.e., 0.001 for smooth pipes for the unobstructed kinetic energy; Sturm 2001), Rh is 

the hydraulic radius, and S is slope of the water surface (m/m).  The mean Manning’s 

roughness coefficient (n) for these reaches was 0.072 (min = 0.068, max = 0.075).   

Dissolved organic matter (DOM) exposures were carried out using rotenone 

or antimycin treated water mixed with different amounts of dissolved organic matter.  

Organic matter (i.e., locally collected leaves, sticks, and grass) was soaked in water 

for 48 h, filtered through a 0.22-μm filter and stored at 4°C.  Treatment levels were 1, 

10, and 20 mg DOM/L water and represent the range of DOM levels in montane 

streams (Thurman 1985).  Controls were not exposed to DOM. 

The amount of residual rotenone was measured after each experiment.  Water 

samples were collected in amber glass bottles and refrigerated.  Rotenone was 

measured by liquid chromatography-electrospray/mass spectrometry/mass 

spectrometry (LC/MS/MS) within 24 h of sampling.  Dissolved organic matter was 

measured using a Dohrmann carbon analyzer (model DC-80; Teledine-Tekmar, 

Mason, Ohio).  Antimycin cannot be measured at the low concentrations that are 

toxic to fish. 

Logistic regression was used to develop models that predict the level of 

exposure to a given environmental condition at which rotenone and antimycin lose 

toxicity.  This analyses was used because the dependent variable (i.e., complete 

eradication or incomplete eradication) is binary (Cox and Snell 1989).  The dependent 

variable was the proportion of fish in a tank killed by the piscicide.  The independent 
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variable was the level of exposure to a given environmental factor.  Logistic 

regression models were developed using SAS software (SAS version 9.2; SAS 

Institute Inc., Cary, North Carolina) and used to evaluate the relationship between 

piscicide toxicity and environmental exposure.  The models provided a prediction of 

the maximum level of exposure to each environmental condition that still allowed for 

a given probability of eradication.  

 The environmental exposure level (EE) necessary to establish a given 

eradication probability was used to evaluate the tolerance of rotenone and antimycin 

to sunlight, turbulence, and DOM.  The EE level is analogous to the LC level in 

standard toxicity testing.  The EE for probabilities of 0.00001, 0.50, 0.95, and 0.999 

were calculated.  The EE50 allows comparison among environmental characteristics 

and between concentrations.  The EE99.9 provides piscicide applicators with the 

exposure to a given environmental condition necessary for the chemical to be less 

than 100% effective.  

 
Results 

 Sunlight degraded both rotenone and antimycin.  The sunlight EE50 and 

EE99.9 were lower for 7.5 µg/L than for 15 µg/L antimycin (Table 3.1).  Similarly, 

the sunlight EE50 and EE99.9 were lower for 12.5 µg/L rotenone than for 15 µg/L 

rotenone (Table 3.2).  A negative relationship existed between the concentration of 

residual rotenone and exposure to sunlight at 12.5 and 15 µg/L rotenone (Figure 3.1).  

Both rotenone and antimycin reached a threshold of sunlight exposure that caused 
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them to become nontoxic.  As expected, these thresholds were at a similar sunlight 

exposure for 15 µg/L of each chemical but, unexpectedly, were also at similar 

sunlight exposures when the amount of each chemicals was substantially different 

(i.e., 7.5 µg/L antimycin and 12.5 µg/L rotenone; Figure 3.2).  Doubling the 

concentration of antimycin increased the chemical’s tolerance to sunlight by a factor 

of 2.41 (Figure 3.2).  Increasing the concentration of rotenone by one sixth increased 

the chemical’s tolerance to sunlight by a factor of 2.22 (Figure 3.2).  Rotenone was 

more resistant to sunlight degradation than antimycin at the same concentration 

(Figure 3.2).  The EE99.9 for the lower concentrations of both chemicals (i.e., 7.5 

µg/L antimycin and 12.5 µg/L rotenone) was 0 indicating that they were unreliable 

for eradicating trout; however, control exposures at these concentrations successfully 

eradicated trout.  In all experiments, all fish in the piscicide-only control died, and all 

fish in the non-piscicide control lived.  Comparing the EE values to the sunlight 

exposure observed in natural settings shows that less than 2 h of exposure to sunlight 

under a clear sky would make 15 µg/L of both chemicals unreliable for eradicating 

trout (Figure 3.3).  

 Turbulence degraded antimycin more than rotenone.  The turbulence EE50 

and EE99.9 were lower for 7.5 µg/L than for 15 µg/L antimycin (Table 3.1).  The 

turbulence EE50 and EE99.9 were lower for 12.5 µg/L rotenone than for 15 µg/L 

rotenone (Table 3.2).  The toxicity of 15 µg/L rotenone was not affected by 

turbulence.  A negative relationship existed between turbulence exposure and the 

amount of residual rotenone in both 12.5 and 15 µg/L exposures (Figure 3.1).  
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Doubling the concentration of antimycin increased the chemical’s tolerance to 

turbulence by a factor of 2.64 (Figure 3.4).  Increasing the concentration of rotenone 

by one sixth increased the chemical’s tolerance to turbulence such that it remained 

toxic at naturally occurring turbulence levels (Figure 3.4).  Rotenone was more 

resistant to degradation by turbulence than antimycin at the same concentration 

(Figure 3.4).  Comparing the EE values to the turbulence exposure observed in 

natural settings shows that 15 µg/L antimycin will become unreliable for eradicating 

trout after 45 min of travel in a stream with 11.3% slope and Manning’s n of 0.072 or 

110 min of travel in a stream with a slope of 7.3% and Manning’s n of 0.068 (Figure 

3.5).  Rotenone at 15 µg/L remained toxic after exposure to all turbulence levels.  

Concentrations of 7.5 µg/L antimycin and 12.5 µg/L rotenone were unreliable for 

eradication at even the lowest exposures to turbulence.  

 Dissolved organic matter at concentrations observed in natural settings did not 

detoxify rotenone or antimycin.  All fish died at all DOM exposure levels.  A 

complex relationship between rotenone and DOM emerged after examining these 

incongruous results.  A linear relationship between the concentration of DOM and its 

ability to bind rotenone was expected.  It was expected that higher concentrations of 

DOM would absorb more rotenone.  However, higher concentrations of DOM did not 

always absorb more rotenone.  Concentrations of 1 mg/L DOM absorbed more 

rotenone than a concentration of 5 mg/L (Figure 3.1).  The rotenone binding capacity 

of DOM used in this experiment was compared to a standard form of DOM, Aldrich 

humic acid (HA; product-53680; St. Louis, MO), to determine if the DOM used in 
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this experiment was somehow confounding measurements or increasing the rotenone 

concentration.  Measurements of residual rotenone were consistently lower for HA 

than DOM (Figure 3.6).  But, these results also showed that 20 mg/L DOM and HA 

had a higher residual rotenone concentration than 1 mg/L (Figure 3.6).  The amount 

of rotenone measured in most of these replicates was higher than the initial rotenone 

concentration of 15 μg/L. 

 
Discussion 

  Sunlight and turbulence affect the toxicity of rotenone and antimycin but 

DOM does not.  Explaining the mechanisms of detoxification is clear in the case of 

sunlight, speculative in the case of turbulence, and unclear for DOM.  Sunlight is 

known to degrade a wide variety of natural and synthetic materials.  Wavelengths 

from 260-500 nm damage plastics (reviewed by Andrady et al. 1995; Copinet et al. 

2004), drugs (Barteles and von Tümpling 2007), and pesticides (Da Silva et al. 2003).  

In particular, the ultraviolet component of sunlight (UV; < 400 nm) transforms 

chemicals to excited electron states, which can cause the chemicals to degrade 

directly or can promote chemical reactions that lead to degradation.  Direct 

photodegradation takes place by homolysis (separation of a chemical bond where a 

portion retains one of the two bonded electrons), heterolysis (separation of a chemical 

bond where a portion retains both electrons), or photoionization (removal of one or 

more electrons from a molecule by absorption of a photon provided by light energy).  

Each of these processes changes the piscicide without reacting with other molecules 
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in the water. Indirect photodegradation takes place when piscicides react with other 

chemicals causing them to be nontoxic.  Particularly, reaction with hydroxyl radicals 

(HO¯) causes indirect photodegradation in an aquatic solution (Burrows et al. 2002).  

Other chemicals in photosensitized states, particularly acetone, can provide oxygen 

atoms, protons, or electrons that degrade organic molecules (Larson and Weber 

1994).  Avoiding the mixture of piscicides into an aquatic solution is impossible, but 

direct and indirect photodegradation can be avoided by limiting piscicide exposure to 

sunlight.   

 Piscicide exposure to sunlight can be limited by canopy cover, sunlight 

penetration of the waterbody, or application timing.  Canopy cover greatly reduces 

the amount of light reaching a stream (Figure 3.4) and may limit sunlight exposure in 

littoral zones of lakes; however, pelagic areas of lakes are almost continually exposed 

to sunlight during daylight hours.  Characteristics of the lake surface may limit 

exposure to sunlight, with a calm surface being more reflective than a surface 

disturbed by waves.  Of the light that penetrates the surface, DOM, suspended 

sediment, and plankton absorb UV light (Wetzel 2001) limiting the effects of sunlight 

on piscicides in lakes.  Of these factors, the amount of DOM is particularly important 

in limiting sunlight penetration of lakes.  For example, 99% of sunlight is blocked 

within 10 m when the DOM is less than 1 mg/L but 99% is blocked within 0.5 m 

when DOM is 2 to 3 mg/L (Williamson et al. 1996).  Piscicide applications are 

typically carried out in the summer during the daytime.  With this timing, both 

rotenone and antimycin would be exposed to enough sunlight to render them nontoxic 
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in less than 2 h (Figure 3.4).  Exposure to sunlight would be greatly limited in the 

evening or at night.  

 Sunlight exposure affects the toxicity of piscicides, but those effects can be 

mitigated with adjustments to typical application techniques.  In streams with 

moderate to full canopy cover, or lakes with high DOM content (e.g., greater than 2 

mg/L), sunlight exposure is limited enough that piscicides will remain toxic long 

enough to be effective.  In areas with an open canopy (e.g., lakes, meadow streams) 

piscicides should be applied at dusk or under cloud cover to limit detoxification by 

sunlight.  If these adjustments are not feasible, treating surface waters (i.e., those with 

increased exposure to UV light) with a higher concentration than deeper waters would 

help ensure eradication.  Higher concentrations of piscicides can withstand more 

exposure to sunlight; therefore, increasing the concentration of a piscicide is one way 

to mitigate for detoxification by sunlight.  However, applying piscicides at dusk or 

under cloud cover would be more cost effective and would moderate undesirable side 

effects.  

 I speculate that sorption, volatilization, or a combination of the two removed 

piscicides from solutions exposed to turbulence.  Sorption is the adhesion of a 

substance to another substance and volatilization is the process of changing from a 

liquid solution to a gaseous solution.  Sorption and volatilization are common 

processes for polycyclic aromatic hydrocarbons (PAH; Southworth 1979; Chiou 

2002).  Sorption is a common fate of aquatic PAH pollutants in water-saturated soils.  

The high surface area to solution ratio in water saturated soils and hydrophobic nature 
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of PAHs cause the chemicals to sorb to soil particles (Chiou 2002).  Similarly, PAHs 

sorb to synthetic materials such as plastic or metal well casings.  This process occurs 

over the course of days (Jones and Miller 1988) but mixing a PAH solution increases 

the sorption rate (Sharom and Solomon 1981).  Sorption may reduce the 

concentration, and therefore the toxicity, of a piscicide solution, especially in cases 

where a high surface area to solution ratio is present and the solution is being mixed.  

Both the turbulence chambers used in this study and high gradient turbulent reaches 

of streams provide this environment.  

 Volatilization may also explain the detoxification of piscicides in turbulent 

environments.  Whereas rotenone and antimycin are not volatile, commercial 

formulations of the chemicals are mixed with acetone, which is volatile (Hansen and 

Wilbur 1994).  Acetone increases the solubility of rotenone and antimycin in water, 

allowing the chemicals to be soluble in water at piscicidal concentrations.  If acetone 

is removed from the solution, the solubility of rotenone and antimycin is reduced and 

they are removed from the solution by precipitation or sorption.  Volatilization is a 

function of a chemical’s ability to move through water, the depth of the water, and the 

concentration of chemical in the air immediately next to the water.  Along a 

continuum of scenarios, volatilization would be minimized in a body of water that is 

deep and covered with stagnant air and maximized in water with a large surface area 

and continual airflow.  Unmixed water with stagnant air limits volatilization because 

redistribution of the chemical in the water is limited by molecular forces and because 

the air becomes saturated with volatilizing chemical.  Conversely, highly turbulent 
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conditions, where water is constantly mixed and often spread in a thin layer across 

substrates or suspended in airborne droplets, provide an ideal environment for 

volatilization.   

 Acetone and other PAHs volatilize from water at rates that are germane to 

piscicide application (Southworth 1979; Rathbun et al. 1988).  For example, the half 

life of acetone in a quiescent stream 1 m deep, moving at 1 m/s with a wind speed of 

3 m/s is in the range of 7.8-16.2 h (Hansen and Wilbur 1994).  On the other end of the 

continuum, the half-life of acetone volatilizing in a home shower is 2.18 s (based on 

calculations using values from Giardino et al. 1992; Moya et al. 1999).  The results of 

this research fit into this continuum in that piscicide treated water (i.e., positive 

control) remained toxic because volatilization was minimal in a covered carboy.  

Conditions for volatilization were better in the turbulence chambers, allowing acetone 

to volatilize.  As the acetone concentration decreased, the amount of rotenone or 

antimycin remaining in solution also decreased thereby reducing toxicity. 

 Rotenone is more resilient to the effects of volatilization because it is slightly 

less hydrophobic (Chapter 1).  That is, more acetone would need to volatilize for 

rotenone to become nontoxic.  Better resilience of rotenone compared to antimycin in 

turbulent environments is consistent with anecdotal observations of piscicide 

applicators. 

Application of the results of the turbulence experiments to the field is tenuous 

because piscicide degradation in the turbulence chambers was slower than expected.  

Slow volatilization was caused by the low helium exchange within the turbulence 
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chambers.  The intent of adding helium was to purge air from the turbulence 

chambers, preventing oxidation.  Helium was continually added at the top of the 

chamber to force out air and any oxygen degassing from the water during the 

exposure.  Volatilized acetone never saturated the surrounding gas, as it did in the 

carboy, because a continual small flow of helium passed through the turbulence 

chambers.  This flow allowed for a slow rate of volatilization.  The volatilization of 

acetone would have been more rapid if helium were added at higher flow rates.  The 

volatilization rate in turbulence chambers was therefore more comparable to that of a 

slow, deep stream than to that of a shallow, high-gradient stream.  Prediction of 

piscicide persistence in streams should be made with models based on measurements 

in actual streams (Chapter 4) instead of the results of this experiment.  

Concentrations of antimycin higher than those used in these experiment have 

been documented degrading at faster rates than the rates observed in these 

experiments (Tiffan 1992; Tiffan and Bergersen 1996).  Volatilization may play an 

even greater role in streams because air is continually being circulated across the 

moving water surface.  The greater circulation of air provides a practically limitless 

sink for volatizing piscicides.  Further, water cascading across coarse substrates 

provides an ideal water condition for volatilization.  Increased volatilization and 

sorption in natural settings may account for the discrepancy between this study and 

that of Tiffan and Bergersen (1996).   

The relationship between DOM and piscicide detoxification is unclear; 

however, sorption or increased exposure to light may explain problems with piscicide 
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toxicity in streams with abundant organic matter.  Problems with piscicide toxicity in 

streams with recently-fallen leaf litter suggested that the newly introduced leaves 

were somehow detoxifying the piscicide (Moore et al. 2005).  Leaf litter changes a 

stream in three ways after falling into a stream: first, leaves leach fulvic acids, humic 

acids, and sugars (collectively DOM); second, they substantially increase the surface 

area of the stream; and third, they decrease the canopy cover.   

The hydrophobic nature of DOM facilitates binding with other hydrophobic 

molecules (e.g., organic pollutants, piscicides) reducing their toxicity (Akkanen and 

Kukkonen 2003; Steinberg 2003).  The uptake of organic chemicals by organisms has 

generally been shown to decrease with increasing DOM concentration (Steinberg 

2003).  A reduction in toxicity of both piscicides was expected in this study; however, 

DOM did not affect the toxicity of rotenone or antimycin.  Measurements of rotenone 

and DOM show a confounded relationship (Figure 3.6).  Two hypotheses could 

explain the higher than expected rotenone concentrations.  First, DOM and humic 

acid (HA) were adding rotenone to the solution.  This hypothesis can be ruled out 

because rotenone was not detected in DOM treated water.  Second, DOM and HA 

somehow confound measurement of rotenone by LC/MS/MS.  This measurement 

technique should be able to distinguish between rotenone and DOM and be robust to 

these sorts of confounding factors; however, no research has been done on the effects 

of DOM or HA on rotenone measurement by LC/MS/MS.  The complex relationship 

between DOM, adsorption of piscicides, and measurement of rotenone was beyond 
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the scope of this project and needs to be studied further in order to be fully 

understood.   

The increase in surface area caused by added leaf litter may cause 

detoxification of piscicides by sorption of piscicides to the leaves.  Piscicides are 

sorbed by activated carbon and suspended sediment (Engstrom-Heg 1974; Dawson 

1975; Gilderhus 1982).  When exposed to the large amounts of surface area provided 

by leaves, piscicides may be detoxified by binding to leaf litter.  However, piscicide 

sorption has not been studied; research on piscicide sorption is likely precluded by the 

inability to detect minuscule amounts of piscicides on a variety of surfaces.   

Increased exposure to sunlight after leaf fall may explain the rapid 

detoxification of piscicides observed by Moore et al. (2005).  Expectations of 

piscicide persistence developed during bioassays under a full canopy would not be 

valid under an open canopy after leaf fall.  Exposure to sunlight dramatically reduces 

piscicide toxicity and would unexpectedly reduce piscicide persistence if the effects 

of sunlight were unknown to the applicator.  

Piscicide applicators should identify potential exposure to sunlight and 

turbulence and take steps to minimize degradation of piscicides caused by these 

factors.  The discrepancy between my study and observations of piscicide 

detoxification in natural settings may also be because of the synergistic interaction of 

multiple environmental conditions on piscicides.  My study measured the effects of 

isolated environmental condition as a first step in studying their effects.  Further study 

of the effects of these conditions on piscicides should include the interactive effects.  
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These experiments could be done by expanding the experiments described here to a 

factorial study design.      



 

 

 
 
 
Table 3.1. Environmental exposures necessary for sunlight, turbulence, and organic matter to cause 7.5 and 15.0 µg/L 
antimycin to have eradication probabilities of 0.00001, 0.500, 0.950, and 0.999 (EE level). NA indicates that because 
the true estimate was not provided, a confidence interval is not applicable. No Effect indicates that all of the fish in 
the exposures died and there was no environmental effect on the chemical.  

 

7.5 µg/L Antimycin  15.0 µg/L Antimycin 
EE level (95% CI) Exposure (95% CI)  EE level (95% CI) Exposure (95% CI) 

Sunlight (klxh) 
0.999 (0.990, 1.000) < 0 NA  0.999 (0.964, 1.000) 71 (< 0, 97) 
0.950 (0.844, 0.985) 12 (< 0, 30)  0.950 (0.750, 0.992) 113 (78, 127) 
0.500 (0.275, 0.726) 60 (44, 78)  0.500 (0.308, 0.692) 145 (133, 153) 

0.00001 (0.000, 0.001) 172 (139, 235)  0.00001 (0.000, 0.002) 218 (197, 277) 
Turbulence (kJ) 

0.999 (0.987, 1.000) < 0 NA  0.999 (0.569, 0.966) 52 (< 0, 64) 
0.950 (0.867, 0.982) 10 (< 0, 16)  0.950 (0.379, 0.819) 69 (42, 76) 
0.500 (0.331, 0.674) 30 (27, 38)  0.500 (0.186, 0.632) 82 (76, 87) 

0.00001 (0.000, 0.002) 80 (64, 120)  0.00001 (0.001, 0.236) 111 (99, 175) 
Dissolved Organic Matter 

0.999 No Effect  0.999 No Effect 
0.950 No Effect  0.950 No Effect 
0.500 No Effect  0.500 No Effect 

0.00001 No Effect  0.00001 No Effect 
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Table 3.2. Environmental exposures necessary for sunlight, turbulence, and organic matter to cause 12.5 and 15.0 µg/L 
rotenone to have eradication probabilities of 0.00001, 0.500, 0.950, and 0.999 (EE level). NA indicates that because the 
true estimate was not provided, a confidence interval is not applicable. No Effect indicates that all of the fish in the 
exposures died and there was no environmental effect on the chemical. 
 

12.5 µg/L Rotenone  15.0 µg/L Rotenone 
EE level (95% CI) Exposure (95% CI)  EE level (95% CI) Exposure (95% CI) 

Sunlight (klxh) 
0.999 (0.980, 1.000) < 0 NA  0.999 (0.923, 1.000) 148 (95, 158) 
0.950 (0.845, 0.985) 39 (9, 51)  0.950 (0.755, 0.992) 163 (142, 167) 
0.500 (0.356, 0.645) 78 (71, 89)  0.500 (0.302, 0.718) 174 (171, 181) 

0.00001 (0.000, 0.003) 170 (138, 258)  0.00001 (0.000, 0.040) 200 (188, 262) 
Turbulence (kJ) 

0.999 (0.989, 1.000) < 0 NA  0.999 No Effect 
0.950 (0.882, 0.980) < 0 NA  0.950 No Effect 
0.500 (0.358, 0.643) 96 (74, 132)  0.500 No Effect 

0.00001 (0.000, 0.001) 406 (308, 625)  0.00001 No Effect 
Dissolved Organic Matter 

0.999 No Effect  0.999 No Effect 
0.950 No Effect  0.950 No Effect 
0.500 No Effect  0.500 No Effect 

0.00001 No Effect  0.00001 No Effect 
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Figure 3.1.  Relationships between rotenone concentration and exposure to sunlight, turbulence, and organic matter. Note differences 
in scaling of Y axis.  Points represent measurements of rotenone concentration by liquid chromatography-electrospray/mass 
spectrometry/mass spectrometry.
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Figure 3.2.  Proportions of fish killed after antimycin and rotenone exposure to 
sunlight.  Solid circles indicate the proportions of fish killed at low concentrations 
of piscicides and open circles indicate proportions killed at higher concentrations.  
Solid line indicates the probability of eradication as a function of sunlight 
exposure for the lower piscicide concentrations and dashed line indicates 
probability of eradication at the higher concentrations.  Dotted lines indicate 95% 
confidence intervals.  
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Figure 3.3.  Accumulation of sunlight under three sunlight exposures.  Diagonal 
lines represent accumulated sunlight exposure; horizontal lines represent the 
level of sunlight exposure that would cause 15 μg/L rotenone or antimycin to be 
less than 99.9% effective.  Areas below the horizontal lines represent conditions 
at which 15 μg/L rotenone or antimycin would remain more than 99.9% 
effective.  
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Figure 3.4.  Proportion of fish killed after antimycin and rotenone 
exposure to turbulence.  Solid circles indicate the proportions of fish killed 
at low concentrations of piscicides and open circles indicate proportions 
killed at higher concentrations.  Solid lines indicate the probability of 
eradication as a function of sunlight exposure for the lower piscicide 
concentrations and dashed lines indicates probability of eradication at the 
higher concentrations.  Dotted lines indicate 95% confidence intervals.  
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Figure 3.5.  Accumulation of turbulence in four channel types.  Diagonal lines 
represent accumulated turbulence exposure; horizontal lines represent the level 
of turbulence exposure that would cause 15 μg/L antimycin to be 50% or 99.9% 
effective.  Areas below the horizontal lines represent conditions at which 15 
μg/L antimycin would remain more than 99.9% or 50% effective. 
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Figure 3.6. Residual rotenone concentration as a function of dissolved organic 
matter concentration.  Initial nominal rotenone concentration was 15 μg/L. Open 
dots represent measurements of rotenone when exposed to humic acid. Solid 
dots represent measurements of rotenone when exposed to a composite mixture 
of DOM.  
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CHAPTER 4 

ROTENONE PERSISTENCE MODEL 

Abstract 

 The efficient and effective use of rotenone is hindered by its unknown 

persistence in streams.  Environmental conditions degrade rotenone, but current label 

instructions suggest fortifying the chemical along a stream based on linear distance or 

travel time rather than the environment.  My objective was to develop models that use 

measurements of environmental conditions to predict rotenone persistence in streams.  

Detailed measurements of UV radiation, water temperature, dissolved oxygen, total 

dissolved solids, conductivity, pH, oxidation reduction potential, substrate 

composition, amount of organic matter, channel slope, and travel time were made 

along stream segments located between rotenone treatment stations and cages 

containing bioassay fish in six streams.  The amount of fine organic matter, biofilm, 

sand, gravel, cobble, rubble, small boulders, slope, pH, total dissolved solids, 

oxidation reduction potential, the amount of light reaching the stream, the energy 

dissipated, discharge, and cumulative travel time were each significantly correlated 

with fish death.  Using logistic regression, measurements of environmental conditions 

were paired with the response of bioassay fish to develop a model that predicted the 

persistence of rotenone in streams.  This model was validated using data from two 

additional stream treatment reaches.  Rotenone persistence was conservatively 

predicted by a model that used travel time, rubble, and oxidation reduction potential.  

When this model predicts a probability less than 0.95, rotenone applicators can expect 
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incomplete eradication and should plan on fortifying rotenone concentrations.  The 

significance of travel time has been previously identified and is currently used to 

predict rotenone persistence.  However, rubble substrate, which may be associated 

with degradation by adsorption and volatilization in turbulent environments, was not 

previously considered.  This model is applicable only to montane streams.  When 

applied, it recommends substantially different drip-station spacing than current 

application guidelines do. 

 
Introduction 

Piscicides (e.g., rotenone and antimycin) are commonly used to eradicate 

nonnative and nuisance fish species from streams.  However, variation in the 

persistence of piscicides is the primary factor leading to ineffective and inefficient 

eradication projects.  The American Fisheries Society Rotenone Stewardship Program 

and the Rotenone and Antimycin Use in Fisheries Management course identify 

environmental conditions that potentially contribute to piscicide detoxification; 

however, these programs provide little guidance for maintaining piscicide 

effectiveness under exposure to degrading environmental conditions.  To maintain 

effectiveness, project personnel must often use professional experience to identify 

where piscicides may become nontoxic in streams.  Increasing the concentration of 

piscicides is the most common response of project personnel when faced with 

incomplete knowledge of piscicide detoxification.  However, over-application of 

piscicides can cause unnecessary mortality of non-target organisms, and wastes 

piscicides, effort, and resources (McClay 2000; Finlayson et al. 2010; Vinson et al. 
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2010).  Recommendations for application techniques that minimize over-application 

of piscicides, while maintaining a high probability of fish eradication, have not been 

developed because the necessary data have not been collected.  To date, there has 

been one published study of antimycin degradation as a function of stream gradient 

(Tiffan and Bergersen 1996) and no studies of rotenone persistence in streams.       

A statistical model that predicts the persistence of piscicides would increase 

the efficiency of piscicide application.  Ideally, this model would use easily measured 

characteristics to identify detoxification rates along a proposed treatment reach.  This 

information would allow project personnel to apply the proper concentration of 

piscicides and ensure drip station spacing is appropriate to prevent areas of nontoxic 

water.  Appropriate dosing and spacing increases the efficiency and efficacy of fish 

eradication using piscicides.  The objective of this research was to develop a 

statistical model to predict the persistence of rotenone in streams.   

 
Methods 

Study Streams 

 Eight stream reaches in the western United States were used to develop and 

test a rotenone persistence model that was effective under a variety of environmental 

characteristics.  All study streams had either ongoing or planned eradication projects.  

Streams where piscicide use was already planned provided ideal study sites because 

they required no additional permitting and bioassay fish could often be collected 

locally.  Additionally, incomplete fish kills associated with this study were acceptable 

as total eradication was planned in the near future.   
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Treatment reaches were single channel stream reaches where discharge at the 

lower end of the reach was 90 to 110% of that at the beginning of the reach to avoid 

the confounding effects of groundwater or tributary dilution.  Treatment reaches 

included an application site (uppermost point of treatment reach where rotenone was 

administered) and a series of bioassay sites placed at 100-m intervals downstream 

from the application station.  The number of sites varied among treatment reaches 

because the lengths of reaches varied (Table 4.1).  

 
Environmental Characteristics 

 Environmental characteristics of each treatment reach (stream) were 

measured.  Environmental characteristics (e.g., gradient, canopy cover, and substrate) 

varied among treatment reaches, but treatment reaches were relatively homogeneous.  

Treatment reaches were marked at 100 m intervals and ten sample sites were spaced 

10-m apart within each 100-m interval.  Measurements of foliage cover, light 

penetration, and aspect were made to characterize the influence of ultraviolet (UV) 

radiation.  Foliage cover was measured using a concave densitometer.  Densitometer 

readings were taken while the observer stood in the center of the stream faced 

upstream, downstream, and toward each bank for a total of four readings.  These four 

readings were averaged to calculate the average canopy cover at each sample site.  

Light measurements were made at each sample site and averaged across the ten 

sample sites between each bioassay cage.  The stream aspect was measured as the 

compass heading in an upstream direction at each sample site.  These measurements 

were standardized to measure relative southern exposure of a stream by subtracting 

all compass headings greater than 180° from 360°.  This scales compass headings 
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from a minimum southern exposure (i.e., north; 0°) to a maximum southern exposure 

(i.e., south; 180°).  After conversion, the ten measurements between each bioassay 

cage were averaged.  Water temperature, dissolved oxygen, total dissolved solids 

(TDS), conductivity, pH, and oxidation reduction potential (ORP) were measured 

using a YSI model 556 multi-parameter meter (Yellow Springs Incorporated, Yellow 

Springs, Ohio) at the rotenone application station.   

Substrate was classified using a modified Wentworth scale (Wentworth 1922; 

Platts et al. 1983) as silt (< 0.2 mm diameter), sand (0.2-6.3 mm diameter), gravel 

(6.4-76.0 mm diameter), cobble (76.1-149.9 mm diameter), rubble (150.0-303.9 mm 

diameter), small boulder (304.0-609.9 mm diameter), large boulder (> 609.9 mm 

diameter) and bedrock (consolidated parent material).  Organic matter was classified 

as dead or alive.  Dead organic matter was classified as fine (< 1 mm), coarse (> 1 

mm but not wood; e.g., leaves) or wood (> 1 mm and wood; e.g., sticks, logs).  Live 

organic matter was classified as biofilm (i.e., living material on the surface of 

substrates) or macrophyte (i.e., rooted plant matter).  The percent coverage of 

substrate and organic matter was visually estimated for the 10 m between each 

sample site (Gibson et al. 1998).   

Travel time was measured by introducing a plume of fluorescent dye (Bright 

Dyes, FLT Yellow/Green; Kingscote Chemicals, Miamisburg, Ohio) into the stream 

and recording the number of minutes it took the middle of the plume to travel 

between bioassay sites.  Slope was measured using a clinometer.  Ten measurements 

between each bioassay site were averaged to determine average slope between 

bioassay sites.  Travel time and slope measurements were combined to form a 
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measurement of energy dissipated by turbulence around substrates.  Energy dissipated 

was calculated as: 

   ,)()( obskunobsk EEE −=Δ  

where kE  was calculated as: 

221 mvEk = , 

where kE  is the amount of energy in joules, m is the mass of the object in kilograms 

and v is the velocity in meters per second.  Manning’s equation was used to estimate 

the velocity of water moving through an unobstructed channel (i.e., at the same slope 

but without substrates).  Manning’s equation was denoted as: 

2
1

3
21 SR

n
V h= , 

where V is the cross-sectional average velocity (m/s), n is Manning’s roughness 

coefficient (i.e., 0.001 for smooth pipes; Sturm 2001), Rh is the hydraulic radius (m), 

and S is slope of the water surface (m/m).  Energy dissipation was calculated for the 

stream section between each bioassay site. 

Bioassay and Rotenone Application 

Bioassay fish (hereafter fish) were used as bioassay organisms to evaluate 

rotenone persistence within treatment reaches.  Direct measurement of rotenone 

concentration requires special laboratory equipment, is costly, and logistically 

difficult.  However, fish can often be found on-site or in proximal water bodies and 

provide the necessary level of resolution (i.e., dead or alive) to determine rotenone 

toxicity.  Use of fish as bioassay organisms is the most appropriate way to determine 

the persistence of piscicides at remote locations.  Using fish to determine the 
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effectiveness of piscicides is recommended by the manufacturers of rotenone and 

antimycin (Finlayson et al. 2000) and in the Rotenone and Antimycin Use in Fish 

Management course.     

Two sources of bioassay fish were used.  Where eradication was planned for 

the future, bioassay fish were collected on-site using a backpack electrofisher.  

Hatchery fish were used in streams where eradication was ongoing and it was critical 

that any fish entering the stream was of the species being restored.  Fish of hatchery 

origin were acclimated to stream water for 24 h prior to rotenone application.  Three 

bioassay cages were placed out of the thalweg every 100-m within the treatment 

reach.  The total number of cages was usually different in each treatment reach 

because lengths of treatment reaches varied.  Each bioassay cage contained three 

bioassay fish.  Bioassay fish were segregated by size to minimize antagonistic 

interactions.  Rotenone toxicity does not vary much among fish of different sizes 

(Chapter 2) or between rainbow trout Oncorhynchus mykiss and brook trout 

Salvelinus fontinalis (Marking and Bills 1976).  Fish in bioassay cages were 

considered representative of the fish in a given stream reach.  Bioassay fish were 

placed upstream (within 10 m) of the application site to determine if the water quality 

in the stream was suitable for fish (i.e., negative control).  Bioassay fish were placed 

downstream (within 10 m) from the application site to determine if rotenone 

minimally affected by environmental characteristics was toxic to fish (i.e., positive 

control).  Rotenone was applied at 25 µg rotenone/L of water for 6 h at the 

application site (Finlayson et al. 2010).  Bioassay fish were checked for mortality 48 
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hours after rotenone application.  The response of each fish was recorded as either 

dead or alive. 

 
Modeling Mechanics 

 Measurements of environmental characteristics were combined with the 

response of bioassay fish to develop a rotenone persistence model.  Independent 

variables were environmental characteristics measured along treatment reaches.  The 

dependent variable was the response of bioassay fish (i.e., rotenone toxicity).   

 Data from six treatment reaches were used to develop candidate rotenone 

persistence models.  Univariate logistic regression was used to identify independent 

variables (i.e., environmental characteristics) that had a significant relationship (p < 

0.25) with the dependent variable.  I used a higher p-value than traditional to balance 

between excluding a potentially helpful variable from model selection (type I error) 

and including a potentially useless variable in model selection (type II error).  

Variables with no significant relationship were excluded from further analyses.  A 

Pearson correlation matrix was used to identify highly correlated independent 

variables (R > 0.85).  For each pair of correlated variables, the variable describing a 

condition known to degrade piscicides was retained.  From the remaining variables a 

candidate model was selected using a stepwise selection procedure (selection criteria 

P < 0.10).  First-order interactions were included during the model building 

procedure.  Parameter estimates were calculated using generalized estimating 

equations in SAS software (PROC GENMOD; SAS version 9.2; SAS Institute Inc., 

Cary, North Carolina).  This procedure corrects for the clustered and correlated nature 

of longitudinal data providing improved standard errors of parameter estimates over 
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traditional logistic regression (Allison 1999).  Candidate model fit was evaluated 

using the generalized coefficient of determination (R2) and Akaike’s information 

criterion (QICu; Zheng 2000; Pan 2001).  This identified models that balanced the 

tradeoff between model fit and parsimony (Mac Nally 2000).   

 
Model Development and Testing 

 Two steps were used to evaluate models.  First, a leave-one-out procedure was 

used to identify candidate models and assess the potential for model application.  

Models were developed (using stepwise selection) with data from five treatment 

reaches then tested on a sixth treatment reach.  This procedure was repeated six times 

leaving out a different treatment reach each time.  The feasibility of applying a 

rotenone persistence model was explored using predictions on the sixth stream. 

 Second, the predictive ability of candidate models was determined using data 

from two additional streams.  Because these data were not used to develop candidate 

models, they represent an independent test of each candidate model’s predictive 

ability.  Data collected in these two independent reaches represent data that would be 

collected prior to piscicide application.  The eradication probability was calculated for 

these data using the candidate models and compared to the actual eradication 

outcome.  Model fit to the additional data was compared using the generalized R2 

(Hosmer and Lemeshow 2000).  Receiver operating characteristic (ROC) curves were 

used to measure the predictive ability of the final model.  For ROC analysis, the 

response of fish was converted to a binary outcome (i.e., all fish die or at least one 

fish survives) and the model predictions were compared to the actual outcomes 

(Hosmer and Lemeshow 2000; Gönen 2007).  These comparisons were made at a 
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series of prediction probabilities to determine which probability cutoff point provided 

the most correct predictions.  The cutoff with the first false positive was used to 

determine a conservative estimate of where piscicides will become ineffective.  

Models were compared using the area under curve (AUC) statistic (Hosmer and 

Lemeshow 2000; Gönen 2007).  

 I evaluated how many of the 10 sites within a 100 section needed to be 

sampled for environmental characteristic measurements that were included in the 

final model (e.g., % rubble coverage).  I randomly selected sets of 2 through 10 sites 

(i.e., 2 sites, 3 sites, 4 sites, etc.) and calculated the mean of these data sets.  I then 

plotted the mean and confidence interval against the size of the data set to determine 

the fewest number of sites that can be sampled without increasing the confidence 

interval around the estimate of the environmental characteristic.  

 
Results 

 Streams included in this study were all small, montane streams.  Streams 

varied in pH from 7.64 to 8.56, dissolved oxygen from 7.69 to 11.77 mg/L, 

temperature from 7.00 to 17.21°C, TDS from 0.033 to 1.860 g/L, conductivity from 

33 to 227 μS/cm, ORP from 20 to 215 mV, and discharge from 0.0013 to 0.1746 m3/s 

(Table 4.1).  Most streams were in forested areas with average canopy cover varying 

from 21 to 74% (Figure 4.1).  Also, most streams had moderate slope of less than 4% 

whereas reaches of Lower Carpenter Creek and Clear Creek approached 8% (Figure 

4.1).  One hundred meter travel time was less than 30 min in most reaches except in 

low gradient, meandering reaches (e.g., East Fork Cherry Creek and portions of Kill 
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Brennan Creek; Figure 4.1).  Substrate of most streams was dominated by gravel or 

cobble with sand and rubble present (Figure 4.2).   

  Fifteen stream characteristics were significantly associated with rotenone 

persistence and included in initial model selection.  The amount of fine organic matter 

(-), biofilm (+), sand (-), gravel (-), cobble (+), rubble (+), small boulders (+), slope 

(+), pH (+), TDS (+), ORP (-), the amount of light reaching the stream (+), the energy 

dissipated (+), discharge (-), and cumulative travel time (+) were each significantly 

correlated with rotenone persistence.  The amount of biofilm and the amount of 

rubble were both correlated with the amount of small boulders; the amount of small 

boulders was removed from further analyses. 

 East Fork Cherry Creek was physically unlike the other streams in that it is a 

low-gradient, meandering stream with fine substrate and an open canopy.  Models 

developed by leaving data from East Fork Cherry Creek out and predicting on it 

performed poorly.  East Fork Cherry Creek was deemed an outlier, and removed from 

further analyses. 

 Four unique models were developed to predict rotenone persistence using the 

remaining five streams.  Cumulative travel time and the percent rubble substrate were 

common predictors occurring in all four models (Table 4.2).  A model that also 

included oxidation reduction potential was selected in two streams.  Total dissolved 

solids, cobble substrate, and slope were also used in models (Table 4.2).  

 Models predicted a lower probability of eradication than actually occurred in 

three of four cases.  Two models appeared to be too conservative, predicting low 

probability of eradication at locations where rotenone was still effective (Figure 4.3).  
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The other three models were more accurate, with actual responses falling within, or 

close to, 95% confidence intervals.  A common and conservative trait among models 

was that at a predicted eradication probability of 0.95 the actual proportion of fish 

killed was 1.0 (Figure 4.3). 

 All four unique models were considered as final models.  The top three 

models had R2 greater than 0.50.  The travel time + rubble + ORP model had the 

lowest QICu value and the other three models had similar values when tested against 

data from all five streams (Table 4.3).  The travel time + rubble + slope model was a 

better fit to data from the five prediction streams (R2 = 0.712) than a model that also 

included cobble (R2 = 0.614; Table 4.3).  The travel time + rubble + ORP model had a 

lower QICu but also lower R2 (0.587) compared with the travel time + rubble + TDS 

model.  

 When the models were validated on data from two additional streams, the 

travel time + rubble + TDS model had the best fit (R2 = 0.875; Table 4.4). However 

the travel time + rubble + ORP model had similar fit and narrower confidence 

intervals.  The area under the ROC curve was higher than 0.90 for all models 

indicating “outstanding discrimination” (Hosmer and Lemeshow 2000).  The lowest 

false positive cutoff was 0.77 for the top model but 0.95 for the travel time + rubble + 

TDS model (Table 4.4).  This indicates that a cutoff of 0.95 is a conservative cutoff 

for predicting when fish at a site may survive. 
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Discussion 

 The probability of eradication of trout in a stream with rotenone can be 

estimated using travel time, the amount of rubble and the ORP.  When making 

predictions of piscicide persistence, a model prediction of 0.95 is a reasonable cutoff 

for indicating where some fish will survive.  These results provide empirical evidence 

for using travel time as a predictor of rotenone persistence, and suggest that electron 

transfer (i.e., oxidation or reduction) is also important in degradation of rotenone, but 

most importantly show that including environmental characteristics improves 

predictive ability.   

 These results are concordant with other studies of piscicide persistence.  

Controlled experiments showed that rotenone and antimycin degrade with exposure to 

turbulence (Chapter 3), but the only other study (Tiffan and Bergersen 1996) on the 

persistence of piscicides in streams tested the effects of high gradient reaches on 

antimycin.  Antimycin degrades in high gradient reaches more quickly than low 

gradient reaches.  Whereas my study used rotenone rather than antimycin, the 

inclusion of slope in the final model suggests that rotenone also degrades more 

rapidly in high gradient reaches.  Sunlight and temperature also affect piscicide 

toxicity (Chapter 3; Gilderhus et al. 1986); however, temperature, southern exposure, 

canopy cover, and sunlight were not included in the highest ranked persistence 

models.  Previous research also identified pH as significantly affecting rotenone 

(Brooks 1961 in Schnick 1974b) and antimycin toxicity (Berger et al. 1969; Lee et al. 

1971; Marking 1975).  Oxidation reduction potential is closely linked to pH but is a 
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better descriptor of the ability to oxidize or reduce a chemical in solution (Wetzel 

2001). 

 Inclusion of rubble substrate in the model suggests that volatilization is the 

primary factor driving piscicide detoxification in streams.  Rubble is most common in 

high gradent reaches with turbulent conditions.  The volatilization rate of chemicals 

in streams is directly proportional to the oxygenation rate (Tsivoglou and Neal 1976; 

Rathbun 1990).  Several models have been developed to predict reaeration rates 

(reviewed by Jah et al. 2004) but all include some combination of velocity, slope, 

depth, and channel roughness.  The results of my research are concordant with 

reaeration models in that the final three models included measurements of velocity 

(travel time), slope, and channel roughness (e.g., percent rubble; Table 4.4).  This 

similarity suggests that volatilization of acetone is an important factor in reducing 

piscicide persistence in streams, especially those with high gradients. 

 Piscicide applicators commonly increase piscicide concentrations, rather than 

reduce the distance between drip stations, when confronted with a situation where 

piscicides might become ineffective.  This decision unintentionally increases 

mortality of non-target organisms (Vinson et al. 2010).  Currently, rotenone 

applicators space drip stations 805 to 3220 m (0.5 to 2.0 miles) apart, but not less than 

60 minutes or more than 120 minutes apart (label recommendation; Prentiss, Inc., 

2002).  The average distance rotenone traveled in this experiment, and still killed fish, 

was 675 m (minimum = 200, maximum = 1700) and 83 minutes (minimum = 15, 

maximum = 143).  Therefore, the shortest values of both linear distance and time 

were well below the minimum recommended drip station spacing and the variation 
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among reaches in the distance rotenone persisted was considerable.  These two 

observations suggest that a uniform recommendation for drip station spacing that 

does not account for local stream characteristics is inappropriate.  Rather, a model 

that incorporates a measure of distance (e.g., travel time), local stream characteristics 

(e.g., rubble), and water chemistry is a better predictor of rotenone persistence.  This 

point is highlighted by the results of models developed for Upper and Lower 

Carpenter Creek and Clear Creek (Figure 4.3).  Current spacing recommendations 

(805 m or 60 min) would place stations farther apart than necessary, but a model 

using distance and stream characteristics was able to accurately predict the point at 

which rotenone was less than completely effective. 

 The model of travel time + rubble + ORP should only be applied to small, 

freestone, montane streams.  Application outside of this description will provide 

misleading results.  For example, the model tested on East Fork Cherry Creek, a low-

gradient meadow stream, used information from five montane streams to predict 

rotenone persistence.  The model provided nonsensical predictions of eradication 

probability. 

 Further research on piscicide persistence in streams should include modeling 

that incorporates drainage networks, ground water influences, and other stream types.  

The models described herein were developed in simple, single-channel reaches 

between stream junctions.  Piscicide persistence may not be uniform in stream 

networks, especially where streams join or in reaches heavily influenced by 

groundwater inputs.  For example, if a rotenone-treated tributary joins a rotenone-

treated stream, the travel time of rotenone in the tributary may be much shorter than 
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of the rotenone in the stream.  Whereas the initial rotenone concentration may be the 

same in both, the rotenone that traveled farther may degrade sooner.   

 Similar models would be valuable for different types of water bodies.  

Additional models may be appropriate for lakes, low-gradient meandering streams, or 

larger rivers.  For example, a model that incorporates depth and dissolved organic 

carbon may be appropriate for lakes and ponds (Engstrom-Heg and Colesante 1979).  

A model that incorporates stream pH and the amounts of biofilm and rubble may be 

more appropriate for low-gradient meandering streams (e.g., East Fork Cherry 

Creek).  

 
Model Application 

 Results of this research should be applied to montane stream reaches that are 

candidates for fish eradication by first collecting information on the stream to be 

treated, developing predictions on piscicide persistence, and finally comparing the 

predictions to responses of bioassay fish.  The stream reach should be surveyed with 

detailed calculations of the 100-m travel time and the coverage of rubble substrates.  

These measurements do not need to be carried out at the same time but doing so 

would minimize the number of visits to the stream.  Travel time information should 

be collected by applying a plume of dye to a stream and measuring the amount of 

time the plume takes to travel through every 100-m reach.  The percentage of rubble 

covering the stream bottom should be estimated for 10-m lengths of stream.  Whereas 

only 5 10-m measurements are necessary to accurately estimate the rubble coverage 

of a 100-m reach as judged by convergence of estimates calculated using different 

numbers of measurements, more measurements will improve the estimate.  Therefore, 
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estimation of all ten 10-m lengths is prudent if time permits.  With practice, rubble 

estimation in all ten 10-m lengths will likely take less time than it takes for the dye to 

travel the same 100 m.  The ORP of the stream should be measured under stream 

conditions as close to the application conditions as possible.  Data should be 

organized such that the measurements entered into the model represent the travel time 

from the beginning of the reach (i.e., from the drip station) to the point where the 

estimate is being made.  For example, rubble estimates from the drip station to the 

point where the estimate is being made should be averaged and entered into the 

model.  The ORP is measured just once and does not need to be averaged.  For an 

estimate 300 m below a drip station, the travel time (min) from the drip station to the 

300 m location, the average rubble coverage (%) for the same area, and the stream 

ORP (mV) should be entered into the following formula: 

( )
( )

( )timeTravelORPsubstrateRubble

timeTravelORPsubstrateRubble

e
eneradicatioP ×−×+×−

×−×+×−

+
= 0489.00012.01341.09116.7

0489.00012.01341.09116.7

1
. 

Predictions of eradication probability should be made in a downstream series.  At the 

first location where the probability of eradication is less than 0.95, it is appropriate to 

fortify the concentration of rotenone by placing another drip station.  



 

 

Table 4.1. Reach length, number of bioassay sites used, water chemistry, and discharge of treatment reaches included in this 
study.  Jumping Creek and Graves Creek were used for model testing; all other treatment reaches were used for model 
development. 

Stream 

Reach 
length 

(m) 
Bioassay 

sites pH 

Dissolved 
oxygen 
(mg/L) 

Temperature 
(°C) 

Total 
dissolved 

solids (g/L) 
Conductivity 

(μS/cm) 

Oxidation 
reduction 
potential 

(mV) 
Discharge 

(m3/s) 
Upper Carpenter 500 6 7.79 9.12 17.19 0.088 109 184 0.0015 

Lower Carpenter 500 6 7.79 9.00 17.21 0.095 111 176 0.0014 

Clear 1100 12 8.09 11.40 7.73 1.860 180 115 0.0430 

East Fork Cherry 400 5 8.56 10.30 16.62 0.156 201 116 0.0013 

LaBarge 2100 22 8.44 11.77 11.62 0.199 227 165 0.0308 

Kill Brennan 1200 13 6.88 11.24 7.00 0.033 33 215 0.1746 

Jumping 1300 14 8.00 11.00 15.00 0.100 200 180 0.0267 

Graves 1000 11 7.64 7.69 16.03 0.094 120 20 0.0716 

 
Table 4.2. Covariates selected by stepwise selection when a model based on data from four treatment 
reaches was built and tested on the fifth test stream. X represents inclusion of a covariate in a model. 
 Test stream 

Covariate 
Upper 

Carpenter 
Lower 

Carpenter Clear LaBarge Kill Brennan 
Travel time x x x x x 
Rubble substrate x x x x x 
Oxidation reduction potential  x x  x  
Slope     x 
Total dissolved solids   x   
Cobble  x    
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Table 4.3. Goodness-of-fit statistics for models predicting 
probability of eradication using rotenone in montane streams. 
Statistics measure model fit to data from all five streams used in 
model development (ORP = oxidation reduction potential; TDS = 
total dissolved solids).  

Model R2 QICu ΔQICu 
Travel time + Rubble + ORP 0.587 13.9456 0.0000 

Travel time + Rubble + Slope 0.712 21.4378 7.4922 

Travel time + Rubble + ORP + Cobble 0.614 26.2097 12.2614 

Travel time + Rubble + TDS 0.696 28.2357 14.2901 

 

 
Table 4.4. Goodness-of-fit statistics for models tested against validation data from 
Jumping Creek and Graves Creek.  Area under the curve (AUC) was calculated from 
receiver operating curves.   

Model R2 AUC (95% CI) 
First false  

positive cutoff 
Travel time + Rubble + ORP 0.815 0.9895 (0.9603, 1.0187) 0.77 

Travel time + Rubble + Slope 0.462 0.9053 (0.7763, 1.0342) 0.95 

Travel time + Rubble + ORP + Cobble 0.586 0.9158 (0.7951, 1.0365) 0.82 

Travel time + Rubble + TDS 0.875 0.9579 (0.8809, 1.0349) 0.91 
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Figure 4.1.  Physical characteristics of study streams.  Dot represents mean and 
whiskers represent range of measurements.  Filled dots indicate treatment reaches 
used for model development and open dots indicate treatment reaches used for model 
testing. 
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Figure 4.2. Percent coverage of each size class of substrate in study streams.  
Substrate was classified using a modified Wentworth scale as silt (< 0.2 mm 
diameter), sand (0.2-6.3 mm diameter), gravel (6.4-76.0 mm diameter), cobble 
(76.1-149.9 mm diameter), rubble (150.0-303.9 mm diameter), small boulder 
(304.0-609.9 mm diameter), large boulder (> 609.9 mm diameter) and 
bedrock (consolidated parent material).  Dark shading indicates streams used 
for model development and light shading indicates streams used for model 
testing. 
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Figure 4.3. Eradication probability plotted against distance downstream (m) for models calculated in model development.  Points 
represent response of bioassay fish.  Solid line represents the predicted probability of eradication and dashed lines indicate 95% 
confidence interval.

82 



82 

 

0 200 400 600 800 1000 1200 1400

P
ro

ba
bi

lit
y 0.0

0.2

0.4

0.6

0.8

1.0

Proportion of fish dead
Model prediction 
95% confidence interval

Distance downstream (m)

0 200 400 600 800 1000

0.0

0.2

0.4

0.6

0.8

1.0

 
Figure 4.4. Eradication predictions and response of fish using a model of 
travel time, rubble, and oxidation reduction potential for validation data 
from Jumping Creek and Graves Creek.  Points represent actual response of 
fish, solid lines represent model prediction, and dashed lines indicate 95% 
confidence intervals.  
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CHAPTER 5 

TRANSVERSE MIXING OF SIMULATED PISCICIDES IN SMALL 

MONTANE STREAMS 

Abstract 

 Thorough mixing of piscicides into receiving waters is important for efficient and 

effective fish eradication.  However, no guidance exists for the placement of drip stations 

with respect to mixing.  Salt (NaCl) was used as a tracer to measure the mixing rates of 

center versus edge applications in riffle/pool, straight, and meandering sections of 

montane streams.  The tracer was applied at either the center or the edge of a channel and 

measured with a conductivity meter across a downstream grid to determine the distances 

at which transverse mixing was complete.  No advantage was accrued by applying 

piscicides in specific channel types as transverse mixing distance did not differ among 

them.  However, mixing distance was significantly shorter at center applications.  

Chemical plumes should be overlapped by 10 stream widths when using center 

applications and 20 stream widths for edge applications to ensure thorough piscicide 

mixing. 

 
Introduction 

Eradicating fish using piscicides is useful when removing exotic species, restoring 

threatened or endangered species, and controlling disease (Meronek et al. 1996; McClay 
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2000; McClay 2002).  Factors affecting the performance of piscicides include water 

chemistry, fish resistance to the chemicals, and application methods (Ling 2003).  

Piscicide applicators have provided varied and detailed descriptions of piscicide 

application apparatuses (e.g., Finlayson et al. 2000; Spateholts and Lentsch 2001; 

Thompson et al. 2001); however, no published guidelines currently exist for placement of 

these devices to ensure efficient and effective mixing of piscicides into streams.  

Complete mixing of chemicals through the water body to be treated is required for 

complete eradication.  Stream piscicide applications use multiple drip stations placed at 

intervals along a stream to deliver liquid formulations of piscicides.  The drip stations are 

placed at intervals to fortify the concentration of piscicide and prevent areas of nontoxic 

water.  Fish can detect some liquid and powdered formulations of rotenone and avoid 

treatment by seeking nontoxic water (Hogue 1999).  Thus, plumes of piscicide treated 

water from drip stations must be overlapped such that the piscicide mixes transversely 

preventing areas of nontoxic water.   

Transverse mixing is the horizontal movement of a chemical across a stream 

channel and is influenced by stream characteristics.  It can be predicted using empirical 

equations derived from data gathered in large rivers (e.g., the Missouri) and laboratory 

flumes  (Rutherford 1994; Boxall et al. 2003; Jeon et al. 2007).  The equations use 

coefficients that are assumed to remain constant transversely and longitudinally (e.g., 

shear velocity, width, depth, and sinuosity; Rutherford 1994).  In natural settings, and 

particularly in montane streams, the assumption of constant-coefficients cannot be met.  

Channel morphology, bed form, and bed roughness (e.g., substrates) cause variations in 
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shear velocity, width, and depth, thereby increasing transverse mixing rates.  For 

example, roughness within the channel and complex channel morphology caused faster 

transverse mixing than in less complex channels of low gradient streams in Iowa (Heard 

et al. 2001).  Piscicide applications commonly take place in high-gradient montane 

streams.  These streams are characterized by rough beds and frequent changes in channel 

type (e.g., riffle-pool sequences).  However, no studies of transverse mixing have been 

conducted in montane streams and transverse mixing rate estimates do not exist for them.   

Understanding transverse mixing in small montane streams will help make 

piscicide application more efficient and effective.  In the absence of clear guidelines, 

piscicide drip stations are commonly placed at locations that are most convenient for 

access by the piscicide applicator.  The goal of this research was to better understand 

transverse mixing in montane streams such that guidelines describing drip station 

placement can be established.  The objectives were to 1) compare transverse mixing 

distance among channel types, 2) compare transverse mixing distance between center 

channel and edge applications, and 3) develop a simple technique to rapidly estimate 

transverse mixing distance.   

 
Methods 

This study was carried out on the North Fork of Spanish Creek and the East Fork 

of Cherry Creek, Madison County, Montana.  Three sites were chosen in riffle/pool, 

straight, and meander channel types for a total of nine study reaches.  Riffle/pool reaches 

alternated between narrow-shallow riffles and wide-deep pools.  Straight channels were 
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characterized by more uniform width and depth profiles.  Meander reaches were 

relatively uniform in width and depth but sinuous in planview.  Discharge was measured 

at each site by measuring water velocities at 0.6 of the total water depth at ten locations 

across the stream using an electro-magnetic flow meter (Marsh McBirney model 2000, 

Frederick, Maryland). 

A saturated solution of sodium chloride (NaCl) was applied to the stream at the 

upstream end of each study reach to characterize transverse mixing.  The tracer was 

applied at the edge and then at the center of the stream allowing sufficient time for the 

solution to flush from the study reaches between trials.  Sodium chloride was used as a 

tracer because NaCl concentration can be measured easily with a conductivity meter.  

Sodium chloride solution was mixed on-site in a 200-L drum and applied to the stream 

using a battery-powered pump.   

The tracer was measured along a series of 20 downstream cross sections.  Cross 

sections ranged from 1.0 to 4.5 m apart and were spaced one channel width apart, similar 

to Jeon et al. (2007).  Study reaches ranged from 20 m to 90 m.  Ten points were evenly 

spaced across the channel along each cross section to form a grid of measurement points 

downstream from the application point.  Conductivity was measured at each point in the 

grid using a YSI model 556 multi-parameter meter (Yellow Springs, Inc., Yellow 

Springs, Ohio) to map the tracer plume.  Conductivity measurements along each cross 

section were compared to determine the distance at which the tracer was uniformly 

mixed.  Uniform mixing was qualified as a less than 1% variation in conductivity 

measurements within a cross section.  
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A general linear model was used to determine if significant differences existed in 

mixing distances among channel types and between center and edge applications.  Center 

and edge applications were considered repeated measures because they occurred within 

the same stream reach and at the same discharge.  Channel type and application location 

were included as main effects.  Stream width was included as a random effect to account 

for variation in mixing distance caused by stream size.  All first order interactions were 

tested and included in the final model if significant.  Student’s t-test was used to test for 

differences in the mixing distance to width ratio between center and edge applications.  A 

significance level of p = 0.05 was used in all statistical tests. 

 
Results 

Transverse mixing distance was not influenced by channel type but was 

influenced by application location.  Mixing distances varied from 7.5 m for center 

applications in narrow reaches to 103.0 m for edge applications in wide reaches (Figure 

5.1).  No significant differences existed among mean transverse mixing distances among 

channel types (Figure 5.1).  Though mixing tended to be faster in meandering reaches.  

Transverse mixing distance was significantly shorter at center channel 

applications (Figure 5.2).  The mean transverse mixing distance of center applications 

(21.0 m; 95% CI = 13.2-28.7) was significantly less than the mean mixing distance of 

edge applications (41.9 m; 95% CI = 23.8-60.1; Figure 5.2).  Edge applications resulted 

in longer transverse mixing distances than center applications at every site.  The mean 
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ratio of mixing distance to stream width was significantly shorter at center applications 

(6.8; 95% CI = 4.8-8.8) than edge applications (13.1; 95% CI = 8.9-17.3; Figure 5.2).   

 
Discussion 

 The secondary currents in montane streams allow chemicals to mix more rapidly 

than in larger and less turbulent streams and rivers.  Meanders and changes in the width 

or depth of a stream cause secondary currents that disperse chemicals horizontally (Heard 

et al. 2001; Boxall et al. 2003; Jeon et al. 2007).  Therefore, I expected to find longer 

mixing distances in straight channels where secondary currents are less common and flow 

is more laminar (Rutherford 1994).  However, montane streams are characterized by low 

width to depth ratios, high gradient, and coarse substrates (Wohl 2000).  Substrates often 

emerged from the water surface in the study reaches, causing turbulent eddies throughout 

the water column.  These secondary currents facilitated transverse mixing even in straight 

reaches.  Secondary currents caused by coarse substrates appear to be more influential to 

transverse mixing than channel type in montane streams.         

 Width of the stream and application location directly affect the transverse mixing 

of chemicals applied to a stream regardless of the amount of turbulence in the channel.  

Chemicals released at the edge of a stream must travel the full width of the stream to mix 

evenly.  Application of a chemical to the middle of a stream divides in half the horizontal 

distance the chemical must travel.  The mixing distance to width ratio in the center 

applications was about half that of edge applications (Figure 5.2).  Piscicide applicators 

should apply chemicals at the center of a channel to mix them most efficiently.  



89 

 

 Prediction of mixing distance based on stream width allows rapid estimation of 

transverse mixing distance without complex calculation.  Other methods to predict 

transverse mixing use complex formulae that cannot be calculated without a personal 

computer.  However, multiplying the stream width by 10 at center applications or 20 at 

edge applications provides a rule of thumb that allows a chemical applicator to rapidly 

estimate the transverse mixing distance in montane streams.  These multipliers provide a 

margin of error appropriate for estimating transverse mixing when applying piscicides or 

detoxifying piscicides with potassium permanganate (KMnO4).  Predicting transverse 

mixing in montane streams has application to research on uptake length of nutrients, 

influence of groundwater inputs, influence of tributaries, and the area affected by 

pollution effluent.   

 A major assumption of tracer applications is that the tracer acts similarly to water 

and to rotenone or antimycin, both of which are lighter than water (Rutherford 1994).  I 

used a saturated saline solution, which was denser than water, as a tracer.  A dense tracer 

cloud would bias estimates of mixing toward longer distances, providing a larger margin 

or error.  The tracer solution did tend to stay near the bottom within centimeters of the 

application location but turbulence quickly mixed the solution vertically.  No difference 

in conductivity during ad hoc measurements at the water surface and at the stream bottom 

was observed except at the application location.    
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Figure 5.1.  Distribution of mixing distances by stream channel type.  Points 
represent means and error bars represent 95% confidence intervals.  
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Figure 5.2.  Distribution of mixing distances and mixing distance to width 
ratios by application location.  Points represent means and error bars 
represent 95% confidence intervals. 
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CHAPTER 6 

DISSERTATION SUMMARY  

 Conservation of native fish often requires eradication of nonnative fish using 

piscicides (McClay 2000; McClay 2002; Finlayson et al. 2005).  Application of these 

chemicals in the most efficient and effective way is important for the success of 

conservation efforts but has been hindered by an incomplete understanding of the 

interactions between the environment and the piscicides.  The unknown rate of 

environmental degradation of piscicides allows for premature degradation and over-

application.  Premature detoxification allows fish to survive in nontoxic water.  Over-

application to try and prevent premature degradation is wasteful of resources and causes 

excessive mortality of nontarget organisms (e.g., invertebrates; Finlayson et al. 2010).  

Documentation of failed or wasteful piscicide application is rare (e.g., Lentsch et al. 

2001; Moore et al. 2005); however, literature reviews on piscicides warn that 

environmental conditions may cause premature detoxification (Finlayson et al. 2002; 

Ling 2003).  Previous research on antimycin provided guidance for its application in high 

gradient streams (Tiffan and Bergersen 1996) and in high pH water (Berger et al. 1969; 

Lee et al. 1971; Marking 1975), but similar information did not exist for sunlight, 

turbulence, and organic matter.  Information describing piscicide persistence after 

application and exposure to the environment was also lacking.  Piscicide applicators 

knew that the chemicals are affected by the environment and eventually become 

nontoxic, but lacked a tool for predicting where along a stream environmental exposure 
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causes the chemicals to become nontoxic.  The underlying goal of my research was to fill 

this gap and provide guidance that will reduce the instances of over-application and 

premature degradation.   

 I first used laboratory experiments to isolate the effects of sunlight, turbulence, 

and organic matter and determine what level of exposure to these environmental 

conditions affects piscicide degradation (Chapter 3).  I showed that dissolved organic 

matter does not affect piscicide toxicity, but piscicides do degrade with exposure to 

sunlight and in turbulent conditions.  These results are concordant with other research 

that shows sunlight affects a wide variety of chemicals by exciting electrons directly and 

destroying the molecule or allowing reactions with other chemicals or water (Andrady et 

al. 1995; Da Silva et al. 2003; Copinet et al. 2004; Barteles and von Tümpling 2007).  

The mechanism of piscicide detoxification was not determined, but sunlight likely 

hydrolyzes or detoxifies piscicides by a photo-assisted reaction with acetone (Larson and 

Weber 1994).  Turbulent mixing of molecules does not affect piscicides; rather, the 

chemicals are likely detoxified because of acetone volatilization in turbulent 

environments.  Acetone is used to dissolve hydrophobic piscicides into water, but acetone 

is highly volatile (Hansen and Wilbur 1994).  Previous research has shown that acetone 

volatilizes slowly in quiescent streams (Hansen and Wilbur 1994), but much more rapidly 

in situations where water is spread into a thin layer or is in droplet form (Giardino et al. 

1992; Moya et al. 1999).  When commercial mixtures of piscicide (i.e., piscicide and 

acetone) are mixed into turbulent waters, the acetone volatilizes leaving piscicides to sorb 

or precipitate from solution.  These experiments were helpful in removing the interacting 
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and confounding effects of multiple conditions to determine if a certain condition affects 

piscicides and if so at what level of exposure.     

 Examination of the simultaneous effects of multiple environmental conditions 

provides a more realistic description of piscicide degradation.  I applied rotenone to six 

streams and monitored the toxicity using regularly spaced bioassay fish (Chapter 4).  

After determining the stream reach that caused the piscicide to become nontoxic, I made 

a series of measurements that characterized the environmental conditions in that reach.  I 

then developed a statistical model that describes rotenone degradation in montane 

streams.  The final model uses measurements of rubble, travel time, and oxidation 

reduction potential to predict the probability that rotenone will eradicate fish.  Oxidation 

reduction potential measures the electron transfer potential of water and is analogous to 

pH (Wetzel 2001).  The inclusion of this measurement into the model is concordant with 

previous research showing that antimycin toxicity is affected by high pH water.  Rubble 

substrates are most common in high gradient and turbulent stream reaches suggesting that 

volatilization of acetone degrades rotenone toxicity in natural settings.  The importance 

of high gradient streams is concordant with the only other research on piscicide 

detoxification in streams; antimycin also degrades rapidly in high gradient streams 

(Tiffan and Bergersen 1996).  The results of my laboratory experiments suggested that, 

along with turbulence, sunlight would play an important role in piscicide degradation in 

streams.  Consequently, I expected that the amount of canopy cover, aspect, or the 

amount of sunlight penetration would be included in the model, but they were not. 
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 Most streams included in this study were freestone montane streams with some 

canopy cover.  However, one meadow stream was turbid, low gradient, and with a 

completely open canopy.  Models developed using the montane streams predicted poorly 

on the meadow stream and it was excluded from further analyses as an outlier.  This 

suggests that it is important to develop models for piscicide persistence that are specific 

to different stream types.  Currently, most eradication efforts are in montane streams; 

however, future eradication efforts in other types of water bodies (e.g., prairie streams) 

will require development of additional models.  Also, these models were developed for 

single-channel reaches with limited groundwater influence; models that incorporate 

stream networks and groundwater influences would provide guidance to piscicide 

applications in more complex stream systems. 

 As piscicide-treated water moves downstream, and is affected by the 

environment, piscicide applicators prevent areas of nontoxic water by fortifying the 

piscicide concentration with a series of drip stations placed along the stream.  The intent 

of these drip stations is to reapply a toxic concentration of piscicide after the upstream-

piscicide has been degraded by environmental exposure.  An important application of my 

model is to identify where it is most appropriate to make the fortifications.  Currently 

distance (either linear distance or travel time) is used to make these predictions.  

Incorporating measures of environmental degradation into these predictions is more 

appropriate than placement based on distance alone.  The final model incorporated travel 

time but also included two measures of environmental degradation that have been shown 

by my research, and others, to degrade piscicides.  By placing drip stations where the 
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eradication probability falls bellow 0.95, piscicide applicators can appropriately fortify 

piscicide concentrations.   

 Piscicide applicators must overlap piscicide plumes from a drip station to 

effectively eradicate fish.  Piscicides applied at a location need some distance to move 

downstream and mix thoroughly through the channel.  However, no guidance existed on 

the rate piscicides mix into montane streams, nor the most appropriate location (i.e., 

center or edge) or morphology (i.e., riffle/pool, meander, or straight reach) to maximize 

piscicide mixing.  To determine transverse mixing rates in montane streams, I measured 

transverse mixing of a simulated piscicide (Chapter 5).  I compared mixing rates between 

center and edge applications and among applications in riffle/pool, meander, and straight 

reaches.  Center applications most efficiently mixed piscicide into a stream, but no one 

channel type was better at mixing the chemicals through the stream channel.  I found that 

a multiplier of 10 stream widths is a conservative rule of thumb for estimating transverse 

mixing of piscicides for center applications.  This information provides guidance to 

piscicide applicators so they can efficiently mix piscicides into streams thereby reducing 

the opportunity for fish to survive in areas where piscicides may not completely mix.   

 Bioassay fish are an important component of piscicide applications.  They are 

used to determine the toxicity of the piscicide during application and as the chemicals 

detoxify.  Bioassay fish were also important in the laboratory experiments (Chapter 3) 

and field applications (Chapter 4) of my research.  Despite their importance as a measure 

of piscicides, only one study relates the tolerance to piscicides to the size of fish (Rowe-

Rowe 1971).  I studied the relationship between piscicide tolerance and fish size by 
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exposing a wide size range of trout to rotenone or antimycin and measuring time to death 

(Chapter 2).  Larger fish tend to take longer to die, but size explained less than 20% of 

the variation in time to death.  This study provides information on the use of bioassay fish 

that will provide piscicide applicators and researchers a better understanding of the 

tolerance of trout to piscicides. 

 Application of the information gained during my research will make piscicide use 

to eradicate nonnative fish more efficient and effective.  Application of piscicides at dusk 

will reduce degradation by sunlight.  Use of the model described in Chapter 4 will enable 

drip station placement that incorporates environmental conditions that cause rotenone to 

become nontoxic.  This will reduce the frequency of piscicide over-application and the 

chance for nonnative fish to survive in water where rotenone has become nontoxic.  After 

the appropriate fortification locations are identified, piscicide applicators can advise 

personnel monitoring drip stations to place the equipment at the center of the stream 

channel and overlap the application by 10 stream widths.  

 Eradication of nonnative fish for the benefit of native fish will be more efficient 

and effective as the results of this research are applied.  Individual projects will require 

less effort and the incidence of incomplete eradication will be reduced.  This will increase 

the number of conservation efforts that can be carried out and reduce the need for 

repeating eradication efforts.   
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