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Abstract 

Zebra and quagga mussels (Dreissena spp.) are European freshwater molluscs that have invaded 

most major inland water systems across North America, resulting in billions of dollars in damages and 

losses to fisheries, recreational water use, infrastructure, and industry each year. Zequanox®, a 

biopesticide made from soil bacteria, has been advertised as dreissenid-selective and environmentally 

safe. Health Canada has approved the use of Zequanox® in hydroelectric facilities, which may indicate 

movement toward open-water use in Canada, as has occurred in the USA and Ireland. Data from single-

species assays indicate that exposure to Zequanox® concentrations near or below those recommended for 

open-water applications can cause mortality (often ≥50%) in fish and invertebrates. However, little is 

known about the non-target impacts of applying Zequanox® in an open-water setting, given that toxicants 

can behave differently in natural versus laboratory environments and because single-species tests are 

unable to characterize indirect effects such as pesticide-mediated changes to inter-species interactions like 

competition and predation.  

Using a six-week-long replicated aquatic mesocosm experiment, I simulated open-water 

applications of Zequanox® (100 mg/L of the active ingredient) to determine the responses of primary 

producers, zooplankton, and macroinvertebrates to Zequanox® exposure in a complex aquatic 

environment. Short-term increases occurred in phytoplankton and periphyton biomass (250–350% of 

controls), abundance of large cladoceran grazers (700% of controls), and insect emergence (490% of 

controls). Large declines initially occurred among small cladoceran zooplankton (88–94% reductions in 

Chydorus sphaericus, Ceriodaphnia lacustris, and Scapheloberis mucronata), but abundances generally 

rebounded within three weeks. Declines also occurred in amphipods Hyalella azteca (mean abundance 

77% less than controls) and gastropods Viviparus georgianus (survival 73 ±16%), which did not recover 

during the experiment. Short-term impacts to water quality included a decrease in dissolved oxygen 

(minimum 1.2 mg/L), despite aeration of the mesocosms.   
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This research may assist regulators and managers in assessing the ecological risks of using 

Zequanox® in open-water systems and support informed decision-making about dreissenid control, 

including for established infestations, rapid response to new invasions, and efforts under the Species at 

Risk Act to protect and restore native mussel habitats that have been threatened and damaged by 

dreissenid invasion. 
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Chapter 1 

Introduction 

1.0 Background 

Over the past few decades, the introduction of non-indigenous species has become a 

prominent threat to aquatic ecosystems. Invasions by non-native fish, invertebrates, plants, and 

microbes can harm native species by transforming community structures and modifying habitat 

characteristics, and may damage economies and human well-being (Ricciardi and MacIsaac 

2011).  

Zebra mussels (Dreissena polymorpha) and quagga mussels (Dreissena rostriformis 

bugensis) are freshwater molluscs native to the Ponto-Caspian Region of Eastern Europe. 

Dreissenid mussels have a long invasion history in Europe, with records of invasion in Russia 

dating back to the 1700s (Ludyanskiy et al. 1993). Dreissenid invasions have since been recorded 

in many regions across Europe, such as Great Britain (Kerney and Morton 1970), France 

(Kinzelbach 1992), Scandinavia (Ludyanskiy et al. 1993), Spain (Araujo and Álvarez Halcón 

2001), and Ireland (McCarthy et al. 1997). Dreissenid mussels first arrived in North America in 

the Laurentian Great Lakes in the mid-1980s, presumably transported from their native range in 

the ballast water of trans-Atlantic ships (Carlton 2008). A lack of natural ecological constraints or 

viable, dreissenid-specific control methods has promoted the rapid infestation of most major 

inland water systems in North America over the past three decades, primarily via natural dispersal 

of the species’ planktonic larval stage in interconnected waterways (Horvath et al. 1996, Johnson 

and Carlton 1996, Mills et al. 1996, Horvath and Lamberti 1999) and overland transfers on 

pleasure crafts, fishing gear, and scientific equipment (Carlton 1993, Johnson and Carlton 1996, 

Buchan and Padilla 1999, Johnson et al. 2001). To date, zebra mussels are more widespread than 

quagga mussels (Figure 1), though quagga mussels appear to be superior competitors and often 
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dominate when the two species co-occur (Mills et al. 1996, Mills et. al. 1999, Ricciardi and 

Whoriskey 2004, Zhulidov et al. 2010). The introduced range of dreissenid mussels has continued 

to expand in North America and Europe, including the spread of zebra mussels into western 

Canada with an infestation that appeared in Lake Winnipeg, Manitoba in 2013 (DFO 2014).  

 

Figure 1. Map of zebra mussel (Dreissena polymorpha) and quagga mussel (Dreissena 

rostriformis bugensis) distributions in North America (July 13, 2017). Map obtained from USGS 

Nonindigenous Aquatic Species Database (USGS 2017). 

 

1.1 Problems Associated with Dreissena Invasions 

1.1.1 Economic Costs 

Dreissenids are notorious biofoulers and colonize anthropogenic surfaces and 

infrastructure such as industrial raw water systems, water treatment pipelines, dams, docks, 

buoys, ship/boat hulls, and watercraft cooling systems (Mackie and Claudi 2010). Dreissenids 

also foul beaches with sharp shells that present a hazard to swimmers and beachcombers 

(Griffiths et al. 2013). Many of the impacts of dreissenid invasions do not affect economic 
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markets directly, making it difficult to accurately quantify the associated monetary losses and 

damages (Cusack et al. 2009, Oreska and Aldridge 2011). More commonly, managers and 

ecologists reference the direct costs associated with damages caused by dreissenid invasions and 

control measures undertaken (Cusack et al. 2009). One estimate assessed the total dreissenid-

related costs for infrastructure and control measures in the United States at $1.12 billion per year 

(Cusack et al. 2009). Another study estimated total annual costs and losses to United States 

infrastructure, industry, fisheries, and recreational water uses at $2 billion (Pimentel 2005).  

1.1.2 Ecological Role of Dreissenids in Invaded Ecosystems 

Dreissenid mussels primarily occur in freshwater habitats such as rivers, lakes, reservoirs, 

ponds, and quarries, but may also inhabit slightly brackish environments such as estuaries 

(Orlova et al. 2005 and references therein). Adult dreissenids are colonial and attach to 

underwater substrata using a byssus, a tuft of hair-like fibers at the hinge of the mussel with 

adhesive plaques (Farsad and Sone 2012). Zebra mussels typically occur in moderately deep 

habitats (2–7 m; Mills et al. 1996, Bially and MacIsaac 2000), settled on firm surfaces such as 

rocks or fallen trees, though they also commonly colonize submerged aquatic vegetation (Pollux 

et al. 2010 and references therein; Diggins et al. 2004). Quagga mussels can tolerate cooler, 

deeper habitat conditions (Mills et al. 1993, Mills et al. 1996, Claxton and Mackie 1998) and 

colonize a broader range of substrata, including soft sediments (Dermott and Munawar 1993, 

Domm et al. 1993, Mills et al. 1993), but not submerged macrophytes (Diggins et al. 2004). This 

distinction may help to explain the difference in the species’ patterns of invasion across North 

America (Figure 1), as the overland transport of macrophytes entangled on recreational 

watercrafts and trailers travelling to other water bodies is thought to be a major contributor to the 

rapid spread of zebra mussels across North America (Johnson and Carlton 1996, Buchan and 

Padilla 1999, Johnson et al. 2001).  
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Dreissenids are filter feeders and mainly consume phytoplankton (Garton et al. 2003, 

Mackie and Schloesser 1996, Thorp and Casper 2003), though other food sources include 

material suspended in the water column such as bacteria, protozoans, small zooplankton, detritus, 

other organic material, and even dreissenid veligers (Cotner et al. 1995, MacIsaac et al. 1995, 

Silverman et al. 1996). Filtration rates vary based on a number of factors (see Mackie and 

Schloesser 1996), but it is estimated that an individual dreissenid mussel is capable of filtering 

upward of three liters of water per day (Baldwin et al. 2002). Zebra mussels have been observed 

to selectively exclude some particles including some toxin-producing cyanobacteria like 

Microcystis (Vanderploeg et al.  2001), which combined with certain nutrient, light intensity, and 

water temperature conditions (including nutrient release from dreissenids themselves; Knoll et al. 

2008, Nogaro and Steinman 2014) could promote the growth of toxic algae blooms. 

The thresholds for a number of environmental variables (e.g., water temperature, pH, 

dissolved oxygen, calcium, salinity, water velocity) that may preclude dreissenid establishment or 

limit population sizes are listed in Mackie and Claudi (2010) and are also reviewed in Karatayev 

et al. (1998) and Karatayev et al. (2007). Calcium is a widely used criterion to assess the potential 

for dreissenid mussel establishment in a water body, as calcium can be a limiting nutrient for the 

successful development of juvenile mussels and adult survival (e.g., Hincks and Mackie 1997, 

Mellina and Rasmussen 1994). 

 Dreissenids are dioecious and reproduce sexually (Mackie et al. 1989). Individuals 

mature in one to two years, although North American dreissenids have been known to mature 

during their first year (Mackie and Schloesser 1996). However, sexual maturity is more strongly 

associated with shell size rather than age, with maturity generally reached when shells are 8 to 10 

mm in length (Mackie and Schloesser 1996). Water temperature is a key trigger for reproduction. 

For zebra mussels, spawning is initiated between 12 °C (Borcherding 1991) and 18 °C (Karatayev 

et al. 1998 and references therein), while quagga mussels have a lower thermal limit for 
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reproduction estimated at 5–7 °C (Roe and MacIsaac 1997). Dreissenids are extremely fecund, 

with one study estimating that zebra mussels are capable of releasing more than one million eggs 

per annual spawning season (Sprung 1991) over a life span of 2–5 years (Mackie et al. 1989, 

Mackie 1991). 

The dreissenid life cycle is mainly divided into a planktonic larval phase and a sessile 

adult phase (Mackie 1991). The planktonic phase generally lasts 8–16 days, when juveniles settle 

on a substrate and move into the post-larval stage for development into adulthood (Mackie et al. 

1989 and references therein). Dreissenids primarily use passive dispersal via their planktonic 

larval stage, in which freely floating veligers are transported by water currents through 

interconnecting waterways (Mackie 1991). Human-mediated vectors have served as a key 

secondary means of dispersal by transporting both larval and adult dreissenids in ships and 

vessels (Carlton and Geller 1993) and by watercraft and recreational equipment (Johnson et al. 

2001)—including overland transport, as adult dreissenids can survive out of water for several 

days (Ricciardi et al. 1995). 

Dreissenids lack natural predators in North America, though introduced predators such as 

the round goby from their native range are key predators in parts of their non-native range (e.g., 

Houghton and Janssen 2014). Further, some native species have become predators of dreissenids 

in their introduced range, such as fish (e.g., pumpkinseed sunfish, lake whitefish, blue catfish, 

freshwater drum, redear sunfish), ducks, and crayfish, and in some cases represent important 

sources of predative pressure that can help to suppress dreissenid populations (e.g., MacIsaac 

1994, Custer and Custer 1996, Magoulick and Lewis 2002, Madenjian et al. 2010, Naddafi and 

Rudstam 2014, Colborne et al. 2015).  

Dreissenids are frequently referred to as ecosystem engineers—organisms that cause 

changes to biotic or abiotic aspects of the environment that modify, maintain, or create habitats 

and may alter ecosystem structure and functioning (Jones et al. 1994, Jones et al. 1997). The key 
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mechanisms by which zebra and quagga mussels engineer their environments are water filtration 

(via filter feeding), bioturbation, and shell production (Sousa et al. 2009).  

Dreissenid mussels promote “benthification”, whereby benthic processes increase in 

importance (Mayer et al. 2013). Post-invasion, biomass and abundance often decrease for 

organisms in the pelagic-profundal energy pathway (e.g., phytoplankton, zooplankton, littoral 

benthic invertebrates) and increase for organisms in the benthic-littoral energy pathway (e.g., 

benthic algae, macrophytes, littoral benthic invertebrates; Hecky et al. 2004, Higgins and Vander 

Zanden 2010, Adlerstein et al. 2013). This occurs because dreissenids are efficient filter feeders 

capable of removing a variety of particle types and sizes from the water column, and may 

decrease the concentrations of organic and inorganic particles in the water column, reduce 

phytoplankton and zooplankton standing crops, alter plankton community structure, and move 

suspended materials to the benthos (Caraco et al. 1997, Karatayev et al. 1997, Bastviken et al. 

1998, Pace et al. 1998, Strayer et al. 1999; Thorp and Casper 2002, Higgins and Vander Zanden 

2010). The removal of matter from the water column increases water transparency and light 

penetration (Fahnenstiel et al. 1995), which assists the growth of periphyton and rooted aquatic 

vegetation (Karatayev et al. 1997, MacIsaac 1996, Higgins and Vander Zanden 2010). As 

dreissenid shells aggregate in the benthic habitat, they may serve as substrata for sessile 

organisms, such as algae, sponges, larvae, insects, gastropods, and other invertebrates (Mayer et 

al. 2002, Botts et al. 1996, Ricciardi et al. 1997, Stewart et al. 1998b, Bially and MacIsaac 2000, 

Hecky et al. 2004), or provide refugia from predators (Mayer et al. 2002, Sousa et al. 2009). 

Dreissenid feces and pseudofeces can also serve as an important food source for detritivores 

(Karatayev et al. 1997 and references therein, Stewart et al. 1998a, Stewart et al. 1998b).   

Dreissenid invasions also threaten biodiversity, particularly for native bivalves (Ricciardi 

et al. 1996, Ricciardi et al. 1998). Dreissenids have been implicated as key drivers in the listing 

of twelve native bivalve species under Canada’s Committee on the Status of Endangered Wildlife 
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in Canada (COSEWIC 2014), eight of which are also listed under the federal Species at Risk Act 

(Government of Canada 2014). Dreissenids foul the shells of unionids, forming dense colonies 

that impair valve movement and feeding (Haag et al. 1993, Ricciardi et al. 1996). Dreissenids 

also compete with unionids for resources of food and space (Karatayev et al. 1997). High 

mortality rates and extirpation of unionids have often been reported in areas with dense dreissenid 

populations (Ricciardi et al. 1996, Lucy et al. 2013 and references therein). However, unionid 

extirpation has also been reported even in areas where dreissenid density had considerably 

declined (e.g., Schloesser et al. 2006).  

The potential ecological impacts of dreissenids depend on the density of the mussel 

population (e.g., Wisenden and Bailey 1995, Lucy et al. 2013), the characteristics of the invaded 

ecosystem (e.g., Adlerstein et al. 2013, Ward and Ricciardi 2013), and the time since invasion 

(e.g., Karatayev et al. 1997). Several studies have reported extensive impacts in the first few 

years after introduction when population numbers are high (e.g., reviewed in Karatayev 1997, 

2007, Higgins and Vander Zanden 2010), but as the population tends to decrease and stabilize 

over time, the overall impact may also decrease (Karatayev et al. 1997). 

Although there is a large body of literature on the ecosystem impacts of zebra mussels, 

far fewer data exist for quagga mussels (Karatayev et al., 2007; Fahnenstiel et al., 2010). While 

there are some differences in the physiology and habitat preferences of the two species, the 

overall impacts of the two species are expected to be similar (reviewed in Karatayev et al. 2015). 

1.2 Control of Dreissenid Infestations 

Due to the enormous economic costs incurred from fouling of industrial and utility 

infrastructure, much effort has been put into developing measures to control dreissenids (Mackie 

and Claudi 2010). Historically, control of dreissenid infestations has focused on chemical 

applications to prevent or reduce fouling in raw water structures such as pipes and cooling 

systems (Mackie and Claudi 2010). To a lesser extent, physical removal methods like high-
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pressure water jets have been used to clear settled mussels, but these approaches can be time-

consuming and labour-intensive, and use is limited to readily accessible areas (Durán et al. 2010, 

Mackie and Claudi 2010). Most often, chlorine-based chemical treatments have been chosen 

based on cost, effectiveness, and ease of use (Brady et al. 1996, Mackie and Claudi 2010).  

However, such broad-spectrum chemical treatments are not appropriate for open-water 

applications due to a lack of selectivity, which can harm non-target species. In addition, there 

may be other undesirable impacts such as the production of toxic byproducts, some of which may 

be carcinogenic to humans (e.g., IARC 1999). To date, control of dreissenids in a water body has 

been attempted only a few times, by using physical removal (Wimbush et al. 2009), water 

drawdown combined with winter freezing (Hargrave et al. 2012), chemical treatment with either 

copper sulfate (Offut Air Force Base 2009, Lund et al. 2017) or potash (Fernald and Watson 

2013, DFO 2014, Chilton et al. 2015, Lund et al. 2017), or use of the biopesticide Zequanox® 

(Marrone Bio Innovations, Davis CA; Lund et al. 2017). Only one of these attempts was able to 

successfully eradicate the dreissenid population when in 2009, potash was used to kill zebra 

mussels in Millbrook Quarry, Virginia, a small quarry with no inflows or outflows (Fernald and 

Watson 2013).  

1.3 Zequanox® for Dreissenid Control 

Zequanox® is a biopesticide that is advertised as dreissenid-selective and environmentally 

safe (Marrone Bio Innovations 2017). Its active ingredient (a.i.) is killed cells of Pseudomonas 

fluorescens strain CL145A, a ubiquitous, non-parasitic, soil-water rhizobacterium that is 

commonly found protecting the roots of plants from soil-borne pathogens (Molloy et al. 2013a). 

Evidence suggests that an unidentified toxin associated with the cell membrane of Pf-CL145A 

cells damages dreissenid digestive tracts when the bacteria are ingested (Molloy et al. 2013b, 

2013c). Histological examination of mussels that had ingested Pf-CL145A revealed 

hemorrhaging and necrosis in the digestive gland—pathologies consistent with intoxication, not 
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infection (Molloy et al. 2013a). Mortality in excess of 90% has been reported for assays where 

dreissenids consumed Pf-CL145A (Molloy et al. 2013a). 

Zequanox® was registered for open water applications by the United States 

Environmental Protection Agency (US EPA) in 2014 (US EPA 2014) and the product has also 

been evaluated in Ireland (e.g., Meehan et al. 2014a). Health Canada has approved the use of 

Zequanox® in hydroelectric facilities based on reported low toxicity to non-target organisms 

(Health Canada 2013), which may indicate movement toward open-water use in Canada, as has 

occurred in the USA and Ireland. 

1.3.1 Open-water applications of Zequanox® 

Zequanox® is prepared as a liquid mixture by wetting the dried product (powder) with 

unchlorinated water. The formulation of Zequanox® is proprietary, but the label states that the 

powder contains 50% of the active ingredient—deactivated (killed) cells of Pseudomonas 

fluorescens strain CL145A (with spent fermentation media), while the other 50% of the formula’s 

ingredients are undeclared (Marrone Bio Innovations 2015). For open-water treatment of adult 

dreissenids, the recommended application method is to apply Zequanox® either to the whole 

water column or in a targeted benthic injection to create a concentration of 100 mg a.i./L of 

Zequanox® in the treated water. The benthic injection technique aims to apply the product near 

the substrate to expose dreissenids to the target concentration without treating the whole water 

column. Treatment of juvenile dreissenids uses the same methods but a concentration of 50 mg 

a.i./L. The treated area is enclosed with a barrier to prevent dilution of the product during the 

recommended treatment timeframe of 8 h, after which the barrier is to be removed to allow 

treated water to mix with fresh water. Adult treatment guidelines state that Zequanox® is not to be 

applied for more than 8 h in a continuous 24 h period, and should not exceed treatments more 

than once per month or four times per calendar year, while juvenile treatments should not occur 

more frequently than once every two weeks (Marrone Bio Innovations 2015).  
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To date, the number of open-water applications of Zequanox® has been limited while 

research has been conducted to determine the optimal application techniques to maximize 

effectiveness, in addition to assessing the product’s efficacy and environmental safety.  

1.3.2 Open-water Zequanox® Trials in the USA 

The first Zequanox® application trials were conducted using curtain-barrier enclosures in 

Deep Quarry Lake, Illinois during the summers of 2012 and 2013 (Weber et al. 2014, Whitledge 

et al. 2015). The 2012 trial used treatment/control pairs of 24 m2 plots while the 2013 trial used a 

single, larger littoral enclosure (324 m2) along the shoreline (Whitledge et al. 2015). These trials 

were mainly focused on testing a benthic injection technique and monitoring efficacy and impacts 

to water quality. Non-target impacts were not monitored. In both cases, enclosures received a 

single benthic injection of Zequanox® to reach a target concentration of 150 mg a.i./L, with the 

barriers removed after 18 h (Whitledge et al. 2015). Both trials reported temporary increases in 

turbidity related to the cloudiness of the biopesticide mixture, as well as high rates of zebra 

mussel mortality (92–93% of adults, 94% of veligers), especially near the injection sites (Weber 

et al. 2014, Whitledge et al. 2015). Temporary hypoxia occurred approximately 24 h after the 

treatment in both trials (minimum 2.5 mg/L in 2012 and 0.4 mg/L in 2013), possibly related to the 

degradation of the biopesticide material (see Meehan et al. 2014a), although dissolved oxygen 

quickly returned to normal after the treatment barriers were removed (Whitledge et al. 2015).  

Also in the summer of 2013, an in-lake efficacy/toxicity study was conducted in Lake 

Darling, Minnesota using native unionids with attached zebra mussels (Luoma et al. 2015b). The 

mussels were placed in small enclosures that were treated with 50 or 100 mg a.i./L of Zequanox® 

for 8 h. After the exposure period, the mussels were removed from the enclosures and monitored 

for survival over time. The number of adhering zebra mussels was reduced by 53% in the low 

concentration treatment (50 mg a.i./L) and 68% in the high concentration treatment (100 mg 

a.i./L; Luoma et al. 2015b). However, non-target mortality results for the native unionid mussels 
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in the experiment were unclear. The study had conducted two trials of high (100 mg a.i./L), low 

(50 mg a.i./L), and control (no Zequanox®) treatments. In one trial, there was no difference in 

survival among the high, low, and control concentrations, whereas in the other trial, there was 

significantly greater mortality in the high concentration treatment compared to the low 

concentration treatment, even though neither was significantly different from survival in the 

control (Luoma et al. 2015b). The source of the differences among the trials was not identified. 

The following year in 2014, Zequanox® trials were carried out in Lake Minnetonka, 

Minnesota (Luoma and Severson 2016). Whole water column and subsurface applications (50 

and 100 mg a.i./L) were compared in 27 m2 enclosures, and zebra mussel mortality was tracked to 

assess differences in efficacy between the two methods. Non-target impacts were not assessed. 

During the trials, target concentrations were better maintained in the whole water column 

applications (presumably because the biopesticide particles settle over time), although the benthic 

injection only required about half the volume of the product. The whole water column application 

was more effective than the benthic injection application. In the subsurface application zebra 

mussel biomass on deployed substrates was reduced by 41–58%, with mussel mortality ranging 

28–56%. In the whole water column application, there was a 62–79% reduction in zebra mussel 

biomass on the substrates and mortality ranging from 41–73%. 

In November 2014, the first large-lake trial took place along the western shore of Lake 

Erie, Michigan with the goal of assessing benthic application techniques in larger systems with 

more susceptibility to wind and wave action (Weber 2015). An enclosed barrier was deployed 

around the treatment area (800 m2), and a hose injection system used to apply Zequanox® directly 

to benthic area the of water column. High winds during the trial created rough waters, resulting in 

considerable water column mixing and an inability to maintain target treatment concentrations for 

more than 6 h, although no lasting impacts to water quality were reported (Weber 2015). Impacts 

on non-target species were not monitored.  
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Most recently, in July 2017, a large-scale dreissenid mussel restoration study began in 

Round Lake, Michigan that planned to apply Zequanox® to a three-acre area of the lake (Tip of 

the Mitt Watershed Council 2017). Further details and results from the study are pending. 

1.3.3 Open-water Zequanox® Trials in Ireland 

One open-water Zequanox® trial was conducted in a canal in Tullamore Harbour, Ireland 

in September, 2012 (Meehan et al. 2014a) to assess the product’s impacts on water quality and 

adult/juvenile zebra mussel mortality. Two 10 m2 areas were enclosed along the walls of the canal 

and treated with 150 mg a.i./L for 24 h before the barriers were removed. During the treatments, 

one of the enclosures was aerated with a bubbler to see if oxygen supplementation would impact 

the treatment. Zebra mussel mortality rates of 56% (non-aerated) and 75% (aerated) were 

reported. Dissolved oxygen decreased to 2.38 mg/L in the non-aerated side, but remained ≥5.6 

mg/L in the aerated side, which was presumed to be due to degradation of the Zequanox® 

material (Meehan et al. 2014a). Effects on non-target species were not monitored. 

1.3.4 Real-life Open-water Applications of Zequanox® 

To date, the only non-trial (“real life”) application of Zequanox® took place in Christmas 

Lake, Minnesota, a few months after the product was approved by the US EPA for open-water 

use (US EPA 2014). In August 2014, Christmas Lake’s early detection monitoring program found 

zebra mussels in the lake for the first time (Lund et al. 2017). As part of the local government’s 

rapid response plan, a survey was conducted and a 243 m2 enclosure was installed in the detection 

area. Zequanox® was applied to the enclosed area in September 2014. The treatment was 

considered effective (100% zebra mussel mortality in test aquaria), but adult mussels were found 

outside the treatment area and other products were pursued for further treatments (Lund et al. 

2017). In total, four treatments were made in an attempt to eradicate zebra mussels from 

Christmas Lake—one using Zequanox® (September 2014), one using a copper-based product 
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called EarthTec QZ (EarthTec QZ, Bentonville AR; October-November 2014), and two using 

potash (December 2014 and June-July 2015). None were able to eliminate the infestation from 

the lake (Lund et al. 2017). No data on non-target impacts of these treatments have been reported.  

1.4 Ecotoxicological Review of Zequanox® 

Until 2015, there were only two published studies on the non-target toxicity of 

Zequanox® (i.e., Molloy et al. 2013a and Meehan et al. 2014b). Molloy et al. (2013a) conducted 

initial non-target toxicity trials using cells of Pf-CL145A, prior to the formulation of Zequanox®. 

Various aquatic taxa (ciliate, cladoceran, amphipod, fathead minnow, brown trout, and seven 

species of unionid mussels) were exposed to 100 or 200 mg/L (static) Pf-CL145A for 24–72 h. 

Mortality was negligible or insignificant, except in assays with the freshwater amphipod Hyalella 

azteca, where there was considerably greater mortality in exposure treatments than in controls. 

Though only one of these results was significant, it is worth noting that the assay had low 

replication (n=3), which provides little statistical power to detect differences unless the effect size 

is large (Quinn and Keough 2002).  

Once Zequanox® was developed as a commercial product, Meehan et al. (2014b) 

conducted toxicity assays on three additional species: Anodonta (duck mussel), Chironomus 

plusmosus (non-biting midge), and Austropotamobius pallipes (white-clawed crayfish). The 

organisms were exposed to Zequanox® concentrations ranging from 100-750 mg a.i./L for 72 h 

(12 h static renewals). The resultant LC50 values ranged from ≥500 mg a.i./L (Anodonta) to 1075 

mg a.i./L (A. pallipes), suggesting that none of the three taxa tested was acutely sensitive to 

Zequanox® exposure at concentrations that would be environmentally relevant during an open-

water treatment.  
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1.4.1 USGS Studies 

In the interest of gathering information on the environmental safety of a potential new 

agent to control dreissenids in open-water systems, a series of non-target toxicological studies 

were conducted by the USGS to investigate the impacts of Zequanox® exposure on a broad range 

of native aquatic taxa (USGS 2012). Studies included trials on seven species of unionid adults 

and subadults (Luoma et al. 2015d), newly transformed juveniles (Weber et al. 2015), and 

glochidia (Luoma et al. 2015c); two species of native unionids with zebra mussels attached to 

them (Luoma et al. 2015b); amphipods and mayflies (Waller et al. 2016); and multiple species 

and life stages of freshwater fish (Luoma et al. 2015a, Waller and Luoma 2016, 2017).  

Results of the USGS studies revealed that while many of the trials showed little-to-no 

effect of Zequanox® on some non-target species (e.g., Luoma et al. 2015d, Waller et al. 2016, 

Waller and Luoma 2016, 2017), others showed sensitivity of common aquatic species to 

Zequanox® near or below the recommended application concentrations (e.g., Weber et al. 2015, 

Luoma et al. 2015a, 2015b, 2015c). Gammarus lacustris amphipods and two species of 

burrowing mayfly, Hexagenia bilineata and H. limbata, exposed to 100 mg a.i./L (8 h in outdoor 

mesocosm tanks) had no significant differences in survival or histology (96 h) compared to 

controls (Waller et al. 2016). Fathead minnows (Pimephales promelas) were similarly exposed, 

and no impact was found for adult survival, condition, or egg deposition; survival and growth of 

newly hatched fry; or development rate of new eggs (Waller and Luoma 2016, 2017). Adult and 

subadult unionids exposed to Zequanox® (100 mg a.i./L, 24 h) also showed minimal impacts, as 

survival four weeks after exposure was nearly 100% (Luoma et al. 2015d). However, juvenile 

unionids and glochidia did not fare as well. Juveniles of two species exhibited poor survival 

(Weber et al. 2015), and several species of glochidia showed poor viability even at the lower 

recommended open water application rate of 50 mg a.i./L (Luoma et al. 2015c). Luoma et al. 

(2015b) conducted toxicity trials on eight species of coldwater, coolwater, and warmwater 
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freshwater fish and calculated 24 h LC50 values. The only insensitive species was the bluegill 

sunfish (Lepomis macrochirus), which had only 20% mortality in the maximum concentration 

(300 mg a.i./L). Of particular concern were the LC50 results for channel catfish (Ictalurus 

punctatus), 63.1 mg a.i./L—well below the upper recommended application concentration of 100 

mg a.i./L; and rainbow trout (Oncorhynchus mykiss), 19.2 mg a.i./L, and lake sturgeon (Acipenser 

fulvescens), 8.9 mg a.i./L—both far below the lower recommended treatment concentration of 50 

mg a.i./L, although the recommended application time is 8 h, not 24 h. 

1.4.2 Environmental Fate 

The toxic compound in Pf-CL145A, the active ingredient of Zequanox®, has not been 

identified and its environmental fate is therefore unknown. Some evidence indicates that the 

toxicity of Pf-CL145A degrades within approximately 32 hours of mixing (as freeze-dried Pf-

CL245A powder) with water (Mayer 2011). Mayer (2011) conducted assays in which aliquots of 

known Pf-CL145A concentration were applied to jars of zebra mussels at various intervals after 

preparation. As the time interval increased, zebra mussel mortality decreased—suggesting 

degradation or a decrease in uptake of the active compound—to a maximum of 32 hours, when 

mortality in treated jars was not significantly different from untreated jars. Further work is needed 

to identify the toxic compound in Pf-CL145A and characterize its chemical behaviour and fate to 

support assessment of the ecological risks of open-water Zequanox® use. 

 

1.5 Research Objective 

Despite open-water use in the United States, studies on long-term exposure or 

community-level effects have never been conducted for Zequanox®. Single-species tests are 

useful for determining direct effects to a study species, but are unable to characterize potential 

indirect effects that may disrupt the complex inter-species interactions of natural systems, such as 

competition or predation (Taub 1976, Relyea and Hoverman 2006). For example, toxicant-
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induced behavioural changes in a species could increase its vulnerability to predation—an effect 

that could only be detected in a system with both the species and its predator. As a product that 

may be widely used to control dreissenid infestations across North America and Europe, it is 

important to evaluate the non-target safety of Zequanox® in complex aquatic systems to 

understand the ecological risks of applying Zequanox® in open-water settings.  

The objective of this study is to characterize the immediate and extended effects of 

manufacturer-prescribed Zequanox® treatment on the biological communities of open-water 

aquatic ecosystems. By simulating open-water applications of Zequanox® in constructed shallow-

water ecosystems and monitoring for several weeks after treatment, I attempt to quantify the 

responses of primary producers, macroinvertebrates, and zooplankton to Zequanox® treatment. If 

Zequanox® impacts the non-target community, I could expect to find different responses in 

treated systems compared to controls in one or more of the following: algal biomass, 

macroinvertebrate abundance or survival, insect emergence rates, and zooplankton diversity. 

Responses, which may differ in pattern, magnitude, or direction among the measured metrics, 

may represent a benefit to the non-target organism (H1; e.g., an increase in abundance versus 

controls), a detriment (H2; e.g., decreased abundance versus controls), an initial benefit followed 

by restoration (H3; e.g., initial increase in abundance followed by return to control abundance), 

an initial detriment followed by recovery (H4; e.g., initial decrease in abundance followed by 

return to control abundance), or no effect (H0; no difference in response compared to controls).  
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Chapter 2 

Materials and Methods 

2.1 Experimental Design 

To assess the potential effects of Zequanox® on aquatic communities, I carried out an 

outdoor mesocosm experiment from August 9 to September 21, 2014. Using 587 L polypropylene 

tanks (High Country Plastics, Caldwell, Idaho), I constructed invertebrate communities 

comprised of common freshwater taxa collected from local lakes. I then conducted simulated 

open-water Zequanox® applications (100 mg a.i./L, the product label’s recommended 

concentration for open-water treatment of adult dreissenids; Marrone Bio Innovations 2015) to 

determine the short- and long-term responses of algae (phytoplankton, periphyton), crustacean 

zooplankton (cladocerans, copepods), and macroinvertebrates (amphipods, gastropods, insect 

emergence) to Zequanox® exposure in a complex aquatic environment.  

During a typical open-water Zequanox® application, the treated area is enclosed with a 

containment barrier to prevent excessive dilution of the pesticide (e.g., Meehan et al. 2014a, 

Weber et al. 2014, Lund et al. 2017). After the treatment the barrier is removed, allowing treated 

water to mix with fresh water and invertebrates to move to and from the treated area. In my 

experiment, I implemented a post-Zequanox® water exchange (treated water for fresh water) and 

a dispersal treatment (addition of fresh zooplankton and macroinvertebrates) to mimic the natural 

water exchange and invertebrate movement that might occur with the removal of the containment 

barrier in an actual open-water treatment.  

The experimental design included the following treatments: zebra mussels (ZM), 

Zequanox® (ZQ), water renewal (W), and dispersal (D), with a negative control for each 

treatment. The experiment included a no-zebra mussel control to reflect the ideal community, a 

no-Zequanox® control with zebra mussels present to account for the effect of live mussels on the 
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system, a no-water renewal control to account for the effect of water exchanges, and a no-

dispersal control to assess the impact of adding new animals. The complete design is shown in 

Table 1. 

 

Table 1. Schematic for the experimental treatments incorporated in the design of this study. N= 
48. Zequanox® (ZQ) concentration = 100 mg a.i./L. Water renewal (W) = exchange of 70% of 
mesocosm’s water volume with fresh, filtered lake water. Zebra mussels (ZM) = density of 0.25 
mussels/L water. Dispersal (D) = addition of fresh zooplankton at ambient density and 
macroinvertebrates at 10% of the original stocked population size. 
 

 
Control 

(–W–D) 

Water Renewal 

(+W–D) 

Water Renewal + 

Dispersal (+W+D) 

Control (–ZM–ZQ) n=4 n=4 n=4 

Zebra Mussels (+ZM–ZQ) n=4 n=4 n=4 

Zequanox® (–ZM+ZQ) n=4 n=4 n=4 

Zebra Mussels + 

Zequanox® (+ZM+ZQ) 
n=4 n=4 n=4 

 

 

2.2 Study Site  

The mesocosm experiment was carried out at Queen’s University Biological Station 

(QUBS), 50 km north of Kingston, Ontario (44°34'02.2" N, 76°19'26.0" W). QUBS consists of 

2000 ha of restricted access lands, including seven lakes and extensive shoreline along Lake 

Opinicon. Lake Opinicon is part of the Rideau Canal system and has been invaded by zebra 

mussels. Elbow Lake (44°28’24.1”N, 76°25’46.5”W), part of Elbow Lake Environmental 

Education Centre nature reserve, is a satellite QUBS facility approximately 30 km southwest of 

the research station and had not been invaded by dreissenid mussels at the time of the experiment.  

QUBS is located in the Frontenac Axis region of the Mixedwood Plains ecozone (Alward 

et al. 1996). The ecoregion has warm summers (mean 16 °C) and cold winters (mean -7 °C), with 
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annual precipitation averaging 700-800 mm, evenly distributed across months (Alward et al. 

1996). 

2.3 Setup 

Setup of the 48 mesocosms began in late May 2014. Tanks were arranged in a semi-

shaded area exposed to natural weather variation and randomly assigned treatments. See 

Appendix A for a schematic of the layout. 

From June 2–4, 2014, sediment was collected from the pelagic zone of Elbow Lake. 

Sediment was collected using Ekman dredges and transported to the field site in coolers with ice 

packs. Each tank received approximately 54 L of sediment and was then filled with 

approximately 495 L of filtered water pumped from Lake Opinicon. The water was passed 

through an 80 µm mesh filter to allow most phytoplankton and rotifers through and exclude 

larger-bodied zooplankton and dreissenid veligers. Rainfall was adequate to keep the water level 

in the mesocosms within 5 cm of the top. Tanks were covered with 1 mm nylon screen mesh to 

keep out leaves and falling debris.  

 

2.4 Community Composition 

On June 21, 2014, diverse zooplankton communities were created by collecting 

zooplankton from four uninvaded QUBS lakes (see Appendix B for a summary table of lake 

characteristics) and added to the mesocosms to match the average ambient density of the source 

lakes. Zooplankton were collected 50% from littoral zones and 50% from pelagic areas using a 

0.34 m diameter, 80 µm mesh conical tow net. Using the same methods with a 0.34 m diameter, 

50 µm mesh conical tow net, the tanks were seeded with 50% ambient zooplankton density on 

July 25, 2014 to account for seasonal changes in zooplankton community composition.  

Amphipods were collected from Elbow Lake using modified Coir samplers (Collier et al. 

2009) on June 23 and July 22, 2014. Samplers consisted of a 20 cm wedge of dried gourd 
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wrapped in coarse nylon mesh and tethered to a rock. Amphipods were gently removed from the 

substrata and kept overnight in filtered (80 µm pore size) Lake Opinicon water. A population of 

fifty amphipods was stocked into each mesocosm—thirty individuals on June 24 and twenty more 

on July 23. It was assumed that prior to the start of the experiment, amphipod birth and death 

rates were equal in all mesocosms, such that populations were equal in size when the experiment 

commenced. 

On June 25, 2014, prosobranch snails of the species Viviparus georgianus (banded 

mystery snail) were collected by hand from inshore Lake Opinicon. Snails were sorted by size by 

measuring the length of the shell from apex to the farthest tip of the aperture. Populations of 

twenty snails with a standardized size distribution (20% 5-10 mm, 25% >10-15 mm, 45% >15-20 

mm, 10% >20 mm) were released into each tank the same day.  

Artificial substrate for periphyton was suspended 3-10 cm below the water’s surface of 

each mesocosm on July 17, 2014. Each substrate consisted of a 30 cm2 colourless, food-grade 

polyethylene terephthalate strip, weighted with a glass tile attached with aquarium-safe epoxy. 

Zebra mussels were collected from Lake Opinicon on July 31 and August 1, 2014. 

Mussels were harvested from colonized rocks and fallen tree branches by gently cutting their 

byssal threads with a razor blade. The mussels were transported to QUBS in coolers with lake 

water and sorted into size classes by measuring along the plane of symmetry at the hinge. Groups 

of 35 mussels with a standardized size distribution were placed into 10 cm diameter by 2 cm deep 

terra cotta trays (77% 10-20 mm, 23% >20 mm). Trays were placed in fiberglass aquaria with a 

constant, gentle, flow-through supply of water pumped from Lake Opinicon. The mussels were 

fed 2 g freeze-dried Chlorella vulgaris algae powder (Prairie Naturals®, Coquitlam, British 

Columbia) per thousand mussels, drip-fed over eight hours every two days (Nicholls and Hopkins 

1993). On August 8, 2014, four trays of live zebra mussels (140 mussels in total) were placed into 

each +ZM treatment mesocosm, with each tray supported by an overturned 10 cm tall terra cotta 
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pot, so the mussels would remain above the sediment surface. Each non-mussel treatment tank 

was similarly stocked with four empty trays, each supported by a terra cotta pot.   

Aerial insects were able to colonize the mesocosms via dispersal at the air-water 

interface, where the screen mesh covers made contact with the water’s surface.  

 

2.5 Zequanox® Treatment 

The Zequanox® treatment took place on the afternoon of August 9, 2014. A Zequanox® 

solution was prepared by mixing filtered (50 µm pore size) Lake Opinicon water with Zequanox® 

powder in accordance with the manufacturer’s instructions (Marrone Bio Innovations 2014b; see 

Appendix C). A treatment concentration of 100 mg a.i./L was created by gently pouring 2 L of a 

5% Zequanox® solution around the surface of each +ZQ mesocosm. The upper 0.15 m of the 

water column was gently mixed using a silicone spatula to disperse the pesticide but avoid 

sediment resuspension and interference with turbidity measurements. Zequanox® concentrations 

in the mesocosms were estimated using a Zequanox®-turbidity relationship (Meehan et al. 2014a) 

determined according to the manufacturer’s protocol (Marrone Bio Innovations 2014a; see 

Appendix C). Turbidity and dissolved oxygen were monitored using an EXO2 sonde (YSI 

Incorporated, Yellow Springs, Ohio) prior to the treatment and at scheduled intervals (5 min, 30 

min, 1 h, and then hourly for approximately 7 h) following the Zequanox® additions. For 

logistical reasons, during this timeframe turbidity and dissolved oxygen measurements were only 

made in mesocosms that had received the Zequanox® treatment. A positive control was not 

implemented due to an agreement with the Zequanox® manufacturer that the product would only 

be applied according to its label’s directions. 

Beginning at 5.5–7 h after the Zequanox® treatment, all mesocosms were aerated to 

prevent hypoxia, which is thought to occur due to biodegradation of the pesticide’s ingredients 

(Meehan et al. 2014a). Aeration was provided to the mesocosms using a diaphragm pump (40 L 
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min-1 at 10.3 kPa; JEHM Co., Lambertville, New Jersey) to deliver air through silicon tubing to 

two 3.5 cm air stones attached to bricks in the bottom of each tank. About 24 h after the 

Zequanox® application, a second diaphragm pump (51 L min-1 at 10.3 kPa; JEHM Co., 

Lambertville, New Jersey) was set up in series to increase air delivery to the mesocosms. The 

second pump was removed after twelve days when it was no longer needed. 

 

2.6 Water Renewal and Invertebrate Dispersal Treatments 

The day after the Zequanox® application, 70% of the water in +W mesocosms was 

exchanged with fresh filtered (50 µm pore size) Lake Opinicon water. This renewal schedule 

mimics the 24 h curtain removal that occurred with the Zequanox® trials in Deep Quarry Lake, 

Illinois (Weber et al. 2014) and Tullamore Harbour, Ireland (Meehan et al. 2014a).   

Water was removed using wide-mouth (12 cm diameter) siphons and drained to a densely 

vegetated area adjacent to the study site. Siphons for no-dispersal (–D) mesocosms had a fine 

mesh filter (50 µm pore size) to prevent the removal of most zooplankton and invertebrates. 

Siphons for +D mesocosms had a coarse mesh filter (400 µm pore size) to allow zooplankton to 

pass through. Following the water exchange, zooplankton were collected as described above (50 

µm mesh tow net) from four uninvaded QUBS lakes and added to +D mesocosms at average 

ambient density of the source lakes.  

Five days after the Zequanox® treatment, amphipods and prosobranch snails were stocked 

into each +D tank at a rate of 10% of the pre-experiment (stocked) population sizes. A 

macroinvertebrate dispersal rate of 10% was chosen to mimic realistic natural dispersal without 

inducing density-dependent effects from overstocking. Amphipods were collected from Elbow 

Lake with modified Coir samplers, using the methods described above for the experiment’s setup. 

Strongly swimming individuals were deemed to be in good condition and were selected for 
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immediate release. Banded mystery snails were collected and size-sorted per the methods 

described above.  

 

2.7 Sampling 

To minimize the risk of biological or chemical cross-contamination among tanks, all 

sampling and monitoring equipment was thoroughly rinsed with deionized water or filtered (50 

µm pore size) lake water between mesocosms. In addition, separate sets of equipment were used 

for treatments with and without mussels, and all control mesocosms (no Zequanox®) were 

sampled prior to +ZQ mesocosms. All sampling equipment was thoroughly cleaned between 

sampling days. 

2.7.1 Water Quality 

Water quality parameters (pH, conductivity, temperature, dissolved oxygen) were 

monitored daily from Days 0 through 5, then weekly from Day 7 until the conclusion of the 

experiment. Daily turbidity measurements were also made on Days 0–5, in addition to turbidity 

data collected in +ZQ tanks in the hours following the Zequanox® additions. pH data were not 

collected until Day 12 due to malfunctioning equipment. For the first six days of the experiment, 

water quality data were collected using the EXO2 sonde. Thereafter, dissolved oxygen 

concentrations and water temperature were measured using a YSI 550A meter (YSI Incorporated, 

Yellow Springs, Ohio), conductivity was measured using a YSI 600R sonde (YSI Incorporated, 

Yellow Springs, Ohio), and pH was measured using an Oakton Waterproof pH 310 Meter 

(OAKTON Instruments, Vernon Hills, Illinois).   

2.7.2 Algae 

Phytoplankton and periphyton were sampled on Days 0, 1, 4, and 7, then weekly for the 

remainder of the experiment. Phytoplankton and periphyton biomass were quantified using the 
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common algal pigment chlorophyll a (chl a) as a surrogate measurement. Phytoplankton was 

collected from the mesocosms using a 500 mL grab sample at approximately 0.1 m below the 

water’s surface. Phytoplankton for estimating total chl a was filtered from the grab sample by 

passing a 200 mL subsample through a 1.2 µm pore size G4 glass fiber filter (Fisher Scientific, 

Pittsburgh, Pennsylvania). Small phytoplankton (cells with a diameter of 1 to 25 µm) comprise 

the bulk of a zooplankton grazer’s diet (Dodson and Frey 2001), so “edible” phytoplankton was 

considered to be phytoplankton cells with a diameter <30 µm. Phytoplankton for estimating 

edible chl a was collected from the grab sample by first passing a 250 mL subsample through 30 

µm mesh (Sterner 1989) and then pumping the filtrate through a glass fiber filter. Periphyton total 

chl a was collected by scraping one side of a 30 cm2 periphyton substrate and rinsing the material 

into a sample bottle using 250 mL of deionized water. A 200 mL subsample was filtered through 

a glass fiber filter. All filters were stored frozen to lyse algal cells for later analysis. Chlorophyll 

was extracted from the filters in methanol for 24 hours and samples were analyzed with a TD-700 

fluorometer (Turner Designs, Sunnyvale, CA) following Welschmeyer (1994).  

2.7.3 Zooplankton     

Zooplankton communities were sampled on Days 0, 1, 4, and 7, then weekly for the 

remainder of the experiment. Zooplankton samples were collected using a 0.08 m diameter 

acrylic tube sampler. The upper 0.15 m of a tank was gently stirred and three 2 L volumes were 

collected (one near the center of the tank, one next to the side, and one midway between the two 

points) and passed through a 50 µm mesh. Samples were condensed, anaesthetized in carbonated 

water, and preserved in at least 70% ethanol for later identification and enumeration. Filtrate 

water was collected and returned to the tank by pouring over a plastic sheet at the surface of the 

tank to prevent disturbance of the sediment.  

Zooplankton samples were processed to collect cladoceran and copepod community data 

across time. Day 0 samples were analyzed to collect preliminary data before the experimental 



 

25 

 

treatments were applied. Samples from Day 7 were analyzed to assess initial or short-term 

impacts of the treatments. Day 21 samples were analyzed to determine intermediate changes in 

the communities. Finally, to assess long-term effects of the treatments, samples from Day 35 

were analyzed. 

Zooplankton samples were processed using a Leica MZ16 dissecting scope (Leica 

Microsystems, Wetzlar, Germany). Samples were resuspended in 100 mL of water and 

cladocerans and copepods were enumerated in 5 mL increments until three consecutive 

subsamples contained no new species. A minimum of seven subsamples was processed for each 

sample. Individuals were identified to species using a combination of the following sources: 

Edmondson (1966), Brandlova et al. (1972), Witty (2004), Aliberti et al. (2003), Smith and 

Fernando (1978), and Hudson et al. (2003). Due to morphological similarities between species, 

Daphnia pulex and Daphnia pulicaria were grouped as Daphnia pulex/pulicaria and Bosmina 

leideri and Bosmina freyi were grouped as Bosmina leideri/freyi. Juvenile daphniids and 

copepods are difficult to accurately identify based on morphological characteristics and were not 

speciated. Based on NOAA (2006), cladoceran species data were sorted into large and small 

categories (see Appendix D).  

2.7.4 Insect Emergence 

To quantify insect emergence rates, a floating emergence trap was deployed on the 

water’s surface of each mesocosm. Traps were constructed from a cone of 1 mm nylon mesh 

attached to a ring of buoyant foam (0.29 m base diameter by 0.26 m tall), with a 500 mL plastic 

collection jar at the peak of the cone. 

Beginning on Day 7 of the experiment, emergence traps were emptied every seven days. 

All trap contents were rinsed from the collection bottle and samples were condensed and stored in 

at least 70% ethanol for later identification and enumeration. Each trap’s collection bottle was re-
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filled with approximately 30 mL of ethanol after sampling to help preserve trapped insects 

between sampling events, and topped up as needed if ethanol evaporation occurred.  

 Insect samples were processed using a Leica MS5 dissecting microscope. All dipterans in 

a sample were identified to taxonomic family using a combination of the following resources: 

Arnett (2000), Merritt et al. (1996), Borror and White (1970), and Lutz (1918).  

2.7.5 Amphipods 

Amphipod samples were collected on Days 42 and 43. Amphipods were collected by 

siphoning all of the water out of each tank through a 400 µm mesh filter. Fibrous algae and 

objects from the tanks (e.g., bricks, clay pots, excess periphyton substrata, etc.) were thoroughly 

rinsed into the filter to remove any clinging invertebrates. When nearly all of the water had been 

siphoned from a tank, the interstitial water and upper 2–5 cm of sediment were also passed 

through the filter. Samples were condensed and preserved in at least 70% ethanol for later 

enumeration and identification.  

Amphipod samples were processed using a Leica MS5 dissecting microscope. Samples 

were resuspended in water and amphipods were separated from debris. All amphipod individuals 

in a sample were speciated and enumerated using a combination of the following sources: 

Bousfield (1958), Bousfield (1989), Covich and Thorp (2001), Gonzalez and Watling (2002), 

Smith (2001), and Väinölä et al. (2008). 

2.7.6 Gastropods 

Banded mystery snails were hand-collected from the mesocosms at the conclusion of the 

experiment (Days 42 and 43). Live and dead snails were separated, enumerated, and stored in 

100% ethanol. Snails were considered dead if the shells were empty or if an individual did not 

retract its foot when gently probed. If the total number of snails stocked was not retrieved for a 
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given mesocosm, proportions for survival were instead calculated as a fraction of the total 

number of snails recovered. 

2.7.7 Zebra Mussels 

Zebra mussels were checked the day before the experiment began to ensure all were 

alive. Starting on Day 5, zebra mussel mortality was assessed every 5–6 days for the remainder of 

the experiment. To assess mortality, each terra cotta tray containing mussels was raised to the 

surface of the tank and the water gently poured off. Mussels were considered dead if the shells 

were empty or if they were gaping and did not respond to being gently touched (see Domm et al. 

1993). Dead mussels were neither removed nor replaced.  

 

2.8 Statistical Analysis 

Data were analyzed using multimodel inference with an information theoretic approach 

(Burnham et al. 2011, Symonds and Moussalli 2011) in R 0.98.1079 (R Core Team 2014). For all 

response variables, the magnitude and direction of treatment effects (ZQ, ZM, W, D) were 

assessed and compared to controls. In addition, for the responses repeatedly measured over time, 

the data were also examined for patterns of temporal change. In all cases, the level of significance 

used was α=0.05. 

Similarity of the measured metrics among mesocosms was confirmed at the start of the 

experiment (see Appendix E). Where parametric assumptions were satisfied, ANOVA tests were 

used. Where parametric assumptions were violated, logarithmic data transformations were 

applied prior to the ANOVA. If log transformation of the data did not satisfy parametric 

assumptions, non-parametric Kruskal‐Wallis tests were used.  

Mixed-effect models were used for response variables sampled multiple times to account 

for temporal pseudoreplication (Zuur et al. 2009), including water quality parameters, 

zooplankton community metrics (richness, abundance, and evenness), phytoplankton and 
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periphyton biomass, insect emergence rates, and zebra mussel mortality. Experimental treatments 

(ZQ, ZM, W, D) were fixed categorical factors. Sample day was used as a continuous factor, with 

the number of levels varying for different response variables based on the number of days for 

which samples were collected and/or analyzed for a given response. Individual mesocosm was 

included as a random factor in the models to account for repeated measurements and temporal 

pseudoreplication in the experimental design.  

Using the ‘lmer’ function in the lme4 package (Bates et al. 2014), full linear mixed-

effects models (LMMs) were created, containing all main effects (ZQ, ZM, W, D) and two‐way 

interactions (all combinations of any two treatment terms) as predictors. To determine a minimum 

adequate model (MAM) that best explained treatment effects, model selection was carried out 

using the ‘dredge’ function from the MuMIn package (Bartòn 2014). Model selections were 

restricted to models with a maximum of four predictors to avoid over‐parameterization of the 

MAM (Harrell 2001). Models for zebra mussel mortality were restricted to a maximum of three 

predictors because the sample size was smaller, as zebra mussels were only present in half of the 

mesocosms. For each response variable, two MAMs were constructed with either: 1) a random 

slope (mesocosm), or 2) a random slope (mesocosm) and random intercept (sample day). The 

MAM with the lowest AICc—determined using the ‘AICc’ function in the ‘bbmle’ package 

(Bolker and R Development Core Team 2014)—was chosen. P-values for fixed effects in the 

MAMs were obtained using ‘anova’ in the ‘lmerTest’ package (Kuznetsova et al. 2014). P-values 

for post hoc all-pairwise Tukey tests were corrected for multiple comparisons using the Holm 

method (Holm 1979) in R using the packages ‘multcomp’ (Hothorn et al. 2008) and ‘mvtnorm’ 

(Genz and Bretz 2009, Genz et al. 2014). Assumptions of the models and distributions were 

assessed using residuals versus fitted values plots, scale-location plots, and testing the correlation 

of residual versus fitted values. When model assumptions were violated, logarithmic data 
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transformations were applied to normalize residuals and reduce variance inequality among 

treatments.  

If the log-transformation did not satisfy the model’s assumptions, generalized linear 

mixed-effects models (GLMMs) with a negative binomial distribution and a log link function 

were fit with a Laplace approximation using ‘glmmadmb’ in the package ‘glmmADMB’ 

(Fournier et al. 2012, Skaug et al. 2014). MAMs for the GLMMs were determined employing the 

same methods as for LMMs. Assumptions for the GLMMs were checked using residuals versus 

fitted plots, scale-location plots, and an estimate of model dispersion (theta). P-values for fixed 

effect terms in the GLMMs were determined using likelihood ratio chi-square tests. Degrees of 

freedom for GLMMs were calculated as n–1–f–r, where n is the sample size, f is the number of 

fixed parameters in the minimum adequate model, and r is the number of levels in the random 

parameter of the model (i.e., 48 mesocosms). Final structure of the MAM for each response 

variable is listed in Table F1 (Appendix F). Model selection tables can be found in Appendix G 

and estimates of fixed effects for MAMs are listed in Appendix H. In the cases of exploring 

treatment effects on species evenness and copepod total abundance, numerous attempts at model 

fitting did not meet statistical assumptions so this community metrics were assessed only for the 

impact of the Zequanox® treatment, as its effect was the main focus of this investigation. 

Abundance of the small cladoceran Ceriodaphnia lacustris was also assessed only for the effect 

of the Zequanox® treatment for the same reason.  

The ‘specnumber’ function in the ‘vegan’ package (Oksanen et al. 2013) was used to 

calculate species richness, which is defined as the number of species. Species evenness was 

calculated as Evar, which is defined as “the variance in abundance over the number of species,” as 

described in detail (with formulae) in Smith and Wilson (1996). Only data for adults were 

included in these analyses, as juveniles were not speciated.  
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Multiple regression models were used for response variables sampled a single time, 

including amphipod abundance and V. georgianus survival. Following a process similar to the 

determination of the MAM for the mixed-effect models, the ‘aov’ function was used to create full 

models containing all main effects and two-way interactions as predictors. Model selection was 

carried out using ‘dredge’ in the ‘MuMIn’ package (Bartòn 2014) with models restricted to a 

maximum of four predictors to prevent overfitting (Harrell 2001). P-values for terms in the 

MAMs were obtained using the ‘anova’ function in R. Assumptions of the models and 

distributions were assessed using plots of residuals versus fitted values, scale-location, normal 

quantile-quantile, and constant leverage. If model assumptions were not satisfied, response data 

were log-transformed to increase normality of residuals and decrease the variance among 

treatments. Differences in response among treatment groups were tested using ANOVA 

(‘anova’), with post hoc analyses carried out using Tukey’s Honest Significant Difference (HSD) 

with the ‘TukeyHSD’ function in R. Final structure of the MAM for each response variable is 

listed in Table F2 (Appendix F). 
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Chapter 3 

Results 

At the start of the experiment, all water quality, zooplankton, and chl a metrics were 

similar across all treatments (see Appendix E). Metrics for samples collected only at the 

conclusion of the experiment (amphipod abundance and gastropod survival) were assumed to be 

similar across treatments at the start of the experiment, as equal numbers of amphipods and 

banded mystery snails had been added to each mesocosm during setup. 

 

3.1 Water Quality and the Zequanox® Treatment 

Turbidity, dissolved oxygen, conductivity, pH, and water temperature were all monitored 

over the course of the experiment (see Figure J1 in Appendix J).  

 Initial turbidity was low (1.3 ±0.3 FNU) in all mesocosms. Owing to the cloudiness of the 

Zequanox® mixture added, turbidity increased to 75 ±3 FNU in +ZQ tanks following the 

treatment, and gradually decreased to background levels over the course of 4-5 days (Figure J1). 

Using a turbidity-Zequanox® relationship to approximate the concentration of the active 

ingredient (see Appendix C), the concentration of the treatment was estimated at 118 ±8 mg 

a.i./L, slightly higher than the target of 100 mg a.i./L. The estimated concentration remained 

within 95–126 mg/L a.i. for approximately 18 h after the treatment (Figure J1). The water 

renewal treatment increased the rate at which turbidity returned to normal by about one day 

(Figure J1). 

Dissolved oxygen (DO) concentrations averaged 8.4 ±0.8 mg/L before the Zequanox® 

application. Despite constant aeration, DO began to decrease in +ZQ mesocosms 6-7 h after the 

treatment, averaging 6.8 ±2 mg/L at 18 hours post-treatment. Even with heavy aeration and 

adding an additional, more powerful pump to the aeration system, DO decreased to <5.5 mg/L in 
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eleven of twelve +ZQ mesocosms (minimum 1.2 mg/L). DO concentrations in +ZQ+W tanks 

returned to 6.8 ±2 mg/L after the water renewals were completed (32 h). DO in static treated 

mesocosms (+ZQ–W) recovered more slowly, reaching 5.9 ±1 mg/L at 32 h. By 48 h post-

treatment, all DO concentrations were >7.3 mg/L (Figure J1). 

Conductivity fluctuated during the experiment (Figure J1), likely due to evaporation and 

precipitation, but all conductivity values were well within the limit for freshwater quality (<500 

µS/cm; Environment Canada 2013). Due to malfunctioning equipment, no pH data were collected 

until Day 14 but thereafter all measurements were between 6.9 and 8.5, within the target range for 

freshwater quality (pH 6.5–9; Environment Canada 2013). Water temperature measured during 

sampling ranged from 9.9–25.4°C and there was no relationship between treatments and water 

temperature. Only time had a significant effect on temperature (MAM fixed effect Day: ANOVA, 

F(1,382)=227.1, p<0.001; Table H1), as temperature decreased over the course of the experiment 

(Figure J1). 

 

3.2 Biological Community 

3.2.1 Algal Biomass (Chlorophyll a) 

Phytoplankton total chl a (TC) concentrations were significantly greater in mesocosms 

that had been treated with Zequanox® (MAM fixed effect ZQ: ANOVA, F(1,45)=43.22, p<0.001) 

and increased over time, regardless of treatment (MAM fixed effect Day: ANOVA, F(1,335)=22.50, 

p<0.001, Table H2; Figure 2). On Days 14 and 21, average TC concentrations were 2.5–3.5 times 

greater in +ZQ mesocosms versus controls, corresponding to a peak in TC in +ZQ tanks that 

lasted for about three weeks (Figure 2). Average TC concentrations were 10–18% lower in +ZM 

treatments compared to controls, but the effect was not significant (MAM fixed effect ZM: 

ANOVA, F(1,45)=2.30, p=0.14, Table H2). Neither the water renewal nor dispersal treatments had 
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an appreciable effect on TC, as they were not retained as predictors in the MAM during model 

selection (Table G2). 

Phytoplankton edible chl a (EC) concentrations followed a similar pattern to TC, 

whereby EC was significantly increased by the Zequanox® treatment (MAM fixed effect ZQ: 

ANOVA, F(1,44)=57.03, p<0.001, Table H3; Figure 2). EC in +ZQ mesocosms was on average, 

28–82% higher than controls on a given sampling day. The water renewal treatment was also 

associated with substantial increases in EC across all mesocosms that had been treated with 

Zequanox®, but no appreciable effect on EC in no-Zequanox® mesocosms (MAM fixed effect 

ZQ*W: ANOVA, F(1,44)=5.40, p=0.02; Table H3). This was particularly evident on Days 14 and 

21 when mean EC concentrations were five times greater in +ZQ+W mesocosms compared to –

ZQ+W mesocosms (Figure 2). The zebra mussel and dispersal treatments did not significantly 

impact EC, as they were not retained in the MAM. 

Periphyton total chl a (PC) concentrations were highly variable and generally increased 

over the course of the experiment (MAM fixed effect Day: ANOVA, F(1,47)=8.47, p=0.005, Table 

H4; Figure 2). PC concentrations were higher in Zequanox® treated mesocosms (MAM fixed 

effect ZQ: ANOVA, F(1,46)=22.92, p<0.001, Table H4), by 9–153% on average (Figure 2). None 

of the water renewal, zebra mussel, or invertebrate dispersal treatments had a detectable effect on 

PC, as they did not appear as predictors in the MAM.  

3.2.2 Crustacean Zooplankton Community 

Using model selection, the effects over time of each of the experimental treatments 

(including two-way interactions between treatments) were assessed for community-level metrics 

of crustacean zooplankton. The Zequanox® treatment appeared as a predictor in the MAMs across 

all tested metrics (significant in 8 of 9 cases), so it was clear that it had an important impact on 

the zooplankton community. The water renewal treatment was a predictor in the MAMs of four of 

nine metrics, which suggested that it was likely influencing the community, but its effect was 
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significant in only one of the MAMs (cladoceran richness). There were, however, two instances 

of significant interactions of the water renewal treatment with time. The dispersal treatment rarely 

appeared in the MAMs (only one) and the zebra mussel treatment was never retained in the 

community-level models. As such, the presentation of the results for the zooplankton community 

largely focuses on the impact of the Zequanox® treatment, while the other treatments are only 

mentioned in cases where they had a significant effect.  

The Zequanox® treatment was associated with general decreases in both richness and 

abundance of crustacean zooplankton across all treatment groups and time. Overall, the 

Zequanox® treatment resulted in an effective decrease in total richness (7.27 species) of 1.25 

species over the course of the experiment compared to –ZQ controls (MAM fixed effect ZQ: 

ANOVA, F(1,46)=7.43, p=0. 009, H5; Figure 3). The main source of the Zequanox®-driven 

decrease in total richness was due to reduced species richness in small cladocerans, which overall 

had 1.65 fewer species compared to mesocosms that were not treated with Zequanox® (MAM 

fixed effect ZQ: ANOVA, F(1,45)=22.43, p<0.0001; Table H8; Figure 4). However, large 

cladoceran richness in +ZQ mesocosms was 0.29 species lower than richness in –ZQ controls 

(MAM fixed effect ZQ: ANOVA F(1,45)=6.24, p=0.02; Table H7; Figure 4).  

While overall, total crustacean zooplankton abundance was reduced only slightly by the 

Zequanox® treatment (0.74 individuals/L) compared to –ZQ treatment groups, the effect was still 

significant (MAM fixed effect ZQ: ANOVA, F(1,62)=4.70, p=0.03; Table H10; Figure 3). 

However, the overall effect of Zequanox® on total abundance was diminished by differing 

responses among complementary parts of the crustacean zooplankton community and changes in 

responses over the course of time, which will be discussed further below. 

Decreases in total species richness and total abundance of crustacean zooplankton due to 

the Zequanox® treatment occurred mainly in the first week following the pesticide application. In 

+ZQ mesocosms, total richness had an initial decrease of 1.5 ±2 species (Day0+ZQ·Day7+ZQ 
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post hoc Tukey test, p=0.02; Figure 3) while total abundance was reduced by 53 ±9% 

(Day0+ZQ·Day7+ZQ post hoc Tukey test, p=0.006; Figure 3).  

During the first week post-treatment, there was also a decrease in cladoceran richness of 

2 ±1.7 species (Day0+ZQ·Day7+ZQ post hoc Tukey test, p<0.0001; Figure 4) and cladoceran 

abundance (–71 ±42%; Day0+ZQ·Day7+ZQ post hoc Tukey test, p<0.001; Figure 5). Declines in 

cladocerans were predominantly driven by reductions in small cladoceran richness (1.2 ±1 

species, Day0+ZQ·Day7+ZQ post hoc Tukey test, p=0.008; Figure 4) and large decreases in 

small cladoceran abundance (–82 ±21%, Day0+ZQ·Day7+ZQ post hoc Tukey test, p<0.0001; 

Figure 5). The greatest reductions occurred among three small cladoceran species, Chydorus 

sphaericus, Scapheloberis mucronata, and Ceriodaphnia lacustris, for which mean abundances 

across all mesocosms treated with Zequanox® decreased by 88%, 94%, and 89%, respectively, in 

the first week of the experiment (Figure 6).  

Zooplankton assemblages in Zequanox®-treated mesocosms also showed considerable 

initial decreases in large cladoceran richness (–1 ±0.8 species;  Day0+ZQ·Day7+ZQ post hoc 

Tukey test, p<0.0001). The change in large cladoceran richness was chiefly due to the near-

disappearance in the large cladoceran species Sida crystallina, which became very rare in +ZQ 

mesocosms in the week following the Zequanox® treatment (initial abundance of 1.6 ±1.6 

individuals/L to 0.04 ±0.1 individuals/L on Day 7; Day0+ZQ·Day7+ZQ post hoc Tukey test, 

p<0.0001; Figure 6). Reductions in abundance and richness also led to a relative doubling in 

species evenness, particularly in the first week of the experiment (Day0+ZQ·Day7+ZQ post hoc 

Tukey test, p<0.0001; Figure 3).  

However these declines in +ZQ treatments were short-lived, as the abundances of small 

cladocerans (Day21+ZQ·Day21–ZQ post hoc Tukey test, p=1; Figure 5) and S. crystallina 

(Day21+ZQ·Day21–ZQ post hoc Tukey test, p=0.15; Figure 6), as well as richness in small 

cladocerans (Day21+ZQ·Day21–ZQ post hoc Tukey test, p=0.48; Figure 4) and large cladocerans 



 

36 

 

(Day21+ZQ·Day21–ZQ post hoc Tukey test, p=1; Figure 4) were no different from controls 

within three weeks of the treatment, leading to the same levels of evenness in both +ZQ and –ZQ 

controls (Day21+ZQ·Day21–ZQ post hoc Tukey test, p=1; Figure 3). These rebounds were not 

uniformly stable, however, as on Day 35 there were differences in +ZQ compared to –ZQ 

mesocosms in cladoceran richness (Day35+ZQ ·Day35–ZQ post hoc Tukey test, p=0.001; Figure 

4) and abundance—specifically in non-water renewal treatments (post hoc Tukey tests: 

Day35+ZQ–W·Day35–ZQ–W, p<0.0001; Day35+ZQ–W·Day35–ZQ+W, p<0.0001; 

Day35+ZQ–W·Day35+ZQ+W, p<0.0001; Figure 5). As with other cladoceran declines, these 

responses were largely due to decreases in small cladoceran richness (Day35+ZQ ·Day35–ZQ 

post hoc Tukey test, p<0.0001; Figure 4) and small cladoceran abundance (Day35+ZQ ·Day35–

ZQ post hoc Tukey test, p<0.0001; Figure 5), particularly the abundance of the small cladoceran 

C. sphaericus in non-water renewal mesocosms (post hoc Tukey tests: Day35+ZQ–W·Day35–

ZQ–W, p=0.02; Day35+ZQ–W·Day35–ZQ+W, p=0.0001; Day35+ZQ–W·Day35+ZQ+W, 

p=0.0003; Figure 6). 

Although the overarching effects of the Zequanox® treatment were reductions in 

zooplankton richness and abundance, not all of the crustacean zooplankton community was 

negatively affected. The Zequanox® treatment was also associated with significant increases in 

copepod richness (MAM fixed effect ZQ: ANOVA, F(1,45)=11.12, p=0.002, Table H9; Figure 4) 

and large cladoceran abundance (MAM fixed effect ZQ: ANOVA, F(1,142)=21.20, p<0.0001, Table 

H12; Figure 5). The increase in copepod richness was largely due to the combination of an 

approximate doubling in the abundance of Mesocyclops edax in +ZQ mesocosms between the 

first and third weeks of the experiment (Figure 7) and the sudden appearance of Cyclops scutifer 

in samples from Day 35 of the experiment (Figure 7), with 7.4 times the abundance in +ZQ 

mesocosms compared to controls (Day35+ZQ·Day35–ZQ post hoc Tukey test, p<0.0001). The 

increase in large cladoceran abundance was primarily due to increases in the abundance of 
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Daphnia pulex/pulicaria (Figure 6) most notably in the third week of the experiment, when 

abundance in +ZQ mesocosms was seven times greater in Zequanox®-treated tanks versus 

controls (Day21+ZQ·Day21–ZQ post hoc Tukey test, p<0.0001).  

The water renewal treatment did not have as strong an effect on the zooplankton 

community as the Zequanox® treatment, though it did have a significant effect on cladoceran 

richness (MAM fixed effect W: ANOVA, F(1,129)=4.16, p=0.04, Table H6). Among +W 

mesocosms, there was an initial loss of about one cladoceran species in the first week of the 

experiment followed by a return to initial richness by Day 35, whereas over all –W mesocosms 

there was steady decline in richness over the course of the experiment that resulted in an average 

loss of about 1 species overall (Figure 3, Table H6). This response in cladoceran richness was 

largely driven by changes in small cladoceran richness (MAM fixed effect W*Day: ANOVA, 

F(1,94)=6.49, p=0.01, Table H8), which displayed the same pattern (Figure 4), mainly due to 

changes in abundance of the dominant small cladoceran C. sphaericus, which followed a similar 

pattern as well (MAM fixed effect W*Day: ANOVA, F(1,62)=10.90, p=0.002, Table H16), with 

particularly sharp decreases on Day 35 in +ZQ–W mesocosms (Figure 6). In addition, 

abundances of D. pulex/pulicaria had a significant peak-and-crash pattern in –W mesocosms 

between the first and fifth weeks of the experiments, particularly in Zequanox® treatments, 

whereas abundances in renewal and non-Zequanox® mesocosms were much more stable (MAM 

fixed effect W*Day: ANOVA, F(1,94)=4.78, p=0.03, Table H13; Figure 6). In addition, while the 

water renewal treatment had a negative effect on the abundance of S. crystallina overall (MAM 

fixed effect W: ANOVA, F(1,43)=4.43, p=0.04, Table H14), there was also a significant interaction 

between the Zequanox® treatment and the water renewal treatment (MAM fixed effect 

Zequanox®*W: ANOVA, F(1,43)=5.53, p=0.02, Table H14) wherein abundance was decreased by 

nearly 60% by the water renewal treatment in non-Zequanox® mesocosms (–ZQ–W·–ZQ+W post 

hoc Tukey test, p=0.02).  
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The zebra mussel treatment did not have a large impact on the crustacean zooplankton 

community, as it was only retained in two species’ MAMs (S. crystallina and S. mucronata), and 

was not significant in either (Tables H14 and H17).  

The dispersal treatment did not have any detectable effects on the crustacean zooplankton 

community except for copepod richness, which was significantly increased by the dispersal 

treatment (MAM fixed effect D: ANOVA, F(1,134)=11.29, p=0.001, Table H9), though as the 

experiment progressed, copepod richness decreased more sharply in the mesocosms that had been 

seeded with dispersers compared to those that had not (MAM fixed effect D*Day: ANOVA, 

F(1,94)=8.12, p=0.005, Table H9; Figure 4).  

3.2.3 Amphipods 

Based on morphological characteristics only one amphipod species, Hyalella azteca, was 

identified in the mesocosm samples. H. azteca population sizes were substantially smaller in 

mesocosms treated with Zequanox® (MAM predictor ZQ: AVOVA, F(1,43)=52.25, p<0.001, Table 

H20;  Figure 8) by 77%, on average. In addition, populations across all treatments were larger in 

mesocosms that had received water renewals (MAM predictor W: ANOVA, F(1,43)=9.05, p=0.004, 

Table H20) by 31%, on average. While amphipod populations were markedly smaller in 

mesocosms that were treated with Zequanox®, they were smaller yet in Zequanox-treated 

mesocosms that did not have zebra mussels (58% on average; +ZQ–ZM·+ZQ+ZM post hoc 

Tukey test, p<0.001). The dispersal treatment had no effect as it was not retained in the Minimum 

Adequate Model in the analysis (Table G20). 

3.2.4 Gastropods 

On average, 98 ±3% of the stocked banded mystery snails were recovered at the end of 

the experiment. High rates of survival occurred in non-Zequanox® treatments (mean survival 

98±4%), with 100% survival in the –ZQ–ZM–W–D and –ZQ+ZM+W+D treatments. Survival 
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was significantly lower in the mesocosms treated with Zequanox® (+ZQ mean survival 74 ±16%; 

MAM fixed effect ZQ: ANOVA, F(1,44)=53.74, p<0.001, Table H21, Figure 9). The lowest 

survival occurred in the +ZQ+ZM+W–D treatment at 63 ±21%. Survival was increased by the 

dispersal treatment in +ZQ mesocosms, but not in controls (MAM fixed effect ZQ*D: ANOVA, 

F(1,44)=5.39, p=0.02, Table H21). The zebra mussel or water renewal treatments had no effect on 

survival, as they were not retained as predictors in the model selection process (Table G21). 

3.2.5 Insect Emergence 

Insects of the family Chironomidae were the only dipterans that frequently occurred in 

the emergence traps and as such are the only group for which emergence data are reported. The 

Zequanox® treatment was the only one that had an appreciable effect on chironomid emergence 

rates, as it was the only treatment predictor retained in the Minimum Adequate Model (Table 

G22). Emergence among all treatments was the same in the first week of the experiment 

(ANOVA, F(11,36)=1.45, p=0.20) but overall, emergence in both +ZQ and –ZQ treatments 

followed a pattern of increasing to a maximum by Day 21, then decreasing an approximately 

symmetrical manner for the remainder of the experiment in (Figure 10). However, emergence 

rates were substantially greater in +ZQ mesocosms than in controls (MAM fixed effect ZQ: 

ANOVA, F(1,46)=29.15, p<0.001, Table H22), particularly in weeks 2, 3, and 4 (3.4, 4.9, and 2.4 

times greater on average, respectively; Figure 10).  

3.2.6 Zebra Mussels 

Zequanox® was the only treatment that had an important effect on zebra mussel mortality 

(MAM fixed effect ZQ: ANOVA, F(1,21)=191.51, p<0.0001, Table H23). From the start of the 

experiment, there was substantially greater zebra mussel mortality in mesocosms treated with 

Zequanox® compared to controls (Figure 11). Mortality was on average, about 8% lower in 

mesocosms that had received a water change, but the effect was not significant (MAM fixed 
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effect W: ANOVA, F(1,21)=3.82, p=0.06, Table H23). In +ZQ mesocosms, there was an immediate 

spike in mortality (treatment average 41–54%) within 5 days of the Zequanox® application 

(Figure 11). However after 10 days, the mortality rates in treated versus untreated mesocosms 

were the same (Day10+ZQ·Day10–ZQ Welch’s t-test, t(17.6)=–2.97, p=0.008). By the conclusion 

of the experiment, most of the mussels were dead in +ZQ mesocosms (76–98%, on average), 

while in –ZQ mesocosms, the treatment average mortality was 29–34%.  
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Table 2. Summary of effects of experimental treatments and time on aquatic community response variables. Numbers represent p-values of terms 
retained in Minimum Adequate Models for during model selection for each response variable. Asterisk indicates significance of term in the model 
(p<0.05). 

Metric ZQ ZM W D Day W*Day D*Day ZQ*ZM ZQ*W ZQ*D 

Phytoplankton total chlorophyll a <0.001* 0.14 — — <0.001* — — — — — 
Phytoplankton edible chlorophyll a <0.001* — 0.87 — — — — — 0.02* — 

Periphyton total chlorophyll a <0.001* — — — 0.005* — — — — — 
Crustacean zooplankton species richness 0.009* — — — 0.10 — — — — — 

Cladoceran species richness <0.0001* — 0.04* — 0.68 0.005* — — — — 
Large cladoceran species richness 0.02* — 0.14 — — — — — — — 
Small cladoceran species richness <0.0001* — 0.18 — 0.31 0.01* — — — — 

Copepod species richness 0.002* — — 0.001* 0.77 — 0.005* — — — 
Total crustacean zooplankton abundance 0.03* — — — — — — — — — 

Total cladoceran abundance 0.90 — 0.18 — 0.28 0.16 — — — — 
Total large cladoceran abundance <0.0001* — — — — — — — — — 

Daphnia pulex/pulicaria abundance <0.0001* — 0.15 — 0.56 0.03* — — — — 
Sida crystallina abundance 0.0009* 0.15 0.04* — — — — — 0.02* — 

Total small cladoceran abundance 0.03* — — — 0.03* — — — — — 
Chydorus sphaericus abundance <0.0001* — 0.04* — 0.81 0.002* — — — — 

Scapheloberis mucronata abundance 0.03* 0.06 — — 0.01* — — 0.14 — — 
Mesocyclops edax abundance 0.01* — — — — — — — — — 
Cyclops scutifer abundance — — — — 0.0001* — — — — — 

Amphipod abundance <0.0001* 0.40 0.004* — — — — 0.03* — — 
Gastropod survival <0.0001* — — 0.01* — — — — — 0.02* 

Chironomid emergence <0.001* — — — <0.001*      
Zebra mussel mortality <0.0001* — 0.06 — <0.0001* — — — — — 
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Figure 2. Algal chlorophyll a concentrations from Days 0 to 41 in 587 L aquatic mesocosms exposed to experimental treatments. ZQ=Zequanox® 
treatment (one time, 100 mg/L a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water volume). Top-left: 
phytoplankton total chl a, bottom-left: periphyton total chl a, top-right: edible phytoplankton (cell diameter <30 µm) chl a with no water renewal 
treatment, bottom-right: edible phytoplankton chl a with water renewal treatment. Points represent the geometric mean with whiskers extending 
from each point representing the 95% confidence interval for the geometric mean, as response data were log transformed to increase normality of 
residuals and reduce unequal variances among treatment groups. For total and edible phytoplankton panels, n=12 for each data point. For the 
periphyton panel, n=24 for each data point. Points have been slightly jittered to improve data visibility. The predictors retained in the Minimum 
Adequate Model from linear mixed effects multimodel inference are located in the upper left corner of each panel. Asterisk indicates significance 
of terms in the model (p<0.05). Plots of raw (ungrouped) data can be found in Appendix K.  



 

43 

 

 
 
 

 
Figure 3. Crustacean zooplankton community metrics from Days 0 to 35 in 587 L aquatic mesocosms exposed to experimental treatments. 
ZQ=Zequanox® treatment (one time, 100 mg/L a.i.). Left panel: total species richness, middle panel: total abundance, right panel: species evenness 
(Evar). For richness, points represent the mean with whiskers extending from each point representing the 95% confidence interval for the mean. For 
abundance and evenness, points and whiskers represent the geometric mean with whiskers extending from each point representing the 95% 
confidence interval for the geometric mean, as response data were log transformed to increase normality of residuals and reduce unequal variances 
among treatment groups. n=24 for each data point. Points have been slightly jittered to improve data visibility. For richness and abundance, the 
predictors retained in the Minimum Adequate Model from linear mixed effects multimodel inference are located in the upper right corner of each 
panel. Asterisk indicates significance of terms in the model (p<0.05). Plots of raw (ungrouped) data can be found in Appendix K. 
 
  



 

44 

 

 
Figure 4. Cladoceran and copepod species richness from Days 0 to 35 in 587 L aquatic mesocosms exposed to experimental treatments. 
ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), W=water renewal (one time, 70% of tank’s water volume), D=dispersal treatment (one time, 
zooplankton and macroinvertebrates). Top-left: cladocerans, bottom-left: copepods, top-right: small cladocerans, bottom-right: large cladocerans. 
Points represent the mean with whiskers extending from each point representing the 95% confidence interval for the mean. n=12 for each data 
point. Points have been slightly jittered to improve data visibility. The predictors retained in the Minimum Adequate Model from linear mixed 
effects multimodel inference are located in the lower left corner of panels in the top row and the upper left corner of panels in the bottom row. 
Asterisk indicates significance of terms in the model (p<0.05). Plots of raw (ungrouped) data can be found in Appendix K. 
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Figure 5. Cladoceran and copepod abundances from Days 0 to 35 in 587 L aquatic mesocosms exposed to experimental treatments. 
ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), W=water renewal (one time, 70% of tank’s water volume). Top-left: all cladocerans, top-
right: copepods, bottom-left: small cladocerans, bottom-right: large cladocerans. For large cladocerans, points represent the mean with whiskers 
representing the 95% confidence interval for the mean. For cladocerans, copepods, and small cladocerans, points represent the geometric mean 
with whiskers representing the 95% confidence interval for the geometric mean, as response data were log transformed to increase normality of 
residuals and reduce unequal variances among treatment groups. For cladocerans, n=12 for each data point. For copepods and small/large 
cladocerans, n=24 for each data point. Points have been slightly jittered to improve data visibility. The predictors retained in the Minimum 
Adequate Model from mixed effects multimodel inference are shown in the upper right corner of each panel, except copepods. Asterisk indicates 
significance of terms in the model (p<0.05). Plots of raw (ungrouped) data can be found in Appendix K. 
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Figure 6. Abundances of five cladoceran zooplankton species from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), W=water renewal (one time, 70% of tank’s water volume), ZM=zebra mussels (0.28 
individuals/L). Top-left: Chydorus sphaericus, middle-left: Scapheloberis mucronata, bottom-
left: Ceriodaphnia lacustris, top-right: Daphnia pulex/pulicaria, middle-right: Sida crystallina. 
Points represent the geometric mean with whiskers extending from each point representing the 
95% confidence interval for the geometric mean, as response data were log transformed to 
increase normality of residuals and reduce unequal variances among treatment groups. n=12 for 
each data point except in the panel for C. lacustris where n=24 for each data point. For all species 
except C. lacustris, the predictors retained in the Minimum Adequate Model from linear mixed 
effects multimodel inference are located in the upper left corner of the panel. Asterisk indicates 
significance of terms in the model (p<0.05). Plots of raw (ungrouped) data can be found in 
Appendix K.  

Chydorus sphaericus Daphnia pulex/pulicaria

Scapheloberis mucronata Sida crystallina

Ceriodaphnia lacustris
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Figure 7. Abundances of two copepod species from Days 0 to 35 in 587 L aquatic mesocosms exposed to experimental treatments. 

ZQ=Zequanox
®
 treatment (one time, 100 mg/L a.i.). Left panel: Mesocyclops edax, right panel: Cyclops scutifer. Points represent the geometric 

mean with whiskers extending from each point representing the 95% confidence interval for the geometric mean, as response data were log 

transformed to increase normality of residuals and reduce unequal variances among treatment groups. n=24 for each data point. Points have been 

slightly jittered to improve data visibility. The predictors retained in the Minimum Adequate Model from linear mixed effects multimodel 

inference are shown in the upper right corner of each panel. Asterisk indicates significance of terms in the model (p<0.05). Plots of raw 

(ungrouped) data can be found in Appendix K.  
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Figure 8. Abundance of amphipods (Hyalella azteca) in 587 L aquatic mesocosms exposed to experimental treatments (Days 42-43). 
ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), W=water renewal (one time, 70% of tank’s water volume), ZM=zebra mussels (0.28 
individuals/L). Left panel: treatments with zebra mussels absent, right panel: treatments with zebra mussels present. Points represent the geometric 
mean with whiskers extending from each point representing the 95% confidence interval for the geometric mean, as response data were log 
transformed to increase normality of residuals and reduce unequal variances among treatment groups. n=6 for each data point. The predictors 
retained in the Minimum Adequate Model from linear mixed effects multimodel inference are shown in the upper left corner of the left panel. 
Asterisk indicates significance of terms in the model (p<0.05). Plots of raw (ungrouped) data can be found in Appendix K. 
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Figure 9. Percent survival of gastropods (Viviparus georgianus) in 587 L aquatic mesocosms exposed to experimental treatments (Days 42-43). 
ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Points represent the 
geometric mean with whiskers extending from each point representing the 95% confidence interval for the geometric mean, as response data were 
log transformed to increase normality of residuals and reduce unequal variances among treatment groups. n=12 for each data point. The predictors 
retained in the Minimum Adequate Model from linear mixed effects multimodel inference are shown in the upper right corner of the left plot. 
Asterisk indicates significance of terms in the model (p<0.05). Plots of raw (ungrouped) data can be found in Appendix K. 
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Figure 10. Chironomid emergence rates (individuals/week) from Day 7 to Day 42 in 587 L aquatic mesocosms exposed to various treatments. 
ZQ=Zequanox® treatment (one time, 100 mg/L a.i.). Points represent the geometric mean with whiskers extending from each point representing 
the 95% confidence interval for the geometric mean, as response data were log transformed to increase normality of residuals and reduce unequal 
variances among treatment groups. n=24 for each data point. Points have been slightly jittered to improve data visibility. The predictors retained in 
the Minimum Adequate Model from linear mixed effects model multimodel inference are located in the upper left corner of the plot. Asterisk 
indicates significance of terms in the model (p<0.05). Plots of raw (ungrouped) data can be found in Appendix K. 
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Figure 11. Percent mortality of zebra mussels (Dreissena polymorpha) over the course of 42 days in 587 L aquatic mesocosms exposed to various 
treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), W=water renewal (one time, 70% of tank’s water volume). Points represent the 
mean with whiskers extending from each point representing the 95% confidence interval for the mean. n=6 for each data point. Points have been 
slightly jittered to improve data visibility. The predictors retained in the Minimum Adequate Model from linear mixed effects model multimodel 
inference are located in the lower right corner of the plot. Asterisk indicates significance of terms in the model (p<0.05). Plots of raw (ungrouped) 
data can be found in Appendix K.  
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Figure 12. Comparison of mean responses of the biological community and zebra mussels (Dreissena polymorpha) in 587 L mesocosms, over the 
course of 43 days after Zequanox® treatment (100 mg a.i./L at time=0) versus no-Zequanox® controls. Top row: algal community, total and edible 
chlorophyll a (µg/L) and periphyton total chlorophyll a (mg/m2). Concentrations of total and edible chl a have been multiplied by 5 to improve 
visibility of the data. Second row: crustacean zooplankton community, cladoceran and copepod abundances. Third row: abundance of Hyalella 
azteca amphipods, survival (%) of Viviparus georgianus gastropods, and emergence rates of Chironomidae insects. Bottom row: percent mortality 
of zebra mussels. All bars represent the geometric mean (as response data were log transformed to increase normality of residuals and reduce 
unequal variances among treatment groups), except for large cladoceran abundance and zebra mussel mortality, which represent the arithmetic 
mean. n=24 for each bar except in the bottom row where n=12 for each bar. Plots of raw (ungrouped) data can be found in Appendix K. 
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Chapter 4 

Discussion 

As dreissenid mussels have continued to invade freshwater ecosystems across North 

America and Europe, a need has emerged for a tool to control or even eradicate these invaders in 

open water systems. Zequanox®, a biopesticide that has been advertised as highly effective at 

killing dreissenid mussels while causing little-to-no harm to non-target species (Marrone Bio 

Innovations 2017), is a promising candidate for controlling dreissenid invasions. However, some 

toxicity data indicate harmful effects in fish and invertebrates could occur at exposure 

concentrations and durations that would be relevant during an open-water application (e.g., 

Luoma et al. 2015b, 2015c, Weber et al. 2015). In addition, information is currently lacking for 

potential community-level and long-term non-target effects, which should be characterized before 

this product is approved for use in open-water systems in Canada. 

In this study, I assessed the immediate and extended effects of manufacturer-prescribed 

application of Zequanox® in complex aquatic systems using a replicated outdoor mesocosm 

experiment. This was the first study of its kind, as all previous toxicity studies have looked at the 

response of a single non-target species at a time, often under artificial environmental conditions 

(i.e., laboratory environment). I found that the treatment caused temporary changes to water 

quality, specifically turbidity and dissolved oxygen. Despite aeration, the treatment caused 

hypoxia in the day following the application, but refreshing the water in the mesocosms helped 

dissolved oxygen concentrations to recover more quickly. The biological communities in the 

mesocosms had complicated responses to the Zequanox® treatment. There was a temporary 

decrease in the abundance of small cladocerans, though the communities appeared to recover 

within a few weeks. Macroinvertebrates also showed substantial declines in abundance or 

survival in response to the Zequanox® treatment and did not recover on the timescale of the 
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experiment. On the contrary, there were substantial temporary increases shown for algal biomass, 

insect emergence, and large cladoceran abundance, all of which showed a period of increase, 

followed by a return to background patterns.  

 

4.1 Zequanox® Treatment 

The Zequanox® application had a target concentration of 100 mg a.i./L and was 

successfully completed, as the calculated concentration of Zequanox® averaged 99–120 mg a.i./L 

for 18 h after the treatment (Figure J1). As such, the treatment concentrations were slightly 

greater than the target for the first several hours. This may have been because the volume of water 

in the tanks had been underestimated, causing the applied mixture to be added to a smaller 

volume than intended. Increases in turbidity unrelated to the treatment may have also occurred, 

driven by unintentional sediment disturbance in the shallow tanks during the application. 

Accurate achievement of the target concentration has proved to be a challenge in past trials and 

applications as well. In some cases, the application fell short of the target concentration (e.g., 

Weber et al. 2014, Luoma et al. 2015b, Weber 2015, Whitledge et al. 2015, Luoma and Severson 

2016, Waller and Luoma 2017), and on the other end of the scale, target Zequanox® 

concentrations were exceeded by up to 45% on average in trials conducted by Luoma et al. 

(2015d). 

 

4.2 Dissolved Oxygen 

Based on the findings of previous studies (e.g., Mayer 2011, Molloy et al. 2013b, 

Meehan et al. 2014a), I was aware that dissolved oxygen concentrations could decrease after the 

treatment due to biodegradation of the pesticide material. This is important because hypoxia or 

anoxia is dangerous for non-target species like fish, which are unlikely to survive low oxygen 

conditions for any extended period of time (e.g., CCME 1999). However, this experiment was not 
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intended to assess indirect effects caused by hypoxic conditions, which is why a bubbler system 

was set up to aerate all mesocosms during the experiment. Nonetheless, dissolved oxygen began 

to decrease in Zequanox®-treated mesocosms approximately 6–7 h after the application (Figure 

J1), and despite heavy aeration beginning at ~6 h post-treatment, maintaining adequate dissolved 

oxygen became an issue in some mesocosms (Figure J1). Dissolved oxygen was lowest at 22–26 

h post-treatment, when eleven out of twelve tanks had DO <5.5 mg/L, the warmwater Canadian 

water quality guideline for protection of adult/subadult aquatic life (CCME 1999). The water 

renewal assisted with dissolved oxygen recovery, as DO concentrations returned to normal more 

quickly in tanks that had a water change compared to those that did not.  

Meehan et al. (2014a) also observed hypoxia in the canal trials they conducted in Ireland 

in 2012. To assess the impact of dissolved oxygen on Zequanox® effectiveness, they treated two 

enclosed areas and aerated one but not the other. Dissolved oxygen decreased to 2.38 mg/L in the 

non-aerated side, while the aerated side remained ≥5.6 mg/L. Hypoxia also occurred in both 

Zequanox® trials in Deep Quarry Lake in 2012 and 2013 (Weber et al. 2014, Whitledge et al. 

2015). In both years, a marked decrease in dissolved oxygen was observed about 24 h after the 

treatment, with a minimum of 2.5 mg/L in 2012 and a minimum of 0.4 mg/L in 2013 (Whitledge 

et al. 2015). It was reported that in both trials, when the barrier curtains were removed, dissolved 

oxygen returned to background concentrations within two hours (Whitledge et al. 2015), similar 

to what was observed in the present study with the water renewal treatment. In the only “real life” 

Zequanox® application (i.e., not for the purposes of research) to date, Lund et al. (2017) reported 

anoxia in the treated area of Christmas Lake, MN that lasted for seven days (dissolved oxygen 0.1 

mg/L), likely because the treatment area’s containment barrier was kept in place for at least 

eleven days without aeration.  

On the contrary, not all open-water Zequanox® trials have observed issues with low 

oxygen. Implementing a fresh water exchange before the 20-24 h post-treatment period seemed to 
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prevent hypoxia problems from occurring (e.g., Waller et al. 2016, Waller and Luoma 2016, 

2017).  

The hypoxia issues encountered in the present study and other applications highlight the 

need for monitoring dissolved oxygen during and after Zequanox® treatment and underline the 

significance of removing the enclosure barrier at the end of the treatment period, to ensure that 

the treated area can be refreshed with untreated, oxygenated water. Respecting the recommended 

8 h treatment window is important for maintaining adequate dissolved oxygen, as around 20–24 h 

appears to be when DO concentrations can become dangerously low (e.g., Whitledge et al. 2015) 

for sensitive aquatic species.  

 

4.3 Algae 

I observed increases in both phytoplankton and periphyton biomass related to the 

Zequanox® treatment. In +ZQ mesocosms, there was a temporary increase in edible 

phytoplankton biomass (as edible chl a) followed by a return to the range of values observed in 

control (–ZQ) mesocosms (Figure 2). In contrast, there were temporary spikes in biomass of both 

phytoplankton and periphyton (as total chl a) in addition to general increases over time (Figures 

2, 12). The general increases in TC were presumably unrelated to any treatment, as they also 

occurred in –ZQ controls (Figure 2). However, it is not clear what drove the temporary surges 

observed in all three types of algal biomass in +ZQ mesocosms, though it could have been related 

either to top-down effects—a decrease in grazing pressure due to reduced grazing by zooplankton 

(Strong 1992), or bottom-up effects—an increase in available nutrients that fuels algal growth 

(Pace et al. 1999), or some combination of the two. The initial dramatic reduction in the 

abundance of small cladocerans, which feed on phytoplankton or periphyton (Dodson and Frey 

2001), probably created a ‘density-mediated indirect effect’ (Relyea and Hoverman 2006), 

wherein reduced abundance temporarily relieved grazing pressure on planktonic and periphytic 
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algae (i.e., top-down effects). Furthermore, the rapid recovery in small cladocerans by the third 

week of the experiment (Figure 5), combined with the simultaneous dramatic increase in the 

abundance of heavy phytoplankton grazers Daphnia pulex/pulicaria (Figure 6), likely increased 

top-down pressure that brought algal biomass back into the range of the levels observed in control 

communities. In addition, though nutrient concentrations were not monitored during this 

experiment, I suspect that Zequanox® (which includes spent media from culturing Pf-CL145A; 

Marrone Bio Innovations 2015) may have provided a supply of nutrients that stimulated algal 

growth (i.e., bottom-up effects). In the 2014 trial in Lake Minnetonka that compared whole water 

column and benthic injection application methods for Zequanox® in enclosures, Luoma and 

Severson (2016) reported elevated concentrations of both total nitrogen and total phosphorus in 

Zequanox®-treated enclosures compared to controls (7.5 h after application), and noted that large-

scale Zequanox® applications could encourage the growth of algae and aquatic plants due to 

nutrient contributions from the biopesticide. In addition, zebra mussels had high rates of mortality 

in the Zequanox® treated mesocosms (Figure 11) and decomposing zebra mussel tissue could also 

have released nutrients to the water column. However, in that case I would expect to see a 

significant interaction between the ZQ and ZM treatments, in which phytoplankton biomass was 

higher in +ZQ+ZM than in +ZQ–ZM due to nutrient contributions from the decaying mussels. In 

this study the ZM treatment was only retained in the MAM for TC, and was neither significant 

nor interacting with another treatment (Table 2, Figure 2). 

Although measurement of the concentration of chl a is a widely used method for 

estimating algal biomass (Baulch et al. 2009), this method has limitations. While chl a is a 

pigment common to all algal species, there is no exact relationship between chl a concentration 

and algal biovolume. This is because algal chl a content varies both interspecifically and 

intraspecifically based on differences in cell size, light intensity, temperature, nutrient 

availability, and grazing (Baulch et al. 2009 and references therein). As such, the chl a 
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concentrations reported in this study are not an exact measure, but rather an indicator, of algal 

biomass. 

 

4.4 Zooplankton Community 

 Small cladocerans were clearly the most sensitive zooplankton in this study, particularly 

the species Scapheloberis mucronata, Ceriodaphnia lacustris, and Chydorus sphaericus. The 

most substantial decreases in abundance were observed in C. sphaericus, which comprised about 

a third of the abundance in the crustacean zooplankton community and 70% of cladocerans at the 

beginning of the experiment. In the first week, mean C. sphaericus abundance in +ZQ 

mesocosms dropped by 88% compared to samples collected on Day 0 before the treatment 

(Figure 6). The feeding behaviour of C. sphaericus may have contributed to its apparent 

sensitivity to Zequanox® in this study. Chydorids often feed by scraping up or filtering food as 

they crawl along the surface of the sediment (Fryer 1968), and therefore may have had greater 

Zequanox® exposure than other species by feeding directly on settled particles of the biopesticide 

on the sedimentary surface. Nonetheless, C. sphaericus and the rest of the small cladoceran 

community appeared to rebound quite rapidly, as within three weeks of the treatment, abundances 

in +ZQ tanks were no different compared to those in –ZQ tanks (Figure 6). This rapid recovery 

was likely attributed in part to the life history of cladocerans, as they have short life cycles and 

are capable of reproducing asexually multiple times throughout their lives (Smirnov 2017).  

However the stability or validity of this “rapid recovery” is questionable in some cases, 

as there were several instances of subsequent declines in richness and abundance in +ZQ 

mesocosms after Day 21. Specifically, cladoceran richness, small cladoceran richness, and small 

cladoceran abundance were again significantly lower in +ZQ mesocosms compared to –ZQ 

controls on Day 35 (Figures 4, 5). In addition, on Day 35 the abundances of both C. sphaericus 

and cladocerans overall were significantly lower in Zequanox®-treated mesocosms that did not 
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get a water renewal (+ZQ–W) compared to mesocosms of all other ZQ·W treatments (+ZQ+W, –

ZQ–W, or –ZQ+W; Figures 5, 6). While the reason for these observations was not clear, it 

showed that further investigation is needed to explore the ability of zooplankton communities to 

recover following Zequanox® exposure. 

The Zequanox® treatment was also associated with an initial decrease in species richness 

in large cladocerans, which amounted to a loss of one species on average (Figure 4). This 

reduction in richness corresponded to declines of the low-abundance large cladoceran Sida 

crystallina, which all but disappeared from +ZQ mesocosms in the week following the treatment 

(from a mean abundance of 1.6 individuals/L to 0.04 individuals/L; Figure 6). However as 

occurred with small cladocerans, despite evidence of initial sensitivity to the Zequanox® 

treatment, S. crystallina abundances in +ZQ mesocosms were no different from –ZQ mesocosms 

by the third week of the experiment (Figure 6). Like C. sphaericus some forms of S. crystallina 

are not planktonic, and they sometimes filter feed from attachment points on the surfaces of 

periphyton or macrophytes (Fairchild 1981). As speculated for C. sphaericus, having a surface-

associated feeding strategy could have been a contributing factor to the Zequanox® sensitivity 

observed in S. crystallina, as greater exposure or ingestion of Zequanox® could potentially occur 

if particles of the pesticide settled or collected upon periphyton where S. crystallina were feeding.  

The Zequanox® treatment apparently had a positive impact on large cladoceran 

abundance (Figure 5), particularly Daphnia pulex/pulicaria, which had a seven-fold increase in 

mean abundance in +ZQ mesocosms between Days 7 and 21 (Figure 6). The species did not 

appear to respond directly to the Zequanox® treatment, as abundance remained stable over the 

first week of the experiment. This is consistent with toxicity data from Meehan (2014), who 

reported the 72 h EC50 (immobility) for Daphnia pulex at 207 mg a.i./L, about twice the 

concentration and three times the duration that was used in the present study. However, it is 

possible that the increase in D. pulex/pulicaria was due to indirect effects of the Zequanox® 
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treatment, as the increase in edible phytoplankton (measured as edible chl a) between the first and 

fourth weeks of the experiment provided additional food resources for these grazers which could 

support larger populations. The subsequent decrease in edible algae after the third week of the 

experiment could therefore have been due to increased grazing pressure by larger populations of 

D. pulex/pulicaria, which could reduce phytoplankton standing crops. Alternatively, the response 

observed in D. pulex/pulicaria could also have been an indirect, trophic cascade-like effect 

related to the sensitivity of small cladocerans to the Zequanox® treatment. Reduced abundances 

of small cladocerans early in the experiment would reduce grazing pressure on edible 

phytoplankton and also reduce competition for food with other zooplankton grazers, both of 

which could support an increase in the abundance of D. pulex/pulicaria. This also fits with the 

pattern seen later in the experiment, when as small cladocerans recovered by the third week, both 

phytoplankton biomass (especially edible phytoplankton; Figure 12) and D. pulex/pulicaria 

returned to the range of values observed in –ZQ treatments (Figure 6). Both suggestions support 

the notion that a Zequanox® treatment could have unexpected indirect effects when applied in 

complex aquatic systems.  

 Both the Zequanox® and dispersal treatments had an overall positive impact on copepod 

species richness. Part of the reason for the increase in copepod richness as the experiment 

progressed was due to the appearance of Cyclops scutifer in samples from Day 35, which had 

been nearly absent in prior samples. It is unclear why C. scutifer copepods were absent from 

samples until near the end of the experiment, although it may have been related to the seasonal 

decrease in water temperature to around 10 ºC (Figure J1), as C. scutifer generally occurs in the 

cold hypolimnion of deep lakes during warm parts of the year (Elgmork 1967). In mesocosms 

seeded with dispersers, copepod richness showed a pattern of a sharp “peak and crash” between 

Days 7 and 35 of the experiment, most noticeably in tanks that had been treated with Zequanox® 

(Figure 4). While it is reasonable to expect dispersal would have had a positive impact on species 
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richness and abundance by introducing new individuals and possibly new species, perhaps it 

introduced competitors or predators that, as time went on, negatively impacted the copepods in 

these communities. 

 There were also several significant interactions between the experimental treatments that 

played a minor role in the responses of the zooplankton community. The water renewal treatment 

did not have a strong impact on the zooplankton community, but it was significant in the MAM of 

one community metric—cladoceran richness—reducing the number of cladoceran species by 

about one species through the course of the experiment (Figure 3). The key impact of the water 

renewal treatment on cladocerans was in the form of significant interactions between the water 

renewal treatment and time (cladoceran richness, small cladoceran richness, C. sphaericus 

abundance, D. pulex/pulicaria abundance) and a significant interaction between the water 

renewal treatment and the Zequanox® treatment (S. crystallina abundance). The explanation for 

these interactions is not clear, but the overall impact on the crustacean zooplankton communities 

was relatively small.  

 

4.5 Amphipods and Gastropods 

 There was a clear negative impact of the ZQ treatment on amphipods and gastropods. 

Across mesocosms that received the Zequanox® treatment, V. georgianus survival was reduced 

by 24% on average (Figure 9) and mean population estimates for H. azteca were 77% smaller 

(Figure 8). It is not clear if these impacts were due to direct toxicity, indirect effects related to the 

treatment, or both. Molloy et al. (2013a) consistently observed greater mortality rates in bioassays 

with H. azteca exposed to Zequanox®, although only one result was statistically significant. 

However, it is important to recognize that the study’s statistical power was limited by low 

replication with n=3 (Quinn and Keough 2002). Nonetheless, Waller et al. (2016) saw no 

significant differences in survival or histology (96 h) compared to controls when Gammarus 
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lacustris amphipods were exposed to the same concentration of Zequanox® as the present study 

(100 mg a.i./L, 8 h in outdoor mesocosm tanks). Although toxic responses can vary considerably 

among closely-related species, it is possible that the shorter exposure time was also important. 

 Some evidence of a direct effect of the Zequanox® treatment on H. azteca was the 

interactive effect of the Zequanox® and zebra mussel treatments on abundance. While H. azteca 

tended to be less abundant in +ZQ mesocosms (77% on average, Figure 8), the difference was 

greater still when comparing mesocosms that did and did not have zebra mussels, the target 

species for the biopesticide. Amphipod abundances in Zequanox®-treated mesocosms that lacked 

zebra mussels (+ZQ–ZM) were, on average, 58% smaller than Zequanox®-treated mesocosms 

where zebra mussels were present (+ZQ+ZM; Figure 8). It is possible that without zebra mussels 

present to filter-feed on the biopesticide particles during the treatment (which could reduce the 

amount available for uptake by other species), exposure and/or uptake by H. azteca was 

increased. Greater exposure would likely be associated with a stronger response—in this case, 

greater mortality—leading to reduced abundances, as was observed.  

 In addition, H. azteca tend to be very sensitive to low oxygen conditions (Glazier 2009), 

a possible indirect effect that may assist in accounting for why population sizes were considerably 

smaller in Zequanox®-treated mesocosms. Hypoxia sensitivity may also help to explain why 

populations tended to be larger in treated mesocosms that underwent a water renewal, as 

dissolved oxygen concentrations recovered more quickly in those tanks. V. georgianus is less 

sensitive to low oxygen, with requirements of 3–8 mg/L (Harman and Berg 1971), which may be 

why the water renewal treatment was not an important predictor of survival in that species.  

On the time scale of this experiment, I was not able to assess the ability of these 

macroinvertebrates to recover from the Zequanox® treatment. Compared to the zooplankton 

community, which was able to recover to control abundances in a matter of a few weeks, the 

reproduction, growth, and development of H. azteca and V. georgianus occur more slowly and 
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therefore may result in a longer recovery period for these species. Northerly populations of H. 

azteca tend to be univoltine or bivoltine, with highest reproduction occurring during the early 

summer (France 1993, Smith 2001), and V. georgianus has long gestation periods (~9 months) 

that begin in early summer with birth the following spring (Browne 1978). For a Zequanox® 

treatment taking place in August, the capacity for recovery within the timeframe of this 

experiment would be limited for H. azteca and impossible for V. georgianus.  

 

4.6 Chironomid Emergence 

There was no evidence of toxicity to chironomids in this study. On the contrary, there 

was a pronounced increase in emergence in +ZQ mesocosms from the second through fourth 

weeks of the experiment—most notably during the third week, when emergence rates were nearly 

five times greater in +ZQ mesocosms compared to –ZQ controls (Figure 10). The lack of a direct 

toxic response aligns with the findings of Meehan et al. (2014b), who estimated the 72 h LC50 for 

larval Chironomus plumosus at 1075 mg a.i./L, an exposure concentration and duration 

considerably greater than was used in the present study.    

The impact of Zequanox® on insect emergence has not been studied before. Although 

increased chironomid emergence might be interpreted as a desirable impact of the treatment, as 

chironomids are an important food source for fish and birds and represent a major pathway of 

energy flow from aquatic to terrestrial systems (King and Wrubleski 1998, Collier et al. 2002), 

the increase should be interpreted with caution, as the change may be due to indirect effects that 

caused a functional change in the system. In this experiment, it is difficult to establish the driver 

of the observed increase in emergence rates. Larval chironomids and colonization were not 

monitored in this experiment, so it is not clear if the increase in emergence was due to increased 

colonization of +ZQ mesocosms, an increase in the proportion of larvae developing into adults, 

an increase in the speed of larval development, some combination of the three, or other additional 
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factors. However, one possible explanation for the observed pattern of emergence could be the 

previously discussed interpretation that the Zequanox® treatment provided a source of nutrients 

that drove increases in algal biomass (bottom-up effects; Figure 12). Chironomid emergence has 

been positively correlated with phytoplankton productivity (Davies 1980) and chironomids are 

often abundant in nutrient-rich environments (Campbell et al. 2009) where periphyton tends to be 

plentiful and provides abundant food and habitat resources for tube-dwelling chironomids (Liston 

et al. 2008). It would also be helpful to assess the community assemblage of emerged insects 

because shifts in the community could give clues about indirect effects, as chironomid species 

have a range of environmental tolerances and are often used as indicators of environmental 

quality (Popović et al. 2016). 

 

4.7 Zebra Mussel Mortality 

Although the primary goal of this study was to monitor non-target responses, zebra 

mussel mortality was also monitored over the course of the experiment. By the end of the 

monitoring period, there was substantially greater mussel mortality in mesocosms that had 

received the Zequanox® treatment (76–98% on average, Figure 11), indicating that the treatment 

had been successful at killing a large proportion of the mussels. However, there was also 

considerable mortality in the untreated (–ZQ) mesocosms over the course of the experiment 

(averaging 29–34% by the end of the study), suggesting that there was an additional source of 

stress that was unaccounted for. Nevertheless, mortality in –ZQ mesocosms was in the range of 

background mortality rates reported by Mersch and Pihan (1993) in a riverine zebra mussel 

transplantation study and by Sinclair (2014) in a mesocosm study similar in style to the present 

study. Mortality rates in controls appear to be lower when deploying substrates that allow mussel 

colonization (e.g., Meehan et al. 2014a), rather than collecting wild mussels already growing on 
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substrates by cutting their byssal threads, but the present study aimed to control for mussel size 

and density, which would have been much more challenging if using colonized substrates. 

There was a marked difference in zebra mussel mortality between +ZQ and –ZQ 

mesocosms in the first five days of the study (Figure 11), with mortality across mesocosms 

treated with Zequanox® ranging from 19-79%. However, after the initial ten days, the rate at 

which mortality occurred in +ZQ tanks was the same as in control tanks, suggesting that mortality 

during the remainder of the experiment was due to background causes, not the treatment. 

Nonetheless, mortality as a result of Zequanox® treatment is expected to occur over the course of 

several weeks (Marrone Bio Innovations 2015), so it is also possible that the mortality in the 

Zequanox® mesocosms for the first few weeks was due to a combination of the treatment and 

background stress, and just background stress thereafter.   

The observed mortality pattern in +ZQ treatments was comparable to that reported by 

Molloy et al. (2013c), who conducted two similar trials where zebra mussels were fed 100 ppm 

Pf-CL145A (the active ingredient in Zequanox®) for three days. They observed substantial 

mussel mortality in the ten days following treatment with a plateau in mortality thereafter, 

although mortality rates in both of their trials were >90%, which is considerably greater than 

occurred in the same timeframe in the present study (58 ±18% at ten days). The present study’s 

zebra mussel mortality rates were comparable to those reported in the Irish canal Zequanox® trial, 

where 150 mg a.i./L was applied to two enclosures for 24 h and 56% and 75% of the mussels 

were dead after 55 days (Meehan et al. 2014a). My results are also similar to those of Luoma and 

Severson (2016) who observed 73 ±5% mortality 40 days following a 100 mg a.i./L whole water 

column application in enclosures in Lake Minnetonka, Minnesota.  

Whitledge et al. (2015) reported higher rates of zebra mussel mortality in both their 2012 

and 2013 trials of benthic Zequanox® injections (150 mg a.i./L) in Deep Quarry Lake, Illinois. 

Compared to the present study, mussel mortality near the product application site was 
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considerably higher both immediately after the treatment (83–85% within one day), and overall 

(48-day post-treatment mortality 93 –99%). Also in contrast, for the Zequanox® treatment in 

Christmas Lake, Lund et al. (2017) reported 100% mortality of mussels in in-lake cages in within 

11 days, although they also reported anoxic conditions in the treatment area, which likely 

impacted mussel survival rates as well.  

These studies and trials indicate wide variability in zebra mussel mortality—and thus 

efficacy—when using Zequanox® in open-water systems. It appears that product delivery (i.e., 

ensuring adequate concentration and mussel exposure) is a challenge and needs further work to 

refine (e.g., Whitledge et al. 2015), particularly if the enclosure barrier is to be removed after the 

8 h treatment period as recommended by the manufacturer. Nonetheless, it is not surprising that 

reduced efficacy has been observed in open-water systems compared to laboratory assays, 

because in a natural system there are many more routes of uptake that could reduce the 

availability of the active compound for its intended target. For example, if zooplankton, fish, and 

unionid mussels all ingest Zequanox® particles, there would be less of the active ingredient 

available for dreissenids to consume. As an aside, it may be worth exploring if the efficacy of 

Zequanox® applied in open waters is impacted by differences in water chemistry. 

Physicochemical characteristics such as pH, water temperature, hardness, and dissolved organic 

carbon tend to affect the toxicity and bioavailability of contaminants (Clements et al. 2012) and 

could influence the stability of the product or its ability to deliver a toxic exposure to dreissenid 

mussels. Likewise, these same parameters could also mediate non-target responses.  

 

4.8 Significance of the Research 

 This research adds to the body of knowledge on the non-target impacts of Zequanox® and 

may assist regulators and managers in assessing the ecological risks—and benefits—of using 

Zequanox® in open-water systems. In the USA and Europe, open-water Zequanox® treatments are 
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being assessed, but research has mainly focused on improving application methods to maximize 

efficiency and efficacy, and studies have yet to investigate the potential non-target impacts of the 

biopesticide in a multi-species environment. In Canada, the application of pesticides to aquatic 

ecosystems is generally prohibited, but lake managers are beginning to explore the use of 

chemical controls for aquatic invasive species infestations, such as the 2014 potash application 

that attempted eradication of zebra mussels in Lake Winnipeg (DFO 2014). My findings could 

support informed decision-making about using Zequanox® for dreissenid mussel control, 

including for established infestations, rapid response to new occurrences, and efforts under the 

Species at Risk Act to protect and restore native mussel habitats that have been threatened and 

damaged by dreissenid invasion.  

In this study I demonstrated that open-water application of Zequanox® at the “adult 

treatment” concentration (100 mg a.i./L) could pose risks to the non-target community. These 

included marked—but potentially short-term—decreases in the richness and abundance of 

crustacean zooplankton, especially small cladocerans. There was evidence of recovery, as 

crustacean zooplankton community metrics generally rebounded within three weeks post-

treatment, although this recovery was not uniformly stable. It appeared that recovery was more 

stable in mesocosms that had received the water renewal treatment. In addition, some non-target 

macroinvertebrates were negatively impacted by the Zequanox® treatment, as I observed 

substantial decreases in the abundance of amphipods and moderate decreases in survival of 

gastropods. However, the negative impact treatment was dampened by the water renewal 

treatment in amphipods and by the dispersal treatment for gastropods. In light of these findings, I 

would strongly recommend that Zequanox® users to strictly follow the instructions on the 

product’s label. This would mean adhering to the manufacturer’s recommended treatment (i.e., 

exposure) guideline of 8 h, ensuring that the enclosure/barrier is promptly removed post-

treatment to limit non-target exposures, as well as limiting the applied concentration (to the extent 
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practicable) to the manufacturer’s recommended treatment concentrations (100 mg a.i./L for 

“adult treatment” and 50 mg a.i./L for “juvenile treatment”; Marrone Bio Innovations 2015). This 

would likely also help prevent post-treatment decreases in dissolved oxygen that I and others 

(e.g., Meehan et al. 2014a, Weber et al. 2014, Whitledge et al. 2015, Lund et al. 2017) observed, 

and any second-order effects that may be caused by inadequate dissolved oxygen concentrations. 

The Zequanox® product may also stimulate algal growth, possibly due to a combination of 

nutrient enrichment from ingredients in the biopesticide (e.g., Luoma and Severson 2016) and 

toxic effects on grazers (including both zooplankton and zebra mussels). However, as previously 

mentioned, adhering to the product label’s instructions should limit these impacts both by helping 

to dissipate any added nutrients to a larger volume of water and by limiting zooplankton exposure 

to the pesticide, which may help reduce toxic effects and support recovery. 

 

4.9 Applicability: Scaling Up the Results to Real Lakes 

The accuracy of extrapolating the results of a mesocosm study to predict what may occur 

during an ecosystem scale Zequanox® treatment is uncertain, but that does not mean that 

mesocosm experiments like the present study are not valuable for informing ecological risk 

assessment. There is no doubt that whole lake ecosystems are more complex than mesocosms 

with predators, mammals, birds, and large-scale air-water and sediment-water exchanges and 

biogeochemical cycling that affect community structure and ecosystem function (Schindler 

1998). However, each scale of study (i.e., laboratory versus mesocosm versus whole ecosystem) 

has benefits and drawbacks. Laboratory experiments generally allow for a high level of 

replication and control of environmental conditions, which makes it easier to reduce confounding 

factors and establish cause-and-effect relationships. Whole ecosystem scale studies allow for 

measurement of actual impacts but can be extraordinarily expensive and challenging to 

orchestrate, difficult to replicate due to time, cost, and variability among systems, and ecosystem 
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complexity can make it difficult to isolate causal factors. Mesocosms offer a middle ground of 

sorts. Mesocosm experiments introduce an element of realism as they are often conducted 

outdoors in ambient environmental conditions with a (simplified) biological community, but still 

permit some control of confounding factors by allowing for standardization and replication, 

which enables rigorous statistical analysis of results. The simplicity of a mesocosm community 

also makes it easier to assess causality of factors, which provides valuable information about 

processes that are applicable at larger scales (Benton et al. 2007). 

While each scale has pros and cons, the best approach for ecological risk assessment is 

one that incorporates all three. Small-scale (single-species or microcosm) laboratory experiments 

can be used to create hypotheses and inform experimental designs for larger-scale experiments, 

such as mesocosm studies. In turn, mesocosm experiments may be carried out under more 

realistic exposure conditions and can be used to supplement direct toxicity data from laboratory 

experiments, explore indirect effects (e.g., secondary and tertiary effects, including species 

interactions and community responses), and form the basis for predictions of large-scale effects, 

which can be tested at an ecosystem scale (Shaw and Kennedy 1996).  

The results of this mesocosm study indicate that there are likely both direct and indirect 

non-target community-level impacts associated with Zequanox® applications in open-water 

systems. There was evidence of short-term impacts in primary producers, zooplankton, and insect 

emergence and longer-term impacts in macroinvertebrates. These findings can be used as a 

jumping-off point for further research to understand the ecological impacts of Zequanox® use in 

open-water systems at a range of spatial and temporal scales.  

 

4.10 Future Directions and Recommendations for Further Research 

1. Identify the toxic agent in Pf-CL145A and determine its environmental fate. 
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 There remains a need to identify the toxic agent in Pf-CL145A, the active ingredient of 

Zequanox®, so that its physicochemical properties (e.g., molecular structure, size, solvation 

properties, etc.) can be characterized and used to assess environmental fate (e.g., environmental 

partitioning, degradation, persistence) and contribute to understanding its bioavailability and 

potential for non-target effects (NRC 2014). Identifying the toxin would open the door for 

creating methods to directly monitor its concentration so that exposure could be accurately 

known. Using turbidity as a surrogate measurement for the concentration of the active ingredient 

is convenient but imprecise. There is evidence suggesting that the active compound is a toxin 

associated with the cell membrane of Pf-CL145A (Molloy et al. 2013b) but, assuming that is 

correct, it does not mean that the toxin is produced uniformly among cells or that the toxin 

concentration is directly correlated to cell abundance. Toxin production among cyanotoxin-

producing cyanobacteria species varies among cells and over time, and can fluctuate widely 

depending on environmental conditions (Sivonen 2009).  

 

2. Conduct further research focusing on the responses of macroinvertebrates. 

It would be prudent to expand the database of non-target toxicity information to better 

understand non-target effects in macroinvertebrates. Waller et al. (2016) did not observe impacts 

from Zequanox® exposure in Gammarus and Hexagenia macroinvertebrates, but in the present 

study there were considerable declines in H. azteca and V. georgianus populations. Amphipods 

like H. azteca are very important in aquatic food webs, particularly for their role as detritivores in 

nutrient cycling and as a high quality food source for fish, crayfish, amphibians, and water birds 

(Glazier 2009). The results of Molloy et al. (2013a) combined with the results of the present 

study strongly suggest that further investigation is warranted to understand the direct and indirect 

impacts of Zequanox® on common freshwater macroinvertebrates like amphipods, gastropods, 

and others, including their capacity for recovery should effects occur. 
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3.  Focus more research on quagga mussels (applications of Zequanox® and otherwise). 

Zebra mussels have been studied much more extensively than have quagga mussels and 

as such, information on quagga mussels is lacking (Karatayev et al., 2007; Fahnenstiel et al., 

2010). The need for quagga mussel information and control is growing as they invade new areas 

and continue to become dominant over zebra mussels in already-invaded areas (e.g., Wilson et al. 

2006, Nalepa et al. 2009, Mei et al. 2016). All open-water trials and applications to date have 

focused on zebra mussels, perhaps by coincidence. Nonetheless, more experience is needed to 

understand if any modifications are required for open-water applications of Zequanox® targeting 

quagga mussels or combinations of both dreissenid species. 

  

4. Study the short- and long-term effects of Zequanox® at a variety of spatial scales and along 

environmental gradients.  

As previously discussed, this research was intended to contribute to a comprehensive 

body of knowledge on the environmental impacts of using Zequanox® in open-water systems, 

involving further single-species, laboratory, mesocosm, and ecosystem-scale research. This study 

was the first to examine non-target impacts at a community scale and for an extended period of 

time. Further research is needed to tease apart the trophic cascade-like effects observed in this 

experiment, to characterize effects on copepods, and to investigate the potential for recovery in 

longer-lived invertebrates like amphipods and gastropods, as well as metrics that were not 

examined in the present study, such as additional water quality parameters (e.g., nutrients) and 

non-target responses in fish, non-crustacean zooplankton, amphibians, and other taxa. Additional 

research may be necessary to assess impacts along a range of environmental gradients (e.g., 

altitude, latitude, temperature, depth, salinity, etc.), as environmental fate of contaminants, 
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community structure, and ecosystem processes have been known to vary along environmental 

gradients (Clements et al. 2012).  

 

5. Investigate the potential for non-target impacts using a range of Zequanox® concentrations 

and exposure timeframes. 

 The present study only looked at the non-target impacts of one Zequanox® concentration, 

100 mg a.i./L, for a 24 h exposure period. Much of the other non-target research to date has used 

only the recommended treatment concentrations (50 or 100 mg a.i./L, e.g., Luoma et al. 2015a, 

2015c, 2015d, Waller et al. 2016, Waller and Luoma 2016, 2017, Weber et al. 2015). The use of 

such a narrow range of concentrations makes it difficult to determine thresholds for both lethal 

and sub-lethal endpoints in non-target species. In addition, not only can it be difficult to achieve 

accurate treatment concentrations in an open-water application (e.g., the present study, Luoma et 

al. 2015a), but it is unrealistic to assume that all users would strictly follow the recommended 

concentration guidelines or 8 h exposure timeframe. In the only non-research application of 

Zequanox® to date, the 8 h exposure treatment window was overridden in the hope that the zebra 

mussel infestation in the enclosed area would be contained (Lund et al. 2017). 

 

6. Examine the effects of repeated exposures (i.e., repeated treatments) on the non-target 

community. 

The pollution-induced community tolerance hypothesis (Blanck and Wängberg 1988) 

states that while communities tend to become more tolerant with repeated or long-term exposure 

to a stressor, it is often because sensitive species tend to be eliminated. Furthermore, repeated 

exposures to a pesticide at sublethal concentrations has been demonstrated to have potential long-

lasting, unanticipated, negative impacts in the non-target community (e.g., Relyea and Diecks 
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2008). It is plausible that repeated exposures might have an unexpected impact on non-target 

species or community structure, and it is important to characterize what that might be.  

 

7. Determine if repeated treatments reduce the effectiveness of Zequanox®. 

Open-water Zequanox® application is unlikely to be able to kill every dreissenid mussel 

in a treatment area, and repeated treatments in a given area may drive resistance to Zequanox®. 

Survival of a few less sensitive mussels in a treatment could create selection pressure for 

dreissenids to become resistant to Zequanox®. The invasiveness of dreissenids increases the risk 

that, should resistance develop, it would become widespread.  

 

4.11 Final Thoughts 

Conducting a comprehensive ecological risk assessment for open-water Zequanox® use is 

key. Canada’s freshwater ecosystems are already threatened by a multitude of stressors such as 

chemical contamination, climate change, development and damming, over-extraction, 

acidification, sedimentation, eutrophication, and infestations of invasive species, among others 

(Suski and Cooke 2007 and references therein). To conduct extensive further research on the 

direct and indirect non-target impacts of using Zequanox® would be expensive, labour-intensive, 

and time consuming. However, making well-informed decisions about managing freshwater 

ecosystems—arguably one of our most precious resources—is extremely important. Despite 

manufacturer claims (Marrone Bio Innovations 2017), Zequanox® is not without non-target 

effects at environmentally relevant concentrations, as demonstrated both in this study and several 

previous studies (e.g., Luoma et al. 2015b, 2015c, Weber et al. 2015). It is important to clarify 

that I am not promoting inaction or suggesting that only “zero” environmental impact is 

acceptable. On the contrary, I am advocating that we gain a more complete understanding of the 

potential environmental impacts of using Zequanox® in open-water systems, so that we can make 
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informed decisions about whether those impacts are manageable and/or acceptable given the 

circumstances of a specific ecosystem. I would argue that it is worth the investment to thoroughly 

understand a potential solution for dreissenid mussels—one of the most complicated and costly 

ecological and economic problems our freshwater ecosystems have faced. If we can develop an 

environmentally sound and effective plan to tackle this problem, we will surely save a great deal 

of money that would have otherwise been spent managing the damage caused by the invasion. 
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Chapter 5 

Summary 

In an open-water Zequanox® application, the treatment may have direct and indirect 

effects that create a complex set of responses in the non-target community. This mesocosm 

experiment demonstrated that a standard application of Zequanox® (100 mg a.i./L, the highest 

recommended treatment concentration) in an open-water setting can initiate a range of non-target 

responses among taxa that may be positive or negative and brief or longer-term, depending on 

sensitivity and life history characteristics, and some responses may also be interrelated among 

trophic levels. Responses may be further complicated by indirect effects, such as oxygen stress 

caused by the breakdown of the biopesticide material after the treatment. 

In this study, the Zequanox® treatment resulted in large declines among small cladoceran 

zooplankton. However, these impacts were short-lived as abundances recovered to control levels 

within a few weeks. The water renewal treatment was important to maintaining this pattern of 

apparent recovery, as the returns to control richness and abundance were generally stable in 

mesocosms that had undergone a water renewal compared to those that had not. In addition, 

substantial declines were noted in amphipods and gastropods, which did not recover on the 

timescale of this study. This response indicates that some taxa may experience longer lasting 

effects, which could be linked to their reproduction and development times. Short-term increases 

of primary producer biomass, abundance of large cladoceran grazers, and insect emergence also 

occurred, demonstrating that positive effects can also occur. However, there was evidence that 

these positive responses may have been cascading effects related to declines in more sensitive 

taxa like small cladoceran zooplankton, which could reduce grazing pressure on edible 

phytoplankton and competition for fellow grazers.  
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The responses of the biological community in this study highlight the importance of 

conducting further research to characterize the non-target effects of Zequanox®, with increased 

focus on community- and ecosystem- level responses, long-term impacts, and recovery potential, 

before moving forward with widespread use to control dreissenid invasions in Canadian waters. 
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Appendix A: 

Mesocosm Setup at QUBS Field Site 

 
Figure A1. Schematic of the arrangement and treatment assignment of forty-eight 587 L aquatic 
mesocosms used in this study. 
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Figure A2. Photo of the mesocosm field site at Queen’s University Biological Station. Photo 
credit Daniel Abrahamson. 
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Appendix B:  

Characteristics of Source Lakes  

Table B1. Physical, chemical, and biological characteristics for source lakes involved in the 
experiment. Elbow Lake was the source of the raw sediment and amphipods used in the 
mesocosms. Lake Opinicon was the source of the filtered water that was pumped into the tanks 
and the zebra mussels and banded mystery snails that were collected for the experiment. The 
remaining lakes are regional source lakes that have not, to our knowledge, been invaded by 
dreissenid mussels, and were sampled for the zooplankton communities stocked into our 
mesocosms. Data were collected from July–August 2014 (SE Arnott, unpublished data).  

Lake 

Latitude (N) 

Longitude (W) 

Area 

(ha) 

Max 

Depth 

(m) 

Dreissena spp. 

Detected pH 

Conductivity 

(µS/cm) 

Crustacean 

Zooplankton 

Species Richness 

Elbow 
44°47.66’ 

76°42.82’ 
15.5 10.6 None 7.57 76.8 7 

Opinicon 
44°55.94’ 

76°32.84’ 
788.0 11.3 D. polymorpha 8.09 189 8 

Long 
44°52.78’ 

76°40.27’ 
15.5 26.0 None 8.34 177 7 

Lindsay 
44°53.72’ 

76°39.06 
31.5 10.9 None 8.12 239 9 

Round 
44°53.79’ 

76°39.99’ 
15.0 30.1 None 8.18 155 7 

Warner 
44°52.86’ 

76°38.23’ 
9.2 6.4 None 8.11 248 8 
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Appendix C: 

Zequanox®-Turbidity Calibration and Zequanox® Preparation 

Zequanox®–Turbidity Calibration  

To estimate the concentration of Zequanox® in the mesocosms, a Zequanox®-turbidity 

calibration was completed according to the protocol Turbidity and MOI-401 Active Ingredient 

Correlation and Application Monitoring Procedure (Marrone Bio Innovations 2014a). A series of 

five Zequanox® concentrations (1, 50, 100, 150, and 200 mg/L a.i.) were mixed with filtered (50 

µm pore size) Lake Opinicon water collected from a lake water tap in the QUBS tank house. 

Zequanox® was mixed with the water according to the instructions outlined in Zequanox SDP and 

FDP Mixing with Handheld Mixer (Marrone Bio Innovations 2014b) using a handheld mixer 

(KitchenAid, St. Joseph, Michigan). Three replicates of each concentration were prepared in 

identical plastic jugs. Turbidity measurements were recorded using a freshly-calibrated EXO2 

sonde (YSI Incorporated, Yellow Springs, Ohio) with the plastic probe guard in place.  

The mean turbidity measurements (FNU) were plotted versus the Zequanox® 

concentration (Figure C1), with equation of the line y=0.61x+3.29. The resulting R2 value of 1.00 

indicates a strong linear relationship between these two variables within the range of 

concentrations tested.  

 

Zequanox® Treatment (Day 0) 

The Zequanox® treatment took place on the afternoon of August 9, 2014. Following the 

manufacturer’s specifications (see Zequanox SDP and FDP Mixing with Handheld Mixer; 

Marrone Bio Innovations 2014b), three batches of eight treatments were prepared such that each 

tank (containing 495 L water) received 99 g of Zequanox® powder, equating to 200 mg/L total, or 

100 mg/L of the active ingredient. Each 841.5 g batch of Zequanox® powder (enough for 8.5 

doses) was thoroughly mixed using a handheld mixer (KitchenAid, St. Joseph, Michigan) into 8.5 

L of filtered (50 µm mesh) Lake Opinicon water. Each 1 L aliquot was further diluted to 2 L to 

create an approximate 5% solution. The mixture was gently poured around the surface of each 

+ZQ mesocosm, and the upper water column (approx. 0.15 m) was gently mixed using a silicone 

spatula. This gentle addition and mixing ensured no sediment resuspension which could confound 

the turbidity/Zequanox® measurements.  
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Figure C1. Mean turbidity (FNU) versus Zequanox® concentration (mg/L a.i.), with turbidity 
measured using an EXO2 sonde (YSI Incorporated, Yellow Springs, Ohio). Each point is the 
mean of three replicates. Equation of the line: y=0.61x+3.29 and R2=1.00.  
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Appendix D: 

Cladoceran Size Classification  

Based on NOAA (2006): 

Large Species (>1 mm) 
Daphnia pulex/pulicaria 
Holopedium glacialis 
Polyphemus pediculus 
Sida crystallina 
Simocephalus serrulatus 
Simocephalus exspinosus 
 

 

Small Species (≤1 mm) 
Acroperus harpae 
Alona affinis 
Alona costata 
Alona guttata 
Alona intermedia 
Alona quadrangularis 
Alona rectangula 
Alona setulosa 
Bosmina longirostris 
Camptocercus oklahomensis 
Ceriodaphnia lacustris 
Chydorus sphaericus 
Diaphanosoma brachyurum 
Graptoleberis testinudinaria 
Oxyurella tenuicaudis 
Pleuroxus denticulatus 
Pleuroxus hamulatus 
Pleuroxus hastatus 
Pleuroxus procurvus 
Pleuroxus truncatus 
Pleuroxus uncinatus 
Scapheloberis mucronata 
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Appendix E: 

Summary of Differences Among Treatments for                           

Response Variables on Day 0 

Table E1. Results of linear model ANOVAs conducted on experimental treatments 
(presence/absence of each of the following: zebra mussels, Zequanox® treatment, water renewal, 
invertebrate dispersal), to determine any differences in each listed parameter among treatment 
groups at the beginning of the experiment (Day 0). Asterisk indicates significance (p<0.05). ND = 
not detected. 
 

Metric F Statistic df 

P-value 

(Probability >F) 

Dissolved oxygen 1.61 11, 36 0.14 

Conductivity 1.20 11, 36 0.33 

Water temperature 1.95 11, 36 0.07 

Turbidity 1.154 11, 36 0.35 

Phytoplankton total chlorophyll a  1.94 11, 36 0.07 

Phytoplankton edible chlorophyll a 0.62 11, 36 0.80 

Periphyton total chlorophyll a 0.31 11,36 0.98 

Crustacean zooplankton species richness 0.72 11, 36 0.71 

Cladoceran species richness 0.93 11, 36 0.53 

Small cladoceran species richness 0.88 11, 36 0.57 

Total crustacean zooplankton abundance  0.90 11,36 0.55  

Total cladoceran abundance  0.46  11, 36  0.91  

Total large cladoceran abundance 0.98 11, 36 0.48 

Total small cladoceran abundance 0.36 11, 36 0.96 

Ceriodaphnia lacustris abundance 0.71 11, 36 0.72 

Chydorus sphaericus abundance 0.58 11, 36 0.83 

Scapheloberis mucronata abundance 0.88 11, 36 0.56 

Sida crystallina abundance 1.38 11,36 0.23 

Daphnia pulex/pulicaria abundance 0.95 11,36 0.51 

Mesocyclops edax abundance 0.37 11,36 0.96 

Cyclops scutifer abundance	   ND	   ND	   ND	  

Crustacean zooplankton species evenness (Evar) 0.47 11,36 0.91 
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Table E2. Results of Kruskal-Wallis tests conducted on experimental treatments 
(presence/absence of each of the following: zebra mussels, Zequanox® treatment, water renewal, 
invertebrate dispersal), to determine any differences in each listed parameter among treatment 
groups at the beginning of the experiment (Day 0). Asterisk indicates significance (P<0.05). 

Metric χ2 Statistic df 

P-value 

(Probability > χ2) 

Large cladoceran species richness 11.43 11 0.41 

Copepod species richness  9.42  11  0.58  

Total copepod abundance  12.69  11  0.31 
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Appendix F: 

Final Model Structures for Minimum Adequate Models 

Table F1. Final model structure for the minimum adequate model (MAM) for response variables. 

Response Variable Model 

Water temperature LMM 

Total chlorophyll a log transformed LMM 

Edible chlorophyll a log transformed LMM 

Periphyton total chl a log transformed LMM 

Crustacean zooplankton species richness LMM 

Cladoceran species richness LMM 

Large Cladoceran species richness LMM 

Small cladoceran species richness LMM 

Copepod species richness LMM 

Crustacean zooplankton total abundance log transformed LMM 

Cladoceran total abundance log transformed LMM 

Large cladoceran total abundance LMM 

Daphnia pulex/pulicaria abundance log transformed LMM 

Sida crystallina abundance log transformed LMM 

Small cladoceran total abundance negative binomial GLMM 

Chydorus sphaericus abundance log transformed LMM 

Ceriodaphnia lacustris abundance no model 

Scapheloberis mucronata abundance log transformed LMM 

Copepod total abundance no model 

Mesocyclops edax abundance log transformed LMM 

Cyclops scutifer abundance log transformed LMM 

Species Evenness (Evar) no model 

Amphipod population size log transformed MLR 

Gastropod survival log transformed MLR 

Chironomid emergence log transformed LMM 

Zebra mussel mortality LMM 

Note: LMM= linear mixed-effect model, GLMM=generalized linear mixed-effect model, 
MLR=multiple linear regression model 
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Appendix G: 

Model Selection Tables 

Table G1. Model selection table for linear mixed effects model to identify main effects on water temperature (ºC) as a function of experimental 
treatments and time in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. Retention of categorical 
predictors (D=Dispersal treatment, W=Water renewal, ZM=Zebra Mussels, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way 
interactions) is represented by the (+) symbol. Model selection was restricted to a maximum of three predictors in any one model to avoid 
overfitting. Only models with a delta AICc value <7 are shown. Only predictors or interactions that appeared in at least one of the top models are 
shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model (MAM) is indicated in 
bold.   
Model Intercept D Day W ZM ZQ df logLik AICc Delta Weight 

3 20.72  -0.18    4 -1001.55 2011.20 0.00 0.23 

11 20.59  -0.18  +  5 -1001.23 2012.61 1.42 0.11 

19 20.59  -0.18   + 5 -1001.24 2012.64 1.44 0.11 

7 20.59  -0.18 +   5 -1001.39 2012.93 1.73 0.10 

4 20.73 + -0.18    5 -1001.55 2013.25 2.05 0.08 

27 20.46  -0.18  + + 6 -1000.92 2014.07 2.87 0.06 

15 20.45  -0.18 + +  6 -1001.07 2014.36 3.16 0.05 

23 20.46  -0.18 +  + 6 -1001.08 2014.38 3.19 0.05 

12 20.59 + -0.18  +  6 -1001.23 2014.68 3.48 0.04 

20 20.59 + -0.18   + 6 -1001.24 2014.70 3.51 0.04 

8 20.59 + -0.18 +   6 -1001.32 2014.86 3.66 0.04 

31 20.32  -0.18 + + + 7 -1000.76 2015.82 4.62 0.02 

28 20.46 + -0.18  + + 7 -1000.92 2016.14 4.94 0.02 

16 20.45 + -0.18 + +  7 -1001.00 2016.29 5.10 0.02 

24 20.46 + -0.18 +  + 7 -1001.01 2016.32 5.12 0.02 

32 20.32 + -0.18 + + + 8 -1000.69 2017.77 6.57 0.01 
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Table G2. Model selection table for linear mixed effects model to identify main effects and interactions for phytoplankton total chlorophyll a (TC) 
as a function of experimental treatments and time in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. 
Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZM=Zebra Mussels, ZQ=Zequanox® treatment at 100 mg a.i./L, 
subsequent two-way interactions) is represented by the (+) symbol. Model selection was restricted to a maximum of three predictors in any one 
model to avoid overfitting. Response data were log transformed to increase normality of residuals and reduce unequal variances among treatment 
groups. Only models with a delta AICc value <7 are shown. Only predictors or interactions that appeared in at least one of the top models are 
shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model (MAM) is indicated in 
bold.   

Model Intercept D Day W ZM ZQ df logLik AICc Delta Weight 

27 -0.13  0.0067  + + 6 -193.25 398.73 0.00 0.36 

19 -0.17  0.0067   + 5 -194.45 399.06 0.33 0.31 

20 -0.20 + 0.0067   + 6 -193.72 399.66 0.94 0.23 

23 -0.18  0.0067 +  + 6 -194.43 401.09 2.36 0.11 
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Table G3. Model selection table for linear mixed effects model to identify main effects and interactions for phytoplankton edible chlorophyll a 
(EC) as a function of experimental treatments and time in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept 
value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZM=Zebra Mussels, ZQ=Zequanox® treatment at 100 mg 
a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Model selection was restricted to a maximum of three predictors in any 
one model to avoid overfitting. Response data were log transformed to increase normality of residuals and reduce unequal variances among 
treatment groups. Only models with a delta AICc value <7 are shown. Only predictors or interactions that appeared in at least one of the top 
models are shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model (MAM) is 
indicated in bold.   

Model Intercept D Day W ZM ZQ D:ZQ W:ZQ ZM:ZQ df logLik AICc Delta Weight 

4117 -0.21   +  +  +  6 -106.74 225.71 0.00 0.22 

8217 -0.29    + +   + 6 -107.24 226.71 1.00 0.14 

25 -0.26    + +    5 -108.31 226.77 1.06 0.13 

17 -0.29     +    4 -109.54 227.18 1.47 0.11 

27 -0.28  0.0011  + +    6 -107.80 227.81 2.11 0.08 

19 -0.32  0.0011   +    5 -109.03 228.21 2.50 0.06 

26 -0.26 +   + +    6 -108.25 228.71 3.01 0.05 

29 -0.25   + + +    6 -108.29 228.81 3.10 0.05 

18 -0.30 +    +    5 -109.48 229.12 3.41 0.04 

21 -0.29   +  +    5 -109.52 229.20 3.50 0.04 

20 -0.32 + 0.0011   +    6 -108.97 230.16 4.45 0.02 

23 -0.31  0.0011 +  +    6 -109.01 230.25 4.54 0.02 

274 -0.28 +    + +   6 -109.02 230.27 4.56 0.02 

22 -0.29 +  +  +    6 -109.41 231.03 5.32 0.02 
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Table G4. Model selection table for linear mixed effects model to identify main effects and interactions for periphyton total chlorophyll a as a 
function of experimental treatments and time in 587 L aquatic mesocosms (Day 0 removed).  Mesocosm tank was used as a random intercept and 
day of experiment was used as a random slope value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZM=Zebra 
Mussels, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Model selection was 
restricted to a maximum of three predictors in any one model to avoid overfitting. Response data were log transformed to increase normality of 
residuals and reduce unequal variances among treatment groups. Only models with a delta AICc value <7 are shown. Only predictors or 
interactions that appeared in at least one of the top models are shown in the table, though all predictors were included in the model selection 
process. The Minimum Adequate Model (MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ W:ZQ df logLik AICc Delta Weight 

19 1.10  0.0034   +  7 -3.04 20.38 0.00 0.32 

20 1.08 + 0.0034   +  8 -2.10 20.59 0.21 0.29 

23 1.11  0.0034 +  +  8 -2.90 22.18 1.80 0.13 

27 1.10  0.0034  + +  8 -2.98 22.34 1.96 0.12 

4117 1.23   +  + + 8 -3.67 23.72 3.35 0.06 

17 1.15     +  6 -7.02 26.26 5.88 0.02 

18 1.13 +    +  7 -6.08 26.46 6.08 0.02 

22 1.16 +  +  +  8 -5.05 26.47 6.10 0.02 
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Table G5. Model selection table for linear mixed effects model to identify main effects and interactions on crustacean zooplankton species 
richness as a function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. 
Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way 
interactions) is represented by the (+) symbol. Only models with a delta AICc value <3.28 are shown. Only predictors or interactions that appeared 
in at least one of the top models are shown in the table, though all predictors were included in the model selection process. The Minimum 
Adequate Model (MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ D:Day D:ZM D:ZQ Day:W Day:ZM ZM:ZQ df logLik AICc Delta Weight 

19 7.27  0.027   +       5 -328.92 668.27 0.00 0.08 

20 7.06 + 0.027   +       6 -328.04 668.70 0.42 0.07 

17 7.83     +       4 -330.26 668.80 0.53 0.06 

27 7.55  0.027  + +       6 -328.14 668.89 0.62 0.06 

52 6.73 + 0.042   + +      7 -327.11 669.04 0.77 0.06 

18 7.63 +    +       5 -329.38 669.19 0.92 0.05 

28 7.34 + 0.027  + +       7 -327.23 669.29 1.02 0.05 

25 8.11    + +       5 -329.48 669.39 1.12 0.05 

26 7.90 +   + +       6 -328.57 669.75 1.48 0.04 

23 7.04  0.027 +  +       6 -328.66 669.93 1.65 0.04 

21 7.60   +  +       5 -329.99 670.42 2.15 0.03 

154 8.08 +   + +  +     7 -327.87 670.56 2.28 0.03 

31 7.32  0.027 + + +       7 -327.87 670.56 2.29 0.03 

276 7.15 + 0.027   +   +    7 -327.90 670.62 2.35 0.03 

8219 7.41  0.027  + +      + 7 -327.94 670.71 2.43 0.02 

535 7.60  0.000 +  +    +   7 -327.97 670.77 2.50 0.02 

24 7.04 + 0.027 +  +       7 -328.04 670.90 2.63 0.02 

29 7.88   + + +       6 -329.21 671.03 2.75 0.02 

274 7.71 +    +   +    6 -329.23 671.08 2.81 0.02 

1051 7.58  0.025  + +     +  7 -328.14 671.10 2.82 0.02 

8217 7.97    + +      + 6 -329.28 671.17 2.90 0.02 

22 7.60 +  +  +       6 -329.38 671.36 3.09 0.02 
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Table G6. Model selection table for linear mixed effects model to identify main effects and interactions on cladoceran species richness as a 
function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. Retention of 
categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way interactions) is 
represented by the (+) symbol. Only models with a delta AICc value <7 are shown. Only predictors or interactions that appeared in at least one of 
the top models are shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model (MAM) 
is indicated in bold.   

Model Intercept D Day W ZM ZQ D:ZQ Day:W df logLik AICc Delta Weight 

535 6.56  -0.027 +  +  + 7 -275.60 566.02 0.00 0.47 

17 6.03     +   4 -280.62 569.53 3.51 0.08 

19 5.72  0.015   +   5 -279.64 569.72 3.70 0.07 

18 5.95 +    +   5 -280.46 571.35 5.33 0.03 

25 6.11    + +   5 -280.52 571.48 5.46 0.03 

20 5.64 + 0.015   +   6 -279.48 571.57 5.55 0.03 

21 5.99   +  +   5 -280.61 571.66 5.64 0.03 

27 5.80  0.015  + +   6 -279.55 571.70 5.69 0.03 

23 5.68  0.015 +  +   6 -279.63 571.88 5.86 0.03 

274 6.06 +    + +  6 -280.11 572.83 6.81 0.02 
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Table G7. Model selection table for linear mixed effects model to identify main effects and interactions on large cladoceran species richness as a 
function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. Retention of 
categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way interactions) is 
represented by the (+) symbol. Only models with a delta AICc value <4.17 are shown. Only predictors or interactions that appeared in at least one 
of the top models are shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model 
(MAM) is indicated in bold.   
Model Intercept D Day W ZM ZQ D:W D:ZM D:ZQ Day:W W:ZM W:ZQ ZM:ZQ df logLik AICc Delta Weight 

21 1.58   +  +        5 -133.95 278.34 0.00 0.10 

17 1.46     +        4 -135.14 278.57 0.24 0.09 

535 1.86  -0.0134 +  +    +    7 -131.89 278.60 0.26 0.09 

8221 1.71   + + +       + 7 -132.12 279.06 0.72 0.07 

8217 1.58    + +       + 6 -133.40 279.41 1.08 0.06 

29 1.60   + + +        6 -133.88 280.38 2.04 0.04 

23 1.61  -0.0015 +  +        6 -133.89 280.39 2.06 0.04 

22 1.58 +  +  +        6 -133.91 280.42 2.09 0.03 

86 1.58 +  +  + +       6 -133.91 280.42 2.09 0.03 

18 1.48 +    +        5 -135.01 280.46 2.13 0.03 

4117 1.58   +  +      +  6 -133.95 280.51 2.18 0.03 

25 1.48    + +        5 -135.08 280.59 2.26 0.03 

19 1.49  -0.0015   +        5 -135.08 280.60 2.26 0.03 

8218 1.60 +   + +       + 7 -133.26 281.35 3.01 0.02 

8219 1.61  -0.0015  + +       + 7 -133.34 281.50 3.17 0.02 

154 1.56 +   + +  +      7 -133.75 282.32 3.98 0.01 

2077 1.65   + + +     +   7 -133.75 282.32 3.98 0.01 

278 1.60 +  +  +   +     7 -133.77 282.36 4.03 0.01 

274 1.50 +    +   +     6 -134.88 282.38 4.04 0.01 

1 1.31             3 -138.12 282.41 4.07 0.01 

5 1.44   +          4 -137.07 282.42 4.09 0.01 

31 1.64  -0.0015 + + +        7 -133.82 282.47 4.13 0.01 

30 1.60 +  + + +        7 -133.84 282.50 4.16 0.01 
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Table G8. Model selection table for linear mixed effects model to identify main effects and interactions on small cladoceran species richness as a 
function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. Retention of 
categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way interactions) is 
represented by the (+) symbol. Only models with a delta AICc value <7 are shown. Only predictors or interactions that appeared in at least one of 
the top models are shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model (MAM) 
is indicated in bold.   

Model Intercept D Day W ZM ZQ D:Day D:ZQ Day:W Day:ZM W:ZQ ZM:ZQ df logLik AICc Delta Weight 

535 4.69  -0.013 +  +   +    7 -249.21 513.25 0.00 0.39 

19 4.23  0.016   +       5 -252.64 515.72 2.47 0.11 

20 4.13 + 0.016   +       6 -252.31 517.24 3.99 0.05 

17 4.57     +       4 -254.48 517.26 4.00 0.05 

23 4.07  0.016 +  +       6 -252.42 517.45 4.20 0.05 

27 4.29  0.016  + +       6 -252.57 517.76 4.51 0.04 

18 4.47 +    +       5 -254.15 518.74 5.49 0.02 

276 4.22 + 0.016   +  +     7 -252.02 518.87 5.62 0.02 

21 4.41   +  +       5 -254.26 518.96 5.71 0.02 

8219 4.13  0.016  + +      + 7 -252.13 519.08 5.83 0.02 

25 4.63    + +       5 -254.42 519.27 6.01 0.02 

28 4.19 + 0.016  + +       7 -252.24 519.31 6.06 0.02 

24 4.07 + 0.016 +  +       7 -252.27 519.36 6.11 0.02 

52 4.14 + 0.016   + +      7 -252.30 519.43 6.18 0.02 

31 4.13  0.016 + + +       7 -252.35 519.53 6.28 0.02 

4119 4.11  0.016 +  +     +  7 -252.40 519.62 6.37 0.02 

1051 4.32  0.015  + +    +   7 -252.56 519.94 6.69 0.01 
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Table G9. Model selection table for linear mixed effects model to identify main effects and interactions on copepod species richness as a function 
of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. Retention of categorical 
predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way interactions) is represented 
by the (+) symbol. Only models with a delta AICc value <7 are shown. Only predictors or interactions that appeared in at least one of the top 
models are shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model (MAM) is 
indicated in bold.   

Model Intercept D Day W ZM ZQ D:Day D:ZM D:ZQ W:ZM ZM:ZQ df logLik AICc Delta Weight 

52 1.04 + 0.030   + +     7 -233.22 481.26 0.00 0.43 

26 1.87 +   + +      6 -236.40 485.42 4.16 0.05 

28 1.62 + 0.012  + +      7 -235.54 485.91 4.65 0.04 

25 2.00    + +      5 -237.99 486.41 5.16 0.03 

18 1.67 +    +      5 -238.12 486.68 5.43 0.03 

29 1.81   + + +      6 -237.13 486.88 5.62 0.03 

27 1.75  0.012  + +      6 -237.15 486.91 5.65 0.03 

8218 1.78 +   + +     + 7 -236.08 486.99 5.73 0.02 

20 1.42 + 0.012   +      6 -237.29 487.19 5.93 0.02 

30 1.81 +  + + +      7 -236.28 487.39 6.13 0.02 

31 1.56  0.012 + + +      7 -236.28 487.39 6.13 0.02 

154 1.90 +   + +  +    7 -236.29 487.40 6.15 0.02 

282 1.84 +   + +   +   7 -236.33 487.49 6.23 0.02 

17 1.81     +      4 -239.68 487.64 6.38 0.02 

8217 1.92    + +     + 6 -237.68 487.97 6.71 0.02 

2077 1.65   + + +    +  7 -236.60 488.02 6.76 0.01 

21 1.61   +  +      5 -238.84 488.11 6.85 0.01 

19 1.56  0.012   +      5 -238.86 488.14 6.89 0.01 
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Table G10. Model selection table for linear mixed effects model to identify main effects and interactions on crustacean zooplankton total 
abundance as a function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value and 
day was used as a random slope value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment 
at 100 mg a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Only models with a delta AICc value ≤3.05 are shown. Only 
predictors or interactions that appeared in at least one of the top models are shown in the table, though all predictors were included in the model 
selection process. The Minimum Adequate Model (MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ D:ZQ Day:W W:ZM df logLik AICc Delta Weight 

17 2.52     +    6 -42.27 97.15 0.00 0.07 

19 2.46  0.0039   +    7 -41.18 97.19 0.04 0.07 

2077 2.62   + + +   + 9 -39.25 97.85 0.70 0.05 

21 2.56   +  +    7 -41.72 98.26 1.11 0.04 

18 2.54 +    +    7 -41.75 98.32 1.17 0.04 

23 2.50  0.0039 +  +    8 -40.64 98.35 1.20 0.04 

20 2.48 + 0.0039   +    8 -40.66 98.39 1.24 0.04 

3 2.40  0.0039       6 -42.93 98.48 1.33 0.04 

1 2.46         5 -44.06 98.56 1.41 0.03 

25 2.50    + +    7 -42.05 98.92 1.77 0.03 

535 2.57  -0.0008 +  +  +  9 -39.82 98.99 1.84 0.03 

27 2.44  0.0039  + +    8 -40.96 98.99 1.84 0.03 

2061 2.56   + +    + 8 -41.13 99.33 2.18 0.02 

2063 2.49  0.0039 + +    + 9 -40.02 99.37 2.23 0.02 

4 2.42 + 0.0039       7 -42.32 99.47 2.32 0.02 

2 2.48 +        6 -43.45 99.52 2.37 0.02 

5 2.49   +      6 -43.68 99.97 2.82 0.02 

29 2.54   + + +    8 -41.51 100.08 2.93 0.02 

26 2.52 +   + +    8 -41.52 100.10 2.95 0.02 

274 2.55 +    + +   8 -41.55 100.18 3.03 0.02 

11 2.38  0.0039  +     7 -42.68 100.18 3.03 0.02 

22 2.56 +  +  +    8 -41.57 100.20 3.05 0.01 
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Table G11. Model selection table for linear mixed effects model to identify main effects and interactions on total cladoceran zooplankton 
abundance as a function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. 
Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way 
interactions) is represented by the (+) symbol. Only models with a delta AICc value <7 are shown. Only predictors or interactions that appeared in 
at least one of the top models are shown in the table, though all predictors were included in the model selection process. The Minimum Adequate 
Model (MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ Day:W df logLik AICc Delta Weight 

535 2.21  -0.0104 +  + + 7 -112.97 240.77 0.00 0.70 

19 1.91  0.0070   +  5 -118.46 247.35 6.58 0.03 

27 1.85  0.0070  + +  6 -117.56 247.73 6.96 0.02 
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Table G12. Model selection table for linear mixed effects model to identify main effects and interactions on large cladoceran abundance as a 
function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. Retention of 
categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way interactions) is 
represented by the (+) symbol. Only models with a delta AICc value <4.28 are shown. Only predictors or interactions that appeared in at least one 
of the top models are shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model 
(MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ D:W D:ZQ Day:W Day:ZM W:ZQ ZM:ZQ df logLik AICc Delta Weight 

17 10.48     +       4 -729.45 1467.19 0.00 0.13 

19 3.49  0.33   +       5 -728.74 1467.91 0.72 0.09 

25 7.55    + +       5 -729.03 1468.49 1.31 0.07 

18 12.47 +    +       5 -729.06 1468.55 1.37 0.07 

27 0.57  0.33  + +       6 -728.31 1469.24 2.05 0.05 

21 11.32   +  +       5 -729.43 1469.30 2.11 0.05 

20 5.49 + 0.33   +       6 -728.34 1469.30 2.11 0.05 

8217 11.02    + +      + 6 -728.43 1469.48 2.30 0.04 

26 9.55 +   + +       6 -728.64 1469.89 2.70 0.03 

23 4.33  0.33 +  +       6 -728.72 1470.05 2.87 0.03 

8219 4.03  0.33  + +      + 7 -727.71 1470.25 3.06 0.03 

535 15.73  -0.21 +  +   +    7 -727.76 1470.35 3.16 0.03 

29 8.39   + + +       6 -729.01 1470.64 3.45 0.02 

22 11.32 +  +  +       6 -729.02 1470.64 3.46 0.02 

86 11.32 +  +  + +      6 -729.02 1470.64 3.46 0.02 

28 2.56 + 0.33  + +       7 -727.92 1470.66 3.47 0.02 

274 11.99 +    +  +     6 -729.04 1470.69 3.50 0.02 

1051 -4.05  0.55  + +    +   7 -728.00 1470.82 3.63 0.02 

8218 13.01 +   + +      + 7 -728.04 1470.90 3.71 0.02 

4117 8.01   +  +     +  6 -729.16 1470.94 3.75 0.02 

31 1.41  0.33 + + +       7 -728.30 1471.41 4.23 0.02 

24 4.33 + 0.33 +  +       7 -728.30 1471.42 4.24 0.02 
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Table G13. Model selection table for generalized linear mixed effects model (negative binomial distribution) to identify main effects and 
interactions on Daphnia pulex/pulicaria abundance as a function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm 
was used as a random intercept value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 
100 mg a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Only models with a delta AICc value <3.84 are shown. Only 
predictors or interactions that appeared in at least one of the top models are shown in the table, though all predictors were included in the model 
selection process. The Minimum Adequate Model (MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ D:Day D:W D:ZQ Day:W Day:ZM W:ZQ df logLik AICc Delta Weight 

535 0.78  -0.0069 +  +    +   7 -127.86 270.54 0.00 0.09 

22 0.63 +  +  +       6 -129.26 271.13 0.60 0.07 

86 0.63 +  +  +  +     6 -129.26 271.13 0.60 0.07 

17 0.69     +       4 -131.42 271.14 0.60 0.07 

19 0.57  0.0057   +       5 -130.49 271.41 0.87 0.06 

24 0.51 + 0.0057 +  +       7 -128.32 271.47 0.93 0.06 

18 0.74 +    +       5 -130.56 271.56 1.03 0.06 

1051 0.36  0.0134  + +     +  7 -128.41 271.65 1.11 0.05 

20 0.62 + 0.0057   +       6 -129.63 271.87 1.33 0.05 

25 0.65    + +       5 -131.13 272.69 2.16 0.03 

30 0.59 +  + + +       7 -128.94 272.70 2.16 0.03 

4118 0.57 +  +  +      + 7 -128.94 272.71 2.17 0.03 

21 0.63   +  +       5 -131.17 272.78 2.25 0.03 

27 0.53  0.0057  + +       6 -130.19 272.99 2.46 0.03 

23 0.51  0.0057 +  +       6 -130.24 273.09 2.55 0.03 

26 0.70 +   + +       6 -130.26 273.13 2.59 0.03 

278 0.64 +  +  +   +    7 -129.21 273.24 2.70 0.02 

28 0.58 + 0.0057  + +       7 -129.32 273.46 2.93 0.02 

274 0.75 +    +   +    6 -130.51 273.64 3.10 0.02 

276 0.63 + 0.0057   +   +    7 -129.58 273.98 3.44 0.02 

52 0.61 + 0.0062   + +      7 -129.61 274.04 3.51 0.02 

29 0.59   + + +       6 -130.88 274.36 3.83 0.01 
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Table G14. Model selection table for linear mixed effects model to identify main effects and interactions on Sida crystallina abundance as a 
function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm tank was used as a random intercept and day of 
experiment was used as a random slope value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® 
treatment at 100 mg a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Only models with a delta AICc value <7 are shown. 
Only predictors or interactions that appeared in at least one of the top models are shown in the table, though all predictors were included in the 
model selection process. The Minimum Adequate Model (MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ D:W D:ZM D:ZQ W:ZM W:ZQ ZM:ZQ df logLik AICc Delta Weight 

4125 0.24   + + +     +  7 56.52 -98.21 0.00 0.18 

4117 0.22   +  +     +  6 55.36 -98.11 0.10 0.17 

4118 0.22 +  +  +     +  7 56.01 -97.19 1.02 0.11 

8221 0.22   + + +      + 7 55.91 -97.01 1.21 0.10 

2077 0.23   + + +    +   7 55.68 -96.53 1.68 0.08 

4119 0.23  -0.00075 +  +     +  7 55.57 -96.32 1.89 0.07 

21 0.17   +  +       5 52.59 -94.74 3.47 0.03 

29 0.19   + + +       6 53.61 -94.62 3.60 0.03 

8217 0.18    + +      + 6 53.60 -94.58 3.63 0.03 

22 0.17 +  +  +       6 53.16 -93.71 4.50 0.02 

86 0.17 +  +  + +      6 53.16 -93.71 4.50 0.02 

30 0.19 +  + + +       7 54.22 -93.61 4.61 0.02 

23 0.18  -0.00075 +  +       6 52.80 -92.98 5.23 0.01 

17 0.12     +       4 50.56 -92.83 5.38 0.01 

31 0.21  -0.00075 + + +       7 53.83 -92.83 5.38 0.01 

8219 0.19  -0.00075  + +      + 7 53.81 -92.80 5.41 0.01 

25 0.14    + +       5 51.50 -92.57 5.65 0.01 

278 0.18 +  +  +   +    7 53.66 -92.49 5.73 0.01 

8218 0.18 +   + +      + 7 53.60 -92.39 5.83 0.01 

24 0.18 + -0.00075 +  +       7 53.37 -91.92 6.29 0.01 

154 0.17 +   + +  +     7 53.33 -91.84 6.37 0.01 
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Table G15. Model selection table for generalized linear mixed effects model (negative binomial distribution) to identify main effects and two-way 
predictor interactions on small cladoceran abundance as a function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm 
was used as a random intercept value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 
100 mg a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Only models with a delta AICc value ≤6.00 are shown. Only 
predictors or interactions that appeared in at least one of the top models are shown in the table, though all predictors were included in the model 
selection process. The Minimum Adequate Model (MAM) is indicated in bold.    

Model Intercept D Day W ZM ZQ D:Day Day:W df logLik AICc Delta Weight 

19 4.549  0.022   +   5 -830.53 1671.50 0.00 0.18 

27 4.414  0.021  + +   6 -829.82 1672.25 0.75 0.12 

87 5.143  -0.006 +  +  + 7 -829.02 1672.86 1.37 0.09 

20 4.546 + 0.022   +   6 -830.53 1673.67 2.18 0.06 

23 4.546  0.022 +  +   6 -830.53 1673.67 2.18 0.06 

17 4.983     +   4 -832.84 1673.98 2.48 0.05 

28 4.420 + 0.021  + +   7 -829.81 1674.45 2.95 0.04 

31 4.419  0.021 + + +   7 -829.82 1674.46 2.96 0.04 

25 4.824    + +   5 -832.01 1674.46 2.97 0.04 

3 4.396  0.017      4 -833.21 1674.71 3.22 0.04 

1 4.782        3 -834.68 1675.54 4.04 0.02 

11 4.271  0.016  +    5 -832.59 1675.62 4.12 0.02 

52 4.557 + 0.022   + +  7 -830.53 1675.88 4.38 0.02 

24 4.546 + 0.022 +  +   7 -830.53 1675.88 4.39 0.02 

21 4.942   +  +   5 -832.81 1676.06 4.56 0.02 

18 4.982 +    +   5 -832.84 1676.12 4.63 0.02 

9 4.635    +    4 -833.93 1676.16 4.66 0.02 

29 4.795   + + +   6 -832.00 1676.61 5.11 0.01 

26 4.831 +   + +   6 -832.01 1676.63 5.13 0.01 

7 4.405  0.017 +     5 -833.21 1676.86 5.36 0.01 

4 4.395 + 0.017      5 -833.21 1676.86 5.36 0.01 

71 4.822  -0.004 +    + 6 -832.32 1677.26 5.76 0.01 
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Table G16. Model selection table for linear mixed effects model to identify main effects and two-way predictor interactions on Chydorus 
sphaericus abundance as a function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random 
intercept value and day was used as a random slope value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, 
ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Only models with a delta AICc 
value <7 are shown. Only predictors or interactions that appeared in at least one of the top models are shown in the table, though all predictors 
were included in the model selection process. The Minimum Adequate Model (MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ D:ZM Day:W Day:ZM ZM:ZQ df logLik AICc Delta Weight 

535 2.12  -0.0155 +  +  +   9 -128.59 276.52 0.00 0.41 

25 1.80    + +     7 -132.22 279.27 2.74 0.10 

27 1.75  0.0038  + +     8 -131.87 280.80 4.27 0.05 

17 1.92     +     6 -134.11 280.83 4.30 0.05 

8217 1.85    + +    + 8 -131.97 281.00 4.47 0.04 

26 1.79 +   + +     8 -132.18 281.42 4.90 0.04 

29 1.78   + + +     8 -132.20 281.46 4.94 0.03 

19 1.87  0.0038   +     7 -133.75 282.33 5.80 0.02 

154 1.83 +   + + +    9 -131.60 282.54 6.02 0.02 

8219 1.79  0.0038  + +    + 9 -131.61 282.56 6.04 0.02 

1051 1.78  0.0019  + +   +  9 -131.78 282.90 6.37 0.02 

18 1.91 +    +     7 -134.07 282.96 6.44 0.02 

28 1.74 + 0.0038  + +     9 -131.82 282.99 6.46 0.02 

21 1.91   +  +     7 -134.10 283.02 6.50 0.02 

31 1.73  0.0038 + + +     9 -131.84 283.02 6.50 0.02 

8218 1.83 +   + +    + 9 -131.92 283.18 6.66 0.01 

8221 1.83   + + +    + 9 -131.95 283.24 6.72 0.01 
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Table G17. Model selection table for linear mixed effects model to identify main effects and interactions on Scapheloberis mucronata abundance 
as a function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. Retention of 
categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent two-way interactions) is 
represented by the (+) symbol. Only models with a delta AICc value <5.94 are shown. Only predictors or interactions that appeared in at least one 
of the top models are shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model 
(MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ D:ZQ Day:W Day:ZM W:ZM ZM:ZQ df logLik AICc Delta Weight 

8219 0.34  0.0052  + +     + 7 -20.96 56.74 0.00 0.17 

27 0.30  0.0052  + +      6 -22.17 56.96 0.22 0.15 

19 0.26  0.0052   +      5 -24.02 58.47 1.73 0.07 

31 0.29  0.0052 + + +      7 -22.13 59.08 2.34 0.05 

1051 0.29  0.0058  + +   +   7 -22.14 59.10 2.36 0.05 

28 0.30 + 0.0052  + +      7 -22.16 59.15 2.41 0.05 

276 0.22 + 0.0052   + +     7 -22.41 59.64 2.91 0.04 

11 0.25  0.0052  +       5 -24.64 59.72 2.98 0.04 

2063 0.31  0.0052 + +     +  7 -22.68 60.19 3.45 0.03 

23 0.25  0.0052 +  +      6 -23.98 60.57 3.83 0.02 

20 0.25 + 0.0052   +      6 -24.01 60.63 3.89 0.02 

3 0.20  0.0052         4 -26.31 60.91 4.18 0.02 

8217 0.45    + +     + 6 -24.18 60.98 4.24 0.02 

25 0.41    + +      5 -25.38 61.20 4.46 0.02 

2077 0.47   + + +    +  7 -23.26 61.34 4.60 0.02 

535 0.32  0.0018 +  +  +    7 -23.27 61.37 4.63 0.02 

15 0.24  0.0052 + +       6 -24.60 61.82 5.08 0.01 

1035 0.24  0.0058  +    +   6 -24.61 61.83 5.09 0.01 

12 0.25 + 0.0052  +       6 -24.64 61.89 5.15 0.01 

52 0.23 + 0.0066   +      7 -23.59 62.00 5.26 0.01 

282 0.38 +   + + +     7 -23.68 62.18 5.44 0.01 

527 0.31  0.0018 + +   +    7 -23.90 62.62 5.89 0.01 
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Table G18. Model selection table for linear mixed effects model to identify main effects and interactions on Mesocyclops edax abundance as a 
function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm tank was used as a random intercept and day of 
experiment was used as a random slope value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® 
treatment at 100 mg a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Only models with a delta AICc value <3.21 are 
shown. Only predictors or interactions that appeared in at least one of the top models are shown in the table, though all predictors were included in 
the model selection process. The Minimum Adequate Model (MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ D:W Day:ZM W:ZM W:ZQ ZM:ZQ df logLik AICc Delta Weight 

17 0.064     +      6 34.85 -57.08 0.00 0.08 

25 0.089    + +      7 35.86 -56.90 0.18 0.07 

21 0.031   +  +      7 35.74 -56.65 0.43 0.06 

29 0.056   + + +      8 36.78 -56.49 0.59 0.06 

19 0.035  0.0017   +      7 35.60 -56.38 0.71 0.05 

27 0.060  0.0017  + +      8 36.61 -56.15 0.94 0.05 

23 0.002  0.0017 +  +      8 36.49 -55.91 1.18 0.04 

31 0.027  0.0017 + + +      9 37.52 -55.70 1.39 0.04 

2077 0.027   + + +   +   9 37.51 -55.67 1.41 0.04 

22 0.031 +  +  +      8 36.26 -55.46 1.63 0.03 

86 0.031 +  +  + +     8 36.26 -55.46 1.63 0.03 

30 0.056 +  + + +      9 37.31 -55.29 1.80 0.03 

18 0.067 +    +      7 34.87 -54.91 2.17 0.03 

26 0.091 +   + +      8 35.88 -54.70 2.39 0.02 

24 0.002 + 0.0017 +  +      9 37.01 -54.68 2.40 0.02 

8217 0.089    + +     + 8 35.86 -54.66 2.43 0.02 

4117 0.036   +  +    +  8 35.75 -54.44 2.64 0.02 

1051 0.075  0.0008  + +  +    9 36.81 -54.28 2.80 0.02 

4125 0.060   + + +    +  9 36.79 -54.24 2.84 0.02 

8221 0.057   + + +     + 9 36.78 -54.21 2.87 0.02 

20 0.038 + 0.0017   +      8 35.62 -54.17 2.91 0.02 

28 0.063 + 0.0017  + +      9 36.63 -53.91 3.17 0.02 
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Table G19. Model selection table for linear mixed effects model to identify main effects and interactions on Cyclops scutifer abundance as a 
function of various treatments in 587 L aquatic mesocosms (Day 0 removed). Mesocosm tank was used as a random intercept and day of 
experiment was used as a random slope value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® 
treatment at 100 mg a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Only models with a delta AICc value <6.15 are 
shown. Only predictors or interactions that appeared in at least one of the top models are shown in the table, though all predictors were included in 
the model selection process. The Minimum Adequate Model (MAM) is indicated in bold.   

Model Intercept D Day W ZM ZQ D:Day D:W D:ZQ Day:W Day:ZM W:ZQ df logLik AICc Delta Weight 

3 -0.079  0.0069          6 70.04 -127.46 0.00 0.23 

19 -0.088  0.0069   +       7 70.32 -125.82 1.64 0.10 

4 -0.077 + 0.0069          7 70.06 -125.29 2.17 0.08 

7 -0.081  0.0069 +         7 70.05 -125.27 2.19 0.08 

11 -0.078  0.0069  +        7 70.04 -125.25 2.21 0.07 

20 -0.086 + 0.0069   +       8 70.34 -123.62 3.84 0.03 

23 -0.090  0.0069 +  +       8 70.33 -123.59 3.87 0.03 

27 -0.087  0.0069  + +       8 70.32 -123.58 3.88 0.03 

36 -0.083 + 0.0073    +      8 70.11 -123.16 4.30 0.03 

8 -0.081 + 0.0069 +         8 70.09 -123.12 4.34 0.03 

72 -0.081 + 0.0069 +    +     8 70.09 -123.12 4.34 0.03 

1035 -0.072  0.0065  +      +  8 70.08 -123.09 4.37 0.03 

12 -0.077 + 0.0069  +        8 70.06 -123.05 4.41 0.02 

519 -0.077  0.0066 +      +   8 70.06 -123.04 4.42 0.02 

15 -0.080  0.0069 + +        8 70.05 -123.03 4.43 0.02 

52 -0.092 + 0.0073   + +      9 70.40 -121.45 6.01 0.01 

4119 -0.085  0.0069 +  +      + 9 70.38 -121.42 6.04 0.01 

24 -0.090 + 0.0069 +  +       9 70.38 -121.42 6.04 0.01 

1051 -0.081  0.0065  + +     +  9 70.36 -121.38 6.08 0.01 

28 -0.086 + 0.0069  + +       9 70.34 -121.34 6.12 0.01 

276 -0.086 + 0.0069   +   +    9 70.34 -121.34 6.12 0.01 

535 -0.086  0.0066 +  +    +   9 70.34 -121.34 6.12 0.01 

31 -0.089  0.0069 + + +       9 70.33 -121.32 6.14 0.01 
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Table G20. Model selection table for multiple regression model to identify main effects and interactions on estimated amphipod (Hyalella azteca) 
population size as a function of experimental treatments in 587 L aquatic mesocosms. Retention of categorical predictors (D=Dispersal treatment, 
W=Water renewal, ZM=Zebra Mussels, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent interactions) is represented by the (+) symbol. 
Model selection was restricted to a maximum of four predictors in any one model to avoid overfitting. Response data were log transformed to 
increase normality of residuals and reduce unequal variances among treatment groups. Only models with a delta AICc value <7 are shown. Only 
predictors or interactions that appeared in at least one of the top models are shown in the table, though all predictors were included in the model 
selection process. The Minimum Adequate Model (MAM) is indicated in bold.   

Model Intercept D W ZM ZQ D:W D:ZQ W:ZM W:ZQ ZM:ZQ df logLik AICc Delta Weight 

527 1.61  + + +     + 6 -23.57 61.18 0.00 0.21 

267 1.85  +  +    +  5 -24.88 61.19 0.01 0.21 

11 1.70  +  +      4 -26.60 62.14 0.95 0.13 

271 1.91  + + +    +  6 -24.49 63.04 1.85 0.08 

268 1.85 + +  +    +  6 -24.60 63.25 2.07 0.08 

76 1.77 + +  +  +    6 -24.83 63.71 2.53 0.06 

15 1.75  + + +      5 -26.24 63.91 2.73 0.05 

12 1.70 + +  +      5 -26.34 64.11 2.93 0.05 

28 1.70 + +  + +     5 -26.34 64.11 2.93 0.05 

16 1.75 + + + +      6 -25.98 66.00 4.82 0.02 

143 1.74  + + +   +   6 -26.23 66.52 5.33 0.01 

525 1.87   + +     + 5 -28.15 67.73 6.55 0.01 

9 1.95    +      3 -30.69 67.92 6.73 0.01 
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Table G21. Model selection table for multiple regression model to identify main effects and interactions on survival in the prosobranch banded 
mystery snail (Viviparus georgianus) as a function of experimental treatments in 587 L aquatic mesocosms. Retention of categorical predictors 
(D=Dispersal treatment, W=Water renewal, ZM=Zebra Mussels, ZQ=Zequanox® treatment at 100 mg a.i./L, subsequent interactions) is 
represented by the (+) symbol. Model selection was restricted to a maximum of four predictors in any one model to avoid overfitting. Response 
data were log transformed to increase normality of residuals and reduce unequal variances among treatment groups. Only models with a delta AICc 
value <7 are shown. Only predictors or interactions that appeared in at least one of the top models are shown in the table, though all predictors 
were included in the model selection process. The Minimum Adequate Model (MAM) is indicated in bold.   

Model Intercept D W ZM ZQ D:W D:ZQ df logLik AICc Delta Weight 

74 1.99 +   +  + 5 66.02 -120.60 0.00 0.47 

76 2.00 + +  +  + 6 66.40 -118.75 1.86 0.18 

78 1.99 +  + +  + 6 66.07 -118.09 2.51 0.13 

10 1.97 +   +   4 63.24 -117.56 3.05 0.10 

12 1.98 + +  +   5 63.58 -115.74 4.87 0.04 

28 1.98 + +  + +  5 63.58 -115.74 4.87 0.04 

14 1.98 +  + +   5 63.29 -115.15 5.45 0.03 

 

 

 

 

 

 

 

 



 

131 

 

 

Table G22. Model selection table for linear mixed effects model to identify main effects and interactions for chironomid emergence rate as a 
function of experimental treatments and time in 587 L aquatic mesocosms (Day 0 removed). Mesocosm was used as a random intercept value. 
Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZM=Zebra Mussels, ZQ=Zequanox® treatment at 100 mg a.i./L, 
subsequent two-way interactions) is represented by the (+) symbol. Model selection was restricted to a maximum of four predictors in any one 
model to avoid overfitting. Response data were log transformed to increase normality of residuals and reduce unequal variances among treatment 
groups. Only models with a delta AICc value <7 are shown. Only predictors or interactions that appeared in at least one of the top models are 
shown in the table, though all predictors were included in the model selection process. The Minimum Adequate Model (MAM) is indicated in 
bold.   

Model Intercept D Day W ZM ZQ D:Day D:ZQ Day:W Day:ZM W:ZQ ZM:ZQ df logLik AICc Delta Weight 

19 87.75  -1.74   +       5 -1770.19 3550.59 0.00 0.21 

27 93.93  -1.74  + +       6 -1769.76 3551.82 1.23 0.11 

23 95.00  -1.74 +  +       6 -1769.89 3552.08 1.49 0.10 

20 90.42 + -1.74   +       6 -1770.03 3552.36 1.77 0.09 

8219 85.96  -1.74  + +      + 7 -1769.04 3552.48 1.89 0.08 

4119 84.40  -1.74 +  +     +  7 -1769.26 3552.91 2.32 0.07 

276 84.82 + -1.74   +  +     7 -1769.32 3553.04 2.45 0.06 

31 101.17  -1.74 + + +       7 -1769.46 3553.32 2.73 0.05 

28 96.59 + -1.74  + +       7 -1769.60 3553.60 3.01 0.05 

1051 91.91  -1.65  + +    +   7 -1769.75 3553.89 3.30 0.04 

535 99.31  -1.91 +  +   +    7 -1769.87 3554.14 3.55 0.04 

24 95.00 + -1.74 +  +       7 -1769.87 3554.14 3.55 0.04 

52 87.77 + -1.63   + +      7 -1769.99 3554.38 3.79 0.03 
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Table G23. Model selection table for linear mixed effects model to identify main effects and interactions for zebra mussel mortality as a function 
of experimental treatments and time in 587 L aquatic mesocosms (Day 0 removed). Mesocosm tank was used as a random intercept and day of 
experiment was used as a random slope value. Retention of categorical predictors (D=Dispersal treatment, W=Water renewal, ZQ=Zequanox® 
treatment at 100 mg a.i./L, subsequent two-way interactions) is represented by the (+) symbol. Model selection was restricted to a maximum of 
three predictors in any one model to avoid overfitting. Only models with a delta AICc value <7 are shown. Only predictors or interactions that 
appeared in at least one of the top models are shown in the table, though all predictors were included in the model selection process. The Minimum 
Adequate Model (MAM) is indicated in bold.   

Model Intercept D Day W ZQ df logLik AICc Delta Weight 

15 3.18  0.89 + + 8 -601.52 1219.82 0.00 0.57 

11 -1.88  0.89  + 7 -603.43 1221.47 1.65 0.25 

12 -0.19 + 0.89  + 8 -602.62 1222.03 2.21 0.19 
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Appendix H: 

Estimates of Fixed Effects from Minimum Adequate Models for 
Response Variables 

 
Table H1. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for water temperature (ºC) as a function of experimental treatments and time in 587 L 
aquatic mesocosms. Mesocosm was used as a random intercept. Asterisk indicates significance 
(p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 20.72    

Day –0.18 227.1 1,382 <0.0001* 

 

Table H2. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for phytoplankton total chlorophyll a (TC) as a function of experimental treatments and 
time in 587 L aquatic mesocosms. Response data were log transformed to increase normality of 
residuals and reduce unequal variances among treatment groups. Mesocosm was used as a 
random intercept. Asterisk indicates significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept –0.13    

Zequanox® 0.38 43.22 1,45 <0.001* 

Zebra Mussels –0.087 2.30 1,45 0.14 

Day 0.0067 22.50 1,335 <0.001* 

 

Table H3. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for phytoplankton edible chlorophyll a (EC) as a function of experimental treatments and 
time in 587 L aquatic mesocosms. Response data were log transformed to increase normality of 
residuals and reduce unequal variances among treatment groups. Mesocosm was used as a 
random intercept. Asterisk indicates significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept –0.21    

Water Renewal –0.12 0.03 1,44 0.87 

Zequanox® 0.20 41.21 1,44 <0.001* 

Zequanox®:Water Renewal 0.23 5.40 1,44 0.02* 
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Table H4. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for periphyton total chlorophyll a as a function of experimental treatments and time in 587 
L aquatic mesocosms. Response data were log transformed to increase normality of residuals and 
reduce unequal variances among treatment groups. Mesocosm tank was used as a random 
intercept and day of experiment was used as a random slope value. Asterisk indicates significance 
(p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 1.10    

Zequanox® 0.19 22.92 1,46 <0.001* 

Day 0.0034 8.47 1,47 0.005* 

 

 

Table H5. Estimates for fixed effects coefficients of a linear mixed effects minimum adequate 
model to predict crustacean zooplankton species richness as a function of various treatments in 
587 L aquatic mesocosms. Mesocosm was used as a random intercept value. Asterisk indicates 
significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 7.27    

Zequanox® –1.25 7.43 1,46 0.009* 

Day 0.027 2.68 1,95 0.10 

 

 

Table H6. Estimates for fixed effects coefficients of a linear mixed effects minimum adequate 
model to predict cladoceran species richness as a function of various treatments in 587 L aquatic 
mesocosms. Mesocosm was used as a random intercept value. Asterisk indicates significance 
(p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 6.56    

Zequanox® –1.94 24.63 1,45 <0.0001* 

Water Renewal –1.26 4.16 1,129 0.04* 

Day –0.03 0.17 1,94 0.68 

Water Renewal:Day 0.06 8.25 1,94 0.005* 
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Table H7. Estimates for fixed effects coefficients of a linear mixed effects minimum adequate 
model to predict large cladoceran species richness as a function of various treatments in 587 L 
aquatic mesocosms. Mesocosm was used as a random intercept value. Asterisk indicates 
significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 1.58    

Zequanox® –0.29 6.24 1,45 0.02* 

Water Renewal –0.19 2.29 1,45 0.14 

 

 

Table H8. Estimates for fixed effects coefficients of a linear mixed effects minimum adequate 
model to predict small cladoceran species richness as a function of various treatments in 587 L 
aquatic mesocosms. Mesocosm was used as a random intercept value. Asterisk indicates 
significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 4.69    

Zequanox® –1.65 22.43 1,45 <0.0001* 

Water Renewal –0.70 1.79 1,121 0.18 

Day –0.013 1.04 1,94 0.31 

Water Renewal:Day 0.045 6.49 1,94 0.01* 

 
 
Table H9. Estimates for fixed effects coefficients of a linear mixed effects minimum adequate 
model to predict copepod species richness as a function of various treatments in 587 L aquatic 
mesocosms. Mesocosm was used as a random intercept value. Asterisk indicates significance 
(p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 1.04    

Zequanox® 0.69 11.12 1,45 0.002* 

Dispersal 1.54 11.29 1,134 0.001* 

Day 0.030 0.08 1,94 0.77 

Dispersal:Day –0.055 8.12 1,94 0.005* 
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Table H10. Estimates for fixed effects coefficients of a linear mixed effects minimum adequate 
model to predict crustacean zooplankton total abundance as a function of various treatments in 
587 L aquatic mesocosms. Response data were log transformed to increase normality of residuals 
and reduce unequal variances among treatment groups. Mesocosm was used as a random 
intercept value and day was used as a random slope value. Asterisk indicates significance 
(p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 2.52     

Zequanox® –0.13 4.70 1,62 0.03* 

 

 

Table H11. Estimates for fixed effects coefficients of a linear mixed effects minimum adequate 
model to predict cladoceran zooplankton total abundance as a function of various treatments in 
587 L aquatic mesocosms. Response data were log transformed to increase normality of residuals 
and reduce unequal variances among treatment groups. Mesocosm tank was used as a random 
intercept value. Asterisk indicates significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 2.50    

Zequanox® –8.14×10-3 0.02 1,45 0.90 

Water Renewal –0.17 1.80 1,138 0.18 

Day –8.37×10-4 1.19 1,94 0.28 

Water Renewal:Day 7.14×10-3 2.03 1,94 0.16 

 
 
Table H12. Estimates for fixed effects coefficients of a linear mixed effects minimum adequate 
model to predict large cladoceran zooplankton abundance as a function of various treatments in 
587 L aquatic mesocosms. Mesocosm tank was used as a random intercept value. Asterisk 
indicates significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 10.48    

Zequanox® 29.64 21.20 1,142 <0.0001* 
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Table H13. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for Daphnia pulex/pulicaria abundance as a function of experimental treatments and time 
in 587 L aquatic mesocosms. Response data were log transformed to increase normality of 
residuals and reduce unequal variances among treatment groups. Mesocosm was used as a 
random intercept. Asterisk indicates significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 0.78    

Zequanox® 0.52 20.58 1,45 <0.0001* 

Water Renewal –0.31 2.08 1,139 0.15 

Day –6.92×10-3 0.35 1,94 0.56 

Water Renewal:Day 1.89×10-2 4.78 1,94 0.03* 

 

 

Table H14. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for abundance of Sida crystallina as a function of experimental treatments and time in 587 
L aquatic mesocosms. Response data were log transformed to increase normality of residuals and 
reduce unequal variances among treatment groups. Mesocosm was used as a random intercept 
value. Asterisk indicates significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 0.24    

Zequanox®  –0.19 12.73 1,43 0.0009* 

Water Renewal –0.15 4.47 1,43 0.04* 

Zebra Mussels –4.48×10–2 2.12 1,43 0.15 

Zequanox®:Water Renewal 0.15 5.53 1,43 0.02* 

 
 
Table H15. Estimates for fixed effects coefficients of a generalized linear mixed effects 
minimum adequate model (negative binomial distribution) to predict small cladoceran 
zooplankton abundance as a function of various treatments in 587 L aquatic mesocosms. 
Mesocosm was used as a random intercept value. Asterisk indicates significance (p<0.05).  

Parameter Estimate χ2 Statistic df 

P-value 

(Probability > χ2) 

Intercept 4.55    

Zequanox® –0.58 5.02 1,139 0.03* 

Day 0.022 4.63 1,139 0.03* 
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Table H16. Estimates for fixed effects coefficients of a linear mixed effects minimum adequate 
model to predict Chydorus sphaericus abundance as a function of various treatments in 587 L 
aquatic mesocosms. Response data were log transformed to increase normality of residuals and 
reduce unequal variances among treatment groups. Mesocosm was used as a random intercept 
value and day was used as a random slope. Asterisk indicates significance (p<0.05).  

Parameter Estimate 

F  

Statistic df 

P-value 

(Probability > F) 

Intercept 2.12    

Day –0.016  0.06 1,62 0.81 

Water Renewal –0.38 4.22 1,85 0.04* 

Zequanox® –0.56 18.94 1,50 <0.0001* 

Water Renewal:Day 0.029 10.90 1,62 0.002* 

 

Table H17. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for abundance of Scapheloberis mucronata as a function of experimental treatments and 
time in 587 L aquatic mesocosms. Response data were log transformed to increase normality of 
residuals and reduce unequal variances among treatment groups. Mesocosm was used as a 
random intercept value. Asterisk indicates significance (p<0.05). 

Parameter Estimate 

F  

Statistic df 

P-value 

(Probability > F) 

Intercept 0.34    

Day 5.24×10-3  6.57 1,95 0.01* 

Zequanox® –0.18 5.02 1,44 0.03* 

Zebra Mussel –0.17 3.70 1,44 0.06 

Zequanox®:Zebra Mussel 0.15 2.29 1,44 0.14 

 

Table H18. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for abundance of Mesocyclops edax as a function of experimental treatments and time in 
587 L aquatic mesocosms. Response data were log transformed to increase normality of residuals 
and reduce unequal variances among treatment groups. Mesocosm was used as a random 
intercept value and day was used as a random slope value. Asterisk indicates significance 
(p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 6.41×10–2    

Zequanox® 9.29×10–2 6.77 1,46 0.01* 
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Table H19. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for abundance of Cyclops scutifer as a function of experimental treatments and time in 587 
L aquatic mesocosms. Response data were log transformed to increase normality of residuals and 
reduce unequal variances among treatment groups. Mesocosm was used as a random intercept 
value and day was used as a random slope value. Asterisk indicates significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept –7.90×10–2    

Day 6.91×10–3 17.24 1,48 0.0001* 

 
 
Table H20. Estimates for coefficients of a multiple linear regression minimum adequate model 
(MAM) for abundance of amphipods (Hyalella azteca) as a function of experimental treatments 
in 587 L aquatic mesocosms. Response data were log transformed to increase normality of 
residuals and reduce unequal variances among treatment groups. Asterisk indicates significance 
(p<0.05). Multiple R2 = 0.61, adjusted R2=0.57. 

Parameter Estimate F Statistic df 

P-value 

(Probability > F) 

Intercept 1.61    

Zequanox® –0.60 52.25 1, 43 <0.0001* 

Water Renewal 0.38 9.05 1, 43 0.004* 

Zebra Mussels 0.17 0.73 1, 43 0.40 

Zequanox®:Zebra Mussels –0.54 5.07 1, 43 0.03* 

 

 

Table H21. Estimates for coefficients of a multiple linear regression minimum adequate model 
(MAM) for survival in banded mystery snails (Viviparus georgianus) as a function of 
experimental treatments in 587 L aquatic mesocosms. Response data were log transformed to 
increase normality of residuals and reduce unequal variances among treatment groups. Asterisk 
indicates significance (p<0.05). Multiple R2 = 0.60, adjusted R2=0.57. 

Parameter Estimate F Statistic df 

P-value 

(Probability > F) 

Intercept 1.99     

Zequanox® –0.17 53.74 1, 44 <0.0001* 

Dispersal 0.0074 7.30 1, 44 0.01* 

Zequanox®:Dispersal 0.091 5.39 1, 44 0.02* 
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Table H22. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for chironomid emergence rate as a function of various treatments and time in 587 L 
aquatic mesocosms. Response data were log transformed to increase normality of residuals and 
reduce unequal variances among treatment groups. Mesocosm was used as a random intercept 
value. Asterisk indicates significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 1.80    

Day –0.01 35.91 1,239 <0.001* 

Zequanox® 0.35 29.15 1,46 <0.001* 

 
 
Table H23. Estimates for fixed effects coefficients of a linear mixed effects Minimum Adequate 
Model for zebra mussel mortality as a function of experimental treatments and time in 587 L 
aquatic mesocosms. Mesocosm tank was used as a random intercept and day of experiment was 
used as a random slope value. Asterisk indicates significance (p<0.05). 

Parameter Estimate 

F 

Statistic df 

P-value 

(Probability > F) 

Intercept 3.18    

Day 0.89 229.13 1,23 <0.0001* 

Zequanox® 55.22 191.51 1,21 <0.0001* 

Water Renewal –8.27 3.82 1,21 0.06 
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Appendix J: 

Water Quality Results 

 

 
Figure J1. Water quality data for mesocosms for the first 72 hours of the experiment (top left, top 
middle) and Days 0 to 43 (top right, bottom row). ZQ=Zequanox® treatment (one time, 100 mg 
a.i./L); W=water renewal (one time, 70% of tank’s water volume). Dissolved oxygen data are 
absent for the –ZQ treatment from time 0 to 24 h (Dissolved Oxygen 72 h panel) because water 
quality data were only collected for +ZQ mesocosms during that period.  
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Appendix K: 

Raw Community Data 
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Figure K1. Phytoplankton total chlorophyll a concentrations (µg/L) from Days 0 to 41 in 587 L 
aquatic mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 
mg/L a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s 
water volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence 
of a treatment is represented by the (+) symbol and absence of a treatment is represented by the  
(–) symbol. Like characters within each panel represent samples collected from the same 
mesocosm over time. n=4 for each panel. 
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Figure K2. Phytoplankton edible (<30 µm cell diameter) chlorophyll a concentrations (µg/L) 
from Days 0 to 41 in 587 L aquatic mesocosms exposed to experimental treatments. 
ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), ZM=zebra mussels (0.28 individuals/L), 
W=water renewal (one time, 70% of tank’s water volume), D=dispersal treatment (one time, 
zooplankton and macroinvertebrates). Presence of a treatment is represented by the (+) symbol 
and absence of a treatment is represented by the (–) symbol. Like characters within each panel 
represent samples collected from the same mesocosm over time. n=4 for each panel. 
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Figure K3. Periphyton total chlorophyll a concentrations (mg/m2) from Days 0 to 41 in 587 L 
aquatic mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 
mg/L a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s 
water volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence 
of a treatment is represented by the (+) symbol and absence of a treatment is represented by the  
(–) symbol. Like characters within each panel represent samples collected from the same 
mesocosm over time. n=4 for each panel. 
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Figure K4. Crustacean zooplankton species richness from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K5. Cladoceran zooplankton species richness from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K6. Large cladoceran zooplankton species richness from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 



 

149 

 

 
 
 

 
Figure K7. Small cladoceran zooplankton species richness from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K8. Copepod species richness from Days 0 to 35 in 587 L aquatic mesocosms exposed to 
experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), ZM=zebra mussels 
(0.28 individuals/L), W=water renewal (one time, 70% of tank’s water volume), D=dispersal 
treatment (one time, zooplankton and macroinvertebrates). Presence of a treatment is represented 
by the (+) symbol and absence of a treatment is represented by the (–) symbol. Like characters 
within each panel represent samples collected from the same mesocosm over time. n=4 for each 
panel. 
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Figure K9. Crustacean zooplankton total abundance from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K10. Cladoceran zooplankton total abundance from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K11. Large cladoceran zooplankton total abundance from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 



 

154 

 

 
Figure K12. Daphnia pulex/pulicaria abundance from Days 0 to 35 in 587 L aquatic mesocosms 
exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), 
ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K13. Sida crystallina abundance from Days 0 to 35 in 587 L aquatic mesocosms exposed 
to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), ZM=zebra 
mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water volume), 
D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a treatment is 
represented by the (+) symbol and absence of a treatment is represented by the (–) symbol. Like 
characters within each panel represent samples collected from the same mesocosm over time. n=4 
for each panel. 
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Figure K14. Small cladoceran zooplankton total abundance from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K15. Chydorus sphaericus abundance from Days 0 to 35 in 587 L aquatic mesocosms 
exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), 
ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K16. Ceriodaphnia lacustris abundance from Days 0 to 35 in 587 L aquatic mesocosms 
exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), 
ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K17. Scapheloberis mucronata abundance from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K18. Copepod total abundance from Days 0 to 35 in 587 L aquatic mesocosms exposed to 
experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), ZM=zebra mussels 
(0.28 individuals/L), W=water renewal (one time, 70% of tank’s water volume), D=dispersal 
treatment (one time, zooplankton and macroinvertebrates). Presence of a treatment is represented 
by the (+) symbol and absence of a treatment is represented by the (–) symbol. Like characters 
within each panel represent samples collected from the same mesocosm over time. n=4 for each 
panel. 
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Figure K19. Mesocyclops edax abundance from Days 0 to 35 in 587 L aquatic mesocosms 
exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), 
ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel.  
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Figure K20. Cyclops scutifer abundance from Days 0 to 35 in 587 L aquatic mesocosms exposed 
to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), ZM=zebra 
mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water volume), 
D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a treatment is 
represented by the (+) symbol and absence of a treatment is represented by the (–) symbol. Like 
characters within each panel represent samples collected from the same mesocosm over time. n=4 
for each panel.  
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Figure K21. Crustacean zooplankton species evenness (Evar) from Days 0 to 35 in 587 L aquatic 
mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L 
a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K22. Amphipod (Hyalella azteca) abundance in 587 L aquatic mesocosms exposed to 
experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), ZM=zebra mussels 
(0.28 individuals/L), W=water renewal (one time, 70% of tank’s water volume), D=dispersal 
treatment (one time, zooplankton and macroinvertebrates). Presence of a treatment is represented 
by the (+) symbol and absence of a treatment is represented by the (–) symbol. Like characters 
within each panel represent samples collected from the same mesocosm over time. n=4 for each 
panel. 
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Figure K23. Gastropod (Viviparus georgianus) survival in 587 L aquatic mesocosms exposed to 
experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), ZM=zebra mussels 
(0.28 individuals/L), W=water renewal (one time, 70% of tank’s water volume), D=dispersal 
treatment (one time, zooplankton and macroinvertebrates). Presence of a treatment is represented 
by the (+) symbol and absence of a treatment is represented by the (–) symbol. Like characters 
within each panel represent samples collected from the same mesocosm over time. n=4 for each 
panel. 



 

166 

 

 
Figure K24. Chironomid emergence rates from Days 7 to 42 in 587 L aquatic mesocosms 
exposed to experimental treatments. ZQ=Zequanox® treatment (one time, 100 mg/L a.i.), 
ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 70% of tank’s water 
volume), D=dispersal treatment (one time, zooplankton and macroinvertebrates). Presence of a 
treatment is represented by the (+) symbol and absence of a treatment is represented by the (–) 
symbol. Like characters within each panel represent samples collected from the same mesocosm 
over time. n=4 for each panel. 
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Figure K25. Percent mortality of zebra mussels (Dreissena polymorpha) over the course of 42 
days in 587 L aquatic mesocosms exposed to experimental treatments. ZQ=Zequanox® treatment 
(one time, 100 mg/L a.i.), ZM=zebra mussels (0.28 individuals/L), W=water renewal (one time, 
70% of tank’s water volume), D=dispersal treatment (one time, zooplankton and 
macroinvertebrates). Presence of a treatment is represented by the (+) symbol and absence of a 
treatment is represented by the (–) symbol. Like characters within each panel represent samples 
collected from the same mesocosm over time. n=4 for each panel.  




