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Abstract 

Zequanox® is a biopesticide registered by the U.S. Environmental Protection Agency 
(USEPA) and the Canadian Pest Management Regulatory Agency for controlling 
dreissenid mussels with demonstrated selective toxicity. However, some research 
has indicated that Zequanox may impact the body condition and survival of some 
non-target species. We assessed avoidance behaviors of two species of cold-, cool-, 
and warm-water fishes to Zequanox at the maximum concentration allowed by the 
USEPA label (100 mg/L as active ingredient). Naïve, juvenile fish (n = 30 per 
species) were individually observed in a two-flume choice tank through which 
Zequanox-treated and untreated water simultaneously flowed in an unobstructed 
arena. Individual fish were observed during an untreated control period (20 min) 
and two Zequanox-exposure periods (20 min each). Treatment was alternated 
between arena sides to account for potential side bias in the test subjects. Positional 
data were collected and tabulated in real time with EthoVision® XT software. 
Zequanox concentrations and water quality properties (pH, dissolved oxygen, 
temperature, and specific conductance) were monitored during each trial. Analysis 
of treatment response was performed using a contrast within linear mixed-effects 
models. Our results indicate that Brook Trout, Lake Trout, and Bluegill avoided 
Zequanox-treated water, Yellow Perch were indifferent to Zequanox-treated water, 
and Lake Sturgeon and Fathead Minnow were attracted to Zequanox-treated water. 
These results combined with existing species sensitivity literature may help inform 
resource managers of potential treatment-related risks. 
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Introduction 

Zequanox® is a biopesticide manufactured by Marrone Bio Innovations, 
Inc. (Davis, California) that is labeled for dreissenid mussel control in 
defined-discharge and open-water systems. Zequanox is a spray-dried 
powder containing 50% (w/w) killed Pseudomonas fluorescens (Strain 
CL145A) cells, a common soil bacterium, as the active ingredient. The 
molluscicidal action of Zequanox degrades the digestive tract of dreissenid 
mussels via a secondary metabolite produced by P. fluorescens, resulting in 
mussel death (Molloy et al. 2013b, c). 
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Considerable research has been done to understand the toxicity of 
Zequanox to dreissenid mussels and non-target organisms (Meehan et al. 
2014b; Luoma et al. 2015, 2018a; Whitledge et al. 2015; Waller et al. 2016). 
Zequanox has demonstrated selectivity for dreissenid mussels over native 
organisms (Molloy et al. 2013a) however, much of this work focused on 
mortality and less on sublethal effects. Laboratory exposure of Lake Trout 
(Salvelinus namaycush Walbaum in Artedi, 1792) demonstrated sublethal 
effects including emaciation and hemorrhaging in addition to substantial 
delayed mortality (Luoma et al. 2018a). Temperature-dependent toxicity to 
zebra mussels (Dreissena polymorpha Pallas, 1771) has been noted, likely 
due to the influence of temperature on filtration rates and metabolism (Lei 
et al. 1996; Luoma et al. 2018b). 

Zequanox has been used in zebra mussel eradication efforts, such as 
Christmas Lake (Hennepin County, Minnesota) where multiple toxicants 
were used between 2014 and 2015 in attempts to eradicate zebra mussels 
within temporary barriers (Lund et al. 2018). Successful eradication was 
reported within the Zequanox-treated area after 11 days; however, zebra 
mussels were later found outside of the treated area, resulting in the expansion 
of the treatment area and the use of different toxicants. Lund et al. (2018) 
also reported a decrease in dissolved oxygen during the treatment, from 
7.8 mg/L to 0.1 mg/L, identifying a risk to non-target organisms. The first 
open-water application without containment barriers was performed in 
2017 at Round Lake (Emmet County, Michigan; Luoma et al. 2019) and 
had limited success largely due to the barrier-free applications and subsequent 
mixing with surrounding lake water. Thus far, successful open-water 
Zequanox treatments have been partial-lake treatments involving 
containment barriers, which act to keep the molluscicide within designated 
treatment areas (Meehan et al. 2014a; Weber 2015; Whitledge et al. 2015; 
Luoma and Severson 2016; Lund et al. 2018). 

Avoidance and attraction behaviors in fish are well studied. Methods 
and apparatuses, similar to those used in this study, have been used to 
investigate the effects of various environmental cues and toxicants (Bisson 
and Bilby 1982; Abreu et al. 2016; da Rosa et al. 2016). Jutfelt et al. (2017) 
used similar methods as we have when examining the avoidance of 
predatory cues. Some of the substances examined under similar conditions 
include pharmaceuticals, herbicides, pesticides, predatory cues, and suspended 
solids (Bisson and Bilby 1982; Morgan et al. 1991; Tierney 2016; da Rosa et 
al. 2016; Jutfelt et al. 2017). The overall concept is relatively simple; the test 
subject was provided with two choices, either swim in water to which 
Zequanox was applied or in the control water, while their residence time in 
both areas was observed and quantified. 

Zequanox treatments greatly increase turbidity with the addition of 
suspended solids. Fish behavior and physiological stress reactions to 
turbidity and suspended solids are well studied (Newcombe and MacDonald 
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Table 1. Mean (standard deviation) and range of test organism wet weight and total length. 

Species 
Wet weight (g)  Total length (mm) 

Mean (sd) Range  Mean (sd) Range 
Cold-water      

Brook Trout 1.82 (0.478) 1.07–3.10  31 (4.5) 53–72 
Lake Trout 2.89 (0.752) 1.91–4.67  74 (5.4) 67–86 

Cool-water      
Lake Sturgeon 2.67 (0.733) 1.12–4.02  96 (9.3) 76–116 
Yellow Perch 1.42 (0.337) 0.848–2.25  56 (4.0) 48–64 

Warm-water      
Bluegill 2.71 (0.805) 1.14–4.13  57 (5.3) 45–65 
Fathead Minnow 1.55 (0.373) 0.938–2.39  55 (4.0) 48–63 

1991; Bilotta and Brazier 2008). Changes in turbidity drive different 
behaviors depending on species and life stage. In extreme cases, high 
concentrations of suspended solids have been associated with mortality in 
certain species (Kemp et al. 2011). The associated increase in suspended 
solids during a Zequanox treatment may affect aquatic organisms not well 
adapted to such stressors; however, the risks associated with Zequanox 
treatments to aquatic organisms would be diminished if sensitive species 
demonstrate avoidance. 

Materials and methods 

Test animals 

Juvenile fish reared at the Upper Midwest Environmental Sciences Center 
(La Crosse, Wisconsin) were acclimated to test temperature at a rate of 
change ≤ 3 °C per day. Test fish were fed commercially available feed (frozen 
chironomid larvae for the Lake Sturgeon and trout and salmon starter diet 
for other species) to apparent satiation twice per day and the holding tanks 
were cleaned daily. Water quality properties (dissolved oxygen, pH, and 
temperature) were measured and recorded daily in the holding tanks. Test 
animals were indiscriminately selected daily for trials. After each trial, fish 
were euthanized in a solution of tricaine methanesulfonate (MS-222) and 
measured for total length and weight (Table 1). 

Test system 

A two-flume choice tank (Loligo Systems, Viborg, Denmark; Figure 1), 
equipped with valves to alternate treated sides within the tank and flow 
meters to maintain equal flow to both sides, was used to conduct 
behavioral trials. The choice tank was supplied with temperature-controlled 
well water from two aerated headboxes. A Zequanox stock for each test trial 
was made by mixing 315.0 g of Zequanox into 2.835 L of well water with an 
immersion blender. The stock was continuously stirred on a magnetic stir 
plate to maintain a homogeneous mixture, kept cool with a freezer pack, 
and was delivered to the treatment-designated headbox via a peristaltic 
pump. The stock was delivered at approximately 48 mL/min and adjusted 
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Figure 1. Overhead schematic of the avoidance system. Source water entered from the left and flow rates were controlled with 
diaphragm valves and monitored on side-specific rotameters. A cross-over system included a set of 3-way valves and plumbing to 
switch treatment sides during trials. Flow collimators of decreasing sizes on both sides of the choice tank delivered near laminar 
flow conditions to the arena. Fish were contained in the arena by the collimator upstream and by a backscreen on the downstream 
side. The samplers included a pH probe, dissolved oxygen probe, and peristaltic tubing to monitor test conditions from outside the 
curtain without disturbing the test individual. 

as required to maintain the target concentration of 100 mg/L as active 
ingredient. An airstone aided mixing within the headbox. Flow to each side 
of the choice tank was maintained at approximately 25 L/min. A series of 
baffles upstream from the arena created near-laminar flow conditions 
which minimized mixing between the treated and untreated sides without 
the use of a barrier. The test arena was shortened from its original size to 
16.0 × 38.5 × 10.0 cm (length × width × water depth) by moving the 
backscreen upstream to maintain a clear transition between the treated and 
untreated sides. A black-plastic curtain was installed surrounding the 
choice tank to minimize disturbance. Within the enclosure, a light source 
producing a natural spectrum was installed and controlled with a dimmer 
switch to maintain approximately 6 lux. A camera (Model: scA1300-60gm; 
Basler AG, Ahrensburg, Germany) equipped with varifocal lens (Model: 
H3Z4512CS-IR; Computar, Cary, North Carolina) was installed above the 
arena and linked to a computer running EthoVision XT software (Noldus 
Information Technology, Inc., Leesburg, Virginia). EthoVision XT software 
was used to track and tally fish location throughout the trials at a frequency 
of 7.5 frames per second. 

Water quality meters (Model: HQ40d; Hach Company, Loveland, Colorado) 
were equipped with dissolved oxygen and pH probes that were suspended, 
along with peristaltic sampling lines, mid-water column in each side of the 
choice tank immediately downstream from the test arena. Dissolved 
oxygen and pH were measured in each side at the midpoint of each trial 
period (control and two treatment periods). A peristaltic pump located 
outside the curtain continuously sampled water through the lines 
suspended in the choice tank. Samples collected via peristaltic pump were 
used to measure specific conductance and Zequanox concentration at the 
midpoint of each treatment period. One trial per species (n = 6) was 
sampled at shorter intervals for Zequanox to understand the fluctuations in 
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Figure 2. Representative trial format for showing side B (above centerline) treated first. Zequanox concentrations in mg/L as 
active ingredient (shaded area) for each side of the choice tank. One trial per species (n = 6) was sampled every 5 minutes during 
the control period and every 2 minutes thereafter. The control period was preceded by a 10-minute acclimation period. 

concentration throughout the trial. All Zequanox concentrations were 
determined by comparison to a standard curve, generated daily from 
concentration standards bracketing the test concentration. Concentrations 
were determined with a spectrophotometer (Model: DR3900; Hach Company, 
Loveland, Colorado) measuring light absorption at a wavelength of 660 nm 
across a 2.54 cm light-path. Specific conductance was also measured in the 
samples with a conductivity meter (Model: AP75; Fisher Scientific, Waltham, 
Massachusetts). Temperature was measured from the effluent of both 
sides. The system was flushed with clean water for a minimum of 30 min 
between each trial. Water from each headbox was tested daily for alkalinity 
and total hardness throughout the study. 

Experimental design 

Six fish species were tested at three temperatures, consisting of two cold-
water species, (Brook Trout (Salvelinus fontinalis Mitchill, 1814) and Lake 
Trout; 12 °C), two cool-water species (Lake Sturgeon (Acipenser fulvescens 
Rafinesque, 1817) and Yellow Perch (Perca flavescens Mitchill, 1814); 17 °C), 
and two warm-water species (Bluegill (Lepomis macrochirus Rafinesque, 
1819) and Fathead Minnow (Pimephales promelas Rafinesque, 1820); 22 °C). 
For each species, 30 fish were individually subjected to a 90 min trial. Each 
trial consisted of a 20 min control period and two, side-specific 20 min 
treatment periods, each preceded by a 10 min transition period; this format 
was modeled closely after suggestions by Jutfelt et al. (2017; Figure 2). The 
side of the choice tank occupied by the fish at the end of the control period 
was selected as the side to be treated first. Zequanox delivery was initiated 
at the end of the control period and treated sides were switched between 
the treatment periods to reduce the effects of side bias. 
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Data analysis 

Individual fish served as the experimental units for all analysis. Effect sizes 
were estimated with a 95% confidence interval (CI). The arena side choice 
by fish during each period (control and the two treatment periods) were 
compared. The proportion of time in avoidance of Zequanox-treated water 
for each individual was analyzed with a generalized linear mixed model in 
statistical software R version 3.6.1 with lme4::lmer (Bates et al. 2015; R Core 
Team 2019). The proportion of time spent on each side of the arena was 
determined by dividing the number of detections (binomial; presence or 
absence, 1 or 0, respectively) by the total number of observations. Additionally, 
the number of side changes per exposure period was tallied for each 
individual and summarized by species to compare activity in response to 
Zequanox exposures. 

The two sides of the tank were identified as A and B for the sole purpose 
of assigning treatment and assessing behavioral response. The response 
variable for each model is the proportion of time in avoidance. Avoidance 
refers to the proportion of time in the untreated side (i.e. side B when the 
treatment is on side A or side A when the treatment is on side B). For the 
control period, avoidance is defined as the proportion of time the fish was 
present in the side that was treated first. Setting the control avoidance in 
this manner conservatively biases the proportion of time in avoidance 
higher for the control setting since the Zequanox was introduced to the 
side the individual was in at the end of the control period. 

A separate model was fit for each fish species in which the experimental 
condition (i.e. control, side A treated, or side B treated) was the primary 
“within” subject predictor variable and individual fish were the random 
subjects. Treatment order within each trial, either side A or side B treated 
first, was used as a block variable. Estimated effect size for each species was 
computed using a contrast of mean avoidance during treatment periods to 
the “avoidance” during the control period (Equation 1). 

 𝑥 ൌ  
ሺ஺ା஻ሻ

ଶ
െ 𝐶 Equation 1 

Where, x = effect size for individual 
 A = proportion of time in avoidance during side A treatment 
 B = proportion of time in avoidance during side B treatment 
 C = proportion of time in the first treated side during the control 

  period 

Results 

Dissolved oxygen remained above recommended concentrations for each 
temperature group for all trials (Table 2; Tidwell 2012). Specific conductance 
was slightly higher in the Zequanox-treated water (mean: 413 μS/cm at 25 °C) 
when compared to the untreated water (396 μS/cm at 25 °C). Alkalinity and 
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Table 2. Zequanox concentrations and water quality properties for avoidance trials in the treated 
and untreated sides by test temperature. 

Trial Temperature (°C) 
Treated  Untreated 

Mean Min. Max.  Mean Min. Max. 
Zequanox (mg/L as active ingredient) 

12 (Cold) 95.930 74.210 108.71  0.216 0 2.310 
17 (Cool) 99.936 90.042 109.56  0.179 0 0.622 
22 (Warm) 99.053 90.516 107.59  0.251 0 0.685 

Dissolved oxygen (mg/L) 
12 9.36 9.05 9.64  9.44 8.96 9.72 
17 8.24 6.32 9.04  8.81 8.09 9.18 
22 7.12 4.21 8.22  7.91 6.70 8.40 

pH 
12 7.78 7.68 7.92  7.92 7.81 8.09 
17 7.75 7.66 7.90  7.88 7.79 8.08 
22 7.76 7.67 8.02  7.88 7.78 8.03 

Specific conductance (µS/cm at 25 °C) 
12 412 362 459  395 342 440 
17 411 387 439  392 364 425 
22 417 397 434  400 376 436 

total hardness were similar throughout all trials, averaging 150 mg/L as 
CaCO3 and 195 mg/L as CaCO3, respectively. No differences in pH were 
detected between the treated and untreated sides, although the pH in the 
treated side was slightly lower. Zequanox concentrations in the treated side 
averaged 95.4, 99.9, and 99.1 mg/L as active ingredient in the 12, 17, and 22 °C 
tests, respectively. The treated and untreated flumes were well separated as 
indicated by negligible Zequanox concentrations in the untreated side 
which averaged 0.2, 0.2, and 0.3 mg/L as active ingredient in the 12, 17, and 
22 °C trials, respectively. For all trials, the maximum observed Zequanox 
concentration in the untreated sides was 2.3 mg/L as active ingredient. 

Three types of behavioral responses were detected: avoidance, attraction, 
and indifference (Figure 3). Compared to the control periods, there was an 
increase in the proportion of time in avoidance for Lake Trout (95% CI: 
0.20 to 0.29), Bluegill (95% CI: 0.19 to 0.27), and Brook Trout (95% CI: 
0.34 to 0.43) when the Zequanox was present. Fathead Minnow and Lake 
Sturgeon exhibited decreased avoidance (i.e. attraction) to the Zequanox 
treatment compared to the control periods (95% CIs: −0.45 to −0.75 and 
−0.23 to −0.52, respectively). Yellow Perch behavior was indifferent between 
the control and treatment periods (95% CI: −0.15 to 0.13). 

The number of side changes for each trial period were also tallied and 
compared (Table 3). There was a noticeable decline in the number of side 
changes for the trout species during the exposure periods when compared 
to the control period. In contrast, the other species tested did not exhibit as 
large a change in activity between the control and exposure periods. A high 
degree of variation within many of the species indicates a wide range of 
responses regarding the number of times individuals entered or challenged 
the Zequanox treated water. 
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Figure 3. Comparison of behavior effect sizes and confidence intervals by species assessing 
the response to Zequanox exposure in a two-flume choice tank. Species are Fathead Minnow 
(FHM), Bluegill (BLG), Yellow Perch (YEP), Lake Sturgeon (LST), Lake Trout (LAT), and 
Brook Trout (BKT). Diamonds represent the species’ mean behavior effect sizes and the error 
bars represent the 95% confidence interval. Negative values for the behavior effect sizes are 
considered an attraction response and positive values are considered an avoidance response. 

Table 3. Mean (standard deviation) number of side changes by species during avoidance trials 
(n = 30/species). 

Species Control period 
Exposure period 

Period 1 Period 2 
Cold-water 

Brook Trout 101.9 (36.2) 42.1 (24.6) 39.8 (18.1) 
Lake Trout 120.9 (69.0) 83.7 (36.2) 83.7 (35.9) 

Cool-water 
Lake Sturgeon 30.8 (37.9) 40.1 (50.6) 29.7 (40.5) 
Yellow Perch 18.7 (25.0) 10.6 (15.9) 23.1 (20.2) 

Warm-water 
Bluegill 21.3 (12.6) 35.6 (11.5) 30.9 (10.5) 
Fathead Minnow 24.3 (32.9) 21.9 (36.2) 18.5 (32.6) 

Discussion 

Zequanox sensitivity may be a predictor in the avoidance behavior of fish 
exposed to Zequanox-treated water. Lake Trout were shown to be sensitive 
to Zequanox in a study by Luoma et al. (2018a) and they exhibited the 
strongest avoidance behavior in our study. The same pattern is true for 
Brook Trout; Luoma et al. (2015) calculated an 24h-LC50 for Brook Trout 
of 104.6 mg/L, near the 100 mg/L maximum active ingredient concentration 
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allowed per the product label, and they also exhibited an avoidance 
behavior (Marrone Bio Innovations 2015). In contrast, Fathead Minnow 
exhibited an attraction to Zequanox-treated water and they have been 
shown to be resilient to Zequanox exposure at several life stages (Waller 
and Luoma 2017). Juvenile Lake Sturgeon were also noted as being resilient 
to Zequanox exposure by Luoma et al. (2018a) and they also exhibited an 
attraction response in this study. As an exception, Bluegill exhibited an 
avoidance response to Zequanox exposure and have been shown to be 
tolerant to Zequanox exposure (Luoma et al. 2015). However, Bluegill 
activity (i.e. the number of side changes) increased slightly during the 
exposure periods compared to the control indicating that the fish were 
actively venturing into the turbid Zequanox treatment. Yellow Perch were 
the only species tested to be indifferent to Zequanox exposure. Wellington 
et al. (2010) reported that increased turbidity had no effect on Yellow 
Perch prey consumption. Yellow Perch indifference to Zequanox-treated 
water may be rooted in their ability to function in both clear and turbid 
water in addition to their tolerance to Zequanox exposure (Wellington et 
al. 2010; Luoma et al. 2015). Support for this hypothesis includes the lack 
of differences in the number of side changes during treated and untreated 
conditions, indicating that Yellow Perch moved throughout the arena in 
similar fashions with or without Zequanox being present. These observations 
lead us to infer that Zequanox-sensitive species may avoid treated waters; 
thereby, reducing the risk to the more vulnerable species. 

Elevated suspended solids can produce physiological stress for fishes 
including clogging and abrading gill tissues which can be exploited by 
opportunistic pathogens, disrupt osmotic function, and decrease dissolved 
gas exchange (Sutherland and Meyer 2007; Bilotta and Brazier 2008; Kemp 
et al. 2011). Although the effects of turbidity and suspended solids related 
to a Zequanox treatment on fish health are unknown, they are likely minimal 
in comparison to chronic or extreme exposures to suspended solids because 
the Zequanox label restricts open-water applications to a maximum of 
8 hours in a 2-week period (Marrone Bio Innovations 2015). 

The ability of sensitive species to detect and avoid Zequanox, either as a 
reaction to chemosensory ques, turbidity ques, or both, provides some 
insight for resource managers as they evaluate treatment-related risks. The 
attraction behavior of Fathead Minnow and Lake Sturgeon do not necessarily 
equate to an increased risk since these species have been found to be 
resilient to Zequanox exposure (Waller and Luoma 2017; Luoma et al. 
2018a). The avoidance of Zequanox-treated water by sensitive species such 
as Lake Trout and Brook Trout could reduce the effect to these species if 
there is an avenue of egress from the treatment area. 

Behavioral drivers such as spawning, foraging, and seasonal migrations 
warrant consideration when planning a Zequanox treatment. Smaller-
bodied species and juveniles are known to use turbidity as refugia from 
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predation (Bisson and Bilby 1982; Utne-Palm 2002). Further, Fathead 
Minnow have been shown to alter their behavior in association with 
turbidity based on food availability and predatory pressures (Chiu and 
Abrahams 2010). Brook Trout have been shown to alter the utilization of 
habitat in turbid conditions by abandoning overhead cover and decreasing 
their association with the bottom (Gradall and Swenson 1982). A thorough 
understanding of the fish community and habitats within a waterbody 
being considered for treatment would further delineate potential treatment-
related risk. Additional mitigation steps to reduce risk to fish species could 
include altering treatment timing and limiting treatment area to provide 
refugia outside the treatment. 

In conclusion, our data indicate that sensitive fish species may avoid 
Zequanox treatments, which may reduce the overall risk to these species. 
Pairing avoidance data with toxicological data and a thorough understanding 
of fish community structure and behavior patterns may assist resource 
managers in the development of treatment risk assessments and treatment 
strategies. 

Acknowledgements 

Financial support for this study was provided by the U.S. Geological Survey Ecosystem 
Mission Area Invasive Species Program and the Great Lakes Restoration Initiative. Zequanox 
was provided for this study by Marrone Bio Innovations, Inc. (Davis, California). Any use of 
trade, firm, or product names is for descriptive purposes only and does not imply endorsement 
by the U.S. Government. The authors thank Jon J. Amberg and Justin R. Smerud for their 
constructive comments and reviews of earlier manuscript drafts and two anonymous journal 
reviewers for their insightful editorial comments. Data analyzed and described in this work are 
publicly accessible at: https://doi.org/10.5066/P9BWGW8F (Barbour et al. 2020). 

Ethics and permits 

The study protocol was reviewed and approved, prior to conducting research, by the Animal 
Care and Use Committee at the Upper Midwest Environmental Sciences Center. Authors and 
researchers affiliated with this project complied with the Animal Welfare Act (7 U.S.C. 2131 et 
seq.) and with the protocols governing the use of test animals at the Upper Midwest 
Environmental Sciences Center. 

References 

Abreu MS, Giacomini ACV, Gusso D, Rosa JGS, Koakoski G, Kalichak F, Idalêncio R, 
Oliveira TA, Barcellos HHA, Bonan CD, Barcellos LJG (2016) Acute exposure to 
waterborne psychoactive drugs attract zebrafish. Comparative Biochemistry and Physiology 
Part C: Toxicology & Pharmacology 179: 37–43, https://doi.org/10.1016/j.cbpc.2015.08.009 

Barbour MT, Luoma JA, Severson TJ, Wise JK, Benny B (2020) Data Release: Avoidance 
behavior of cold-, cool-, and warm-water fish species to Zequanox®, a biopesticide for 
dreissenid mussel control. U.S. Geological Survey data release, https://doi.org/10.5066/P9BWGW8F 

Bates D, Maechler, M, Bolker B, Walker S (2015) Fitting linear mixed-effects models using 
lme4. Journal of Statistical Software 67: 1–48, https://doi.org/10.18637/jss.v067.i01 

Bilotta GS, Brazier RE (2008) Understanding the influence of suspended solids on water 
quality and aquatic biota. Water Research 42: 2849–2861, https://doi.org/10.1016/j.watres.2008. 
03.018 

Bisson PA, Bilby RE (1982) Avoidance of Suspended Sediment by Juvenile Coho Salmon. 
North American Journal of Fisheries Management 4: 371–374, https://doi.org/10.1577/1548-
8659(1982)2<371:AOSSBJ>2.0.CO;2 

Chiu S, Abrahams MV (2010) Effects of turbidity and risk of predation on habitat selection 
decisions by Fathead Minnow (Pimephales promelas). Environmental Biology of Fishes 87: 
309–316, https://doi.org/10.1007/s10641-010-9599-8 



 Fish avoidance to Zequanox®
 

 Barbour et al. (2021), Management of Biological Invasions (in press)  

Gradall KS, Swenson WA (1982) Responses of Brook Trout and Creek Chubs to Turbidity. 
Transactions of the American Fisheries Society 111: 392–395, https://doi.org/10.1577/1548-
8659(1982)111<392:ROBTAC>2.0.CO;2 

Jutfelt F, Sundin J, Raby GD, Krång AS, Clark TD (2017) Two-current choice flumes for 
testing avoidance and preference in aquatic animals. Methods in Ecology and Evolution 8: 
379–390, https://doi.org/10.1111/2041-210X.12668 

Kemp P, Sear D, Collins A, Naden P, Jones I (2011) The impacts of fine sediment on riverine 
fish. Hydrological Processes 25: 1800–1821, https://doi.org/10.1002/hyp.7940 

Lei J, Payne BS, Wang SY (1996) Filtration dynamics of the zebra mussel, Dreissena 
polymorpha. Canadian Journal of Fisheries and Aquatic Sciences 53: 29–37, https://doi.org/ 
10.1139/f95-164 

Lund K, Cattoor KB, Fieldseth E, Sweet J, McCartney MA (2018) Zebra mussel (Dreissena 
polymorpha) eradication efforts in Christmas Lake, Minnesota. Lake and Reservoir 
Management 34: 7–20, https://doi.org/10.1080/10402381.2017.1360417 

Luoma JA, Severson T (2016) Efficacy of Spray-Dried Pseudomonas fluorescens, Strain 
CL145A (Zequanox®), for Controlling Zebra Mussels (Dreissena polymorpha) within Lake 
Minnetonka, MN Enclosures. Cooperator Project Report, US Geological Survey, La Crosse, 
WI, 20 pp, https://www.minnehahacreek.org/sites/minnehahacreek.org/files/2013_06f_attachment_6.pdf 

Luoma JA, Weber KL, Mayer DA (2015) Exposure-Related Effects of Pseudomonas fluorescens, 
Strain CL145A, on Coldwater, Coolwater, and Warmwater Fish. Open-File Report, United 
States Geological Survey, Reston, VA, 1632 pp, https://doi.org/10.3133/ofr20151104 

Luoma JA, Severson TJ, Wise JK, Barbour MT (2018a) Exposure-related effects of Zequanox 
on juvenile Lake Sturgeon (Acipenser fulvescens) and Lake Trout (Salvelinus namaycush). 
Management of Biological Invasions 9: 163–175, https://doi.org/10.3391/mbi.2018.9.2.09 

Luoma JA, Severson TJ, Barbour MT, Wise JK (2018b) Effects of temperature and exposure 
duration on four potential rapid-response tools for zebra mussel (Dreissena polymorpha) 
eradication. Management of Biological Invasions 9: 425–438, https://doi.org/10.3391/mbi. 
2018.9.4.06 

Luoma JA, Waller DL, Severson TJ, Barbour MT, Wise JK, Lord EG, Bartsch LA, Bartsch MR 
(2019) Assessment of uncontained Zequanox applications for zebra mussel control in a 
midwestern lake. Open-File Report, U.S. Geological Survey, Reston, VA, 21 pp, 
https://doi.org/10.3133/ofr20191126 

Marrone Bio Innovations (2015) MBI-401 SDP: For Biological Quagga and Zebra Mussel 
Control For Use in Enclosed and Semi-Enclosed Systems. EPA Reg No: 84059-15 28. 
https://www3.epa.gov/pesticides/chem_search/ppls/084059-00015-20150310.pdf 

Meehan S, Gruber B, Lucy F (2014a) Zebra mussel control using Zequanox® in an Irish 
waterway. Management of Biological Invasions 5: 279–286, https://doi.org/10.3391/mbi.2014. 
5.3.11 

Meehan S, Shannon A, Gruber B, Rackl SM, Lucy FE (2014b) Ecotoxicological impact of 
Zequanox®, a novel biocide, on selected non-target Irish aquatic species. Ecotoxicology and 
Environmental Safety 107: 148–153, https://doi.org/10.1016/j.ecoenv.2014.05.017 

Molloy D, Mayer D, Gaylo M, Burlakova L, Karatayev A, Presti K, Sawyko P, Morse J, Paul E 
(2013a) Non-target trials with Pseudomonas fluorescens strain CL145A, a lethal control 
agent of dreissenid mussels (Bivalvia: Dreissenidae). Management of Biological Invasions 
4: 71–79, https://doi.org/10.3391/mbi.2013.4.1.09 

Molloy DP, Mayer DA, Gaylo MJ, Morse JT, Presti KT, Sawyko PM, Karatayev AY, 
Burlakova LE, Laruelle F, Nishikawa KC, Griffin BH (2013b) Pseudomonas fluorescens 
strain CL145A - A biopesticide for the control of zebra and quagga mussels (Bivalvia: 
Dreissenidae). Journal of Invertebrate Pathology 113: 104–114, https://doi.org/10.1016/j.jip. 
2012.12.012 

Molloy DP, Mayer DA, Giamberini L, Gaylo MJ (2013c) Mode of action of Pseudomonas 
fluorescens strain CL145A, a lethal control agent of dreissenid mussels (Bivalvia: Dreissenidae). 
Journal of Invertebrate Pathology 113: 115–121, https://doi.org/10.1016/j.jip.2012.12.013 

Morgan JD, Vigers GA, Farrell AP, Janz DM, Manville JF (1991) Acute avoidance reactions 
and behavioral responses of juvenile rainbow trout (Oncorhynchus mykiss) to Garlon 4®, 
Garlon 3A® and Vision® herbicides. Environmental Toxicology and Chemistry 10: 73–79, 
https://doi.org/10.1002/etc.5620100109 

Newcombe CP, MacDonald DD (1991) Effects of Suspended Sediments on Aquatic Ecosystems. 
North American Journal of Fisheries Management 11: 72–82, https://doi.org/10.1577/1548-
8675(1991)011<0072:EOSSOA>2.3.CO;2 

R Core Team (2019) R: A Language and Environment for Statistical Computing. R Foundation 
for Statistical Computing, Vienna, Austria. https://www.R-project.org/ 

da Rosa JGS, de Abreu MS, Giacomini ACV, Koakoski G, Kalichak F, Oliveira TA, de 
Alcântara Barcellos HH, Barreto RE, Barcellos LJG (2016) Fish Aversion and Attraction to 
Selected Agrichemicals. Archives of Environmental Contamination and Toxicology 71: 
415–422, https://doi.org/10.1007/s00244-016-0300-x 



 Fish avoidance to Zequanox®
 

 Barbour et al. (2021), Management of Biological Invasions (in press)  

Sutherland AB, Meyer JL (2007) Effects of increased suspended sediment on growth rate and 
gill condition of two southern Appalachian minnows. Environmental Biology of Fishes 80: 
389–403, https://doi.org/10.1007/s10641-006-9139-8 

Tidwell JH (2012) Chapter 3. Functions and characteristics of all aquaculture systems. In: 
Tidwell JH (ed), Aquaculture production systems, 1st edn. John Wiley and Sons, Inc., 
Ames, Iowa, pp 51–63, https://doi.org/10.1002/9781118250105.ch3 

Tierney KB (2016) Chemical avoidance responses of fishes. Aquatic Toxicology 174: 228–241, 
https://doi.org/10.1016/j.aquatox.2016.02.021 

Utne-Palm AC (2002) Visual feeding of fish in a turbid environment: Physical and behavioural 
aspects. Marine and Freshwater Behaviour and Physiology 35: 111–128, https://doi.org/10. 
1080/10236240290025644 

Waller DL, Luoma JA (2017) Effects of the biopesticide Zequanox® on reproduction and early 
development of the Fathead Minnow (Pimephales promelas). Management of Biological 
Invasions 8: 125–135, https://doi.org/10.3391/mbi.2017.8.1.12 

Waller DL, Luoma JA, Erickson R (2016) Safety of the molluscicide Zequanox® to nontarget 
macroinvertebrates Gammarus lacustris (Amphipoda: Gammaridae) and Hexagenia spp. 
(Ephemeroptera: Ephemeridae). Management of Biological Invasions 7: 269–280, 
https://doi.org/10.3391/mbi.2016.7.3.06 

Weber MM (2015) Zequanox Application Technique Pilot Study on Lake Erie. Final Report, 
Marrone Bio Innovations, Inc. Prepared for Michigan Department of Environmental Quality, 
Davis, CA, 17 pp, https://invasivemusselcollaborative.net/wp-content/uploads/2018/11/Zequanox-
Application-Strategy-Pilot-on-Lake-Erie-Final-Report-FINAL.pdf 

Wellington CG, Mayer CM, Bossenbroek JM, Stroh NA (2010) Effects of turbidity and prey 
density on the foraging success of age 0 year Yellow Perch Perca flavescens. Journal of 
Fish Biology 76: 1729–1741, https://doi.org/10.1111/j.1095-8649.2010.02612.x 

Whitledge G, Weber M, DeMartini J, Oldenburg J, Roberts D, Link C, Rackl S, Rude N, Yung 
A, Bock L, Oliver D (2015) An evaluation Zequanox® efficacy and application strategies 
for targeted control of zebra mussels in shallow-water habitats in lakes. Management of 
Biological Invasions 6: 71–82, https://doi.org/10.3391/mbi.2015.6.1.06 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /RUS <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


