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 This dissertation has two main objectives: first, quantify the effects of 

environmental conditions on spatio-temporal spawning and larval dynamics of zebra 

mussels (Dreissena polymorpha [Pallas 1771]) in Lake Texoma, and second, quantify 

the effects of environmental conditions on survival, growth, and reproduction of young of 

the year (YOY) juvenile zebra mussels. These biological responses directly influence 

population establishment success and invasive spread dynamics. 

Reproductive output of the zebra mussel population in Lake Texoma was 

significantly related to water temperature and lake elevation. Annual maximum larval 

(veliger) density decreased significantly indicating a population crash, which was likely 

caused by thermal stress and variability of lake elevation. In 2011, temperatures peaked 

at 34.3°C and lake elevation decreased to the lowest level recorded during the previous 

18 years, which desiccated a substantial number of settled mussels in littoral zones. 

Estimated mean date of first spawn in Lake Texoma was observed approximately 1.5 

months earlier than in Lake Erie, and peak veliger densities were observed two months 

earlier. Veligers were observed in the deepest oxygenated water after lake stratification. 

During a 69-day in situ experiment during summer in Lake Texoma, age-specific 

mortality of zebra mussels was generally high until temperatures decreased to 

approximately 28°C, which was observed after lake turnover in late summer. No study 

organism died after temperatures decreased to less than 26°C, which indicates 

 
 



individuals that survive high summer temperatures are likely to persist into 

autumn/winter. Shell length growth and soft tissue growth rates were related to 

temperature and chlorophyll-a concentration, respectively. Growth rates of study 

organisms were among the highest ever reported for D. polymorpha. 

Water temperature and body size influenced reproduction of YOY zebra mussels 

in Lake Texoma. Fecundity of females were positively related to temperature; however, 

sperm production was negatively related to temperature, which indicates males could 

be more sensitive to physiologically-stressful conditions than females and could perform 

better in cooler waters. YOY mussels spawned up to approximately 40,000 eggs and 

3.47E+08 sperm after a single-summer growing season. Reproductive effort and 

reproductive mass were independent of sex. YOY individuals from each study site (n = 

5) were able to spawn viable gametes capable of sperm binding and egg cleavage, 

which provides the first evidence that YOY zebra mussels can successfully reproduce. 

Individual mortality of zebra mussels will likely be high in warm waters and 

intermittent, extreme droughts, which are observed more frequently at lower latitudes, 

can significantly reduce population sizes. However, rapid growth and single-season 

maturation can decrease generation times and could facilitate establishment and spread 

of zebra mussels in warm-water environments in the southern United States. 
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CHAPTER 1 

INVASION ECOLOGY OF ZEBRA MUSSELS 

Invasion Ecology 

Invasive Species Definition 

 Discerning invasive and non-invasive species can be difficult (Colautti and 

MacIsaac 2004). Movement of organisms (i.e. immigration and emigration) is a natural 

mechanism for species distributions, metapopulation and metacommunity dynamics, 

biodiversity, and biotic interchange at different spatio-temporal scales (Vermeij 1991; 

Botkin 2001). However, the rate at which these events occur and the geographic areas 

of concern have increased as a result of anthropogenic activities (Elton 1958; Lodge 

1993; Williamson 1996).  

  “Invasive species” is a term that can be considered a misnomer because very 

few species are invasive everywhere they occur, fundamentally, they are invasive 

populations. Another difficulty associated with defining invasive species is using an 

appropriate temporal scale. For example, considering alterations to the environment, 

the arrival and subsequent impacts of humans in North America could be one of the 

most important invasions to have occurred (Lodge and Shrader-Frechette 2003). 

Therefore to discuss “invasive species,” the term must be defined. Although many 

definitions have been used, a concise definition of an invasive species, as found in 

Executive Order 13112, is “a non-native species that has a substantial negative human 

or environmental impact.” This definition allows inclusion of species regardless of how 

they were introduced (i.e. intentionally or unintentionally) and inherently reduces the 

temporal scale considered. 
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Impacts of Invasive Species 

 Impacts of invasive species can range from insignificant to ecosystem-altering 

(Strayer et al. 2006; Simberloff 2011). Direct effects of invasive species on humans are 

often economic in nature. It is estimated that the 50,000 known invasive species in the 

United States incur an estimated $120 billion in damages annually, of which, $2.2 billion 

are directly related to invasive mollusks (Pimentel et al. 2005). Indirect impacts of 

invasive species are much more difficult to quantify. Indirect impacts of invasive species 

on humans can occur through alterations in ecosystem functioning and ecosystem 

services, species extinctions and losses in biodiversity (Zhu et al. 2006; Pejchar and 

Mooney 2009; Sousa et al. 2011). If a monetary value could be assigned to losses in 

biodiversity and species extinctions, the total costs incurred by invasive species in the 

United States would be substantially higher than the estimated $120 billion (Pimentel et 

al. 2005). 

 Environmental effects of invasive species often occur through alterations of 

abiotic resources (e.g. nutrient cycling), physical habitat, trophic interactions, species 

abundances, or community composition (Vitousek 1990; Williamson 1996). In some 

cases, ecosystem-level impacts can be difficult to detect if invasions produce only 

subtle or delayed impacts (Simberloff 2011). Often, it is difficult to distinguish impacts of 

invasive species from other potential causes. This is especially difficult when impacts 

are subtle or when invading organisms have indirect impacts. Invasive species can 

benefit from and contribute to alterations in community or ecosystem properties. As 

such, invasive species have been referred to as “drivers,” “passengers,” and even 

“back-seat drivers” of ecosystem alterations (Bauer 2012). Impacts of the complex 
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interactions between invasives and the native environment are often exacerbated in 

previously-altered systems. For example, Strayer et al. (2004) found that invasive 

bivalves can impact native mussel populations and that these effects are exacerbated 

by habitat destruction/alteration and pollution. This is evident when considering 

threatened or endangered species which often result from ecosystem alterations. 

Invasive species impact approximately half of the endangered or threatened species 

currently listed under the United States Federal Endangered Species Act (Pimentel et 

al. 2005). 

 Biological invasions are a large-scale agent of global biodiversity loss and are a 

major contributor to biodiversity loss in freshwater ecosystems (Richter et al. 1997; 

Ricciardi and Rasmussen 1999; Dudgeon et al. 2006). High-impact invaders, those 

contributing to decreases in abundances of native species, comprise 11% of the total 

number of invaders in freshwater systems, compared to marine systems which are 

composed of only 4% high-impact invaders (Ricciardi and Kipp 2008; Ricciardi and 

MacIsaac 2011). 

Freshwater invasions are facilitated by the creation of artificial impoundments 

which reduce the mean distance to the nearest invaded water body by as much as 45%, 

which can facilitate regional spread of invasives (Johnson et al. 2008). Additionally, 

artificial impoundments are typically younger and often have less biotic resistance than 

natural lakes in part due to substantially less assembly time (Levine and D’Antonio 

1999). Invaded reservoirs can then function as invasion hubs for the secondary spread 

of freshwater invaders (Muirhead and MacIsaac 2005; Hulme 2006; Johnson et al. 

2008). It is likely invasion opportunities are enhanced in areas dominated by freshwater 
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lakes and impoundments (e.g. Dallas-Fort Worth metropolitan area) (Johnson et al. 

2008). 

 

Invasibility and Invasiveness 

 There are two questions central to invasion ecology: (1) what allows an 

environment to become invaded (invasibility), and (2) what species characteristics 

facilitate invasions (invasiveness) (Elton 1958; Lockwood et al. 2005; Colautti et al. 

2006). Accurate responses to these questions could help predict invasions and much 

research has focused on these topics (Vermeij 1996; Lonsdale 1999; Kolar and Lodge 

2001). However, these questions are difficult to answer because there are few accepted 

generalizations concerning the success of invasive species. Reasons include spatio-

temporal variability, variations among species interactions, and variations among 

interactions between species and the environment. Often, variations result in 

unpredictable outcomes (Marchetti et al. 2004; Sol et al. 2012). 

 In general, invasibility increases with the number of propagules and their 

frequency of introduction, anthropogenic activity, disturbance, and resource availability 

(Lockwood et al. 2005; Colautti et al. 2006). Invasiveness generally increases with the 

number of propagules released (i.e. fecundity or reproductive output) and niche/habitat 

similarity (Kolar and Lodge 2001; Colautti et al. 2006). Several life history traits are 

associated with successful aquatic invaders. Characteristics include history of invasion, 

high individual growth rate, vegetative reproduction in plants, rapid dispersal, wide 

physiological tolerances, and high fecundities in animals (Kolar and Lodge 2001; 
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Lockwood et al. 2005; Colautti et al. 2006). These traits are by no means required for a 

species to become invasive. 

 

Propagule Pressure 

 Extensive literature reviews and meta-analyses of successful and failed 

invasions across taxa and various spatial scales have revealed an element of the 

invasion process that could provide consistent explanatory power for invasion success 

(Lockwood et al. 2005; Colautti et al. 2006; Lodge et al. 2006; Carrasco et al. 2010). 

Successful invasions of non-native species are often positively correlated with both the 

number of introduced individuals (propagule size) and the frequency of introduction 

events (propagule number) (Williamson 1993; Kolar and Lodge 2001; Hayes and Barry 

2008; Ricciardi et al. 2011). These factors combined (propagule pressure) represent a 

quantitative measure of the number of individuals introduced into a non-native region 

over time (Carlton 1996; Blackburn and Duncan 2001). Increases in propagule pressure 

either spatially or temporally can enhance establishment probabilities through different 

mechanisms. An increase in propagule pressure spatially could increase the likelihood 

of finding suitable environmental conditions (Lockwood et al. 2005). An increase in 

propagule pressure temporally (i.e. increased frequency) could increase the genetic 

variation in the establishing population, increasing the likelihood of establishment 

(Ahlroth et al. 2003). Additionally, if propagule pressure is high, selection pressures 

could eliminate inferior propagules increasing the likelihood of transport survival and 

establishment in the receiving environment by superior propagules (Davis 2009). 

Propagule pressure was found to better predict establishment success than other 
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measured characteristics often associated with invasibility and invasiveness (e.g. native 

diversity/species abundance, native size range, or history of invasion success) (Kolar 

and Lodge 2001; Lockwood et al. 2005; Colautti et al. 2006). Consideration of 

propagule pressure has explained significant variation in establishment success across 

a broad selection of taxonomic groups (e.g. insects, birds, and mammals) (Crowell 

1973; Duncan 1997; Ahlroth et al. 2003). Propagule pressure, therefore, can be used to 

help predict establishment success of non-native species (Lockwood et al. 2005). 

 

Invasion Cycle 

 The biological invasion process mirrors that of natural species redistribution with 

a progression through several major steps, or transitions: transportation to non-native 

environment, introduction into non-native environment, establishment and persistence, 

and subsequent spread to other areas (Lockwood et al. 2007). Dispersing organisms 

are subjected to barriers at each step of the invasion process. For example, a transport 

vector must be available for the propagule to relocate to a novel environment. 

Conditions during transport can reduce survival of dispersing individuals. Biotic 

interactions occurring after introduction into a novel environment (i.e. biotic resistance) 

often reduce the number of arriving organisms that successfully reproduce (Lockwood 

et al. 2007). Dispersing species progress through the steps and barriers at different 

rates. Duration for moving through the process is related to species traits and 

environmental conditions. It is probable that traits contributing to invasibility of a species 

will be differentially important for successfully passing through successive barriers 

during the process (Kolar and Lodge 2001). For example, “periodic” life history traits 
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(e.g. high fecundity and low survivorship) can increase the number of donor propagules 

entrained in a transport vector but could reduce the number of individuals that survive in 

the novel environment due to fecundity/survivorship trade-offs (Winemiller 2005). 

 

Transport 

 For an invasion to occur, propagules must be transported or find a means to 

move to a novel environment. Transported propagules must be able to survive the 

transport process and arrive in the receiving environment with the capability of 

reproducing viable offspring. It has been suggested that most organisms either fail to 

become entrained in a transport vector or die during transport (Kolar and Lodge 2001). 

There are many anthropogenically-mediated transport vectors utilized by invasive 

species (Carlton 1996). Anthropogenic transport of organisms can be considered either 

intentional or accidental. Invasive plants are often introduced intentionally via 

anthropogenic means because of their aesthetic, ornamental appeal. For example, 

numerous angiosperms have been transported worldwide and their species richness is 

highly correlated with human population (Davis 2009). Invasive freshwater species are 

transported accidentally in vessel bilges or ballasts. For example, Carlton (1993) 

suggested dreissenid mussels were transported to North America accidentally in 

ballasts of trans-Atlantic vessels. Terrestrial organisms also can be transported 

accidentally on vessels (brown tree snake in Guam; Fritts and Rodda 1998) or 

introduced intentionally for pest control (Kimberling 2004). Transport can be facilitated 

by natural, non-anthropogenic dispersal after environmental disturbance or alteration as 

exemplified by the mountain pine beetle (Dendroctonus ponderosae) in Colorado after 
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consecutive warm winters, whereas cold winters usually limit their northern distribution 

(Chapman et al. 2012). 

 

Introduction 

 For the invasion process to continue, transported propagules must be introduced 

into the receiving environment. Although this could seem to be solely an extension of 

transportation, this discrete step has unique and distinct properties. Transported 

propagules could fail to be introduced into the novel environment. Examples of failed 

introductions include treatment of ballast water at destination prior to water discharge 

and removal of aquatic nuisance species from boats and trailers at a non-impacted 

water body but before launching boat (MacIsaac et al. 2002; Rothlisberger at al. 2010). 

Although this is difficult to document in nature, it can be extremely important and offers 

a potential controlling point for invasives (Lockwood et al. 2007). 

 

Establishment 

 Propagules that survive transportation and are introduced into the receiving 

environment could be subjected to novel selection pressures including biotic 

interactions with native and other non-native species and physicochemical 

environmental conditions which could influence species establishment (Lockwood et al. 

2007). To establish a population introduced propagules must survive long enough to 

reproduce in the novel environment. However, it is likely most propagules in invasion 

events perish before they are able to reproduce (the oft-debated tens rule estimates 

only 10% of propagules survive each step; Williamson 1996). This presents a 
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population bottleneck for most invasions that is related to the minimum viable population 

size of the invading species and potential Allee effects (Leung et al. 2004). Allee effects 

describe a reduction in population size at low population densities. Allee effects can be 

overcome by increasing propagule size or frequency of introductions (Lockwood et al. 

2007). Establishment can be facilitated by repetitive introductions into the receiving 

environment from source populations, or recruitment of conspecific juveniles produced 

by establishing invaders occurring in the novel environment. Establishment of an 

invasive population requires successful reproduction and development of viable 

offspring. Therefore, it is critical for YOY organisms to survive to maturity and reproduce 

in the receiving environment. Once the invading population has grown to a size where 

localized extirpation is unlikely, it is considered established and is likely to persist for the 

near future (Davis 2009). 

 

Spread and Impacts 

 Impacts of invasive species occur during the step after establishment (i.e. 

spread). Extent of invasive impacts depends on characteristics of the introduced 

population (e.g. fecundity, generation time, survivorship, and population size trajectory) 

and its interactions with the invaded environment (e.g. resource availability/stability, 

species interactions, and disturbance regime) (Winemiller 2005; Colautti et al. 2006; 

Lockwood et al. 2007). Impacts of an established invasive population often depend on 

the spatial or temporal scale considered. Severity of impacts can be positively 

correlated with the spatial extent of the range of an invasive species (i.e. local or 

regional; Lockwood et al. 2007). Invasive impacts can be immediate or delayed for 
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years or even decades (Crooks and Soule 1996; Gasso et al. 2010). Considering long-

term rates of anthropogenically-mediated introductions, it is likely many environments 

already have been invaded. Although not yet detected or having invasive impacts, there 

is a potential for deleterious effects (Essl et al. 2011). Some studies found a facilitative 

interaction between established invasives and non-native species entering the 

environment (i.e. invasional meltdown; Simberloff and Von Holle 1999; Lizarralde et al. 

2004). It is possible for an established invasive population to generate donor propagules 

that subsequently spread to receiving environments (Muirhead and MacIsaac 2005). 

Donating environments can exacerbate regional spread resulting in saltatory, viral 

spread patterns, which have been observed for other invasive species, especially in 

aquatic systems (Carlton 1996; Johnson and Carlton 1996). 

 

Zebra Mussel Background 

Zebra Mussels as Study Organisms for Invasion Ecology 

 The zebra mussel has been described as an “iconic alien species” due to 

unprecedented spread, rapid population establishment, and widespread impacts after 

introduction into the United States in the 1980s (Strayer 2009). Species traits of D. 

polymorpha facilitate the study of the invasion cycle, especially dispersal, propagule 

pressure, and spread (Johnson and Padilla 1996). Traits that increase invasiveness of 

zebra mussels include generation of planktonic larvae, rapid dispersal capabilities, 

resistance to desiccation, adaptability to a broad range of environments, high 

fecundities, short generation times, high individual growth rates, and retention of byssal 

apparatus. Invasive characteristics of this species have been studied for many decades 
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on three continents yielding a robust body of scientific literature (Strayer 2009; Higgins 

and Vander Zanden 2010). D. polymorpha can spread rapidly on a continental scale 

often jumping hundreds of miles from an established population into non-infested 

waters. Generation of planktonic larvae, which is a trait conserved from life in marine 

environments, and resistance to desiccation by adults facilitated the unprecedented 

spread of zebra mussels in North America (Korschelt 1891; Bayne 1976; Carlton 1993; 

Ram and McMahon, 1996). Zebra mussels, similar to many other successful invasive 

species, can adapt to new environments and have measurable genetic variance (e.g. 

mean heterozygosity 27.0-43.5% for zebra mussels) for traits that enhance 

invasiveness concomitantly increasing the likelihood of establishment and 

environmental and economic impacts (Marsden et al. 1995; Lee 2002; Dormontt et al. 

2011). Zebra mussels have high fecundities which could increase potential propagule 

pressure (Mackie et al. 1989). 

 There are extreme environmental and economic impacts associated with zebra 

mussels (Ludyanskiy et al. 1993). Large zebra mussel populations are capable of 

removing substantial quantities of phytoplankton and other resources from food webs 

often resulting in alterations of species abundances or community composition (Higgins 

and Vander Zanden 2010). Retention of a byssus, which is unique to Dreissenidae 

among freshwater bivalves, affords zebra mussels tenacious attachment to various 

types of substrates, often forming large sessile clumps that can clog water pipes, block 

intake screens, foul water-production and power plant infrastructure, and impede native 

mussel foraging (Lewandowski 1976; Mackie 1991; Ackerman et al. 1993; Kilgour and 

Mackie 1993). Impacts associated with large, stable populations of D. polymorpha can 

11 



 

be unavoidable because there are no environmentally-safe, large-scale eradication 

methods available. 

 Production of planktonic larvae (i.e. veligers) by freshwater mussels is unique to 

the order Veneroidea (Dillon 2000). Veliger production by zebra mussels is often prolific 

and in some areas veligers are the dominant summer zooplankton (Winkler et al. 2005). 

Veligers can disperse quickly from reproducing populations and have the capability of 

colonizing distant novel patches. Mackie and Schloesser (1996) suggest planktonic 

veligers are one of the most effective natural dispersal mechanisms with a potential for 

intracontinental dispersal via downstream transport. In lentic systems, zebra mussel 

larval dispersal rates can be enhanced by wind patterns (Lewandowski 1982a). 

Dispersal of zebra mussel larvae occurs independently of host species in the 

community and is more efficient than glochidial dispersal in terms of individual survival 

(Mackie 1991). Retention of a veliger larval stage by the zebra mussel imparts distinct 

dispersal and colonization advantages over native freshwater bivalves and allows for 

rapid population growth after introduction (Korschelt 1891). 

 Early life stages are the most sensitive for many aquatic organisms, which 

indicates early developmental stages are critical for population persistence and 

continued spread of invasives (Thorson 1950; Barton 1993; Mackie and Kilgour 1995). 

Supply and recruitment of early life-stage zebra mussels, which directly impact and are 

impacted by propagule pressure, are important events mediating dispersal, spread, and 

establishment dynamics (Martel et al. 1994; Lockwood et al. 2005). This indicates 

research targeted towards the early life stages of zebra mussels could yield important 

information regarding population and spread dynamics, distribution potential, 
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subsequent biofouling potential, and could assist in developing control programs and 

risk assessments for environments in the southern United States. 

 

Continental Spread of Zebra Mussels 

 Zebra mussels were first discovered in the United States in Lake St. Clair on 

June 1, 1988 in a sediment ponar grab (Hebert et al. 1989). It is believed that zebra 

mussels were transported from Eurasia to the United States via vessel ballast water and 

became established in the United States in 1986 (Griffiths et al. 1991; Carlton 1993). 

There were at least two source populations of zebra mussels that contributed 

propagules to North America with one source most likely on the northern shore of the 

Black Sea (McMahon 1996; Stepien et al. 2002). Each invading population most likely 

was composed of large numbers of individuals (i.e. large propagule size) (Spidle et al. 

1994). Potential genetic variability across two separate founding populations combined 

with large propagule sizes could have facilitated zebra mussel establishment in North 

America. 

 Overland transport of zebra mussel adults, juveniles, or larvae could be 

responsible for the rapid interbasin spread of zebra mussels in the United States 

(Carlton 1993). Veliger, juvenile, and adult zebra mussels can be transported by at least 

20 distinct human-mediated mechanisms (Carlton 1993). Microscopic veligers can be 

introduced into non-impacted water bodies via vessel bilge water, ballast water, live 

wells, or cooling systems (Ram and McMahon 1996). Zebra mussel adults and juveniles 

can be transported by attachment to boat hulls, out drives, trailers, and other 

submerged equipment facilitating transport and introduction into non-infested water 
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bodies far removed from their current distribution (Carlton 1993). Additionally, 

downstream transport of larvae increases the rate of zebra mussel spread throughout 

regions where they have become established (Horvath and Lamberti 1999). 

 After introduction into North America, physicochemical adaptability, rapid 

dispersal methods, prolific reproductive capacity, and other life history characteristics 

have enabled zebra mussels to establish populations under differing environmental 

conditions across much of the eastern part of the United States (Carlton 1993; Mackie 

1993; Dormontt et al. 2011; Benson 2013). Spread of zebra mussels throughout the 

Great Lakes region, especially Lake Erie, is unusually successful when compared to 

European invasions (Griffiths et al. 1991; Ramcharan et al. 1992a). In the Laurentian 

Great Lakes region, zebra mussel distribution is correlated with the distance to the 

nearest invaded lake (i.e. propagule source; Bossenbroek et al. 2001). Rapid spread of 

zebra mussels throughout this region could be related to the quantity of, and proximity 

to, invasion hubs. Zebra mussels have spread also southward through the Mississippi 

River and have also colonized parts of the Arkansas and Ohio River valleys. West of the 

100th meridian, zebra mussels have been introduced into Colorado, Utah, and 

California (Benson 2013). 

 Several models have been developed to predict or assess potential zebra mussel 

distribution in the southern and western United States (Strayer 2009). A model based 

on the movement of recreational boaters predicted a low probability of zebra mussel 

introduction west of the 100th meridian in the United States (Bossenbroek et al. 2007). 

An alternate model using a learning algorithm for nonparametric prediction of species 

distributions also predicted a low risk of zebra mussel invasions in the Western United 
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States (Drake and Bossenbroek 2004). However, a calcium-based risk assessment 

contradicts these predictions. Whittier et al. (2008) predicted a very high risk of zebra 

mussel invasion in approximately 59% of the United States. This model places the 

majority of the southwest United States, including most of Texas, in a “very high risk” 

category for zebra mussel invasion. Others predict a dire situation stating zebra mussel 

population range could extend eventually from Canada to the USA-Mexico border 

(Strayer 1991). However, it remains difficult to predict successful invasions on a large 

spatial scale due to a myriad of confounding factors (e.g. unpredictable boater activity, 

Allee effects, phenotypic plasticity, genetic variability, location-specific biotic 

interactions, and spatio-temporal variability in propagule pressure) (Holdgate 1986; 

Leung et al. 2004; Lockwood et al. 2005; Richards et al. 2006; Hayes and Barry 2008). 

Overall difficulty of predicting successful invasions and the current contradicting 

distribution models underscore the need for further research targeted towards 

elucidating the effects of surface waters of the southern United States on the potential 

distribution of zebra mussels. 

  

Impacts of Zebra Mussels 

 The ability to invade and foul water intake systems results in substantial 

economic costs associated with repair of infested infrastructure and control of zebra 

mussels in invaded systems. United States Department of Defense spent an estimated 

$3 million on zebra mussel control in 1999 (United States General Accounting Office 

2000). Between 1989 and 1995, 339 facilities in the United States reported a total zebra 

mussel-related expenditure of over $69 million (O’Neill 1997). Electric power generation 
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plants and water treatment facilities comprised over 82% ($56.7 million) of the total 

expenses. A more recent study estimates the annual cost associated with zebra mussel 

infestations through direct damages and control measures is $1 billion (Pimentel et al. 

2005). 

 Zebra mussels can alter both abiotic and biotic portions of ecosystems over 

multiple spatio-temporal scales (Strayer 2009; Higgins and Vander Zanden 2010). A 

meta-analysis of North American and European data found that zebra mussels shift 

energy flow from the pelagic-profundal to the benthic-littoral pathways (Higgins and 

Vander Zanden 2010). This energy shift can have long-term effects on higher levels of 

ecological organization (e.g. community or ecosystem). Zebra mussels impact 

established biota through several distinct mechanisms. For example, zebra mussels 

filter large quantities of water with clearance rates as high as 0.4 L/mussel/h (Wu et al. 

2010). Zebra mussels are able to remove substantial quantities of plankton and 

nutrients out of the water column and can displace native mussels by outcompeting 

them for these resources sometimes threatening extinction of endemic mussel species 

(Gillis and Mackie 1994; Karatayev et al. 1997; Schloesser et al. 1997). Due to 

substantial removal of phytoplankton and algae during foraging, large populations of 

zebra mussels can cause increased water clarity in lentic systems, often resulting in 

increased macrophyte growth and altered benthic community composition (Griffiths 

1993; Zhu et al. 2006). Feeding tenacity of zebra mussels also results in 

bioaccumulation of chemicals and pollutants. As such, researchers have utilized zebra 

mussels as bioindicators of contaminants (Lafontaine et al. 2000). Although zebra 

mussels consume environmental contaminants, they are able to selectively reject 
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certain microorganisms and other food particles that contain certain toxins (Ten Winkel 

and Davids 1982). During selective foraging, zebra mussels can reject certain species 

of cyanobacteria that produce microcystin (e.g. Microcystis spp.), which can increase 

local cyanobacteria populations (Vanderploeg et al. 2001; Sarnelle et al. 2005). Late-

stage zebra mussel larvae utilize proteinaceous byssal threads to attach to substrate. 

Lewandowski (1976) found that zebra mussels will settle preferentially on living 

bivalves. As a result, settled zebra mussels can obstruct foraging of older mussels, 

including conspecifics, by obstructing valve movements, which can cause death of the 

established organism (Bogan 1993; Gillis and Mackie 1994). High levels of settlement 

and recruitment of zebra mussels on shells of native unionids could contribute to local 

extirpations, extinctions, or reductions in biodiversity (Schloesser et al. 1996; Dudgeon 

et al. 2006; Strayer and Dudgeon 2010). Although many of these impacts were 

observed domestically, it is important to note that D. polymorpha had similar impacts on 

European waters after spread during the late 19th and early 20th centuries (Kinzelbach 

1992; Karatayev et al. 1998). Due to negative effects on both the biotic and abiotic 

portions of ecosystems, the International Union for Conservation of Nature listed the 

zebra mussel as one of the world’s worst invasive species (International Union for 

Conservation of Nature 2013). 

 

Control of Zebra Mussels 

 In North America, there are few native zebra mussel predators. Some examples 

include fish (e.g. freshwater drum, yellow perch, round goby, sturgeon, and common 

carp) and diving ducks (Morrison et al. 1997; Kirk et al. 2001; Ng et al. 2008). Of the fish 
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predators, only the freshwater drum could be considered a true molluscivore, utilizing 

molariform pharyngeal teeth to crush bivalve shells (Kirk et al. 2001). A dearth of natural 

biological control options has encouraged the development of various artificial control 

methods. As a result, many different anthropogenic zebra mussel control methods have 

been implemented with varying degrees of success. Artificial control methods include 

thermal treatments, specialized coatings, physical barriers, manual or mechanical 

removal, chemical addition (e.g. chlorination and molluscicides), UV radiation, ultrasonic 

vibrations, and toxin-containing microcapsules (Claudi and Evans 1993; McMahon and 

Ussery 1995; Lewis et al. 1997; O’Neill 1997; Putchakayala and Ram 2000; Sprecher 

and Getsinger 2000; Aldridge et al. 2006; Wimbush et al. 2009; Schaefer et al. 2010; 

Britton and Dingman, 2011). Control methods for zebra mussels can depend on local 

conditions and are often selected on a case-by-case basis with most methods being 

more effective on younger populations (Claudi and Evans 1993; Sprecher and 

Getsinger 2000). Often, the most successful zebra mussel control strategy utilizes more 

than one control method in a holistic program designed to target multiple life stages 

(Claudi and Evans 1993). 

 A large-scale, environmentally-safe eradication method for zebra mussel 

populations has not yet been developed. Only one known eradication attempt on an 

established zebra mussel population has been successful in the United States 

(Millbrook Quarry, Virginia; D. K. Britton, pers. commun.). Millbrook Quarry in Virginia is 

a 6.8 105 m3 quarry used recently only for recreational SCUBA diving. It is separated 

from other surface waters by a 61-91 m-wide berm. The zebra mussel population 

discovered in 2002 was eradicated by use of 100 ppm KCl throughout the water column 
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(Virginia Department of Game and Inland Fisheries 2005). Isolation from other surface 

waters reduced non-target environmental impacts of the treatment and facilitated 

treatment by increasing exposure duration (Virginia Department of Game and Inland 

Fisheries 2005). 

 

Zebra Mussel Biology 

Life Cycle 

 Zebra mussels have a complex life cycle composed of two distinct life stages; 

planktonic larvae and sessile adult (Blockmann 1891; Korschelt 1891). Stages are 

separated by a metamorphosis that occurs shortly after post-larval settlement. The 

larval stage is composed of two major substages; lecithotrophic and planktotrophic. 

Early lecithotrophic stage begins at fertilization (size range 75-90 µm). Mussels in this 

stage lack a shell and utilize internal nourishment supplies provided by the yolk (Nichols 

1993). Trocophores (85-100 µm) are the major morphological phase during this stage. 

Duration of the lecithotrophic phase is inversely related to temperature and is 

approximately two days at 18-24°C, three days at 15°C, and four days at 12°C (Sprung 

1987). Before the end of the lecithotrophic stage, larvae begin to sequester calcium for 

shell development (Spring 1993). Lecithotrophic stage ends when larvae reach the D-

shaped stage (Sprung 1987). D-shaped mussels (i.e. straight-hinged stage) have shell 

lengths ranging from 80 to 125 µm. During the planktotrophic phase, larvae rely on 

external food supplies (Nichols 1993; Sprung 1993). During this stage, larvae use a 

ciliated velum to feed and swim. After development of an umbo, veligers enter the 

umbonal stage. Umbonal mussels have shell lengths ranging from 125 to 230 µm. 
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When planktonic larvae mature and environmental conditions are favorable, they enter 

the pediveliger stage and prepare to settle on a suitable substrate (Dillon 2000). 

Pediveligers represent the final larval phase (Ackerman et al. 1994). Duration of the 

planktotrophic stage is inversely related to temperature with warmer temperatures 

reducing development times (Sprung 1987). Mean age at this life stage is 18-37 days at 

20°C (Sprung 1989). Developing pediveligers (usually 230-460 µm in shell length and 3-

5 weeks of age) will secrete proteinaceous byssal threads to attach to suitable substrate 

(Mellina and Rasmussen 1994; Nichols 1996). Byssal apparatuses are composed of 

temporary and permanent proteinaceous threads. One to six temporary threads are 

secreted separately from permanent threads and are often the primary attachment 

vector for settling veligers (Eckroat et al. 1993). Permanent threads comprise the 

majority of the byssal mass, are secreted in larger clumps, and are used secondarily to 

create a more rigid attachment to substrate (Eckroat et al. 1993). Suitable substrate is 

required for zebra mussel settlement, metamorphosis, and survival to the juvenile stage 

(Lewandowski 1982b; Sprung 1989). High larval mortality has been associated with the 

absence of suitable substrate (Nalepa et al. 1995; Strayer et al. 1996). Mackie (1993) 

found that zebra mussel post-veligers differentially settle and could prefer conspecific or 

unionid shells. It is possible, although rare, for pediveligers to attach to very fine 

particles (e.g. sand or silt). Veligers that settle on fine particles can serve as attachment 

sites for future settlers acting as a nucleus for a clump of settled zebra mussels (i.e. 

druse; Berkman et al. 1998). Veligers also are able to settle first on a filamentous 

material then move to a hard substrate (Stanczykowska 1978). After byssal attachment, 

pediveligers undergo metamorphosis yielding the plantigrade stage (Ackerman et al. 
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1994). During metamorphosis, shell allometry shifts to favor the triangular 

heteromyarian form (Mackie 1993; Morton 1993). 

 Overall larval development time is related to temperature, food quantity, and 

other environmental variables and varies from 1-9 weeks in lentic systems (Martel et al. 

1995). Other studies have found that mean development time from fertilization to 

settlement is greater than 17.6 days but can be less than one month (Stanczykowska 

1977; Stoeckel et al. 1997). Larval development duration can influence colonization 

potential in lotic systems. For example, during a one week larval development period 

and a mean water velocity of 0.2 m/s, a zebra mussel veliger could travel up to 121 km 

before settlement. A 17.6-day developmental period would allow a larva to travel up to 

304 km under similar flow conditions. Zebra mussel larvae will colonize areas with water 

velocities up to 2 m/s (Mothes 1964). Water processing facilities using high current 

velocities could deter zebra mussel infestations through alteration or prevention of 

settlement dynamics (Clarke 1952). Water velocities in streams and creeks could cause 

substantial shearing stress on veligers leading to high mortality rates in some lotic 

conditions (Horvath and Lamberti 1999). 

 Because of the wide spectrum of freshwater environments inhabited by this 

species, it is expected that zebra mussel veligers would be tolerant to broad 

environmental conditions (Stanczykowska 1977). However, mortality rates of over 99% 

under field conditions are common (Sprung 1989). High levels of larval mortality are, in 

part, a result of unsuitable temperatures, other unfavorable environmental conditions, 

lack of suitable substrate, and ingestion by conspecific adults (MacIsaac et al. 1991; 

Nalepa et al. 1995; Strayer et al. 1996). 
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 After settlement and metamorphosis, the juvenile shell is developed which can 

provide suitable substrate for future conspecific colonizers (Beekey et al. 2004). After 

the juvenile stage begins, developing organisms morphologically resemble adults 

(Ackerman et al. 1994). Developing juveniles can detach from the substrate and move 

using their foot and byssal threads (Mackie et al. 1989; Martel 1993; Ackerman et al. 

1994; Mackie and Schloesser 1996). Duration of the juvenile stage is influenced by 

temperature and food resources and, as a result, is highly variable (Ackerman et al. 

1994). Jantz and Neumann (1998) found that juvenile YOY zebra mussels in the Rhine 

River can spawn after a single-summer growing season. High juvenile growth rates and 

maturation can reduce generation times and could influence rates of establishment and 

spread (Lockwood et al. 2007). 

 

Life History, Reproduction, and Phenology 

 European studies found that zebra mussels attain reproductive maturity during 

their second year of life when shell lengths reach 8-9 mm (Morton 1969). However, in 

zebra mussel populations in North America, individuals can reach sexual maturity in 

their first year of life (Mackie and Schloesser 1996). One North American study found 

that only 10-15% of zebra mussels reach sexual maturity at a ventral shell length of 2-3 

mm, with most reaching maturity at a ventral shell length of 6-8 mm (Mackie 1991). Of a 

small sample of 5-10 mm zebra mussels collected in Lake Erie in 1989, 75% were 

sexually mature (Mackie 1993). 

 The reproductive cycle of zebra mussels is synchronized in populations and is 

influenced by both endogenous (energy reserve cycles and serotonin activation) and 
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exogenous factors (abiotic and biotic environmental conditions) (Borcherding 1991; 

Ram et al. 1996; Gosling 2003). Reproductive synchrony of this gregarious, externally-

reproducing species increases the probability of successful fertilization (Sprung 1993). 

The reproductive cycle follows annual patterns that are closely related to environmental 

conditions (Gosling 2003). 

 Gametogenesis begins typically in autumn after settlement and initial growth 

(Antheunisse 1963; Stanczykowska 1977). Gametogenesis slows, perhaps halting, 

during the coldest period of the year then resumes quickly upon increases of 

temperature and food availability in spring (Morton 1969; Mackie 1993; Pathy 1994). 

Zebra mussels are gonochoric with equilibrated sex ratios (estimates from 1:1 to 3:2 

females:males) in a population (Stanczykowska 1977; Ram et al. 1996; Orlova 2002).

 Zebra mussel spawning is initiated when environmental conditions are favorable 

and often occurs during distinct synchronous events (Haag and Garton 1992; Mackie 

1993). Environmental factors that have been documented to influence spawning in 

zebra mussels include temperature, salinity, food availability, and the presence of 

contaminants or toxins (Sprung 1987; Ram et al. 1993; Fong et al. 1995; Palais et al. 

2011). Stanczykowska (1977) reported temperature is the most important factor for 

triggering spawning in zebra mussels. Zebra mussel spawning in spring occurs when 

ambient water temperature reaches a critical minimum threshold of 16-19°C (Walz 

1973; Borcherding 1991; Sprung 1989). As the temperature threshold is reached, eggs 

and sperm are released into the water column where fertilization occurs. In most 

temperate regions in Europe and North America, including North Texas, water 

temperatures allow an early spring spawn (often In May) followed by a summer growth 
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period of sufficient duration for gametogenesis to occur (Mackie 1993). Under these 

conditions, two distinct annual spawning events occur (spring and autumn) (Walz 1973; 

Ellis 1978; Sprung 1989). In Lake Texoma, bivoltine spawning occurs typically at two 

distinct temperatures with the spring spawn occurring at a lower ambient temperature 

(Churchill 2013). In spring 2010, zebra mussel spawning in Lake Texoma occurred 

when water temperatures increased to 17°C. A second spawn occurred when early-

autumn water temperatures decreased to 24°C. Ram et al. (1996) found that spawning 

under laboratory conditions can continue throughout the year in areas where water 

temperatures remain greater than 12°C. 

 Zebra mussels have high levels of fecundity, with females producing up to 1.7 

million oocytes annually (Neumann et al. 1993). High fecundity assists zebra mussels in 

achieving exponential population growth in newly colonized areas (McMahon 2002) and 

can explain high densities (1,700,000/m2; Stanczykowska and Lewandowski 1993) 

associated with established populations. High fecundity also can allow more rapid 

adaptation to otherwise hostile environmental conditions. 

 The life span of zebra mussels is variable and populations generally can be 

categorized into two groups: slow or fast growing (Mackie 1993). Zebra mussels found 

in North America are reported to have similar growth rates to organisms found in Britain 

(Mackie et al. 1989). Populations in these areas are considered to be fast growing with 

growth rates of 20 mm/year. Zebra mussel populations in North America are composed 

of small adults (mostly less than 30 mm shell length) and short life spans (two years) 

(Mackie 1993). In contrast, most mussels in European populations have slower growth 
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rates, larger adult body size (maximum shell lengths greater than 40 mm), and longer 

life spans ranging from 3-9 years (Mikheev 1964; Morton 1969). 

 

Salient Environmental Parameters that Affect Survival, Growth, and Reproduction of 

Zebra Mussels 

 There are many abiotic and biotic factors that affect survival, growth, and 

reproduction of zebra mussels (see Table 1.1 for a summary of key factors). Generally, 

tolerance ranges of juveniles and adults are similar, whereas larvae can be more 

sensitive to environmental extremes. Salient factors affecting zebra mussels include 

water temperature, dissolved oxygen concentration, pH, calcium, salinity, food 

availability, variability of lake levels, physicochemical stratification characteristics, 

internal energy reserve cycles, and serotonin-mediated spawning activation. 

 

Temperature 

 McMahon (1996) and Karatayev et al. (1998) determined temperature is an 

important abiotic variable affecting zebra mussel survival, metabolism, growth, life 

history, reproduction, and distribution. Temperature also influences effects of other 

environmental factors (e.g. dissolved oxygen and pH). Temperature can have 

differential effects on zebra mussel life stages creating slightly different thermal 

tolerance limits for larvae and for juveniles and adults. Adult zebra mussels can survive 

in water with temperatures ranging from slightly greater than freezing to 30°C (Iwanyzki 

and McCauley 1993). Dense populations are associated frequently with water 

temperatures ranging from 14 to 28°C with the most successful populations occurring in 
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Table 1.1  Salient environmental parameters affecting survival, growth, and reproduction of zebra mussels 
 

Parameter Parameter value 
for survival 

Effects on 
survival 

Effects on 
growth 

Effects on 
reproduction 

References 

Temperature Upper: 30-32°C Survival 
decreases with 
temperatures 
greater than 
28°C 

SL growth 
increases with 
temperatures 
less than 28°C 

Gametogenesis 
inhibited at 
temperatures 
greater than 
30°C 

Tourari et al. 1988 
Iwanyzki and McCauley 1993 
Matthews and McMahon 1999 
Morse 2009 

 Lower: 
approximately 
0°C 

Survival 
possible in iced-
over water 
bodies during 
winter and can 
be more than 
48h at 0°C 

SL growth is 
reduced at 
temperatures 
less than 10°C 

Gamete 
maturation 
inhibited at 
temperatures 
less than 12°C 

Nichols 1993 
McMahon 1996 
Karatayev et al. 1998 

Dissolved 
oxygen 

Lower: 4 mg/L Survival not 
possible during 
chronic 
exposure to less 
than 4 mg/L 

SL growth 
increases with 
dissolved 
oxygen 
concentrations 
greater than 4 
mg/L 

Rearing success 
decreases with 
dissolved 
oxygen 
concentrations 
less than 20% 
saturation 

Stanczykowska 1977 
Sprung 1987 
Caraco et al. 2000 
Cohen and Weinstein 2001 

pH Upper: 9.4 Larval survival 
not possible at 
pH greater than 
9.4 

Maximum SL 
growth occurs at 
pH less than 8.5 

Fertilization not 
possible at pH 
greater than 9.4 

Sprung 1987 
Ramcharan et al. 1992a 

 Lower: 7.4 At pH less than 
6.9, net efflux 
results in 
calcium loss to 
the environment  

Maximum SL 
growth occurs at 
pH greater than 
8.0 

Fertilization not 
possible at pH 
less than 7.4 

Sprung 1987 
Hincks and Mackie 1997 
Cohen and Weinstein 2001 
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Table 1.1  continued 

Parameter Parameter value 
for survival 

Effects on 
survival 

Effects on 
growth 

Effects on 
reproduction 

References 

Calcium Lower: 20 mg/L Survival 
decreases at 
concentrations 
less than 20 
mg/L, larvae 
require 25-30 
mg/L 

Shell 
development 
reduced at 
concentrations 
less than 20 
mg/L, SL growth 
increases from 
20 to 40 mg/L 

Embryonic cell 
adhesion 
disrupted at 
concentrations 
less than 12 
mg/L 

Sprung 1987 
Hincks and Mackie 1997 

Salinity Upper: 10 ppt Survival up to 10 
ppt possible with 
gradual 
acclimation (less 
than 1 ppt/day) 

Maximum SL 
growth occurs at 
1 ppt 

Salinities greater 
than 7.0 ppt 
reduce 
fertilization 
success 

Kilgour et al. 1994 
Fong et al. 1995 
Wright et al. 1996 
Karatayev et al. 1998 

Chlorophyll-a Lower: unknown Survival reduced 
in oligotrophic 
waters 

SL growth 
decreases 
below 7.4 µg/L 

Spawning 
delayed at 
concentrations 
less than 5 µg/L 

Dorgelo 1993 
Fanslow et al. 1995 
Jantz and Neumann 1998 

 

Upper: unknown Survival reduced 
in 
hypereutrophic 
waters 

Maximum SL 
growth occurs 
between 40 and 
60 µg/L 

Internal energy 
reserve cycle 
likely disrupted 
in 
hypereutrophic 
waters 

Dorgelo 1993 
Jantz and Neumann 1998 

SL shell length 
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waters ranging from 20 to 26°C (Mackie and Claudi 2009; Wu et al. 2010). Zebra 

mussel adults exhibit higher thermal maxima after prolonged acclimation to increased 

ambient temperatures (McMahon and Ussery 1995). However, in a laboratory study, 

Aldridge et al. (1995) found that adult zebra mussels rely on stored internal energy 

resources at temperatures higher than 28°C because of increased metabolism and 

decreased feeding rates. It has been well documented that water temperature directly 

affects zebra mussel spawning behavior, gametogenesis, and reproductive phenology 

(Stanczykowska 1977; Sprung 1987; Borcherding 1991; Nichols 1993; Ram et al. 1996; 

Tourari et al. 1998). It was originally thought that water bodies in the southern United 

States exceeded the upper thermal tolerance limits for zebra mussel reproduction and 

survival (McMahon 1996). However, McMahon (1996), Thorp et al. (1998), and Morse 

(2009) found that thermally-stressful environments in water bodies at lower latitudes in 

the United States are associated with increased thermal tolerance of zebra mussel 

populations. 

 Zebra mussel veligers tolerate a narrower temperature range than adults (10-

26°C vs. 0-32°C for adults). Constrained thermal tolerance ranges for larvae are related 

to specific reproductive events. For example, fertilization of eggs is not possible at 

temperatures less than 10°C and sperm have no motility at temperatures greater than 

26°C (Sprung 1987, 1989). Larval development rate is unimodally related to 

temperature with maximum rearing success observed at approximately 18°C (Sprung 

1987; Garton and Haag 1993). Development time to attain the D-shaped larval stage is 

highly variable based on laboratory results. Sprung (1987) reported duration of 91 hours 

at 12°C but only 31 hours at 24°C. However, Leitch and McLeod (1993) reported 
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duration of 168-216 hours at 17-24°C. This discrepancy likely is due to differences in 

experimental design. Veliger settlement rates are also related unimodally to 

temperature. Peak pediveliger settlement occurred at 18°C with both lower and higher 

temperatures reducing settlement rates (Piesik 1983; Afanas'yev and Protosov 1988). 

Although higher temperatures are required for zebra mussel spawning, several 

European and American field studies have detected veligers in waters at 10-12°C 

(Kornobis 1977; Siller 1983; Reed et al. 1998). However, in these systems, maximum 

veliger densities were detected after water temperatures reached 20°C (Kornobis 1977). 

In Texas (Lake Texoma) few veligers were collected in January 2010 when water 

temperatures were less than 10°C (C. J. Churchill, pers. observ.). It is possible that the 

occurrence of zebra mussel veligers during winter is a result of overwintering larvae and 

is not a product of a recent spawn. For example, Kirpichenko (1964) and Lewandowski 

(1982b) reported arrested development of zebra mussel larvae occurred during winter 

months. Several studies conducted in Lake Erie recorded first annual veliger presence 

at temperatures greater than 18°C (Fraleigh et al. 1993; Riessen et al. 1993; Nichols 

1996). Zebra mussel veligers are first detected in large quantities in Lake Texoma when 

spring temperatures approach 17°C (Churchill 2013).  

 

Dissolved Oxygen 

 Dissolved oxygen requirements are similar for zebra mussel juveniles and adults. 

However, low oxygen concentrations can influence the spatial distribution of planktonic 

veligers subsequently affecting adult distributions (Fraleigh et al. 1993). Zebra mussels 

are relatively intolerant of hypoxic conditions when compared to other freshwater 
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bivalves (Matthews and McMahon 1999; Wu et al. 2010). Results of several studies 

indicate zebra mussel adults require well oxygenated waters (greater than 8 mg/L) and 

are inhibited from successful colonization in eutrophic lakes with long periods of hypoxia 

(less than 4 mg/L) (Stanczykowska 1977, 1984; Mackie et al. 1989; Cohen 2008). 

However, Sprung (1987) and Karatayev et al. (1998) found that D. polymorpha is 

tolerant of low oxygen levels. Other research indicates hypoxia inhibits zebra mussel 

byssogenesis and has a greater effect on zebra mussels than on the Asian clam, 

Corbicula fluminea (Clarke and McMahon 1996; Matthews and McMahon 1999). 

Temperature acclimation can have a significant effect on hypoxia tolerance (Alexander 

and McMahon 2004). Oxygen consumption rates for adult zebra mussels are directly 

related to temperature and were approximately four times higher at 32°C than at 20°C 

(Aldridge et al. 1995). Respiration in zebra mussels has been shown to be negatively 

influenced by turbidity (Alexander et al. 1994). However, zebra mussels acclimated to 

high levels of turbidity (80 NTU) had a less-pronounced reduction in respiration when 

exposed to more turbid waters (Summers et al. 1996). These authors suggested that 

zebra mussels can adjust their metabolic rate in response to chronic exposure to 

turbidity. 

 Zebra mussel veligers are absent usually from hypoxic conditions found in 

hypolimnetic waters (Walz 1973; Lewandowski and Ejsmont-Karabin 1983). Fraleigh et 

al. (1993) found that veliger absence from the hypolimnion in Lake Erie is due to 

reduced dissolved oxygen levels. Sprung (1987) found that development of zebra 

mussel larvae requires a minimum of 20% O2 saturation. 
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pH 

 Larval zebra mussels are less tolerant of lower pH levels than are juveniles and 

adults (Ramcharan et al. 1992a; Wu et al. 2010). The lower pH threshold for the survival 

of zebra mussel larvae is 7.4 (Mackie and Kilgour 1995; McMahon 1996). Hincks and 

Mackie (1997) observed larval growth only when pH was greater than 8.3. Field 

observations and laboratory studies in Europe found that veliger survival requires a pH 

of 7.4-9.4 with an optimum of 8.4 and 8.5 for rearing of larvae and minimized production 

of crippled larvae, respectively (Sprung 1987; Ramcharan et al. 1992a). In a mesocosm 

study in North America, no veligers were produced using adults held in waters from 16 

Ontario lakes of pH less than 8.5 (Hincks and Mackie 1997). 

 North American studies found only moderate adult zebra mussel growth when pH 

levels were greater than pH 7.4 and maximum growth was observed at pH levels 

greater than 8.0 (Ramcharan et al. 1992a, 1992b). Based on the reproductive success 

of zebra mussels in the Great Lakes, Mackie and Claudi (2009) reported that a pH of 

8.0 is needed for infestation levels. Ramcharan et al. (1992a) found only low zebra 

mussel densities in lakes with pH levels greater than 8.5. pH can also affect the osmotic 

balance of zebra mussels. For example, when pH is 6.9 or lower, net efflux results in 

calcium loss to the environment (Hincks and Mackie 1997). 

  

Calcium 

 Zebra mussels require calcium for shell development and osmotic balance and 

McMahon and Bogan (2001) found that they require more calcium than most other 

freshwater bivalves. Zebra mussel shells are composed primarily of calcium carbonate 
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crystals with 80% of the calcium being actively taken up from the water (Decksbach and 

Decksbach 1931; Van der Borght and Van Puymbroeck 1966). Zebra mussel shell 

formation is a complex multidirectional process and without calcium during early 

development, cell adhesion is reduced, thereby crippling or destroying the developing 

mussel (Wilbur 1964; Sprung 1987). Young mussels, especially veligers, require higher 

minimum concentrations of calcium than adults for successful shell development. 

Sprung (1987) found that successful larval development is positively correlated with 

environmental calcium concentrations and a minimum requirement of 40 mg/L calcium 

for successful veliger development. Other research reports the minimum calcium 

concentration required for successful larval shell development is 35 mg/L (Neary and 

Leach 1991; Mackie and Schloesser 1996). A laboratory study using adults held in 

waters from 16 Ontario lakes containing calcium concentrations less than 20 mg/L 

resulted in the failure to produce viable larvae supporting the conclusions of earlier 

studies (Hincks and Mackie 1997). 

 Zebra mussel populations often are positively correlated with calcium 

concentrations (Ramcharan et al. 1992a; Naddafi et al. 2011). Dense zebra mussel 

populations have been associated with minimum calcium concentrations of 26 mg/L in 

Europe and 21 mg/L in North America (Ramcharan et al. 1992a; Mellina and 

Rasmussen 1994). Early research indicated adult zebra mussels require a minimum of 

14 mg/L dissolved calcium for shell growth and maintenance (Sprung 1987). Laboratory 

studies conducted in North America indicate minimal somatic growth of adult mussels 

can occur at 12 mg/L calcium concentration (Neary and Leach 1991; Mackie and 

Schloesser 1996; Cohen and Weinstein 2001). At calcium concentrations less than 8.5 
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mg/L, adult zebra mussels can experience negative growth in body mass, loss of shell 

material, or poor larval production (i.e. fecundity) (Hincks and Mackie 1997; Cohen and 

Weinstein 2001). A concentration of 15 mg/L calcium is associated with an inability of 

juvenile and adult zebra mussels to regulate hemolymphatic calcium concentrations 

(Vinogradov et al. 1993). Dietz et al. (1994) described the ability of zebra mussels to 

mobilize calcium stores in the shell to maintain osmotic balance when environmental 

calcium concentrations are insufficient. 

 

Salinity 

 High salinity levels can disrupt zebra mussel survival, growth, and reproduction 

(Kilgour et al. 1994). Salinity tolerance in veligers is moderated by acclimation regime 

and age (Kilgour et al. 1994; Wright et al. 1996). Veligers acclimated to high salinities 

demonstrated increased tolerance upon chronic exposure to higher levels of salinity 

(Setzler-Hamilton et al. 1997). Recently-settled veligers are more sensitive to increased 

salinities than are older juveniles and adults (Kilgour et al. 1994). Ions are required for 

successful veliger development as larvae exposed to deionized water become 

misshapen and fail to reach maturity (Sprung 1987; Wright et al. 1996). 

 Salinity tolerance in zebra mussel adults is moderated also by acclimation 

regime, temperature, and age. Adult zebra mussels are able to tolerate higher salinities 

for longer durations than juveniles (Kilgour et al. 1994; Wright et al. 1996). Zebra 

mussels are intolerant of modest changes in salinity unless exposed to a gradual 

acclimation regime indicating a decrease in euryhalinity upon adaptation to a freshwater 

environment (Byrne and Dietz 2006). Zebra mussels that were slowly acclimated (1‰/d) 
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to increased salinities demonstrated increased tolerance compared to non-acclimated 

mussels (Kilgour et al. 1994; Fong et al. 1995). In a long-term mesocosm study, 

juveniles survived over eight months after slow acclimation to 10‰ salinity; however, 

growth rates were significantly lower than juveniles exposed to lower salinities (Wright 

et al. 1996). Abrupt fluctuations of salinity could inhibit zebra mussel establishment in 

estuaries and coastal lagoons (Strayer and Smith 1993). Several studies indicate zebra 

mussels are more tolerant to high salinities than are other freshwater bivalves 

(Smirnova 1973a, 1973b; Wright et al. 1996). Adult zebra mussels could thrive in waters 

with salinity approximately 1‰, as this environmental level is similar to levels found in 

body tissues (Kilgour et al. 1994). Higher salinity levels and increased temperatures 

have significant negative effects on mussel condition and reproduction (Fong et al. 

1995). Salinities greater than 4‰ negatively affect embryonic development (Wright et al. 

1996). 

 

Food Resources 

 Zebra mussels are filter feeders consuming phytoplankton, microzooplankton, 

and bacteria (Morton 1971). The majority of food resources of zebra mussels is algal-

based and growth and body condition are correlated with phytoplankton biomass (Wu et 

al. 2010). This allows quantification of zebra mussel food requirements to be estimated 

by chlorophyll-a concentrations (Strayer and Malcom 2006). Although both life stages 

demonstrate similar feeding preferences, veligers require a range of smaller-sized 

particles. For example, larval zebra mussels require food particles that are less than 4 

µm in length which could substantially reduce available food resources potentially 
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contributing to increased mortality that is well documented for veligers (Nichols 1993, 

Sprung 1993). Veliger survival during starvation was highest (as long as two weeks) at 

lower temperatures tested (i.e. 12°C; Sprung 1989). Food quality can impact 

reproductive success by controlling gamete quality and by impacting larval body 

condition (Wacker et al. 2002; Wacker and von Elert 2003; Wacker and von Elert 2004). 

Filtration and ingestion capacities of zebra mussel adults are correlated with 

temperature and can be influenced also by dissolved oxygen and seston concentrations 

(Sprung 1995a). Adult survival during starvation also is inversely related to temperature. 

Adults have demonstrated the ability to switch resources, utilizing dissolved organic 

matter when preferred phytoplankton concentrations are low (Baines et al. 2007). 

 Zebra mussel larvae and adults are capable of filtering and assimilating bacteria. 

Substantial consumption of bacteria is not uncommon for zebra mussels (Morton 1971). 

Gill morphology allows utilization of particles as small as 0.7 µm and bacteria ranging in 

size from 1 to 4 µm (Sprung and Rose 1988). In comparison, Corbicula fluminea cannot 

filter bacteria of this size range as efficiently as zebra mussels (Silverman et al. 1996). 

Also, bacterial assimilation efficiency of a unionid species, Carunculina texasensis is an 

order of magnitude less than that of the zebra mussel (Silverman et al. 1995). Gill 

structure capable of filtering small bacteria (0.7-4 µm) could give zebra mussels 

competitive advantage over other freshwater bivalves for the utilization of bacteria as a 

nutrient source (Silverman et al. 1996). 
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Other Physicochemical Properties 

 Variation in lake levels and physicochemical stratification characteristics can 

affect population dynamics and spatial distributions of zebra mussels. Substantial 

decreases in lake levels have been associated with invasive molluscan population die-

offs (Boeckman 2011; Ilarri et al. 2011). In addition to desiccation of mussels inhabiting 

littoral areas, reductions in lake levels concurrent with drought can cause extreme 

physiological stress in submerged mussels by increasing temperatures and reducing 

dissolved oxygen concentrations, especially during summer (Ilarri et al. 2011). Similar 

conditions have been associated with zebra mussel population die-offs in Kansas 

(Severson 2010) and Oklahoma (Boeckman 2011). Variation in physicochemical 

stratification characteristics (e.g. water temperature, dissolved oxygen, salinity) is 

associated with spatial distribution patterns of zebra mussel veligers (Lewandowski and 

Ejsmont-Karabin 1983; Fraleigh et al. 1993; Riessen et al. 1993; Smylie 1994; Barnard 

et al. 2003). Environmental conditions outside physiological tolerance ranges of zebra 

mussels could prevent survival and settlement of individuals in certain areas of the 

water column. For example, low dissolved oxygen levels found below the thermocline or 

extreme water temperatures just below water surface could influence spatial 

distributions of veligers. Uninhabitable depths of the water column could compress 

vertically the available areas for post-larval settlement, thereby altering localized 

population densities. Additionally, timing of the onset of physicochemical stratification in 

relation to seasonal settlement could affect settlement dynamics and localized 

population densities. If stratification occurs after settlement of the major cohort in spring, 

mussels could settle at depths that will become uninhabitable after stratification 
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resulting in mortality. However, if stratification occurs prior to settlement, individuals are 

unlikely to settle at depths where uninhabitable physiological conditions are observed. 

 

Zebra Mussels in Texas 

Regional Spread of Zebra Mussels 

Red River Basin 

 The southernmost geographic extent of zebra mussels in North America has 

expanded into Texas, with detection of adults occurring in April 2009 in Lake Texoma 

along the Texas-Oklahoma border (Texas Parks and Wildlife Department 2009a). 

Introduction of zebra mussels into this reservoir was most likely by overland transport 

because no upstream source populations have been detected. Detection of zebra 

mussel adults and veligers in multiple areas of Lake Texoma is indicative of an 

established population (Churchill 2013). Spread within the lake was presumably rapid 

and could have been accelerated by atypical dispersal methods. For example, Gatlin et 

al. (2012) observed low levels of zebra mussels surviving gut passage through blue 

catfish in Lake Texoma. 

Lake Texoma is formed by Denison Dam and is an impoundment of the Red and 

Washita Rivers. This reservoir is heavily used by recreational boaters and fishermen 

and is nationally recognized for its striped bass fishery (Schorr et al. 1995). Lake 

Texoma serves additionally as a raw water source for drinking water. North Texas 

Municipal Water District (NTMWD) and Greater Texoma Utility Authority withdraw water 

at the Lake Texoma Pump Station (LTPS) on the Texas-Oklahoma border. Raw water is 

transported southward into Texas through a 1.8-m interbasin pipeline that passes the 

37 



 

City of Sherman potable water treatment plant (WTP). A smaller 0.9-m pipe branches 

off of the main 1.8-m pipeline for water transfer into the Sherman WTP. In April 2010, 

adult mussels were detected at the Sherman WTP in the 0.9-m transfer pipe. 

 

Trinity River Basin 

 The main 1.8-m water transfer pipeline continues south and currently terminates 

in Sister Grove Creek (Trinity River basin). Transferred water then naturally flows 

downstream into Lavon Lake where it is utilized as a drinking water supply by NTMWD. 

Adult zebra mussels were discovered on August 3, 2009 in Sister Grove Creek in 

proximity of the pipeline terminus (Texas Parks and Wildlife Department 2009b). This 

was the first known zebra mussel occurrence in the Trinity River basin. 

 In May 2011, an infested boat was transported from Lake Texoma to Lake Ray 

Hubbard (East Fork of the Trinity River). After a brief period in Lake Ray Hubbard, it 

was removed from service and decontaminated. One zebra mussel adult was found 

attached to the boat ramp where the infested boat had been launched a week earlier (C. 

J. Churchill, pers. observ.). 

On July 18, 2012, zebra mussels were detected in the Elm Fork of the Trinity 

River in Ray Roberts Lake (Texas Parks and Wildlife Department 2012a). The Ray 

Roberts population likely originated in Lake Texoma and was transported by an 

overland vector. Overland transport is the likely vector due to proximity of the two 

reservoirs, lack of upstream zebra mussel populations, and lack of direct water transfers 

between these two water bodies. Presence of larval, juvenile, and adult zebra mussels 

in several regions of Ray Roberts Lake indicates an established population (C. J. 
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Churchill, pers. observ.). In June 2013, settled zebra mussels were detected in a third 

Texas reservoir, Lewisville Lake (Texas Parks and Wildlife Department 2013). If zebra 

mussels establish a population in this reservoir, downstream transport of propagules 

(especially veligers) is likely. 

Invasion opportunities for aquatic organisms are enhanced in areas containing 

multiple freshwater impoundments (Muirhead and MacIsaac 2005; Johnson et al. 2008). 

The Dallas-Fort Worth metropolitan area has numerous reservoirs (including Ray 

Roberts Lake) and a network of intra- and interbasin water transfers. This network of 

raw water transfers could facilitate regional spread, thereby increasing the number of 

reservoirs with established populations and the spatial extent of invasive effects that are 

associated with D. polymorpha. Establishment of zebra mussel populations in multiple 

Texas reservoirs exemplifies the potential spread of D. polymorpha farther into the 

south and southwest United States. 

 

Regional Impacts 

 Impacts in the North Texas region associated with zebra mussel infestations 

include cessation of interbasin water transfer from the NTMWD LTPS. Under the federal 

Lacey Act, it is unlawful to transport injurious wildlife across state lines. This federal law 

prohibited the transfer of zebra mussels from LTPS into Texas. Water transfer was 

halted in August 2009 when zebra mussels were discovered in Sister Grove Creek (T. 

Kilpatrick, pers. commun.). Lake Texoma comprises 28% of the total water supply for 

NTMWD which services 1.6 million residents in the Dallas-Fort Worth metropolitan area. 

NTMWD implemented plans to construct a $300 million pipeline that would allow the 
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transfer of water from Lake Texoma directly to NTMWD’s potable water treatment 

facility. Transferred water could be treated for zebra mussels prior to contacting 

sensitive infrastructure. This transfer would prevent zebra mussels from entering 

surface waters of Texas, but requires congressional exemption from the Lacey Act. On 

December 28, 2012, President Obama signed Senate Bill S.3687 into law, which 

“modifies a provision of the Lacey Act with regard to a Texas Water District,” thereby 

allowing NTMWD to resume transfer of water from Lake Texoma upon completion and 

implementation of the new pipeline. 

 The presence of zebra mussels also has initiated state regulatory response. On 

March 29, 2012, Texas Parks and Wildlife Department instated regulations requiring 

anglers and boaters using the Red River between the I-44 crossing in Wichita County to 

the Arkansas border, which includes Lake Texoma, to drain all water (e.g. from boats, 

live wells, bilges, bait buckets) prior to leaving the water body (Texas Parks and Wildlife 

Department 2012b). An emergency order adding Ray Roberts and Lewisville Lakes to 

the established order covering Red River water bodies was signed on July 31, 2012 

when zebra mussels were detected in Ray Roberts Lake (Texas Parks and Wildlife 

Department 2012c). The amendment was made permanent on November 8, 2012 

(Texas Parks and Wildlife Department 2012d). 

 

Characterizing Potential Spread of Zebra Mussels in the Southern United States 

 The continental spread of zebra mussels has slowed in recent years 

(Bossenbroek et al. 2007; Strayer 2009). It has been suggested that the southern extent 

of zebra mussel distribution in North America could be limited by environmental 
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conditions, especially temperature, calcium, or salinity (Strayer 1991; Wright et al. 1996; 

Karatayev et al. 1998; Whittier et al. 2008; Strayer 2009). However, there is little 

consensus on how zebra mussels will respond to environmental conditions in surface 

waters of the southern United States (see Strayer 1991; Drake and Bossenbroek 2004; 

Bossenbroek et al. 2007; Whittier et al. 2008; Boeckman 2011). Additionally, zebra 

mussels can adapt to new environments which confounds predictions of the potential 

distribution of this species in the southern United States (Marsden et al. 1995; Lee 

2002; Dormontt et al. 2011). Matthews and McMahon (1999), Elderkin and Klerks 

(2005), and Boeckman (2011) reported zebra mussels in populations found near their 

current southern extent (Oklahoma and Texas) exhibit increased upper thermal 

tolerances relative to those found at higher latitudes (Minnesota and New York). 

Increased upper thermal tolerances of zebra mussels could facilitate future expansion 

farther into the warm waters of the southern United States. Bossenbroek et al. (2007) 

predict novel populations in these regions would achieve similar population sizes to 

those found in the in the Midwest. Influence of environmental conditions, especially 

temperature, on population-level patterns (e.g. reproductive phenology, population size, 

veliger spatial distributions, and YOY survival, growth, and reproduction) can impact 

propagule pressure, establishment dynamics, and the rate of spread of zebra mussels 

(Nalepa et al. 1995; Strayer et al. 2011).  

 If zebra mussels spread farther into Texas and the southern United States, they 

will be exposed to environments that differ from those found in northern latitudes where 

D. polymorpha has been established for decades. Environments at lower latitudes, 

which have warmer temperature regimes, could affect population dynamics, 
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reproductive phenology, and the survival, growth, and reproduction of YOY zebra 

mussels required for maintaining existing and for establishing new populations. It is 

hypothesized that environmental conditions found along the southernmost geographic 

extent of zebra mussels in the southwest United States (i.e. Lake Texoma) will mediate 

the spread of this invasive species by influencing spatio-temporal spawning and larval 

dynamics, and the survival, growth, and reproduction of YOY individuals. 
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CHAPTER 2 

SURVIVAL AND GROWTH OF YOUNG OF THE YEAR ZEBRA MUSSELS (Dreissena 

polymorpha) UNDER DIFFERENT TEMPERATURE REGIMES  

IN A LABORATORY SETTING 

Introduction 

 The zebra mussel is an invasive epifaunal bivalve capable of altering 

environments on the ecosystem level. An analysis of data from North America and 

Europe indicates zebra mussels can shift the flow of energy from the pelagic-profundal 

to the benthic-littoral pathways (Higgins and Vander Zanden 2010). This energy shift 

can have long-term effects on higher levels of ecological organization (e.g. community 

or ecosystem). Zebra mussels filter large quantities of plankton and nutrients out of the 

water column and can displace native mussels by outcompeting them for these 

resources, often threatening extinction of endemic mussel species (Gillis and Mackie 

1994; Karatayev et al. 1997; Schloesser et al. 1997). Because of substantial removal of 

phytoplankton and algae during feeding, zebra mussel invasions have been associated 

with increased water clarity in lentic systems, often resulting in increased macrophyte 

growth and altered benthic community composition (Griffiths 1993). Late-stage zebra 

mussel larvae utilize byssal threads to attach preferentially to living bivalves 

(Lewandowski 1976). As a result, zebra mussels can prevent other mussels, including 

conspecifics, from opening or closing valves, which can result in mortality (Gillis and 

Mackie 1994). Zebra mussels can selectively reject certain microorganisms and other 

food particles that contain certain toxins (Vanderploeg et al. 2001; Sarnelle et al. 2005). 

During selective foraging, zebra mussels can concentrate species of cyanobacteria that 
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produce microcystin, a potent hepatotoxin that can poison aquatic organisms, wildlife, 

and humans (Vanderploeg et al. 2001). 

 Life-history traits, including high fecundities, short generation times, and rapid 

dispersal capabilities, have facilitated geographic spread of this invasive species across 

Europe and North America (Ackerman et al. 1994; Ram and McMahon 1996). In North 

America, the range of D. polymorpha includes parts of Canada and much of the eastern 

United States (Benson 2013). Strayer (1991) predicted the geographic range of zebra 

mussels in North America could extend eventually from Canada to the United States-

Mexico border. 

Overland transport of zebra mussel larvae, juveniles, and adults could be 

responsible for interbasin spread of zebra mussels in the United States (Carlton 1993). 

Microscopic, planktonic larvae (veligers) can be transported over land and introduced 

into nonimpacted water bodies via vessel bilge water, ballast water, live wells, or cooling 

systems (Ram and McMahon 1996). Zebra mussel juveniles and adults can be 

transported over land by attachment to boat hulls, trailers, and submergible equipment 

facilitating introduction into non-infested water bodies far removed from their current 

distribution (Carlton 1993). Additionally, downstream transport of juveniles, adults, and 

especially veligers, could increase the rate of spread of zebra mussels throughout 

regions where they have become established (Horvath and Lamberti 1999). 

After incipient detection of D. polymorpha in Texas, this species has spread to 

other regional water bodies. In Texas, April 2009, adult zebra mussels were first found 

in Lake Texoma on the Texas–Oklahoma border (Texas Parks and Wildlife Department 

2009a). A transfer of raw water from Lake Texoma was halted in August 2009 after 
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discovery of adult zebra mussels in receiving waters (Sister Grove Creek; Texas Parks 

and Wildlife Department 2009b). Adult zebra mussels were discovered in Lake Ray 

Hubbard in May 2011 (C. J. Churchill, pers. observ.), Ray Roberts Lake in July 2012 

(Texas Parks and Wildlife Department 2012a), and in Lewisville Lake in June 2013 

(Texas Parks and Wildlife Department 2013). Given the potential of zebra mussels to 

cause economic and environmental harm, it is surprising that little information exists 

regarding survival and growth of this invasive species in warm waters of the southern 

United States. 

Water temperature will likely limit southward spread of zebra mussels in the 

southern United States, in part, because of effects on zebra mussel survival, growth, 

and reproduction (Strayer 1991; Karatayev et al. 1998; Iwanyzki and McCauley 1993; 

Table 1.1). For example, survival and growth decrease at temperatures greater than 

28°C (Iwanyzki and McCauley 1993) because increased metabolism and decreased 

feeding rates force mussels to rely on stored internal energy resources (Aldridge et al. 

1995). Temperatures greater than 30°C inhibit gametogenesis (Tourari et al. 1988) and 

can disrupt reproductive synchronization (Borcherding 1991). Thermal tolerances, 

therefore, could affect geographic spread of zebra mussels in the southern United 

States. It was originally predicted that temperatures found in water bodies in this region 

exceeded the upper thermal tolerance limits for zebra mussel survival, growth, and 

reproduction (McMahon 1996). However, Thorp et al. (1998) and Morse (2009) reported 

zebra mussel populations found in rivers and reservoirs at lower latitudes in the United 

States have adapted to warmer temperatures compared to populations found at higher 

latitudes. 
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Early life stages are the most sensitive for aquatic organisms (Thorson 1950) and 

are critical for population persistence and geographic spread (Barton 1993; Mackie and 

Kilgour 1995; Lockwood et al. 2007). Therefore, research on juvenile zebra mussels 

could yield important information regarding population dynamics and spread potential 

and could assist in developing control programs and colonization risk assessments in 

many areas of the southern United States. 

An analysis of zebra mussel reproductive phenology and lake temperature data 

indicates veligers are spawned, settle, and metamorphose at similar temperatures, but 

at different times of the year, across their current range in North America (Fraleigh et al. 

1993; Garton and Haag 1993; Boeckman 2011). As settled juveniles, however, zebra 

mussels are exposed to temperature profiles that differ across their current range. For 

example, zebra mussel juveniles found at lower latitudes are exposed to higher 

temperatures for longer durations during summer than those found at higher latitudes 

(Garton and Haag 1993; Boeckman 2011). This thermal disparity could influence 

invasion success (i.e. establishment) in warm water bodies of the southern United 

States. 

 To investigate how water temperatures could affect survival and growth of 

juvenile zebra mussels, four water temperature profiles for summer were selected from 

geographically-distinct regions of current (n = 3) and potential (n = 1 ) distribution in the 

United States. Juveniles were harvested from Lake Texoma shortly after settlement and 

were exposed to the four distinct temperature regimes, simulating an entire summer, 

under laboratory conditions. Mortality and growth (as mass, see below) were monitored 

regularly during the experiment. Objectives of the current study were to determine how 
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water temperatures affect survival and growth of juvenile zebra mussels. Because 

survival and growth of early life stages of an invasive species directly relates to 

establishment and spread (Lockwood et al. 2007), these data could provide a 

mechanistic basis for understanding zebra mussel invasion dynamics and for 

determining invasion risk for warm water bodies in the southern United States. 

 

Methods 

Field Collection 

Lake Texoma was selected as the source of zebra mussels because it was the 

nearest invaded water body when the current study began. Lake Texoma is a 

monomictic, 3.1 km3 impoundment of the Red and Washita Rivers formed by Denison 

Dam. It comprises part of the Texas–Oklahoma border. To harvest YOY zebra mussels, 

artificial substrates composed of stacked hardboard tiles, similar to those used by 

Churchill and Baldys (2012), were deployed at a depth of 3 m at North Texas Municipal 

Water District’s Lake Texoma Pump Station in the main lake body. This area was 

selected because it is known to contain reproducing zebra mussel beds (Churchill 

2013). Using a single site for harvesting study organisms allowed the use of mussels 

from a single cohort that settled during the same time period, thereby reducing 

variability in post-settlement growth which can depend on settlement date (Wacker and 

von Elert 2002). Artificial substrates were deployed prior to settlement of the major 

spring cohort. Shortly after settlement of post-larval mussels, substrates were retrieved. 

Intact substrates were covered with paper towels wetted by lake water, placed in 

reclosable plastic bags, and stored in a cooler containing ice. Substrates were 
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separated from ice by using a folded towel. Substrates were transported to the La Point 

laboratory at the University of North Texas in five hours of removal from the lake. 

Settled mussels were carefully removed from substrates by using a scalpel placed 

between byssal threads and substrate surface. Removed mussels were randomly 

selected for placement into one of four temperature treatments. 

 

Temperature Treatments 

Temperature treatments were based on daily water temperature data from Lake 

Erie, MI (LE; Ontario Clean Water Agency), Cheney Reservoir, KS (CR; United States 

Army Corps of Engineers), Lake Texoma (LT; United States Geological Survey 2013) 

and Lakes Houston & Charlotte, TX (LH; United States Geological Survey 2013) (Table 

2.1, Fig. 2.1). LE, CR, and LT have established zebra mussel populations and represent 

a latitudinal gradient of temperatures across the current geographic distribution in North 

America. Data from Lakes Houston and Charlotte were used to determine survival and 

growth of YOY zebra mussels under a temperature regime that is warmer than the 

regions they currently inhabit. Daily temperature data were available for 49 years at LE, 

11 years at CR, two years at LT, and 18 years at LH. High-order polynomials were used 

to smooth daily mean temperature values for each treatment. Temperature curves were 

aligned so that all treatments began at the same temperature (23.7-24.0°C; Fig. 2.2). 

Each treatment was composed of two replicate 20.8-L aquariums. Each aquarium had 

four separate acrylic treatment chambers, and each chamber had 32 mussels for a total 

of 1024 study organisms (Table 2.2). 
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Table 2.1  Maximum temperature for treatments and data sources for laboratory study 
using young of the year zebra mussels harvested from Lake Texoma 
 

Maximum 
temperature (°C) 

Lake, state Data source 

24.9 Lake Erie, MI Ontario Clean Water Agency 
27.1 Cheney Reservoir, KS United States Army Corps of Engineers 
30.2 Lake Texoma, TX United States Geological Survey 
31.6 Lake Houston, TX United States Geological Survey 

 

 
Fig. 2.1  Mean daily temperature (°C) from four lakes in North America used to 
determine treatments for young of the year zebra mussels harvested from Lake 
Texoma. Durations of data sets are; Lake Erie, MI, 49 years; Cheney Reservoir, KS, 11 
years; Lake Texoma, TX, two years; and Lakes Houston & Charlotte, LH, 18 years. 
High-order polynomials were used to smooth curves prior to finalizing treatment 
schedules 
 
 

Date

Jan  Feb  Mar  Apr  May  Jun  Jul  Aug  Sep  Oct  Nov  Dec  Jan  

Te
m

pe
ra

tu
re

0

5

10

15

20

25

30

35 Lake Erie
Cheney Reservoir
Lake Texoma
Lake Houston

 

49 



 

 
Fig. 2.2  Planned schedule for four temperature treatments (°C) for young of the year 
zebra mussels harvested from Lake Texoma. Data are based on mean daily 
temperatures from each lake 
 
 
Table 2.2  Treatment details for laboratory temperature study using young of the year 
zebra mussels harvested from Lake Texoma 
 

 
Treatments Aquariums Chambers Organisms 

 
4 2 4 32 

Totals 4 8 32 1024 
 
 
Laboratory Setup 

At the start of the experiment, mussels were weighed (see below) and 

transferred to a randomly-selected treatment chamber. Mussels were held in artificial 

freshwater (AFW) of 2.0 g CaCO3, 5.0 g CaCl2-2H20, 4.5 g MgSO4-7H20, 0.40 g MgCl2-

6H20, 3.05 g NaHCO3, and 0.75 g KHCO3. AFW (500 ml/chamber) was changed three 

Date

06/01/11  07/01/11  08/01/11  09/01/11  10/01/11  11/01/11  12/01/11  01/01/12  02/01/12  

Te
m

pe
ra

tu
re

10

15

20

25

30

35

Lake Erie
Cheney Reservoir
Lake Texoma
Lake Houston

 

50 



 

times weekly. Calcium, pH, ammonia, and dissolved oxygen were monitored by using 

handheld probes (9720BNWP, 8102BNUWP, 9512BNWP, and 083010MD, 

respectively; Thermo Scientific) and desktop multi-meter (Dual Star, 256866-A01, 

Thermo Scientific). Calcium levels were 35-40 mg/L, pH ranged from 7.7 to 8.1, and 

ammonia levels were less than 1.0 mg/L during the experiment (Table 2.3). Oxygen 

levels were maintained (7.7-8.3 mg/L) by using air stones and gentle aeration 

(Vanderploeg et al. 1996). 

Aquariums were partially filled with DI water (aquarium water). Replicate 

chambers containing AFW and study organisms were partially submerged in aquarium 

water. Temperatures were controlled by using aquarium water heaters (Model 20, 

100W, AquaClear) that were placed at the bottom of each aquarium and adjusted daily 

as needed to follow the appropriate temperature curve. This static design allowed each 

aquarium to serve as a water bath, thereby controlling the temperature of AFW inside 

partially-submerged experimental chambers. Aquarium covers were used to reduce 

evaporation and airborne particle contamination. Mussels were fed 1.80-1.90E+08 algal 

cells/individual/day of an equal mixture of Chlorella spp. and Isochrysis galbana (Wright 

et al. 1996). Photoperiod was 12:12 hours light:dark. Organisms and associated water 

handling and disposal were conducted according to lab protocols adapted from the 

University of Texas at Arlington’s HACCP plan for laboratory-held zebra mussels 

(McMahon, 2010). 
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Table 2.3  Laboratory conditions for temperature study using young of the year zebra 
mussels harvested from Lake Texoma 
 

Beginning 
temperature 
(°C) 

Calcium 
(mg/L) 

pH Ammonia 
(mg/L) 

Dissolved 
oxygen 
(mg/L) 

Food quantity 
(algal cells/ 
individual/day 

Photo-
period 
(L:D) 

23.7-24.0 35-40 7.7-8.1 < 1.0 7.7-8.3 1.80-1.90E+08 12:12 
 
 
Biological Data 

Survival 

Survival of mussels was determined during each AFW change. Mussels were 

considered alive if they were observed siphoning or if their valves were not easily 

opened. Mussels were considered dead if their valves opened readily and were not 

reclosed upon physical stimulation of internal organs. Dead mussels were removed 

from treatment chambers and were not used during statistical analyses for growth data. 

Mortality was the number of dead organisms observed in each chamber each week. 

Age-specific mortality (AsM) was calculated as the number of mussels that died in each 

replicate between time steps divided by the number of surviving mussels counted during 

the previous time step. AsM, therefore, represents the percentage of remaining mussels 

that died each week. 

 

Body Mass 

Wet mass (WM) was measured by using a digital balance after drying the shell 

and pressing the ventral surface of each mussel on a dry paper towel for five seconds. 

This removed water retained in the byssal mass. WM growth (WMG; mg/week) was 

calculated by using weekly mean WM values for each replicate chamber. Therefore, 
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there were a total 32 WMG values for each time step, and eight values for each 

treatment. 

 

Statistical Analyses 

Statistical analyses were conducted using SAS 9.3. Data were analyzed for 

parametric assumptions including normality and homoscedasticity prior to analyses. A 

Kruskal-Wallis test was used to determine if temperatures were different between 

treatments. A Tukey multiple comparison test on ranked data was used after significant 

Kruskal-Wallis test. Parametric nested ANOVAs on ranked data were used to compare 

AsM between treatments and a single nested level; aquariums, at each time step (i.e. 

after each week). Parametric nested ANOVAs on ranked data were used to compare 

WM between treatments and two hierarchical nested levels; aquariums and chambers 

at each time step. Nested ANOVAs were used to compare WMG between treatments 

and a single nested level; aquariums, at each time step. Results were considered 

significant at p < 0.05. 

 

Results 

Temperature Profiles 

 Water temperatures ranged from 23.7 to 26.3°C for all treatments during the 

experiment (Fig. 2.3). Mean temperature for all treatments was 23.9 ± 0.1°C (mean ± 

SD) on day 0, 24.2 ± 0.2°C on day 7, and 24.9 ± 0.2°C on day 14. On day 21, 

temperatures were 25.6 ± 0.6°C. Temperature treatments were significantly different 

during the exposure period (Χ2 = 12.6076, p = 0.0056). Temperatures in the LE  
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Fig. 2.3  Actual exposure temperatures (°C) for young of the year zebra mussels 
harvested from Lake Texoma. Mean temperatures in Lake Erie treatments were 
significantly lower than other treatments (see text). Data points are mean and standard 
deviation for two replicate aquariums for each treatment 
 
 
 

treatment were significantly cooler than in other treatments. However, CR, LT, and LH 

were not significantly different from each other (Fig. 2.3). 

 

Survival 

 Mortality during the first 14 days was low in the LE treatment, during which time, 

only three organisms died, compared to CR, LT, and LH where seven, five, and seven 
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this period, between 172 and 181 organisms died in each treatment. A total of 13 

replicates were completely lost and 720 total organisms had died by day 21. There were 

304 individuals remaining after day 21, none of which survived until day 27. 

AsM was not significantly different between treatments or between aquariums 

within treatments at the first two time steps (days 7 and 14; Table 2.4). On day 21, AsM 

was not significantly different between treatments, but was different between aquariums 

within treatments. 

 

Body Mass 

 WM ranged from 0.4 to 18.6 mg experiment-wide on day 0. Maximum WM was 

19.6, and 21.0 mg on days 7 and 14, respectively. Mean WM was 4.0 ± 2.5, 4.4 ± 2.7, 

4.6 ± 2.8, and 5.5 ± 3.3 mg for each time step (days 0, 7, 14, and 21, respectively). WM 

was not significantly different between treatments or between chambers within 

aquariums on day 0 (Table 2.5). On day 7, WM was not different between treatments or 

either nested level (aquariums and chambers). WM was not different between 

treatments on day 14. 

 

Growth 

 WMG ranged from -0.13 to 0.92 mg/week experiment-wide on day 7, from -0.22 

to 0.59 mg/week on day 14, and from -0.80 to 1.99 mg/week on day 21. Mean WMG 

was 0.32 ± 0.24, 0.22 ± 0.23, and 0.80 ± 0.69 mg/week for the three time steps (7, 14, 

and 21 days). Mean total WMG (from day 0 through day 21) for all replicates was 1.34 ± 

0.7 mg/week. On day 7, WMG was not significantly different between treatments (Table   
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Table 2.4  Results of parametric nested ANOVA on ranked data to compare age-
specific mortality of young of the year zebra mussels between treatments and a nested 
level; aquariums, at each time step (i.e. weekly) 
 

Source df F p 
Week 1 

Total 31 
  Treatment 3 1.39 0.3668 

Aquarium 4 1.56 0.2162 
Error 24 

  Week 2 
Total 31 

  Treatment 3 1.20 0.4159 
Aquarium 4 0.27 0.8949 
Error 24 

  Week 3 
Total 31 

  Treatment 3 0.01 0.9990 
Aquarium 4 3.63 0.0189 
Error 24 

   
 
2.6). However, WMG was different between aquariums within treatments. On day 14, 

WMG was different between treatments. 

 

Discussion 

Temperature profiles did not fully diverge and only one treatment approached 

levels reported to cause mortality in zebra mussels (26.3°C, LH) before all study 

organisms died. Only the coolest treatment, LE, diverged to become significantly 

different. Mean temperatures were between 24.9 and 25.6°C when extensive mortality 

was first observed. These temperature are less than those reported to have negative 

effects on survival and growth of zebra mussels (Iwanyzki and McCauley 1993; 

Matthews and McMahon 1999; Morse 2009). However, all study organisms died in 3.5 

weeks of the beginning of the experiment. 
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Table 2.5  Results of parametric nested ANOVA on ranked data to compare wet mass 
of young of the year zebra mussels between treatments and two nested levels; 
aquariums and chambers, at each time step (i.e. weekly) 
 

Source df F p 
Day 0 

Total 1023 
  Treatment 3 0.27 0.8427 

Aquarium 4 3.46 0.0227 
Chamber 24 1.00 0.4596 
Error 992 

  Day 7 
Total 1023 

  Treatment 3 1.37 0.3722 
Aquarium 4 1.92 0.1391 
Chamber 24 1.13 0.3045 
Error 992 

  Day 14 
Total 1023 

  Treatment 3 0.52 0.6897 
Aquarium 4 3.09 0.0348 
Chamber 24 0.99 0.4699 
Error 992 

   
 
 
Table 2.6  Results of parametric nested ANOVA to compare wet mass growth of young 
of the year zebra mussels between treatments and a nested level; aquariums, at each 
time step (i.e. weekly) 
 

Source df F p 
Week 1 

Total 31 
  Treatment 3 1.51 0.3406 

Aquarium 4 2.94 0.0415 
Error 24 

  Week 2 
Total 31 

  Treatment 3 7.30 0.0424 
Aquarium 4 0.10 0.9799 
Error 24 
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Significant differences in survival and growth cannot be attributed to experimental 

temperature exposures for several reasons; 1) LE was significantly different (cooler) 

than other treatments, but similar levels and timing of mortality were observed 

throughout all treatments, 2) experiment-wide mortality was observed after 14 days of 

exposure, which is not likely sufficient to discern differences in responses (see Chapter 

4), 3) negative WMG (degrowth) was observed as early as day 7 and was observed in a 

minimum of two chambers at each time step, and 4) in most instances, more variation 

was observed in nested levels (aquariums or chambers) than between treatments. 

Therefore, it is not likely observed responses are environmentally relevant or represent 

responses to natural conditions. 

 

Conclusions 

It was difficult to maintain YOY zebra mussels under laboratory conditions. High 

mortality could have been caused by infrequent AFW changes, placing too many study 

organisms in each chamber, or removal of mussels from substrates during weekly 

measures. It is likely an in situ enclosure design could provide data necessary to test 

hypotheses regarding environmental effects on survival, growth, and reproduction of 

juvenile zebra mussels. 

Empirical studies designed to determine how environmental factors, especially 

water temperature, influence zebra mussel survival, growth, and reproduction are 

relevant because warm water temperatures found in surface waters of the south and 

southwest United States could enhance, or disrupt survival and growth. Because 

gamete production (donor propagules) is generally related to organism size (Garton and 
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Haag 1993), differential survival and growth can influence population demographics, 

establishment dynamics, and geographic spread of zebra mussels (Lockwood et al. 

2007; Karatayev et al. 2011). 
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CHAPTER 3 

SPATIO-TEMPORAL SPAWNING AND LARVAL DYNAMICS OF A ZEBRA MUSSEL 

(Dreissena polymorpha) POPULATION IN A NORTH TEXAS RESERVOIR: 

IMPLICATIONS FOR INVASIONS IN THE SOUTHERN UNITED STATES 

Introduction 

During two decades after introduction into North America, zebra mussels 

(Dreissena polymorpha [Pallas, 1771]), experienced rapid transcontinental spread 

(Strayer 2009). By 2009, the southern extent of zebra mussel distribution in central 

North America had expanded into Texas. Incipient detection of zebra mussel adults in 

Texas was in April 2009 in Lake Texoma, a reservoir in the Red River basin along the 

Texas-Oklahoma border (Texas Parks and Wildlife Department 2009a). In July 2012, 

zebra mussels were detected in Ray Roberts Lake, a reservoir in the Trinity River basin 

near the Dallas-Fort Worth metropolitan area (Texas Parks and Wildlife Department 

2012a). Both populations are now established. Introduction of zebra mussels into these 

reservoirs was most likely by overland transport because no upstream source 

populations have been detected. In June 2013, zebra mussels were detected in a third 

reservoir in north Texas, Lewisville Lake (Texas Parks and Wildlife Department 2013). 

The recent southward spread of zebra mussels into Texas exemplifies the potential for 

this species to become established in warm waters of the southern United States 

(Strayer 1991; Allen et al. 1999). 

Invasion opportunities for zebra mussels are enhanced in areas containing 

multiple freshwater impoundments where invaded reservoirs can function as invasion 

hubs for the secondary spread of propagules (Muirhead and MacIsaac 2005; Johnson 
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et al. 2008). The Dallas-Fort Worth metropolitan region has numerous reservoirs and a 

network of intra- and interbasin raw water transfers that allow movement of water 

between reservoirs in the region. In addition to more common transport vectors 

(overland boat movement and downstream transport from infested source waters), a 

network of water transfers could further facilitate local and regional spread. Rapid 

colonization of non-infested waters by dreissenid mussels can be facilitated by life-

history characteristics including high larval and juvenile growth rates, high fecundity, 

and early sexual maturity (Sprung 1992). Although zebra mussels (McMahon 1996) and 

many other non-native species (Colautti et al. 2006) are generally more likely to 

establish populations in water bodies that experience disturbances, life history traits of 

zebra mussels could be less suited to environments that have extreme levels of 

environmental disturbance. For example, water bodies that experience intermittent, 

extreme drought could be more resistant to establishment of zebra mussel populations 

due to decreases in predictability of environmental conditions, resource availability, and 

mortality factors (Winemiller 2005). 

It has been suggested that the southern extent of zebra mussel distribution in 

North America could be limited by environmental conditions, especially temperature 

(Strayer 1991; McMahon 1996; Drake and Bossenbroek 2004). However, there is no 

consensus on how zebra mussels will respond to environmental conditions in surface 

waters of the southern United States (Mackie and Schloesser 1996; Bossenbroek et al. 

2007; Whittier et al. 2008). Additionally, zebra mussels have measurable genetic 

variance (mean heterozygosity 27.0-43.5%) for traits that enhance invasiveness, which 

confounds predictions of the potential southern distribution of this species (Marsden et 
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al. 1995). Matthews and McMahon (1999) and Morse (2009) found that zebra mussel 

populations located near the current southernmost geographic extent (Oklahoma and 

Texas) exhibit increased upper thermal tolerances relative to those found at higher 

latitudes (Minnesota and New York). Increased upper thermal tolerances could facilitate 

geographic spread of zebra mussels farther into warmer waters of the south and 

southwest United States. 

Environmental conditions can influence zebra mussel reproductive phenology, 

veliger (donor propagule) survival (Borcherding 1991), and development time (Sprung 

1987, 1989). For example, Sprung (1987) and Ram et al. (1996) found that water 

temperature can trigger spawning in zebra mussels. Spatial distributions of veligers, and 

subsequently, settled juveniles, are associated with temperature, dissolved oxygen, and 

wind speed and can affect invasion and population dynamics (Garton and Haag 1993; 

Martel et al. 1994). Influence of environmental conditions on population-level 

characteristics of zebra mussels (e.g. population size, reproductive phenology, and 

veliger spatial distributions) can subsequently affect transport, establishment, rates of 

local and regional spread, and severity of invasive effects (Dorgelo 1993; Nalepa et al. 

1995; Strayer et al. 2011). 

Substantial long-term economic and environmental effects of this species have 

been well-documented during the previous 20 years (see Strayer 2009; Higgins and 

Vander Zanden 2010, and references therein). A meta-analysis of national economic 

data estimated costs associated with zebra mussel infestations through direct damages 

and control measures were $1 billion annually (Pimentel et al. 2005). Effects of zebra 

mussels on ecosystems are also substantial. Zebra mussels have been associated with 

62 



 

alterations of abiotic resources (nutrient cycling and physical habitat), trophic 

interactions, species abundances, community composition, and ecosystem functioning 

(Strayer 2009; Higgins and Vander Zanden 2010). Severity of economic and 

environmental effects associated with zebra mussels can be related to the size and 

persistence of their populations (Strayer et al. 2006). Effects of established populations 

of zebra mussels in north Texas include cessation of interbasin water transfer from the 

North Texas Municipal Water District (NTMWD) Lake Texoma Pump Station. During 

water transfer, water from Lake Texoma is pumped into Sister Grove Creek, which flows 

into Lavon Lake (both in the Trinity River basin) where, normally, it is utilized as a 

potable water supply. Water transfer was halted in August 2009 when zebra mussels 

were discovered in Sister Grove Creek (T. Kilpatrick, pers. commun.). Lake Texoma 

comprises 28% of the total water supply for NTMWD which services 1.6 million 

residents in the Dallas-Fort Worth metropolitan region. 

Zebra mussel populations can experience temporal fluctuations in size. 

Simulation models indicate zebra mussel populations can follow several trajectories 

including a stable cycle or a boom-bust pattern (Casagrandi et al. 2007). Using long-

term empirical studies, Burla and Ribi (1998) and Strayer et al. (2011) found that some 

populations follow a four- or five-year stable cycle. Nalepa et al. (2006) found that some 

populations follow irregular or chaotic trajectories. Some populations have been found 

to follow a boom-bust pattern and either stabilize at a low population size after an initial 

boom or are eventually extirpated from the local environment (Stanczykowska and 

Lewandowski 1993). Water bodies that experience localized extirpation of zebra mussel 

populations could be susceptible to future invasions if more propagules are introduced. 
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After a population crash, recovery to pre-crash population sizes can occur in one year if 

conditions are suitable (Ramcharan et al. 1992b). Stanczykowska and Lewandowski 

(1993), Burla and Ribi (1998), and Strayer et al. (2011) found that interannual 

fluctuations of population sizes of zebra mussels were related to environmental 

conditions. Cope et al. (1997) found that patterns of zebra mussel abundance could be 

linked to spatial gradients of physicochemical water properties. Ramcharan et al. 

(1992b) found that variable zebra mussel populations occurred more frequently in lakes 

with smaller surface areas, higher calcium concentrations, and lower phosphate levels. 

Ilarri et al. (2011) found that population crashes of invasive bivalves result from chronic 

exposure to increased temperatures or low dissolved oxygen levels. Additionally, water 

drawdowns can cause substantial reductions of zebra mussel population sizes in 

reservoirs (Severson 2010), rivers (Tucker et al. 1997), and wetlands (Bowers and de 

Szalay 2005). Extreme drought can reduce zebra mussel population sizes by increasing 

water temperatures, and by reducing flows, dissolved oxygen levels, and water levels 

(Boeckman 2011). Frequency, intensity, and duration of population size booms could 

influence invasion-related economic and environmental effects and could influence 

management and control strategies. For example, temporary relocation of imperiled or 

sensitive native freshwater mussels during brief zebra mussel population booms could 

prevent localized extirpation of the native species (Cope and Waller 1995; Strayer 

2009). 

Long-term datasets are necessary to detect temporal patterns of population 

dynamics and to determine drivers of population size cycles (Lucy 2006; Strayer et al. 

2011). Research conducted on zebra mussel populations that occur along the current 
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southernmost geographic extent in the United States is important, but is currently 

lacking. This region could serve as a better predictor for spread and population 

dynamics of zebra mussels in the south and southwest United States than could 

research conducted on populations that occur at higher latitudes. For this study, 

biological and environmental data were collected under the United States Geological 

Survey (USGS) Zebra Mussel Monitoring Program for North Texas (ZMMP) (Churchill 

and Baldys 2012). ZMMP was designed to assess water quality and zebra mussel 

occurrence, distribution, and spawning and larval dynamics in north Texas waters. 

Spawning and larval dynamics were determined by quantification of veliger density, 

which allows a direct measure of reproductive output of populations and can be used to 

estimate the size and spatio-temporal dynamics of reproductive populations (Burla and 

Ribi 1998). Objectives of the current study were to analyze data collected during the first 

three years of ZMMP to determine if temporal dynamics and spatial distributions of the 

local zebra mussel population were related to physicochemical environmental 

conditions in Lake Texoma. This is the first long-term study to assess zebra mussel 

spawning and larval dynamics in Texas. 

 

Methods 

Study Area 

Lake Texoma is a monomictic impoundment of the Red and Washita Rivers. At 

conservation pool elevation, it has a surface area of 302.2 km2 and a volume of 3.1 km3. 

It is formed by Denison Dam and comprises part of the Texas–Oklahoma border. This 

impoundment is heavily used by recreational boaters and fishermen, and is nationally 
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recognized for its striped bass fishery (Schorr et al. 1995). Lake Texoma also serves as 

a drinking water source for residents in the Dallas-Fort Worth metropolitan area. 

NTMWD and Greater Texoma Utility Authority withdraw water from Lake Texoma at the 

Lake Texoma Pump Station (LTPS) which is located near the western shore of the main 

lake zone (Fig. 3.1). The study site (USGS 335048096374300 Lake Texoma at intake 

structure near Fink, TX) is located near LTPS. This site was added to ZMMP in April 

2010 due to its importance as a raw water transfer structure for NTMWD and as a 

potential point source interbasin transport vector for zebra mussels. 

 

Site Visits 

A total of 65 visits were made to the study site (2010-2012). To determine 

baseline seasonal reproduction dynamics, eight visits to the site were conducted 

between April 2010 and April 2011. To determine spatio-temporal distributions of zebra 

mussel veligers near LTPS, visits to the site for discrete-depth sampling (n = 5) were 

conducted on May 4, May 25, June 15, September 20, and October 13, 2011. Veliger 

densities typically peak during spring and autumn (hereafter referred to as primary and 

secondary spawns, respectively) in lakes of the central United States (Severson 2010; 

Boeckman 2011). Therefore, baseline and discrete-depth sampling were concentrated 

during these reproductive periods. Based on published data (Fraleigh et al. 1993; 

Garton and Haag 1993) and baseline data collected during 2010, veliger densities were 

expected to decrease substantially by mid-summer, so no samples were collected   
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Fig. 3.1  Zebra mussel sightings in North America and area of interest including study 
site at Lake Texoma, raw water interbasin transfer pipeline, and selected reservoirs 
used for drinking water supply for residents of the Dallas-Fort Worth metropolitan area. 
Year of first detection of settled zebra mussels is denoted, where applicable 
 
 
during summer 2011. To quantify overwinter persistence of veligers and annual patterns 

of reproductive output, weekly water samples (n = 49) were collected between October 

2011 and October 2012. Baseline sampling resumed for three visits between October 

and December 2012. 
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Environmental Data 

Discrete water quality measures (temperature, dissolved oxygen [DO], pH, and 

specific conductance) were measured at the surface (0.3-m depth) to a minimum of 

15.2 m at 1.5-m intervals using a YSI 6920 V2-2 datasonde (YSI Incorporated, Yellow 

Springs, OH, USA) during each visit to the study site. 

Other discrete data recorded during sample collection included wind speed, 

water transparency, and lake elevation. In situ wind speed measures were likely 

confounded due to proximity of the study site to LTPS. Therefore, wind speed data were 

taken from a nearby weather station in Sherman, TX (station KGYI; 

www.wunderground.com). Mean wind speed data were reported for the duration of each 

visit to the study site during discrete-depth sampling in 2011 (n = 5). Water transparency 

was measured with a Secchi disk. Lake elevation (in feet above National Geodetic 

Vertical Datum of 1929; NGVD29) for Lake Texoma were from United States Army 

Corps of Engineers site 07331500 Lake Texoma near Denison, TX (United States 

Geological Survey 2013). 

Continuous water temperature was recorded at 15-minute intervals by 

submersible data loggers (Onset Computer Corporation, Bourne, MA, USA) at 1.5-m 

depth intervals (from 1.5 to 16.8 m) near the study site beginning April 2011. Water 

temperatures at the shallowest depth (1.5 m) are considered surface values for the 

period of continuous data collection. Temperature data were downloaded and were 

processed and stored, along with other data, in the USGS National Water Information 

System database (United States Geological Survey 2013). 
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Biological Data 

Two types of water sample collections were used to estimate veliger density. 

Composite water samples (n = 60) were collected by lowering a plankton tow net and 

collection cup with 64-µm mesh (Aquatic Research Instruments, Hope, ID, USA) to a 

depth of 15.2 m and conducting a vertical tow to the surface. Approximately 1000 L of 

water were filtered during each vertical, composite tow. A minimum of three replicate 

samples was collected during each visit to the study site. Discrete-depth water samples 

(n = 5, during 2011 only) were collected by using a low-flow centrifugal pump at a 

constant flow rate of 23 LPM. Water was drawn through a 1.9-cm-diameter reinforced 

PVC hose that was lowered to six discrete depths (0.3, 3.0, 6.1, 9.1, 12.2, and 15.2 m). 

Pump outflow was passed through a plankton tow net and collection cup with 64-µm 

mesh. Approximately 500 L of water were filtered at each depth. Samples (retained in 

collection cup) from composite and discrete-depth tows were rinsed into 250-ml 

polyethylene bottles and preserved in 50% ethanol. Preserved samples were 

transported to the USGS North Texas Program-Fort Worth laboratory and transferred to 

1-L Imhoff settling cones for a minimum of 12 hours. The settled, organic partition of 

each sample was transferred to a 50-ml centrifuge tube through the bottom of the 

settling cone. Sample volume in each tube was recorded. Each sample was thoroughly 

mixed by pipetting until organic matter was fully suspended. For each sample, five 1-ml 

replicate aliquots were pulled from the sample tube, placed into a Sedgewick-Rafter 

counting cell, and analyzed by using cross-polarized light microscopy (Johnson 1995). 

Following the methodology of Hosler (2011), veliger density (number of veligers per 

liter, #/L) for each sample was determined by calculating mean veligers in five aliquots, 
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multiplying by sample volume, and dividing by filtered volume (500 or 1000 L, 

depending on plankton tow method). Veliger densities were reported as mean of 

replicates ± standard deviation (SD) unless indicated. Mean veliger densities at all six 

depths (pooled data) for each of five discrete-depth sample collections were used 

during comparisons to vertical, composite samples. 

An attempt was made to estimate the date of first spawn (DOFS) for the zebra 

mussel population in Lake Texoma. Data used to estimate DOFS were veliger densities 

that occurred between the most recent date of non-detect (prior to initial annual 

detection) and the date of maximum reported veliger density, and all inclusive data. 

Data were plotted as x = date and y = veliger density. A best-fit curvilinear line, similar in 

shape to an exponential increase from y = 0, that connected all data points from data 

collected during spring 2012 was fitted by eye. Because veliger densities were 

determined weekly during 2012, the best-fit line for data collected during 2012 was used 

as a baseline for generating best-fit lines for other years. DOFS during each year was 

the date (x-coordinate) when the best-fit line deviated from the x-axis. These methods 

were used to estimate DOFS for two comparable studies from Lake Erie (Fraleigh et al. 

1993; Garton and Haag 1993). 

Settlement rates of zebra mussels are correlated with veliger densities (Martel et 

al. 1994). Settlement often begins shortly after veliger densities peak during spring 

(Lucy 2006). Therefore, the duration between DOFS and peak veliger density provides 

an estimate of the mean length of time individuals of a cohort remain planktonic (i.e. 

cohort development time, CDT). Sprung (1987) and Lucy (2006) found that 

development time of veligers was correlated with temperature. To determine if CDT was 
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related to the rate of daily water temperature increase (RTI) during spring, the mean 

daily RTI was calculated for a minimum 42-day period that approximates CDT for each 

year. 

 

Statistical Analyses 

Statistical analyses were conducted using SAS 9.3 or SigmaPlot 12. Mean water 

quality measures of data from all depths were used during analyses of temporal 

patterns. Data were partitioned three separate ways; all data pooled (n = 65), data 

collected during spring (n = 14), and data collected each year of the study (n = 7 per 

year). Spring data are from visits to the study site between the first annual sample date 

(for 2010 and 2011) or the date when water temperature increased to greater than 12°C 

(for 2012) and the date when peak veliger densities were observed during each year. 

Data from all three years were combined. Borcherding (1991) found that gametogenesis 

in lotic systems begins when water temperatures are 10-12°C during spring. Spring 

data, which incorporate pre- and post-spawn veliger densities, were used to determine 

which environmental factors were associated with gametogenesis and primary 

spawning patterns. Data were also partitioned by year because temporal patterns were 

observed during the study. For 2010, data from all visits were used. For 2011 and 2012, 

data collected on dates similar to those from 2010 were used. 

Pearson correlation coefficients were calculated for environmental variables. 

Collinear variables (p < 0.05) were not used during subsequent analyses (Naddafi et al. 

2010). DO was significantly negatively correlated with water temperature in all data 

groupings (pooled, spring, and by year). Water temperature was retained instead of DO 
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due to its importance in zebra mussel reproduction dynamics (Ram et al. 1996; 

Matthews and McMahon 1999). Veliger density was regressed against environmental 

variables using all-possible multiple regression model analysis. Candidate models were 

analyzed using corrected AIC (AICc) scores. Differences in AICc scores (ΔAICc) were 

used to identify best-fit models. ΔAICc < 2 indicates a model that has substantial support 

(Burnham and Anderson 2002). Weighted AICc scores (wAICc) were calculated to 

determine the best model(s) out of the subset of candidate models with ΔAICc < 2. 

Evidence ratios (wAICci/wAICcj) were calculated to determine to what extent the best-

supported model was better than other candidate models. Model averaging was 

conducted on all variables to determine the importance of variables selected in multiple 

regression models. Model inference sampling method was unrestricted with 

replacement and was run 1000 times. Variables selected in at least 20% of the samples 

(n ≥ 200) were used during refit analysis. Refit analysis was run 1000 times. During 

each run, a best-fit model was generated and selected variables were recorded. 

Variable selection percentage describes how often variables were included in best-fit 

models during 1000 runs and represents a quantitative measure of variable importance.  

To determine if spatial distributions of veligers were influenced by wind-driven 

mixing, veliger density data from discrete-depth samples (n = 5 dates) were grouped by 

wind speed (Fraleigh et al. 1993). Veliger density data from the surface to the 6.1-m 

depth were grouped into two wind speed categories (< 12 kph and > 12 kph). Analyses 

were repeated after regrouping the data into two alternate wind speed categories (< 21 

kph and > 21 kph). 
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Data were analyzed for normality and homoscedasticity. Data were normalized 

by using natural log transformation when necessary (Smylie 1994). Parametric analyses 

on ranked data were used when parametric assumptions were violated. Results were 

considered significant at p < 0.05. 

 

Results 

Temporal Dynamics 

Veliger density maxima declined significantly between each year during the study 

period (parametric ANOVA on ranked data, p < 0.0001; Fig. 3.2). Observed veliger 

densities peaked during late spring and were lowest during summer and winter each 

year. In 2010, maximum recorded mean veliger density was 42 ± 16/L (mean ± SD) and 

was observed on June 14. Maximum mean density measured during 2011 was 22 ± 

9.5/L (May 25), which was 52% of the 2010 maximum density. In 2012, observed mean 

veliger density peaked at 3.3 ± 0.4/L (June 11), which represents an 85% decline from 

maximum density recorded in 2011 and a 92% decline from 2010 maximum. 

Secondary spawns were detected in 2010 and 2012 (Fig. 3.2). Maximum mean 

veliger density during the secondary spawn in 2010 was 5.7 ± 1.5/L (October 6), while 

in 2012 it was 1.2 ± 0.2/L (September 25). Secondary veliger density maxima were 

13.8% and 35.7% of the primary maxima in 2010 and 2012, respectively. In both years, 

maximum veliger densities during secondary spawns were observed after lake turnover 

when water temperatures were homogenous throughout the vertical water column and 

were 24-25°C. Veligers were detected year-round during 2011/2012; however, densities 

were very low on most dates in winter/early spring (Fig. 3.2).  
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Fig. 3.2  Mean veliger density observed during visits to the study site (n = 65) and continuous lake elevation of Lake Texoma 
from April 15, 2010 to December 31, 2012. Water temperatures at three depths (1.5, 7.6, and 15.2 m below water surface) 
observed during periods of discrete (April 15, 2010 to April 14, 2011) and continuous (May 4, 2011 to December 31, 2012) data 
collection. Symbols for shallower depths are plotted where temperatures overlap. Error bars for veliger densities are omitted 
when they were smaller than mean symbol 
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Temporal dynamics of zebra mussels in Lake Texoma were most significantly 

related to water temperature and lake elevation. Multiple regressions on pooled data 

yielded three candidate models with ΔAICc < 2 (Table 3.1). The model with water 

temperature, pH, and Secchi depth provided the best fit to the data (adjusted R2 = 0.51, 

n = 65, F = 22.79, p < 0.0001). This model was 1.8 times more likely than the second 

model to be the best-fit model. All three models with ΔAICc < 2 included water 

temperature and pH. Multiple regressions on spring data yielded three models with 

ΔAICc < 2. The best-supported model included only water temperature (adjusted r2 = 

0.72, n = 14, F = 54.76, p < 0.0001). This model was 2.3 times more likely than the 

second model to be the best-fit model. All three models with ΔAICc < 2 included water 

temperature. 

Models with ΔAICc < 2 included only lake elevation for data collected during 2010 

and 2011, and included temperature and specific conductance for data collected during 

2012. Water temperature was selected in 95.1, 98.5, and 32.4% of best-fit models for 

pooled, spring, and 2012 data, respectively (Table 3.2). Lake elevation was selected in 

64.7 and 36.1% of best-fit models for 2010 and 2011 data, respectively. These results 

indicate water temperature and lake elevation were the most important variables for 

predicting veliger density. 

Estimated DOFS was in mid-April each year (Table 3.3). In 2011 and 2012, 

veligers were first detected during the middle of April when mean water column 

temperatures were 16-18°C. First collection of veligers during 2010 was observed on 

the second visit to the study site (May 18), when water temperatures were 20.8°C. It is 

likely mussels spawned shortly after the first visit to the study site (April 15) when   
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Table 3.1  Ranking of candidate regression models predicting zebra mussel veliger 
density in Lake Texoma. All = pooled data from all 65 dates; Spring = data from 14 
dates between the first annual sample date (for 2010 and 2011) or the date when water 
temperature increased to greater than 12°C (for 2012) and the date when peak veliger 
densities were observed during each year (data from all three years were combined); 
2010, 2011, 2012 = data from seven dates each year. Explanatory variables include 
water temperature (temp; °C), pH, specific conductance (SC), water transparency 
(Secchi; m), and lake elevation (elev; feet above NGVD29). Corrected Akaike's 
information criteria (AICc), difference in AICc values between the best-supported model 
and the given model (ΔAICc), Akaike weights (wAICc), evidence ratios (best-supported 
model compared to other candidate models), and adjusted coefficients of determination 
(R²) are shown. Models with ΔAICc < 2 are shown 
 

Model AICc ΔAICc wAICc Evidence ratio Adjusted R² 
ALL 

Temp, pH, Secchi 91.47 0.00 0.49 n/a 0.51 
Temp, pH 92.68 1.21 0.27 1.83 0.49 
Temp, pH, Secchi, elev 92.80 1.33 0.25 1.94 0.50 

SPRING 
Temp 33.36 0.00 0.54 n/a 0.72 
Temp, Secchi 35.00 1.63 0.24 2.26 0.72 
Temp, elev 35.07 1.71 0.23 2.35 0.72 

2010 
Elev 16.33 0.00 1.00 n/a 0.64 

2011 
Elev 17.67 0.00 1.00 n/a 0.32 

2012 
Temp, SC 8.36 0.00 1.00 n/a 0.68 

 
 
surface water temperatures were approximately 17°C. During each year of the study, 

spring veliger density maxima were observed when water temperatures were 

approaching 26°C (Fig. 3.2), the upper thermal limit for veligers (Sprung 1987). 

RTIs were highest during 2011 and lowest during 2012 (Fig. 3.3A). CDTs were 

53 ± 7.8 days (mean ± SD) and were significantly inversely related to RTIs (Fig. 3.3B). 

CDTs were shortest during 2011 and longest during 2012 indicating more rapid 

development of veligers during 2011. 
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Table 3.2  Results of multiple regression model averaging for the selection of significant 
variables for predicting zebra mussel veliger density in Lake Texoma. See Table 3.1 for 
data partitioning criteria and variable descriptions. Sampling method was unrestricted 
with replacement. Samples and refit samples were run 1000 times. Variables included 
in at least 20% of the samples were used during refit analysis 
 

Variable Selection percentage 
ALL 

Temperature 95.1 
pH 45.4 
Specific conductance 35.5 
Secchi 32.9 

SPRING 
Temperature 98.5 
Lake elevation 30.2 
Specific conductance 29.2 

2010 
Lake elevation 64.7 
Temperature 36.3 
Secchi 29.0 
Specific conductance 22.0 
pH 21.4 

2011 
Lake elevation 36.1 
Specific conductance 30.7 
Secchi 28.1 
pH 23.0 

2012 
Temperature 32.4 
pH 25.0 
Secchi 22.5 

 
 
Spatial Dynamics 

Discrete-depth veliger densities observed during 2011 were significantly different 

over time (repeated measures ANOVA, F = 72.15, p < 0.0001). Measurements of 

physicochemical water properties on May 4 indicated the water column was well mixed 

(Fig. 3.4, top). On May 25, maximum recorded veliger density (28% of total) was   
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Table 3.3  Salient data used to estimate annual date of first spawn (DOFS) for zebra mussel populations in Lake Texoma and 
Lake Erie 
 

Lake State Estimated 
DOFS 

Date of 
First 
Detect 

Veliger 
density 
(v/L) 

Date of 
Peak 
Density 

Veliger 
density 
(v/L) 

Reference 

Lake Erie MI 6/5/1989 6/9/1989 1 08/17/1989 451 Garton and Haag 1993 
Lake Erie MI 5/17/1990 5/31/1990 123 08/02/1990 360 Fraleigh et al. 1993 
Lake Erie MI 6/2/1990 6/10/1990 7 07/25/1990 255 Garton and Haag 1993 
Lake Texoma TX 4/20/2010 5/18/2010 17.1 06/14/2010 41.6 Current study 
Lake Texoma TX 4/11/2011 4/12/2011 0.01 05/25/2011 22.4 Current study 
Lake Texoma TX 4/13/2012 4/16/2012 0.1 06/11/2012 3.3 Current study 

 
 

 
 
Fig. 3.3  A: Models developed by regressing water temperature on day for data collected during a minimum 42-day period 
approximating primary cohort development time (CDT, see text) for each year. Slopes represent daily rates of water temperature 
increase (RTIs) for each year. B: Model developed by regressing CDTs on RTIs for each year. Adjusted coefficients of 
determination (r2) are shown for both plots
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Fig. 3.4  Top: Continuous daily mean water temperature recorded at six depths (1.5, 4.6, 7.6, 10.7, 13.7, and 16.8 m below 
water surface) using submersible data loggers in Lake Texoma from April 14, 2011 to October 31, 2011. Bottom: Mean veliger 
density, water temperature, and dissolved oxygen concentration observed at six depths (0.3, 3.0, 6.1, 9.1, 12.2, 15.2 m below 
water surface) during visits to the study site on May 4, May 25, June 15, September 20, and October 13, 2011. Veliger densities 
observed on September 20 and October 13 were too low to visualize at the scale used. Error bars for veliger densities omitted 
for clarity
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observed at the 6.1-m depth (38 ± 9.6/L; mean ± SD). Physicochemical stratification of 

the lake was observed during the beginning of June and by June 15, there was a strong 

vertical stratification of veliger densities (Fig. 3.4, bottom). Maximum veliger density (73 

± 12/L; 68% of total) and the metalimnion were observed at the 6.1-m depth. Water 

temperatures between the surface and the 6.1-m depth differed by 1.3°C (27.5 to 

26.2°C), whereas temperatures decreased another 4.2°C between the 6.1- and 15.2-m 

depths (26.2 to 22.0°C, respectively). A similar pattern was observed with DO 

concentrations. Following lake turnover (September 4), physicochemical characteristics 

and veliger distributions were homogenous throughout the water column. Veliger 

densities remained very low (0.3/L or less) at all depths during September and October 

(no secondary spawn was observed). 

Mean wind speeds during visits to the study site were 20.6, 28.3, 11.4, 9.0, and 

28.3 kph, in chronological order. No significant effect of wind speed on spatial 

distributions of zebra mussel veligers was found when wind speeds were categorized as 

< or > 12 kph or < or > 21 kph (parametric ANOVA on ranked data, p = 0.07, 0.99 (12 

kph threshold) and p = 0.86, 0.46 (21 kph threshold) for low and high wind speed 

categories, respectively). This indicates factors other than wind were driving spatial 

distributions of veligers. 

 

Discussion 

Temporal Dynamics 

Sprung (1989), Borcherding (1991), and Ram et al. (1996) found that 

reproductive phenology of zebra mussels was associated with environmental factors. 
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Karatayev et al. (1998) found that water temperature was the most important factor 

controlling gametogenesis and spawning in zebra mussels. Zebra mussel gonads attain 

maturity at 11°C or greater (Borcherding 1991) and primary spawning occurs when 

temperatures are 16-18°C (Sprung 1989). Similar associations between 

gametogenesis/spawning and temperature were observed in zebra mussel populations 

found in the Great Lakes (Garton and Haag 1993), Kansas (Severson 2010), and 

Oklahoma (Boeckman 2011) and for quagga mussel (Dreissena rostriformis bugensis 

[Andrusov 1897]) populations in Lake Mead (Chen et al. 2011; Gerstenberger et al. 

2011), Copper Basin Reservoir, and Lake Mathews (Reid et al. 2010). Although 

temperatures associated with primary spawning events of dreissenid mussels are 

similar throughout North America (16-18°C), earlier annual occurrence of these 

conditions at lower latitudes is associated with earlier spawning and earlier peaks of 

veliger densities, which can be important for control and management strategies (Claudi 

and Evans 1993). In the current study, it was estimated that primary spawning began on 

April 15 (mean date, n = 3 years), which was 44 days earlier than for three studies in 

Lake Erie, when DOFS was May 29. Sprung (1989) found that water temperature was 

inversely related to larval development time, indicating higher RTIs are associated with 

reduced CDTs. For example, CDTs were 53 ± 7.8 days (mean ± SD) for the current 

study and 68 ± 12.9 days for studies conducted in Lake Erie (Fraleigh et al. 1993; 

Garton and Haag 1993). Also, higher RTIs during early spring could influence 

gametogenesis and DOFS (Lucy 2006). Shorter CDTs and earlier primary spawning 

resulted in maximum veliger densities occurring approximately two months earlier in 

Lake Texoma than in Lake Erie (June 6 and August 4, respectively) (Fraleigh et al. 
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1993; Garton and Haag 1993). As a result of early spawning and shorter CDTs, young 

of the year (YOY) mussels found in Lake Texoma are able to reach maturity prior to the 

secondary spawn in autumn (C. J. Churchill, pers. observ.). Population generation time 

would be reduced if YOY mussels were able to reproduce twice during their first year 

(autumn and the following spring). Establishment of zebra mussels in non-infested 

waters could be facilitated in regions where YOY individuals are able to grow and 

reproduce rapidly (Jantz and Neumann 1998). Although temperature and growth of 

zebra mussels can be directly related, chronic exposure to temperatures greater than 

upper thermal tolerance levels (approximately 30°C) can cause mortality (Smylie 1994; 

McMahon 1996; Matthews and McMahon, 1999; Morse 2009). 

Hincks and Mackie (1997) found that pH was associated with persistence of 

zebra mussel populations through its effects on survivorship. Using field observations 

and laboratory studies, Sprung (1987) and Ramcharan et al. (1992a) found that zebra 

mussel veliger survival requires a pH of 7.4-9.4 with an optimum of 8.4 and 8.5 for 

rearing of larvae and minimized production of crippled larvae, respectively. Hincks and 

Mackie (1997) observed larval growth only when pH was greater than 8.3. Veliger 

density maxima during the current study were observed when pH was 7.9-8.3. These 

values are slightly lower than the optimum pH levels reported by other studies, but are 

within tolerance limits. Hincks and Mackie (1997) found that the probability of mortality 

of zebra mussels was reduced at low pH levels (6-8) when calcium levels are sufficient 

for physiological processes (greater than 50 mg/L). Minimum mean calcium 

concentrations during the current study (78 mg/L; United Stated Geological Survey 
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2013) were much greater than the minimum required levels (40 mg/L) for veliger 

development (Sprung 1987). 

Spawning and larval dynamics of D. polymorpha in Lake Texoma are similar to 

those of quagga mussels found in Lake Mead. For example, quagga mussel veligers 

are present year-round in Lake Mead and densities are very low during the coldest 

months (February to April) (Gerstenberger et al. 2011). In some years, a single annual 

spawning event occurs between August and October (Beaver et al. 2010; Mueting et al. 

2010). Reid et al. (2010), Gerstenberger et al. (2011), and McMahon (2011) observed 

bivoltine reproduction by the population with primary and secondary spawning occurring 

between April and June, and August and October, respectively. In contrast to the 

current study in Lake Texoma, maximum densities of quagga mussel veligers are 

observed from August to October in most years (secondary spawn) in Lake Mead 

(Beaver et al. 2010; Mueting et al. 2010; Gerstenberger et al. 2011). 

Maximum zebra mussel veliger density in Lake Texoma (42/L in 2010) was 

similar to reported maximum densities of quagga mussel veligers in Lake Mead. For 

example, Gerstenberger et al. (2011) reported 29/L, Beaver et al. (2010) reported 33/L, 

and Wittmann et al. (2010) reported 38/L. Reid et al. (2010) reported 31/L in Copper 

Basin Reservoir and 52/L in Lake Mathews (both are located along the Colorado River 

Aqueduct). However, maximum zebra mussel veliger density in Lake Texoma was lower 

than reported values for conspecific populations in the Great Lakes, Kansas, and 

Oklahoma. For example, veliger densities in Lake Erie were 450/L in the early 1990s 

(Garton and Haag 1993), 270/L in El Dorado Lake, Kansas in 2007 (Severson 2010), 

and 480/L in Oologah Lake, Oklahoma in 2006 (Boeckman 2011). Densities observed 
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recently in Oklahoma lakes are similar to those recorded in Lake Erie indicating zebra 

mussel populations found at lower latitudes can be as productive as those found in the 

Great Lakes. It is possible that veliger densities in Lake Texoma were greater than 42/L 

prior to 2010, before the current study began. 

 

Spatial Dynamics 

Spatial distributions of veligers in Lake Texoma were related to physicochemical 

stratification dynamics including vertical location of the thermocline. During May 2011, 

temperatures and DO levels throughout the water column were within physiological 

thresholds (less than 26°C and greater than 4 mg/L, respectively) for veligers (Sprung 

1989). Physicochemical stratification resulted in horizontal zones with temperatures and 

DO concentrations that were outside physiological tolerance ranges for veligers. For 

example, on June 15 above the 6.1-m depth, temperatures exceeded 26°C, while below 

this depth, decreasing DO concentrations approached 3 mg/L. Fraleigh et al. (1993), 

Smylie (1994), and Barnard et al. (2003) found that temperatures influence spatial 

distributions of zebra mussel larvae and recruitment dynamics of post-settlement 

individuals. Lewandowski and Ejsmont-Karabin (1983) and Yu and Culver (1999) found 

that veligers typically are absent from the hypolimnion due to hypoxic conditions. Unlike 

zebra mussel adults, which are less mobile, veligers are capable of more rapid active 

transport and can avoid unsuitable environmental conditions by altering microhabitat 

selection (Barnard et al. 2003). Actively moving to the coolest, oxygenated water during 

June 2011 provided protection from high water temperatures (greater than 26°C) 

observed at shallower depths and provided sufficient DO levels (approximately 8 mg/L). 
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Similar responses of congeneric veligers to temperature and DO levels at depth were 

observed for quagga mussels in Lake Mead (Chen et al. 2011). Reid et al. (2010) 

observed maximum quagga mussel veliger densities in the deepest epilimnetic waters 

during periods of physicochemical stratification in two monomictic water bodies, Copper 

Basin Reservoir and Lake Mathews. 

Annual variation in the vertical location of the thermocline could affect zebra 

mussel populations by mediating depths at which settlement occurs (Yu and Culver 

1999). Therefore, vertical location of the thermocline could influence densities, sizes, 

and spatial distributions of mussel beds (Naddafi et al. 2010). In the current study, 

thermoclines were observed near the 6.1-m depth in 2011 (Fig. 3.4, bottom) and near 

the 3.0-m depth in 2012 (United States Geological Survey 2013). A shallower 

thermocline observed during 2012 was associated with a vertically larger hypoxic zone 

at lower depths. Therefore, settlement/recruitment zones available to veligers during 

2012 were vertically compressed towards shallower depths relative to 2011. Shallower 

distributions of zebra mussels could affect reproduction dynamics, water temperature 

maxima to which mussels are exposed, and the likelihood of desiccation during the 

following summer especially if environmental conditions increase variability of lake 

levels. Boeckman (2011) found that flooding could have similar effects. For example, 

mussels can settle on substrate at high elevations during flood conditions and later be 

desiccated when lake levels recede. 

Spatial distributions of veligers are also related to the timing of the onset of 

physicochemical stratification. Prior to the onset of hypoxic conditions at depth during 

2011, mussels settled on concrete columns below LTPS to a depth of at least 18.3 m 
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(C. J. Churchill, pers. observ.). Settled mussels at these depths were subsequently 

exposed to chronic hypoxic conditions that occurred after stratification and were unlikely 

to survive (Yu and Culver 1999). Strayer et al. (2011) found that adult survival rates 

were important for population persistence. Hypoxia-induced mortality of individuals 

below the thermocline, and desiccation of adults in littoral zones, could have contributed 

to the lack of a secondary spawn during autumn 2011. During 2012, lake stratification 

was first observed in mid-March (2.5 months earlier than in 2011; Fig. 3.2). Incipient 

hypoxic conditions at the 15.2-m depth were observed in mid-April, coincidentally, with 

the DOFS. Mussels were unable to settle below a depth of 15.2 m during 2012 because 

hypoxic conditions existed below this depth prior to larval development to the settling 

stage. 

 

Implications for Invasions in the Southern United States 

Although sizes of reproducing zebra mussel populations could be as large in 

reservoirs found in the south central United States as they are at higher latitudes, 

populations in Kansas, Oklahoma, and Texas have each experienced population 

crashes shortly after establishment and initial peaks in population sizes (Severson 

2010; Boeckman 2011; Fig. 3.5B-D). Crashes of zebra mussel populations that occur at 

higher latitudes are often followed by a recovery to pre-crash levels (Strayer and 

Malcom 2006; Strayer et al. 2011; Fig. 3.5A). Several causes, including variability of 

lake levels and high water temperatures, have been linked with zebra mussel population 

crashes in Kansas (Severson 2010), Oklahoma (Boeckman 2011), and the Lower 

Mississippi River (Allen et al. 1999). Similar environmental conditions were associated   
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with a population crash observed in Lake Texoma during the current study. Effects of 

environmental stressors on zebra mussel populations can be exacerbated during 

periods of drought which concomitantly reduce precipitation, flows, and lake levels and 

increase temperatures and evaporation, especially during summer. Water bodies found 

in the south and southwest United States experience more intermittent, extreme 

Fig. 3.5  Settled mussel or veliger densities from 
zebra mussel populations found at different 
latitudes in North America. A: Hudson River, NY 
(from Strayer et al. 2011). B: El Dorado Lake, KS 
(from Severson 2010). C: Oologah Lake, OK 
(from Boeckman 2011). D: Lake Texoma, 
TX&OK from current study. A-C are reported as 
means from multiple sites. A is reported as 
settled mussel density. B-D are reported as 
veliger density. Note different axes 
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droughts than those found at higher latitudes (National Oceanic and Atmospheric 

Administration 2013). In El Dorado Lake, a substantial drought-induced reduction in lake 

level likely affected the zebra mussel population. Maximum veliger densities were 270/L 

during 2007 (Severson 2010). In March 2007, lake levels decreased to 1.8 m below 

conservation pool level. During this period, substantial numbers of zebra mussels were 

desiccated. Maximum recorded veliger densities were less than 10/L in 2008 and 2009 

when the study ended (Fig. 3.5B). In Oologah Lake, an overall decrease in lake level 

occurred during a 16-month period of “extreme” drought, from September 2005 to 

December 2006 (National Oceanic and Atmospheric Administration 2013). Water 

temperatures reached 30°C at mid-column depths during the period when lake levels 

decreased. Reported veliger densities peaked at 480/L during spring 2006, but 

remained less than 1/L after the reduction in lake level. Veliger densities stabilized at 

this lower level from September 2006 to 2010 when the study ended (Boeckman 2011; 

Fig. 3.5C). Neither the El Dorado nor Oologah Lake zebra mussel population has 

recovered to pre-crash levels (D. K. Britton, pers. commun.). 

During 2011, approximately 88% of the surface area of Texas experienced 

“exceptional” drought including much of the Red River watershed above Lake Texoma 

(National Oceanic and Atmospheric Administration 2013). On October 8, 2011, lake 

elevation in Lake Texoma decreased to the lowest level recorded since before 1995 

(609.68 feet above NGVD29; Fig. 3.2, top). Reduced lake levels that were observed in 

Lake Texoma during summer/autumn of 2011 exposed and desiccated substantial 

numbers of older, reproductive zebra mussels (C. J. Churchill, pers. observ.). Mussels 

found in littoral zones at depths sufficient to prevent emersion were likely stressed due 
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to high ambient temperatures. In Lake Mead, overall lake levels declined 15 m from 

2007 to 2010 (United States Bureau of Reclamation 2013). During this period, however, 

the quagga mussel population did not experience a crash (Beaver et al. 2010). Because 

quagga mussels inhabit a greater range of depths and are found in deeper waters than 

zebra mussels (Nalepa et al. 2010), it is possible drought-induced variability of lake 

levels could have less effect on quagga mussel populations. 

High water temperatures (peaked at 34.3°C during summer 2011 in Lake 

Texoma) can reduce survival of veligers, juveniles, and especially post-spawn adults, 

which are often in poor condition (Allen et al. 1999; Boeckman 2011). Stoeckmann and 

Garton (2001) found that adult zebra mussels exposed to physiologically-stressful 

conditions can allocate energy to reproduction at the expense of somatic tissue 

maintenance, which could increase the probability of post-spawn mortality. A reduction 

in adult survivorship could have reduced the size of the reproductive population of zebra 

mussels in Lake Texoma during 2011 and 2012. Secondary spawning was not detected 

after reduction in lake levels and desiccation of settled adults in littoral zones that 

occurred during summer/autumn 2011. During the same period, very few mussels 

settled on artificial substrates (C. J. Churchill, pers. observ.), which could have occurred 

if veligers were thermally stressed. Strayer and Malcom (2006) found that substantial 

reduction in recruitment of one or more cohorts of zebra mussels could affect population 

size for several generations especially if physiologically-stressful conditions persist. 

However, recovery of population size could occur if conditions facilitate the development 

and recruitment of a strong cohort (Strayer and Malcom 2006). Post-crash recovery of 

populations can occur in one year (Ramcharan et al. 1992b) if a strong spring cohort 
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matures and reproduces by autumn. Morse (2009) suggested post-crash populations 

could recover if individuals give rise to a thermally-tolerant population. 

It can be difficult to determine patterns and causes of long-term variation in 

population sizes of invasive species (Simberloff and Gibbons 2004). Other factors that 

could influence persistence and stability of zebra mussel populations include calcium 

levels (Whittier et al. 2008), size of the water body (Ramcharan et al. 1992b), and 

trophic status (Dorgelo 1993; Stanczykowska and Lewandowski 1993). Invasive effects 

associated with strongly-fluctuating zebra mussel populations are likely to be less 

severe relative to large, more stable populations that are typical of those found at higher 

latitudes. For example, Severson (2010) found no significant negative effects of a 

fluctuating zebra mussel population on the zooplankton community in El Dorado Lake. 

Strayer and Malcom (2007) found that effects of a cyclic zebra mussel population on 

native bivalves moderated over time in the Hudson River. It is possible that some water 

bodies in the southern United States could support large, stable dreissenid mussel 

populations. Stanczykowska and Lewandowski (1993) suggested stable populations 

could occur in lakes that are less susceptible to drought-induced environmental 

variation (e.g. lakes with large volume to surface area ratios or large and far-reaching 

watersheds). Also, persistent dreissenid populations, especially in lotic environments, 

could occur in areas that are supported by source propagules (Stoeckel et al. 2004a). In 

many water bodies of the southern United States, intermittent reductions in lake levels 

either by natural (drought) or anthropogenic (water releases) means could facilitate 

control of dreissenid mussel populations (Tucker et al. 1997). Lake level-related control 
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measures would likely have the greatest effect on invasive populations during summer 

when mussels are physiologically stressed. 

 

Conclusions 

Results from the current study indicate water temperature, lake level variability, 

and physicochemical stratification regime influence variability of population sizes and 

spatial distributions of zebra mussels found along the current southern frontier of their 

geographic range. These environmental factors, in part, were associated with a 

population crash. Continued monitoring in Lake Texoma will determine if the zebra 

mussel population follows a stable cycle trajectory and recovers to pre-crash levels, 

stabilizes at reduced densities, follows a chaotic, unpredictable pattern, or if the 

population crash results in local extirpation. Monitoring established populations in north 

Texas will provide data that are useful in understanding the influences of environmental 

conditions on spread and population dynamics of zebra mussels in warm waters of the 

south and southwest United States. If zebra mussels are introduced into non-infested 

waters of the southern United States, it is likely environmental conditions (e.g. water 

temperatures, fluctuations in lake levels, and physicochemical stratification regimes) will 

affect spatio-temporal population dynamics early in the invasion process. High annual 

maximum water temperatures and intermittent, extreme drought conditions, which are 

more common in the southern United States, will likely influence zebra mussel 

populations that establish in these regions. It is possible that these populations will 

experience crashes in a few years after establishment and initial peaks in population 

sizes. 
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CHAPTER 4 

EFFECTS OF ENVIRONMENTAL CONDITIONS ON SURVIVAL AND GROWTH OF 

ZEBRA MUSSELS (Dreissena polymorpha) IN A RESERVOIR IN THE SOUTH 

CENTRAL UNITED STATES 

Introduction 

 The southernmost geographic extent of zebra mussels in North America has 

expanded into Texas, with detection of adults occurring in April 2009 in Lake Texoma 

along the Texas-Oklahoma border (Texas Parks and Wildlife Department 2009a). Lake 

Texoma (Red River basin) is located 120 km north of Dallas and 135 km northeast of 

Fort Worth, which are both in the Trinity River Basin. As of July 2012, estimated 

population of the Dallas-Fort Worth metropolitan area was approximately 7.1 million 

(United States Census Bureau 2013). Residents rely on numerous reservoirs and a 

network of intra- and interbasin raw water transfers for drinking water supplies. One 

interbasin transfer was halted due to the zebra mussel population in Lake Texoma. 

Cessation of interbasin water transfer from Lake Texoma to Lavon Lake (Trinity River 

basin) occurred in August 2009 after detection of zebra mussels in Trinity River 

receiving waters (Sister Grove Creek) (T. Kilpatrick, pers. commun.). Cessation of this 

transfer affected 1.6 million residents in the Dallas-Fort Worth metropolitan area. In 

addition to possible transport of zebra mussels by the network of water transfers, 

overland transport could contribute to local and regional spread. In July 2012, an 

established zebra mussel population was detected in a neighboring reservoir, Ray 

Roberts Lake, in the Trinity River basin (Texas Parks and Wildlife Department 2012a). 

The population in Ray Roberts Lake likely originated in Lake Texoma and was 
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transported by an overland vector. Overland transport is the likely vector due to 

proximity of the two reservoirs, lack of upstream zebra mussel populations, and lack of 

direct water transfers between these two water bodies. In June 2013, settled zebra 

mussels were detected in a third Texas reservoir, Lewisville Lake (Texas Parks and 

Wildlife Department 2013). If zebra mussels establish a population in this reservoir, 

downstream transport of propagules (especially veligers) into the mainstem of the 

Trinity River is likely. Establishment of zebra mussel populations in multiple Texas 

reservoirs exemplifies the potential southwestward spread of D. polymorpha farther into 

the south and southwest United States. 

There remains uncertainty regarding the future rate and extent of geographic 

spread of zebra mussels especially in warm surface waters of the southwest United 

States (McMahon 1996; Bossenbroek et al. 2007; Cohen 2008; Strayer 2009; 

Boeckman 2011). If zebra mussels spread farther into the south and southwest United 

States, they will be exposed to environments that differ from those found in northern 

latitudes where D. polymorpha has been established for decades. It is possible that 

environmental conditions of surface waters in north Texas could affect zebra mussel 

population dynamics (Lewandowski 1982b), population crashes (Churchill 2013), 

propagule pressure (Lockwood et al. 2005), and spread/establishment dynamics (Martel 

et al. 1994) by influencing survival and growth (Garton and Johnson 2000). Recently, 

the spread of zebra mussels in the inland waters of North America has slowed (Johnson 

et al. 2006). It is possible that limiting environmental conditions have contributed to the 

reduction in the rate of spread of zebra mussels in North America (Strayer 1991; 

MacIsaac 1994) by influencing individual survival, growth, and reproduction (see Table 
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1.1 for a summary). For example, Karatayev et al. (2006) and Boeckman (2011) found 

that increasing temperature promotes shell length growth until a critical maximum 

(approximately 28°C) is reached. Iwanyzki and McCauley (1993) found that individuals 

from the Great Lakes had upper thermal tolerances of 30°C. Matthews and McMahon 

(1999) found that temperature and temperature acclimation affect survival. Chronic 

hypoxia (less than 4 mg/L) increases mortality (Cohen and Weinstein 2001) and shell 

length growth (Yu and Culver 1999). High concentrations (greater than 7 ppt) of salinity 

decreased survival rates (Kilgour et al. 1994) and disrupted reproductive output 

(Setzler-Hamilton et al. 1997). Wright et al. (1996) found that juveniles survived over 

eight months after slow acclimation to 10 ppt salinity, but growth rates were significantly 

lower than juveniles exposed to lower salinities. Jantz and Neumann (1998) found that 

food quantity affects growth with maximum rates occurring between 40 and 60 µg/L. 

Dorgelo (1993) found that shell length growth rates were greater under eutrophic 

conditions (Lake Vechten, maximum primary productivity of 1.3 g C/m2/d) than under 

oligotrophic (0.5 g C/m2/d) and hypereutrophic (8.1 g C/m2/d) conditions. In a meta-

analysis of European data, Karatayev et al. (1998) found that temperature, dissolved 

oxygen, and salinity concentrations influence the distribution of zebra mussels. These, 

and other limiting environmental factors, have been used to predict the potential 

geographic range of this invasive species. Factors include water temperature (Strayer 

1991) and calcium concentration (Cohen and Weinstein 2001; Cohen 2008; Whittier et 

al. 2008). However, it is likely a suite of environmental conditions affect zebra mussel 

survival, growth, and invasion success (Naddafi et al. 2011). Several studies have used 

multiple regressions to predict survival, growth, or occurrence of zebra mussels in 
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Europe (Ramcharan et al. 1992a; Naddafi et al. 2010) and in North America (Hincks 

and Mackie 1997). No multivariate study has considered how environmental conditions 

found along the current southern frontier of zebra mussel distribution in the United 

States could affect zebra mussel survival and growth. 

To establish a population in a receiving environment, it is necessary for YOY 

individuals to survive, grow, and reproduce viable offspring (Lockwood et al. 2007). 

Because early life stages are the most sensitive for many aquatic organisms (Thorson 

1950), it is likely environmental conditions would have more substantial effect on 

survival and growth of juveniles than of adults. YOY zebra mussels exhibit increased 

mortality and growth rates relative to adults (Mackie 1993), and therefore, better 

demonstrate the influence of environmental factors on individual survival and growth. 

Research targeted towards YOY zebra mussels could yield important information 

regarding population, establishment, and spread dynamics, and could assist in 

developing control programs and risk assessments for environments throughout the 

south and southwest United States. Objectives of the current study were to determine 

mechanisms that drive YOY zebra mussel survival and growth in a warm-water 

reservoir in the southern United States. To accomplish this, recently-settled mussels in 

Lake Texoma were transplanted to and incubated in each of five zones of the reservoir 

that contain distinct physicochemical water quality characteristics (Atkinson et al. 1999). 

Water quality parameters and mussel survival, shell length, and body mass (as ash-free 

dry weight, AFDW) were quantified during a 69-day growing season. 
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Methods 

Study Area 

Lake Texoma is a monomictic, 3.1 km3 reservoir formed by Denison Dam. It 

comprises part of the Texas–Oklahoma border. This reservoir is heavily used by 

recreational boaters and fishermen and is nationally recognized for its striped bass 

fishery (Schorr et al. 1995). Lake Texoma is an impoundment of the Red and Washita 

Rivers and can be partitioned into five zones based on physicochemical water quality 

properties (Atkinson et al. 1999; Fig. 4.1). Zones were designated Red River (RRZ), 

Red River Transition (RRTZ), Main Lake (MLZ), Washita River Transition (WRTZ), and 

Washita River (WRZ). 

 

Study Sites 

Because differences in survival and growth have been observed within lakes 

(MacIsaac 1994; Garton and Johnson 2000), five study sites (one per lake zone) were 

selected in Lake Texoma. Marinas were used as study sites allowing land-based access 

and consistent depth (3.0 m) of submerged study equipment and enclosures (see 

below). Selected sites were located at Lake Texoma Marina (LTM; RRZ), Highport 

Resort (HR; RRTZ), Eisenhower Yacht Club (EYC; MLZ), Alberta Creek (AC; WRTZ), 

and Newberry Creek Resort (NCR; WRZ; Fig. 4.1). Environmental and biological data 

were collected during 10 visits to each study site (July 19 and 27, August 7, 17, 23, and 

30, and September 6, 13, 20, and 26). 
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Fig. 4.1  Map of five lake zones and associated study sites (circled) that were used 
during a 69-day in situ experimental period to assess young of the year zebra mussel 
survival, growth, and reproduction in Lake Texoma. Based on Atkinson et al. (1999) 
 

Environmental Data 

Discrete water quality measures (water temperature, dissolved oxygen 

concentration [DO], pH, and specific conductance) were measured using a YSI 600 

XLM datasonde (YSI Incorporated, Yellow Springs, OH, USA) at 3.0 m below water 

surface in proximity of experimental enclosures during each visit to study sites. 

Continuous water temperature was recorded at 15-minute intervals by submersible data 

loggers (Onset Computer Corporation, Bourne, MA, USA) placed inside enclosures at 
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each study site. Continuous water temperature data recorded during the in situ 

experiment were used to calculate mean daily temperature (ADT) for each site. 

Replicate water samples (n = 3) for visits to each site for calcium, salinity, and 

chlorophyll-a determinations were collected by using a Kemmerer sampler (1200-030; 

Wildlife Supply Company, Saginaw, MI, USA). Samples were transferred into opaque 

500-ml bottles and stored on ice until analyzed. Calcium concentrations were 

determined by using EDTA titrimetric method (American Public Health Association 

2005). Salinity was measured by using a benchtop multi-meter (H280G; Hach 

Company, Loveland, CO, USA). Chlorophyll-a concentrations were determined by using 

a spectrophotometer (American Public Health Association 2005). 

 

Experimental Design 

Artificial Substrates 

To harvest YOY zebra mussels, artificial substrates composed of stacked 

hardboard tiles, similar to those used by Churchill and Baldys (2012), were deployed in 

MLZ. This zone was selected because it is known to contain reproducing zebra mussel 

beds (Churchill 2013). Using a single site for harvesting study organisms allowed the 

use of mussels from a single cohort that settled during the same day, thereby reducing 

variability in post-settlement growth which can depend on settlement date (Wacker and 

von Elert 2002). Artificial substrates were deployed prior to settlement of the major 

spring cohort. Shortly after settlement of post-larval mussels, substrates were 

disassembled and tiles containing recently-settled juvenile mussels were randomly 

selected for reassembly into newly-configured artificial substrates which were deployed 
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at each of the five study sites for the study period. This method did not require removal 

of mussels form their original substrate which could negatively affect survival and 

growth (Karatayev et al. 2006). Artificial substrates were deployed at each study site on 

July 19, and retrieved on September 26 (69-day exposure). 

 

Enclosures 

Substrates were deployed inside flexible mesh bags. Mesh size was 1.6 X 1.0 

mm and 1.9-mm diagonal. Mesh was used to protect study organisms while allowing 

transfer of water across enclosure surface. Mesh sizes of 1.5 to 3.0 mm had no 

significant effect on in situ survival or shell length growth of zebra mussels in Hargus 

Lake, Ohio (Yu and Culver 1999), Lake Wawasee, Indiana (Garton and Johnson 2000), 

or in Oklahoma lakes (Boeckman 2011). Mesh bags were closed at the top by using zip-

ties. To prevent clogging of mesh material, bags were opened and cleaned during visits 

to each study site. During cleaning of mesh enclosures, tiles with attached study 

organisms were submerged in lake water to prevent desiccation. Use and maintenance 

of enclosures should allow survival and growth of study organisms to reflect 

environmental conditions and closely estimate natural biological responses (Garton and 

Johnson 2000). 

 

Retrieval 

Prior to secondary spawning of the population, which occurs in autumn, artificial 

substrates were retrieved from each study site. Intact substrates were covered with 

paper towels wetted by lake water, placed in reclosable plastic bags, and stored in a 
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cooler containing ice. Substrates were separated from ice by using a folded towel. 

Substrates were transported to a laboratory in five hours of removal from lake. 

 

Biological Data 

Biological data were collected for individual mussels throughout the study by 

using artificial substrates, enclosures, and digital photographs (see below). 

 

Survival 

Survival of mussels was determined during each visit to study sites. Mussels 

were considered alive if they were observed siphoning while submerged in lake water or 

if their valves were not easily opened. Mussels were considered dead if their valves 

opened readily and were not reclosed upon physical stimulation of internal organs. 

Surviving mussels were counted during visits to each study site. Dead mussels were 

removed from enclosures and were not used during statistical analyses for growth data. 

Mortality was the number of dead organisms observed during visits to each study site. 

Age-specific mortality (AsM) was calculated as the number of mussels that died at each 

site between visits divided by the number of surviving mussels counted during the 

previous visit. AsM, therefore, represents the percentage of remaining mussels that died 

between visits. 

 

Shell Length 

Shell length (SL) of each mussel (from umbo to the most distant point on the 

posterior margin, taken parallel to the ventral surface) was measured during each visit 
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to study sites. Mussels with SLs less than 8.0 mm were measured to the nearest 0.01 

mm by taking pictures using a calibrated handheld microscope (Dino-Lite AM-413T; 

AnMo Electronics Corporation, New Taipei City, Taiwan) with built-in 1.3 MP digital 

camera. Mussels with SLs greater than 8.0 mm were measured to the nearest 0.05 mm 

by using vernier calipers. 

 

Body Mass 

Body mass was quantified by using AFDW (Bij de Vaate 1991). Because of the 

destructive nature of AFDW determinations, and the availability of fewer organisms due 

to a population crash (Churchill 2013), AFDW was not directly determined for study 

organisms during 2012. Therefore, SL:AFDW relationships determined for each site 

during a pilot study (see below) were used to estimate AFDW for individual study 

organisms during 2012.  

 

Growth 

Total SL and AFDW growth was calculated by subtracting initial values from final 

values for each individual. Daily SL and AFDW growth rates (SLDG and AWDG, 

respectively) were determined by dividing individual growth by the number of elapsed 

days since the most recent measurement. 

 

Pilot Study 

A pilot study was conducted during 2011. Initial SLs were measured and artificial 

substrates containing juvenile mussels were deployed at each study site on August 26. 
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Environmental data were collected during three visits to each study site (September 8, 

22, and 28). Final SLs were measured prior to substrate retrieval. After substrate 

retrieval, 20 mussels from each of the five study sites (n = 100 total) were randomly 

selected for AFDW determinations. Intact mussels were dried at 100°C for 24 hours, 

then ashed at 500°C for three hours. Dry weight (DW) and ash weight (AW) were 

measured to the nearest 0.1 mg by using a digital balance. AFDW was calculated as 

AFDW = DW - AW, and represents a measure of soft body tissue only (without shell). 

Quadratic regressions were used to determine relationships between SL and AFDW at 

each site (r2 = 0.93-0.98, p < 0.0001 for all sites). Other methods used during the pilot 

study were the same as those used during 2012. 

 

Statistical Analyses 

Analyses were conducted on both pooled data (all five sites) and on data from 

each site yielding six data groupings for each analysis. Pearson correlation coefficients 

were calculated for each pair of environmental variables (Naddafi et al. 2010). Collinear 

variables (p < 0.05) were not used during subsequent analyses. Specific conductance 

was significantly correlated with calcium concentration for all six data groupings. 

Calcium was retained due to its importance in shell development (Cohen and Weinstein 

2001; Whittier et al. 2008). Regressions on raw data were used to determine if 

relationships between survival/growth and predictor variables (e.g. temperature, time, 

chlorophyll-a concentrations) were significant. One-way ANOVAs were used to compare 

mean total SL growth or mean total AFDW growth for individuals among sites. 
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Significant ANOVAs for total growth data were followed by a Tukey multiple comparison 

test with Kramer adjustment for unequal sample size. 

Several variables were significantly correlated with time. ANCOVAs were 

conducted using either SLDG or AWDG as the dependent variable (DV) and time as the 

covariate for each site. Regression slopes for the five sites were not significantly 

different for either DV. Therefore, to account for the effect of time on biological variables 

(SLDG and AWDG) and environmental factors (ADT, DO, pH, calcium, salinity, and 

chlorophyll-a) either quadratic (biological variables) or linear (environmental variables) 

regressions were conducted using each of the eight variables as the DV and time as the 

independent variable (IV). Regression residuals represent values of DVs after the effect 

of the IV, time, has been removed. Residuals from each regression analysis were used 

in subsequent analyses. DVs (AsM [log (x + 1)], SLDG, and AWDG) were regressed 

against environmental variables using all-possible multiple regression model analysis to 

determine the factors that best predicted each DV. These regressions were conducted 

on residuals. Candidate models were analyzed using corrected AIC (AICc) scores 

(Naddafi et al. 2010). Differences in AICc scores (ΔAICc) were used to identify best-fit 

models. ΔAICc < 2 indicates a model that has substantial support (Burnham and 

Anderson 2002). Weighted AICc scores (wAICc) were calculated to determine the best 

model(s) out of the subset of candidate models with ΔAICc < 2. Evidence ratios 

(wAICci/wAICcj) were calculated to determine to what extent the best-supported model 

was better than other candidate models. These methods determine which parsimonious 

regression model(s) best fit the data. However, they do not provide quantified 

importance of individual variables. To accomplish this, model averaging was conducted 
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on all variables to determine the importance of variables selected in multiple regression 

models. Model inference sampling method was unrestricted with replacement and was 

run 1000 times. Variables selected in at least 20% of the samples (n ≥ 200) were used 

during refit analysis. Refit analysis was run 1000 times. During each iteration, a best-fit 

model was generated and selected variables were recorded. Variable selection 

percentage describes how often variables were included in best-fit models during 1000 

iterations and represents a quantitative measure of variable importance. 

Statistical analyses were conducted using SAS 9.3 or SigmaPlot 12. Data were 

analyzed for parametric assumptions including normality and homoscedasticity prior to 

analyses. Results were considered significant at p < 0.05. 

 

Results 

Pilot Study 

Results from the pilot study indicated significantly different growth of juvenile 

zebra mussels could be detected between the five study sites during a 33-day 

experimental period. Mean total SL growth for organisms pooled from all sites was 3.13 

± 1.43 mm (mean ± SD ). Mean total SL growth was significantly different between the 

five sites (F = 4.63, p = 0.0017). Due to different study commencement dates (Aug 26 

and July 19 for pilot and 2012 study, respectively), study organisms used during the 

pilot study (initial SL = 10.61 ± 1.43 mm) were larger than those used during 2012 (3.56 

± 0.62 mm). Mean SLDG for organisms pooled from all sites was 94.73 ± 43.47 µm/d. 
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Environmental Factors 

Mean water temperatures were highest in WRZ (28.65 ± 2.06°C), WRTZ (28.65 ± 

1.88°C), and RRZ (28.56 ± 2.09°C) and were lowest in MLZ (28.10 ± 1.41°C; Table 

4.1). Mean chlorophyll-a concentrations were greater than 9.5 µg/L in all zones except 

MLZ, where mean concentrations were 6.35 ± 2.09 µg/L. 

 

Survival 

AsM of YOY zebra mussels in Lake Texoma was related more to water 

temperature than other environmental factors. Throughout the study, AsM patterns 

tracked closely with changes in temperature over time (Fig. 4.2). A significant curvilinear 

relationship existed between AsM and water temperature for pooled data (r2 = 0.41, p < 

0.0001; Fig. 4.3). Multiple regressions on pooled data yielded three candidate models 

with ΔAICc < 2 (Table 4.2). The model with water temperature, pH, and calcium 

concentration provided the best fit to the observed data and explained 53% of the 

variation in AsM (adjusted R2 = 0.53, F = 17.78, p < 0.0001). All three models with 

ΔAICc < 2 included water temperature and pH. Multiple regressions on data from LTM, 

AC, and NCR yielded models containing temperature. Highest mortality (four or more 

between visits) was observed when water temperatures were greater than 29.4°C. At 

sites with lower temperatures (HR and EYC), chlorophyll-a was included in best-fit 

models (Table 4.2). 

Using model averaging, water temperature was selected in 100% of best-fit 

models for pooled data (Table 4.3). Using data from each site, temperature, pH, or DO 

was the most important predictor and was selected in at least 77% of best-fit models. 
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Table 4.1  Environmental variable values for study sites in Lake Texoma 
 

Site Lake 
zone 

Temperature 
(°C) 

Dissolved 
oxygen 
(mg/L) 

pH Calcium 
(mg/L) 

Salinity (ppm) Chlorophyll-
a (µg/L) 

Lake Texoma Marina RRZ 28.56 ± 2.09 6.48 ± 1.40 7.94 ± 0.27 86.89 ± 2.00 1016.43 ± 25.26 20.88 ± 5.47 
Highport Resort RRTZ 28.21 ± 1.72 5.98 ± 1.58 8.02 ± 0.25 83.26 ± 1.90 839.70 ± 9.00 11.36 ± 2.69 
Eisenhower Yacht Club MLZ 28.10 ± 1.41 6.30 ± 1.61 7.98 ± 0.20 83.05 ± 1.84 811.63 ± 7.79 6.35 ± 2.09 
Alberta Creek WRTZ 28.65 ± 1.88 7.51 ± 1.25 7.91 ± 0.22 80.91 ± 2.05 802.17 ± 15.73 9.52 ± 3.78 
Newberry Creek Resort WRZ 28.65 ± 2.06 6.69 ± 1.60 7.89 ± 0.24 78.98 ± 2.04 767.73 ± 40.04 10.77 ± 2.34 

Note: Values are mean ± SD from 10 visits to each site 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4.2  Age-specific mortality of zebra mussels and water temperature (°C) from five sites in Lake Texoma. Values are mean ± 
SD of five sites 
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Fig. 4.3  Curvilinear regression of age-specific mortality of zebra mussels and water 
temperature (°C) from five sites in Lake Texoma. Regression line and 95% confidence 
bands are shown. See Fig. 4.1 for study site description 
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significantly inversely related to AFDW (r2 = 0.40, p < 0.0001) and AWDG (r2 = 0.34, p = 
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Table 4.2  Ranking of candidate regression models predicting age-specific mortality of 
young of the year zebra mussels in Lake Texoma. All = pooled data from all five sites; 
LTM = Lake Texoma Marina; HR = Highport Resort; EYC = Eisenhower Yacht Club; AC 
= Alberta Creek, NCR = Newberry Creek Resort. Explanatory variables include mean 
daily water temperature (temp; °C), pH, dissolved oxygen (DO; mg/L), salinity (ppm), 
calcium (mg/L), and chlorophyll-a (chl; µg/L). Corrected Akaike's information criteria 
(AICc), difference in AICc values between the best-supported model and the given 
model (ΔAICc), Akaike weights (wAICc), evidence ratios (best-supported model 
compared to other candidate models), and adjusted coefficients of determination (R²) 
are shown. Models with ΔAICc < 2 are shown 
 

Model AICc ΔAICc wAICc Evidence 
ratio 

Adjusted R² 

ALL 
Temp, pH, calcium -324.83 0.00 0.55 n.a. 0.54 
Temp, pH, salinity, chl -323.12 1.71 0.23 2.35 0.53 
Temp, pH, calcium, chl -322.95 1.88 0.22 2.56 0.53 

LTM 
Temp -51.85 0.00 0.37 n.a. 0.49 
Calcium, chl -50.44 1.41 0.19 2.02 0.59 
pH, calcium, chl -50.18 1.67 0.16 2.31 0.77 
Chl -49.88 1.97 0.14 2.68 0.36 
Salinity -49.87 1.99 0.14 2.70 0.36 

HR 
Calcium, chl -83.83 0.00 1.00 n.a. 0.77 

EYC 
DO, chl -86.10 0.00 0.25 n.a. 0.95 
DO, salinity -85.91 0.19 0.23 1.10 0.95 
DO, salinity, chl -85.44 0.66 0.18 1.39 0.97 
DO, temp, salinity -84.64 1.46 0.12 2.07 0.97 
DO -84.55 1.55 0.11 2.17 0.91 
DO, temp, pH -84.53 1.57 0.11 2.19 0.97 

AC 
Temp -64.21 0.00 0.58 n.a. 0.55 
Temp, chl -63.57 0.63 0.42 1.37 0.67 

NCR 
Temp, pH -71.30 0.00 0.66 n.a. 0.86 
Temp, pH, DO -69.93 1.37 0.34 1.98 0.91 

n.a. not applicable 
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Table 4.3  Results of multiple regression model averaging for the selection of significant 
variables for predicting age-specific mortality of young of the year zebra mussels in 
Lake Texoma. See Table 4.2 for data partitioning criteria and variable descriptions. 
Sampling method was unrestricted with replacement. Samples and refit samples were 
run 1000 times. Variables included in at least 20% of the samples were used during refit 
analysis and are shown 
 

Variable Selection percentage 
ALL 

Temp 100 
pH 55.3 
Calcium 45.6 
Salinity 25.8 
Chl 20.0 

LTM 
Temp 77.0 
Salinity 62.3 
DO 57.8 
Chl 56.7 
Calcium 51.1 
pH 42.3 

HR 
pH 78.4 
Calcium 62.8 
Salinity 60.9 
Chl 59.1 
DO 57.8 
Temp 53.6 

EYC 
DO 97.6 
Salinity 87.7 
Chl 71.8 
Calcium 64.4 
Temp 60.1 
pH 56.2 

AC 
Temp 91.2 
Salinity 80.7 
Chl 70.6 
DO 60.9 
Calcium 58.0 
pH 52.2 

NCR 
pH 85.5 
Salinity 75.6 
Temp 74.2 
Chl 71.9 
DO 69.2 
Calcium 68.7 
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Fig. 4.4  Age-specific mortality of zebra mussels at five study sites and for pooled data 
(ALL) from five sites in Lake Texoma. See Fig. 4.1 for study site description 
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Fig. 4.5  Curvilinear regressions of age-specific mortality and shell length (A), daily shell 
length growth (B), ash-free dry weight (C), and daily ash-free dry weight growth (D) of 
zebra mussels from five sites in Lake Texoma. Note different axes. Regression line and 
95% confidence bands are shown. See Fig. 4.1 for study site description 
 

Mean SLDGs were significantly related to water temperature (r2 = 0.33, p = 
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each site. 
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Fig. 4.6  Cumulative shell length growth (A) and ash-free dry weight growth (B) of zebra mussels from five sites in Lake Texoma. 
Note different y-axes. See Fig. 4.1 for study site description 
 
 
Table 4.4  Daily shell length growth rates (SLDG; µm/d) of young of the year zebra mussels incubated in enclosures at study 
sites in Lake Texoma. SLDG maximum at each site is in bold 
 

 
Day 

Site 8 19 29 35 42 49 56 63 69 
Lake Texoma 
Marina 

51.61 ± 
20.20 

101.17 ± 
48.37 

159.33 ± 
67.00 

167.07 ± 
87.20 

280.10 ± 
33.39 

188.76 ± 
53.07 

195.92 ± 
72.71 

183.67 ± 
40.35 

111.90 ± 
37.53 

Highport 
Resort 

21.46 ± 
13.37 

60.68 ± 
25.68 

94.73 ± 
38.98 

160.25 ± 
46.75 

204.60 ± 
68.01 

206.60 ± 
71.45 

131.17 ± 
63.26 

186.69 ± 
81.21 

140.15 ± 
69.80 

Eisenhower 
Yacht Club 

29.79 ± 
25.61 

47.15 ± 
29.05 

91.93 ± 
44.95 

138.96 ± 
55.37 

258.57 ± 
54.75 

161.89 ± 
54.22 

161.34 ± 
46.36 

168.07 ± 
46.98 

108.33 ± 
75.52 

Alberta 
Creek 

40.61 ± 
13.89 

94.95 ± 
34.27 

116.47 ± 
28.39 

203.40 ± 
67.73 

200.03 ± 
68.38 

216.56 ± 
61.24 

182.71 ± 
46.06 

172.56 ± 
39.50 

95.83 ± 
47.53 

Newberry 
Creek Resort 

42.36 ± 
13.38 

78.80 ± 
22.62 

121.70 ± 
55.78 

301.70 ± 
80.07 

235.43 ± 
67.49 

230.89 ± 
53.77 

195.54 ± 
38.14 

174.11 ± 
52.16 

151.04 ± 
61.75 

Note: Values are mean ± SD for surviving organisms and are reported from the previous day to the current day  
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Fig. 4.7  Regression of daily shell length growth of study organisms and water 
temperature (°C) from five sites in Lake Texoma. Regression line and 95% confidence 
bands are shown. See Fig. 4.1 for study site description 
 

Although SLDGs were not significantly correlated with pH values, SLDG maxima 

were observed when pH was 8.10-8.45 at each site. Using data from each site, 

chlorophyll-a, DO, or calcium was the most important predictor of SLDG and each was 

selected in at least 70.1% of best-fit models. SLDGs were significantly related to day at  

each site (r2 = 0.67-0.84, p = 0.0039-0.0365; Fig. 4.8) and were significantly related to 

SL for pooled data (r2 = 0.66, p < 0.0001; Fig. 4.9). 
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Table 4.5  Ranking of candidate regression models predicting daily shell length growth 
rates of young of the year zebra mussels in Lake Texoma. See Table 4.2 for 
explanation 
 

Model AICc ΔAICc wAICc Evidence 
ratio 

Adjusted R² 

ALL 
Temp 328.24 0.00 0.31 n.a. 0.01 
Salinity 329.76 1.52 0.14 2.14 n.a. 
pH 329.80 1.56 0.14 2.18 n.a. 
Chl 329.81 1.57 0.14 2.20 n.a. 
DO 329.90 1.66 0.13 2.30 n.a. 
Calcium 329.93 1.69 0.13 2.33 n.a. 

LTM 
DO 63.80 0.00 1.00 n.a. 0.23 

HR 
Temp, pH, DO 46.44 0.00 1.00 n.a. 0.95 

EYC 
DO, salinity 66.53 0.00 0.42 n.a. 0.54 
Chl 66.94 0.40 0.35 1.22 0.30 
Calcium, chl 67.74 1.21 0.23 1.83 0.48 

AC 
Calcium 57.37 0.00 0.71 n.a. 0.35 
Calcium, chl 59.18 1.81 0.29 2.47 0.46 

NCR 
Chl 69.26 0.00 0.39 n.a. 0.25 
Temp, DO 69.65 0.39 0.32 1.22 0.46 
Temp 69.91 0.65 0.29 1.34 0.19 

n.a. not applicable 
 

greatest in river zones (24.51 ± 9.29 mg at LTM and 23.68 ± 5.60 mg NCR) and lowest 

in the main lake zone (11.61 ± 5.48 mg at EYC; Fig. 4.6). Mean total AFDW growth for 

all five sites during the 69-day period was 18.73 ± 7.22 mg. 

Similar to SLDGs, mean AWDGs were positive throughout the experiment and 

ranged from 0.01 to 0.79 mg/d. AWDG maxima at all sites were observed on day 63 

(Table 4.7). Except in MLZ (EYC), AWDG maxima were observed when AFDW values 

were 15-22 mg. Decreases in AWDGs were not observed until the final day of the  
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Table 4.6  Results of multiple regression model averaging for the selection of significant 
variables for predicting daily shell length growth rates of young of the year zebra 
mussels in Lake Texoma. See Table 4.3 for explanation 
 

Variable Selection percentage 
ALL 

Temp 24.6 
LTM 

DO 74.2 
Calcium 65.9 
Salinity 58.2 
pH 55.3 
Temp 52.9 
Chl 50.6 

HR 
Chl 84.1 
Temp 65.6 
pH 63.7 
Salinity 59.9 
DO 58.0 
Calcium 51.9 

EYC 
Chl 71.2 
Calcium 61.6 
Salinity 59.8 
Temp 53.9 
DO 47.7 
pH 45.1 

AC 
Calcium 84.6 
Chl 77.6 
Salinity 72.0 
pH 67.8 
DO 65.6 
Temp 65.3 

NCR 
Chl 70.1 
Temp 60.8 
Salinity 58.9 
DO 53.0 
pH 51.9 
Calcium 51.9 
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Fig. 4.8  Regressions of daily shell length growth (A, C, E, G, I) and daily ash-free dry 
weight growth (B, D, F, H, J) of zebra mussels and day from five sites in Lake Texoma. 
Note different y-axes. Regression line and 95% confidence bands are shown. See Fig. 
4.1 for study site description 
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Fig. 4.9  Regressions of daily shell length growth and shell length (A), and daily ash-
free dry weight growth and ash-free dry weight (B) of zebra mussels from five sites in 
Lake Texoma. Note different axes. Regression line and 95% confidence bands are 
shown. See Fig. 4.1 for study site description 
 

experiment (day 69). AWDG maxima were observed 14-28 days after SLDG maxima. 

Maximum AWDG observed for all individuals was 1.70 mg/d (NCR on day 69). At each 

site, AWDG maxima occurred as mussels achieved sexual maturity (see Chapter 5). 

AWDG was significantly related to chlorophyll-a concentrations (r2 = 0.25, p = 

0.0019; Fig. 4.10). Chlorophyll-a was the only variable in the best-supported model for 

pooled data (adjusted r2 = 0.18, F = 8.72, p = 0.0056; Table 4.8). Chlorophyll-a was 

selected in 76.6% of best-fit models for pooled data (Table 4.9). 

Using data from each site, chlorophyll-a, calcium, or DO was the most important 

predictor of AWDG and each was selected in at least 46.7% of best-fit models. AWDGs 

were significantly related to day at each site (r2 = 0.86-0.94, p = 0.0007-0.0093; Fig. 4.8) 

and were significantly related to AFDW for pooled data (r2 = 0.85, p < 0.0001; Fig. 4.9). 
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Table 4.7  Daily ash-free dry weight (AFDW) growth rates (AWDG; mg/d) of young of the year zebra mussels incubated in 
enclosures at study sites in Lake Texoma. AWDG maximum at each site is in bold 
 

 
Day 

Site 8 19 29 35 42 49 56 63 69 
Lake 
Texoma 
Marina --- 0.01 ± 0.05 0.13 ± 0.18 0.25 ± 0.25 0.58 ± 0.23 0.52 ± 0.12 0.69 ± 0.26 0.79 ± 0.28 0.54 ± 0.27 
Highport 
Resort --- 0.02 ± 0.03 0.07 ± 0.07 0.19 ± 0.14 0.34 ± 0.16 0.47 ± 0.21 0.35 ± 0.17 0.60 ± 0.27 0.54 ± 0.26 
Eisenhower 
Yacht Club --- --- --- 0.03 ± 0.08 0.23 ± 0.21 0.26 ± 0.15 0.36 ± 0.16 0.49 ± 0.21 0.34 ± 0.19 
Alberta 
Creek --- 0.03 ± 0.04 0.09 ± 0.08 0.27 ± 0.18 0.35 ± 0.14 0.51 ± 0.15 0.57 ± 0.22 0.62 ± 0.20 0.39 ± 0.24 
Newberry 
Creek Resort --- 0.02 ± 0.03 0.09 ± 0.07 0.40 ± 0.27 0.43 ± 0.14 0.59 ± 0.15 0.62 ± 0.14 0.64 ± 0.20 0.64 ± 0.32 

Note: Values are mean ± SD for surviving organisms and are reported from the previous day to the current day. AFDWs 
for each site were calculated by using site-specific regression equations (see text) 
--- shell lengths were too low for AFDW calculations
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Fig. 4.10  Linear regression of daily ash-free dry weight growth of study organisms and 
chlorophyll-a concentration from five sites in Lake Texoma. Regression line and 95% 
confidence bands are shown. See Fig. 4.1 for study site description 
 

Discussion 

Temperatures associated with mortality of zebra mussels were similar to those 

reported in previous studies. Reported upper thermal tolerances of zebra mussels in 

North American waters are between 30 and 32°C (Iwanyzki and McCauley 1993; 

Matthews and McMahon 1999; Morse 2009). Dense populations are often associated 

with water temperatures that are 14-28°C (Wu et al. 2010). Therefore, it is expected that 

mortality will increase with temperature when it exceeds 28°C (MacIsaac 1994; 

Karatayev et al. 2011). During the current study, a strong temperature/mortality 

relationship was observed. AsM was generally high until temperatures decreased to   
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Table 4.8  Ranking of candidate regression models predicting daily ash-free dry weight 
growth rates of young of the year zebra mussels in Lake Texoma. See Table 4.2 for 
explanation 
 

Model AICc ΔAICc wAICc Evidence 
ratio 

Adjusted R² 

ALL 
Chl -162.77 0.00 0.39 n.a. 0.18 
Chl, DO -162.20 0.57 0.30 1.33 0.19 
Chl, calcium -160.95 1.81 0.16 2.48 0.17 
Chl, temp -160.82 1.94 0.15 2.64 0.16 

LTM 
DO -32.50 0.00 0.21 n.a. n.a. 
Calcium -32.08 0.42 0.17 1.23 n.a. 
Chl -31.91 0.59 0.16 1.34 n.a. 
pH -31.85 0.64 0.15 1.38 n.a. 
Salinity -31.85 0.65 0.15 1.39 n.a. 
Temp -31.84 0.65 0.15 1.39 n.a. 

HR 
pH, calcium, 
salinity -42.91 0.00 0.52 n.a. 0.85 
pH, calcium -42.76 0.15 0.48 1.07 0.61 

EYC 
Chl -32.86 0.00 0.70 n.a. 0.37 
DO -31.21 1.65 0.31 2.28 0.17 

AC 
Sal -38.64 0.00 0.71 n.a. 0.35 
Chl -36.84 1.81 0.29 2.47 0.16 

NCR 
DO, temp -48.11 0.00 0.72 n.a. 0.75 
DO -46.23 1.88 0.28 2.56 0.47 

n.a. not applicable 
 

approximately 28°C (after lake turnover) and no study organism died after temperatures 

decreased to less than 26°C. This indicates individuals that survive high summer 

temperatures are likely to persist into autumn/winter. Coupled with a long 

summer/autumn growing season typical of waters found at lower latitudes, mussels 

surviving the summer are capable of successful reproduction during mid-autumn of their   
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Table 4.9  Results of multiple regression model averaging for the selection of significant 
variables for predicting daily ash-free dry weight growth rates of young of the year zebra 
mussels in Lake Texoma. See Table 4.3 for explanation 
 

Variable Selection percentage 
ALL 

Chl 76.6 
DO 23.4 

LTM 
Chl 46.7 
Calcium 46.6 
DO 46.3 
Temp 45.7 
pH 39.3 
Salinity 38.2 

HR 
Calcium 66.1 
pH 60.6 
Salinity 60.0 
DO 58.9 
Chl 58.5 
Temp 58.4 

EYC 
Calcium 67.9 
Chl 64.8 
pH 49.5 
DO 45.2 
Temp 35.4 
Salinity 33.9 

AC 
Chl 74.7 
Salinity 72.9 
Temp 55.9 
Calcium 49.3 
pH 48.9 
DO 43.9 

NCR 
DO 83.4 
Temp 69.5 
Calcium 69.0 
Salinity 62.4 
Chl 58.8 
pH 54.0 
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first year (C. J. Churchill, pers. observ.). In the south and southwest United States, 

where water temperatures during summer often exceed upper thermal tolerances of 

zebra mussels, it is likely populations will experience higher mortality due to thermal 

stress. It has been reported that such selection pressures could result in thermally-

adapted populations with enhanced upper thermal tolerances (Morse 2009; Boeckman 

2011). Several studies have found that zebra mussel populations are adapting to 

warmer temperatures found in lakes and reservoirs of the southern United States 

(McMahon 1996; Morse 2009). 

SL growth curves over time from the current study are similar, but higher than 

reported values for lentic populations in the Netherlands (Bij de Vaate 1991), Lake Erie 

(MacIsaac 1994), and Lake St. Clair (Bitterman 1992; Mackie 1993). Mean total SL 

growth during the current 69-day study was 9.62 mm across all sites. Maximum SL 

growth over a single growing season was 5.5 mm in Lake Wawasee (Garton and 

Johnson 2000) and 8.5 mm in Lake Ijsselmeer (Bij de Vaate 1991). Maximum SL 

growth of YOY mussels in Lake Erie was 11.2 mm (Chase and Bailey 1999a). This 

growth; however, was measured over a 5-month period (May-October). 

Based on studies from lentic environments in Europe and North America, SLDGs 

were significantly related to temperatures (r2 = 0.65, p = 0.0003; Fig. 4.11). Jantz and 

Neumann (1992), MacIsaac (1994), Garton and Johnson (2000), and Karatayev et al. 

(2006) found that SL growth of zebra mussels increases with temperature up to 30°C. 

Growth is halted at 30°C and mortality is high when temperatures exceed 32°C 

(Karatayev et al. 2006; Boeckman 2011). In lotic environments, positive associations 

have been observed between SL growth and temperature (Smit et al. 1992) up to 28°C  
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Fig. 4.11  Linear regression of daily shell length growth of zebra mussels and mean 
water temperature (°C) reported from lentic environments in Europe and North America. 
Lake Texoma data (current study) are pooled from five sites. Regression line and 95% 
confidence bands are shown 

 

(Allen et al. 1999). It is therefore expected that SLDGs observed during the current 

study would increase with temperature unless the upper thermal tolerance was reached. 

In Lake Texoma, SLDG maxima were observed when temperatures decreased to 

27-28°C and before study organisms reached maturity (see Chapter 5). SLDGs of zebra 

mussels in Lake Texoma are the highest reported for lentic populations and are 

comparable to the highest rates reported for populations found in lotic environments 

(Table 4.10). 

Several studies have reported SLDGs are size-dependent with smaller 

individuals having higher SLDGs (Bij de Vaate 1991; MacIsaac 1994; Jantz and 

Neumann 1998; Chase and Bailey 1999a; Yu and Culver 1999; Garton and Johnson  

Temperature

10 15 20 25 30

Sh
el

l l
en

gt
h 

gr
ow

th
 (u

m
/d

ay
)

30

50

70

90

110

130

150

170
Hargus Lake  Yu and Culver 1999 
Lake Erie  Chase and Bailey 1999A 
Lake Erie  MacIsaac 1994 
Lake Erie  Stoeckmann and Garton 1997 
Lake Ijsselmeer  Bij de Vaate 1991 
Lake Maarsseveen I  Dorgelo 1993 
Lake Maarsseveen II  Dorgelo 1993 
Lake Markermeer  Bij de Vaate 1991 
Lake Texoma  This study 
Oologah Lake  Boeckman 2011 
Sooner Lake  Boeckman 2011 

y = 8.669 + 3.969x
r2 = 0.65
p = 0.0003

 

124 



 
Table 4.10  Daily shell length growth rate maxima of young of the year zebra mussels in 
different water bodies. Results from the current study are in bold 
 

Area Year Initial 
shell 
length 
(mm)* 

Shell 
length 
growth 
(µm/d) 

Mean 
temperature 
(°C) 

Reference 

Lentic environments 
Lake Texoma - NCR 2012 3.3 161 28.7 Current study 
Lake Texoma - LTM 2012 3.4 157 28.6 Current study 
Lake Texoma** 2012 3.6 148 28.4 Current study 
Lake Texoma - AC 2012 3.7 140 28.7 Current study 
Oologah Lake 2006 5 140 27.2 Boeckman 2011 
Lake Erie 1993 5 130 23 MacIsaac 1994 
Lake Texoma - HR 2012 3.8 129 28.2 Current study 
Lake St. Clair 1989 1.3 126 n.r. Mackie 1993 
Lake Texoma - EYC 2012 3.5 123 28.1 Current study 
Sooner Lake 2007 5 110 28.0 Boeckman 2011 
Lake St. Clair 1988 3.1 100 n.r. Mackie 1993 
Sooner Lake 2008 5 100 27.3 Boeckman 2011 
Sooner Lake 2009 5 100 25.6 Boeckman 2011 
Lake Vechten 1985 6.3 84 n.r. Dorgelo 1993 
Lake Maarsseveen II 1985 5.8 77 11 Dorgelo 1993 
Lake Erie 1994 n.r. 73 16 Chase and Bailey 1999a 
Lake Erie 1991 8 71 21 Stoeckmann and Garton 1997 
Lake Ijsselmeer 1983 5.5 70 13 Bij de Vaate 1991 
Lake Ijsselmeer 1984 6 66 14 Bij de Vaate 1991 
Lake Maarsseveen I 1989 5.8 54 11 Dorgelo 1993 
Hargus Lake 1994 n.r. 51 21 Yu and Culver 1999 
Lake Maarsseveen I 1985 5.2 50 11 Dorgelo 1993 
Lake Wawasee 1995 8.6 44 n.r. Garton and Johnson 2000 
Lake Markermeer 1984 6 39 12 Bij de Vaate 1991 

Lotic environments 
Huron River 1996 7.8 175 n.r. French et al. 2006 
Rhine River (lower) 1988 n.r. 150 n.r. Smit et al. 1992 
Rhine River 1989 n.r. 129 n.r. Jantz and Neumann 1992 
Rhine River 1992 13.5 120 15 Jantz and Neumann 1998 
Rhine River 1993 13 110 17 Jantz and Neumann 1998 
Mississippi River (lower) 1997 7.5 80 n.r. Allen et al. 1999 

* When a range of shell lengths was provided, the shortest length is listed because smaller 
organisms would likely contribute more to mean growth than larger organisms 
** pooled data from five sites 
n.r. not reported
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2000). In the current study, size-dependent SLDG was observed at all sites. SLDG 

maxima were observed when SLs were 6-8 mm resulting in a unimodal relationship 

between SLDG and SLs. The pattern of increasing, then decreasing SLDG has rarely 

been reported. Only one study found a similar pattern using YOY mussels (Bitterman 

1992). It is likely more frequent measures of SL (as used in the current study and by 

Bitterman [1992]) and the use of recently-settled individuals would discern the SLDG/SL 

relationship in other study areas. Subsequent decline of SLDG of organisms longer than 

8 mm in SL could be attributed to flexible energy allocation resulting in a diversion of 

energy from shell development to soft tissue growth and reproduction (Stoeckmann and 

Garton 2001). 

  Based on total AFDW growth comparisons, it is likely AWDG was higher in Lake 

Texoma than in other areas. Maximum mean AFDW for zebra mussels with 15 mm SL 

was 19.6 mg in North America (Lake St. Clair; Mackie 1991) and 14.5 mg in Europe 

(Mazurian Lakes, Poland, Stanczykowska 1977). During the current study, maximum 

mean AFDW for organisms with 14.5-mm SLs was 25.2 mg (LTM). 

Dorgelo (1993), Jantz and Neumann (1998), and Stoeckmann and Garton (2001) 

found that food quantity and quality are related to growth of zebra mussels. Strayer and 

Malcom (2006) found that body condition of zebra mussels is significantly positively  

correlated with phytoplankton biomass. This relationship is likely food quantity- and 

quality-dependent (Wacker and von Elert 2002). In general, algal food availability 

(chlorophyll-a) has a unimodal relationship with AFDW growth (Bitterman 1992), which 

is similar to the relationship between water temperature and SL growth. Eutrophic 

environments are often associated with high growth rates of zebra mussels while 
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hypereutrophic conditions can slow growth or cause mortality (Dorgelo 1993). 

Oligotrophic environments could affect zebra mussel population density and size 

structure by reducing growth rates (Dorgelo 1993; Nalepa et al. 1995; Naddafi et al. 

2010). Tissue degrowth is more likely to be observed in larger, 1+ year organisms and 

can be site-specific (Walz 1978a; Stoeckmann and Garton 2001). Within-lake variation 

in soft tissue mass has been observed in North America (Bitterman 1992) and Europe 

(Sprung 1995b). During the current study, AFDW growth was positive for all organisms 

and AWDG maxima were observed in zones containing the highest levels of 

chlorophyll-a. Mean chlorophyll-a concentrations were greater than 9.5 µg/L in river and 

river transition zones, which accounted for the four highest total AFDW growth values. 

Walz (1978a) found that AWDG of 1+ year zebra mussels is size-dependent with 

exponential AFDW growth occurring for only a short period. Gross growth efficiency 

(growth per unit of available food) also decreases with size (Sprung 1995a). In the 

current study, size-dependent AFDW growth was observed at all sites. AWDG 

increased until organisms achieved 15 mg AFDW. After organisms achieved this size, 

AWDG decreased with size resulting in a unimodal relationship similar to that reported 

from the Lake St. Clair area by Bitterman (1992). Maximum AWDG was observed after 

primary shell development. It is possible that energy was diverted from shell 

development to soft tissue growth and gametogenesis (Mackie 1993; Jantz and 

Neumann 1998; Chase and Bailey 1999b). 

Stoeckmann and Garton (2001) found that allocation of energy to reproduction in 

adult zebra mussels can be size-specific. Flexible energy allocation in zebra mussels is 

associated with a life history trade-off; it is better to reproduce at the expense of dying 
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than to survive without reproducing. However, for juveniles, which are incapable of 

reproducing, somatic growth is paramount. Allen et al. (1999) found that smaller zebra 

mussels are more thermally tolerant than larger individuals. Size-selective thermal 

tolerance can be partly attributed to lower metabolic demand of smaller individuals. 

Stoeckmann and Garton (1997) and Allen et al. (1999) found that juvenile zebra 

mussels can increase shell length and soft tissue mass under the same thermally-

stressful, sub-lethal conditions that cause degrowth of adults via tissue remobilization. 

Karatayev et al. (2006) found that mortality and growth are higher for smaller individuals 

resulting in a survivorship/growth trade-off. This life history trade-off has been described 

in general by Stearns (1992) and specifically for zebra mussels by Dorgelo (1993), 

Mackie (1993), and Karatayev et al. (2011). The latter studies found that reduced 

survivorship was associated with increased growth and temperatures for zebra mussel 

populations in Lakes Erie and St. Clair. During the current study, AsM was highest for 

smaller individuals, but SLDG peaked after AsM and water temperatures decreased. 

Although the survivorship/growth trade-off was not observed during the current study, it 

is likely the pattern would be detected over a longer temporal scale or when considering 

the entire population. 

Mackie (1993) described two distinct population types based on 

survival/longevity and annual SL growth data for populations in Europe and North 

America. Slow-growing populations, typical of some European areas, are composed of 

individuals that grow less than one cm/yr, attain maximum SL greater than 40 mm and 

live for longer than three years. Individuals with growth rates 1.5-2.0 cm/yr, maximum 

SLs less than 35 mm, and life spans of less than three years comprise fast-growing 
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populations. Most populations in North America would be classified as fast-growing 

although life span studies have not been conducted on populations found along the 

current southernmost distribution of zebra mussels in the central United States. Mean 

SL of study organisms at the end of the current experiment was 13.3 mm and maximum 

SL was 17.7 mm (AC). Considering these SLs were achieved during a 69-day 

experimental period, it is possible zebra mussels in Lake Texoma could grow more than 

2.0 cm/yr. Karatayev et al. (2011) found that larger individuals had greater overwinter 

survivorship. Therefore, it is possible that high growth rates can increase overwinter 

survivorship of YOY individuals in populations found in warm-water regions. 

Population crashes of zebra mussels have been observed in Kansas (Severson 

2010), Oklahoma (Boeckman 2011), and Texas (Churchill 2013). Population crashes 

were observed shortly after periods of extreme drought that reduced lake levels and 

desiccated a substantial number of adults. Therefore, high temperatures and rapid 

reclines of lake levels that occur during summer were likely contributing factors to 

population crashes observed in these regions. Population crashes affect older, mature 

individuals more than thermally-tolerant juveniles (Boeckman 2011). Therefore, 

population crashes can shift demographics towards YOY/juvenile dominance, especially 

after summer droughts. It is likely YOY individuals contribute proportionately more to the 

reproductive population size after a crash. Zebra mussel populations that are found in 

regions that experience intermittent, extreme droughts could depend on fast-growing 

YOY individuals to persist or recover from a crash. After a crash, population size 

recovery could occur if conditions facilitate the development and recruitment of a strong, 

fast-growing cohort (Strayer and Malcom 2006). At lower latitudes, where YOY zebra 
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mussels grow rapidly, recovery to pre-crash population size could occur quickly. 

Population recovery could be facilitated if YOY mussels attain maturity during their first 

year (Jantz and Neumann 1998). 

Future in situ studies of environmental effects on survival, growth, and 

reproduction of zebra mussels are necessary to quantify reproductive potential of YOY 

individuals which are required to establish a population and could be important for 

recovery after a crash. 

 

Conclusions 

Water temperatures and chlorophyll-a concentrations influence zebra mussel 

survivorship and growth along the southern frontier of the current distribution in the 

central United States. SLDG of YOY individuals in Lake Texoma was the highest ever 

reported for lentic environments. SLDG followed a unimodal pattern and its decrease 

was associated with an increase in soft tissue mass, possibly resulting from flexible 

energy allocation from shell development to gametogenesis. 

Warm water temperatures found in surface waters of the south and southwest 

United States combined with sufficient calcium (Whittier et al. 2008) and chlorophyll-a 

concentrations could enhance shell and soft tissue growth of introduced zebra mussels. 

High growth rates of YOY zebra mussels could facilitate establishment of populations if 

propagules are introduced into surface waters of the southern United States. However, 

due to a strong temperature/mortality relationship, mortality will likely be high in warm-

water environments that concomitantly increase growth rates. Because gamete 

production (donor propagules) is generally related to organism size (Garton and Haag 
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1993), differential survival and growth can influence demographics, establishment 

dynamics, and geographic spread of zebra mussels (Lockwood et al. 2007; Karatayev 

et al. 2011). 
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CHAPTER 5 

REPRODUCTION DYNAMICS OF YOUNG OF THE YEAR ZEBRA MUSSELS 

(Dreissena polymorpha) IN A RESERVOIR IN THE  

SOUTH CENTRAL UNITED STATES 

Introduction 

Reproduction dynamics can affect the ability of an invasive species to 

successfully pass through stages, or transitions, of the invasion process (Lockwood et 

al. 2007; Davis 2009). Of particular interest are mechanisms that link reproduction to 

establishment and spread of invasive populations (Palais et al. 2011). For example, 

Wacker and von Elert (2003) observed an association between reproductive investment 

of adult zebra mussels and recruitment success, which influences population 

establishment, sustainability, and growth (Lockwood et al. 2007). Ram et al. (1996) 

observed a similar association between reproduction characteristics (e.g. fecundity and 

reproductive effort) and invasive spread of zebra mussels. 

The strong association between reproduction dynamics and invasion success 

(e.g. establishment) can be explained by propagule pressure, which is the number of 

propagules introduced and the frequency of introductions (Kolar and Lodge 2001). 

Propagule pressure has been cited as the single best predictor of invasion success 

across taxa, habitat types, and invasion transitions (Lockwood et al. 2005; Colautti et al. 

2006). Propagule pressure is often positively related to invasion success (Kolar and 

Lodge 2001). For example, Lewandowski (1982b) and Martel et al. (1994) found that 

characteristics related to propagule pressure (e.g. supply and recruitment of YOY zebra 

mussels) are positively related to spread and establishment success. 
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Zebra mussels have many life history traits that are associated with increased 

levels of invasiveness across invasion transitions including a history of invasion, 

belonging to a taxon that includes other invasives (quagga mussel, D. bugensis), brief 

juvenile period and generation times, high individual growth rates, high reproductive 

output (i.e. high fecundity), and a rapid dispersal mechanism (planktonic larvae, 

veligers) (Carlton 1993; Kolar and Lodge 2001; Colautti et al. 2006). A life history trade-

off between reproductive effort and survival of D. polymorpha (McMahon 2002) can 

result in significant population size fluctuations (Strayer et al. 2011; Churchill 2013). 

Saether et al. (2004) found that “fast-lived” species, such as D. polymorpha, can 

recover quickly from a small population size because of high levels of fecundity. 

However, small populations are at higher risk of extinction through variability of 

environmental conditions (Lockwood et al. 2005). Leung et al. (2004) observed inverse 

density dependence (i.e. Allee effects) in zebra mussel populations in Michigan, 

indicating a minimum viable population size in required for successful establishment. 

Although propagule pressure and specific life history traits can be used to predict 

invasion success (Colautti et al. 2006), there exist many idiosyncrasies in the invasion 

process (Lockwood et al. 2005) and alternate life history strategies (e.g. “slow-lived” or 

investment in future rather than current reproduction) can increase invasion success in 

some situations (Sol et al. 2012). 

To establish a population, introduced propagules must attain maturity (if 

introduced as larvae or juveniles), successfully reproduce under novel, and sometimes 

adverse, environmental conditions (Colautti et al. 2006), and their offspring must also 

survive, grow, and reproduce successfully. Lodge (1993) found that many propagules 
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die during transport or after release into novel environments. This is especially true for 

larval and juvenile zebra mussels because their tolerances to adverse environmental 

conditions are less than those of adults (Fong et al. 1995). It is possible surviving 

propagules are unable to successfully reproduce due to insufficient initial propagule size 

or poor environmental conditions or timing of release (Lockwood et al. 2005). These 

statements indicate reproductive output of YOY individuals is important for 

establishment success. 

In many externally-reproducing, gonochoric bivalves, including zebra mussels, 

gamete maturation and spawning are synchronized in populations and are influenced by 

both endogenous (energy reserve cycles and serotonin activation) and exogenous 

factors (abiotic and biotic environmental conditions) (Borcherding 1991; Ram et al. 

1996; Gosling 2003). Reproductive synchrony of this gregarious species increases the 

probability of fertilization success (Sprung 1993). Adverse water quality or thermal 

stress can disrupt reproductive synchronization (Borcherding 1991; Palais et al. 2011). 

The bivalve reproduction cycle is associated with the internal energy storage 

cycle (Bayne et al. 1983) and follows annual patterns that are closely related to 

environmental conditions (Gosling 2003). Ambient environmental conditions can affect 

reproduction directly by influencing physiological responses associated with 

reproduction (e.g. initiation or inhibition of gametogenesis and triggering of spawning), 

or indirectly through effects on survival and growth. Temperature and food availability 

have been cited as salient environmental factors triggering reproduction events in 

marine mussels (Sastry 1979), native freshwater mussels (Galbraith and Vaughn 2009), 

and zebra mussels (Sprung 1993; Wacker and von Elert 2003). For zebra mussels, a 
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minimum temperature of 12°C is required for gamete maturation (Nichols 1993) and 

temperatures greater than 30°C inhibit gametogenesis (Tourari et al. 1988). 

Temperatures greater than 30°C all year could cause a desynchronization of gamete 

maturation and spawning and year-round temperatures less than 12°C could inhibit 

spawning or fertilization (Borcherding 1991). Palais et al. (2011) observed spawning 

desynchronization where males spawned at lower temperatures than females in 

response to pollution downstream of an urbanized area. Desynchronization of the 

reproduction cycle could limit the geographic range of D. polymorpha (Neumann et al. 

1993). Insufficient chlorophyll-a concentrations (a measure of algal food availability) can 

affect the reproduction cycle. For example, low chlorophyll-a levels disrupted both 

energy reserve and reproduction cycles of zebra mussels (Palais et al. 2011). Also, 

salinities greater than 7.0 ppt can reduce fertilization success and have been studied in 

response to zebra mussels spreading to brackish estuarine waters of North America 

(Fong et al. 1995). 

Reproductive mechanisms of zebra mussels can acclimate to more extreme 

environmental conditions (Ram et al. 1996) due to high phenotypic plasticity in response 

to local conditions (Nichols 1996). However, chronic adverse environmental conditions 

can cause a negative energy balance, which elicits resorption of energy reserves, 

mainly glycogen and lipids (Palais et al. 2011). Chase and Bailey (1999b) and 

Stoeckmann and Garton (2001) found that D. polymorpha can reallocate energy from 

somatic growth and maintenance to reproduction under poor environmental conditions. 

Environmental conditions (especially water temperature) trigger spawning in 

zebra mussels (Nichols 1996). There is considerable variation in temperature 
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associated with spawning events between populations found in Europe and North 

America. In Europe, primary spawning events (observed in late spring or summer) are 

observed when ambient temperatures are 12-20°C (Sprung 1989; Nichols 1993). In 

North America (Lake Erie) primary spawning is associated with temperatures that are 

18-23°C (Garton and Haag 1993). This variation could be explained by acclimation to 

local conditions or different interannual rates of temperature increase prior to spawning. 

In addition to temperature, initiation of spawning likely depends on biotic factors. For 

example, Jantz and Neumann (1998) found that spawning coincided with maximum 

algal densities (measured as chlorophyll-a concentration) in the Rhine River. Ram et al. 

(1995) and Gosling (2003) reported conspecific gametes can trigger spawning, which 

can increase fertilization success, especially in sessile species such as D. polymorpha. 

High levels of fecundity have facilitated rapid intracontinental spread of zebra 

mussels (Ram et al. 1996) and can explain high densities (1,700,000/m2; 

Stanczykowska and Lewandowski 1993) associated with established populations. 

Although there is high spatio-temporal variability associated with gamete production of 

zebra mussels (Neumann et al. 1993), many authors have reported fecundity increases 

with body size or age (Walz 1978b; Sprung 1991; Sprung 1995b; Karatayev et al. 

2006). Bayne et al. (1983) found that reproductive effort increases sigmoidally with age 

and exponentially with dry weight. Sprung (1991) found that female zebra mussels can 

produce over one million eggs and males can produce 1010 sperm annually. Neumann 

et al. (1993) reported female zebra mussels of 24-mm shell length produced up to 1.7 

million oocytes, and individuals with 16-mm shell lengths produced 500,000 oocytes. In 
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addition to size and age, bivalve fecundity can be related to temperature, food 

availability, and other environmental conditions (Thompson 1979). 

Reproduction in zebra mussels, measured as either reproductive mass (mass 

lost during spawning or mass of spawned gametes) or reproductive effort (proportion of 

body mass allocated to reproduction or spawned as gametes), can be metabolically 

expensive (Bayne et al. 1983; Nichols 1996). Reproductive mass and reproductive effort 

of iteroparous molluscs generally increase with size and age (Bayne et al. 1983). 

However, Sprung (1995b) found that reproductive effort can decrease with size. Prior to 

spawning, female gonadal tissue can comprise over half of the total body dry mass 

(Borcherding 1991). Sprung (1991) found that total mussel body mass can decrease by 

as much as 45% during spawning. Females and males have similar RMs indicating a 

similar metabolic cost between sexes (Sprung 1991). 

Zebra mussels are able to attain maturity at shell lengths between 5 and 12 mm 

(Garton and Haag 1993; Nichols 1996) and during their first year (Jantz and Neumann 

1998; Juhel et al. 2003). Sprung (1992) reported YOY zebra mussels have ripe gonads 

by August of their first year. Jantz and Neumann (1998) were the first to report 

spawning by YOY zebra mussels. They found that YOY mussels from the Rhine River 

spawned at shell lengths of 9 mm (at three months). Spawning by YOY individuals (80% 

of the cohort) was synchronized with the reproduction cycle of the riverine population. 

Their findings were based on decreases in YOY body weight and on the number of ripe 

oocytes per female observed during the spawning season. However, they did not 

determine fertilization success of YOY individuals. 
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After introduction into Lake St. Clair during the late 1980s (Hebert et al. 1989), D. 

polymorpha has spread throughout much of the eastern United States (Strayer 2009). 

Currently, the southern frontier of zebra mussel distribution in lentic environments of 

central North America is in north Texas (Benson 2013). As of August 2013, there are 

two established populations in Texas; Lake Texoma and Ray Roberts Lake (Texas 

Parks and Wildlife Department 2009b; 2012a). Live zebra mussel adults have been 

found in other regional water bodies including Lewisville Lake (Texas Parks and Wildlife 

Department 2013), Lake Ray Hubbard (C. J. Churchill, pers. observ.), and Sister Grove 

Creek (Texas Parks and Wildlife Department 2009b). Lockwood et al. (2005) and 

Muirhead and MacIsaac (2005) found that proximity to a source population with 

dispersing propagules increases the probability of introduction and establishment (i.e. 

geographic range expansion). Therefore, if zebra mussel populations become 

established in additional regional water bodies, it is likely rates of localized spread will 

increase. 

Objectives of the current study were to determine if body size and environmental 

conditions found in a warm-water reservoir in north Texas had significant effects on 

reproduction dynamics (fecundity, reproductive mass, reproductive effort, and 

fertilization success) of YOY zebra mussels. This is the first study to determine 

reproductive output of zebra mussel populations found along their current southern 

extent in North America. This is also the first study to assess fertilization success in 

YOY zebra mussels. 
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Methods 

Study Area 

Lake Texoma is a monomictic, 3.1 km3 reservoir formed by Denison Dam. It 

comprises part of the Texas–Oklahoma border. This reservoir is heavily used by 

recreational boaters and fishermen and is nationally recognized for its striped bass 

fishery (Schorr et al. 1995). Lake Texoma is an impoundment of the Red and Washita 

Rivers and can be partitioned into five zones based on physicochemical water quality 

properties (Atkinson et al. 1999; Fig. 4.1). Zones were designated Red River (RRZ), 

Red River Transition (RRTZ), Main Lake (MLZ), Washita River Transition (WRTZ), and 

Washita River (WRZ). 

 

Study Sites 

Because differences in survival and growth of zebra mussels have been 

observed within lakes (MacIsaac 1994; Garton and Johnson 2000), five study sites, one 

per lake zone, were selected in Lake Texoma. Marinas were used as study sites 

allowing land-based access and consistent depth (3.0 m) of submerged study 

equipment and enclosures (see below). Selected sites were located at Lake Texoma 

Marina (LTM; RRZ), Highport Resort (HR; RRTZ), Eisenhower Yacht Club (EYC; MLZ), 

Alberta Creek (AC; WRTZ), and Newberry Creek Resort (NCR; WRZ; Fig. 4.1). 

Environmental and biological data were collected during 10 visits to each study site 

(July 19 and 27, August 7, 17, 23, and 30, and September 6, 13, 20, and 26). 
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Environmental Data 

Discrete water quality measures (water temperature, dissolved oxygen 

concentration, pH, and specific conductance) were measured using a YSI 600 XLM 

datasonde (YSI Incorporated, Yellow Springs, OH, USA) at 3.0 m below water surface 

in proximity of experimental enclosures during each visit to study sites. Continuous 

water temperature was recorded at 15-minute intervals by submersible data loggers 

(Onset Computer Corporation, Bourne, MA, USA) placed inside enclosures at each 

study site. Continuous water temperature data recorded during the in situ experiment 

were used to calculate mean daily temperature for each site. Replicate water samples 

(n = 3) for visits to each site for calcium, salinity, and chlorophyll-a determinations were 

collected by using a Kemmerer sampler (1200-030; Wildlife Supply Company, Saginaw, 

MI, USA). Samples were transferred into opaque 500-ml bottles and stored on ice until 

analyzed. Calcium concentrations were determined by using EDTA titrimetric method 

(American Public Health Association 2005). Salinity was measured by using a benchtop 

multi-meter (H280G; Hach Company, Loveland, CO, USA). Chlorophyll-a 

concentrations were determined by using a spectrophotometer (American Public Health 

Association 2005). 

 

Experimental Design 

Artificial Substrates 

To harvest YOY zebra mussels, artificial substrates composed of stacked 

hardboard tiles, similar to those used by Churchill and Baldys (2012), were deployed in 

MLZ. This zone was selected because it is known to contain reproducing zebra mussel 
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beds (Churchill 2013). Using a single site for harvesting study organisms allowed the 

use of mussels from a single cohort that settled during the same time period, thereby 

reducing variability in post-settlement growth which can depend on settlement date 

(Wacker and von Elert 2002). Artificial substrates were deployed prior to settlement of 

the major spring cohort. Shortly after settlement of post-larval mussels, substrates were 

disassembled and tiles containing recently-settled juvenile mussels were randomly 

selected for reassembly into newly-configured artificial substrates which were deployed 

at each of the five study sites for the study period. This method did not require removal 

of mussels form their original substrate which could negatively affect survival and 

growth (Karatayev et al. 2006). Artificial substrates were deployed at each study site on 

July 19, and retrieved on September 26 (69-day exposure). 

 

Enclosures 

Substrates were deployed inside flexible mesh bags. Mesh size was 1.6 X 1.0 

mm and 1.9-mm diagonal. Mesh was used to protect study organisms while allowing 

transfer of water across enclosure surface. Mesh sizes of 1.5 to 3.0 mm had no 

significant effect on in situ survival or shell length growth of zebra mussels in Hargus 

Lake, Ohio (Yu and Culver 1999), Lake Wawasee, Indiana (Garton and Johnson 2000), 

or in Oklahoma lakes (Boeckman 2011). Mesh bags were closed at the top by using zip-

ties. To prevent clogging of mesh material, bags were opened and cleaned during visits 

to each study site. During cleaning of mesh enclosures, tiles with attached study 

organisms were submerged in lake water to prevent desiccation. Use and maintenance 

of enclosures should allow survival and growth of study organisms to reflect 
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environmental conditions and closely estimate natural biological responses (Garton and 

Johnson 2000). 

 

Retrieval 

Prior to secondary spawning of the population, which is observed in autumn, 

artificial substrates were retrieved from each study site. Intact substrates were covered 

with paper towels wetted by lake water, placed in reclosable plastic bags, and stored in 

a cooler containing ice. Substrates were separated from ice by using a folded towel. 

Substrates were transported to the Misamore laboratory at Texas Christian University 

(TCU) within five hours of removal from lake. Additional YOY mussels (n = 10) were 

collected from MLZ during substrate retrieval. These mussels were used to create 

gamete batches during fertilization studies (see below). 

 

Biological Data 

Biological data were collected for individual mussels throughout the study by 

using artificial substrates, enclosures, and digital photographs (see Chapter 4). 

 

Survival 

Survival of mussels was determined during each visit to study sites. Mussels 

were considered dead if their valves opened readily and were not reclosed upon 

physical stimulation of internal organs. Dead mussels were removed from enclosures.  
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Shell Length 

Shell length (SL) of each mussel (from umbo to the most distant point on the 

posterior margin, taken parallel to the ventral surface) was measured during each visit 

to study sites. Mussels with SLs less than 8.0 mm were measured to the nearest 0.01 

mm by taking pictures using a calibrated handheld microscope (Dino-Lite AM-413T; 

AnMo Electronics Corporation, New Taipei City, Taiwan) with built-in 1.3 MP digital 

camera. Mussels with SLs greater than 8.0 mm were measured to the nearest 0.05 mm 

by using vernier calipers. 

 

Body Mass 

A pilot study was conducted during 2011. Initial SLs were measured and artificial 

substrates containing juvenile mussels were deployed at each study site on August 26. 

Environmental data were collected during three visits to each study site (September 8, 

22, and 28). Final SLs were measured during substrate retrieval. After substrate 

retrieval, 20 mussels from each of the five study sites (n = 100 total) were randomly 

selected for ash-free dry weight (AFDW) determinations. Intact mussels were dried at 

100°C for 24 hours, then ashed at 500°C for three hours. Dry weight (DW) and ash 

weight (AW) were measured to the nearest 0.1 mg by using a digital balance. AFDW 

was calculated as AFDW = DW - AW, and represents a measure of soft body tissue 

only (without shell; Bij de Vaate 1991). Quadratic regressions were used to determine 

relationships between SL and AFDW at each site (r2 = 0.93-0.98, p < 0.0001 for all 

sites). 
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Because of the destructive nature of AFDW determinations, and the availability of 

fewer organisms due to a population crash (Churchill 2013), AFDW was not directly 

determined for study organisms during 2012. Therefore, SL:AFDW relationships 

determined for each site during the pilot study were used to estimate AFDW for 

individual study organisms during 2012. 

 

Growth 

Total SL and AFDW growth was calculated by subtracting initial values from final 

values for each individual. Daily SL and AFDW growth rates (SLDG and AWDG, 

respectively) were determined by dividing individual growth by the number of elapsed 

days since the most recent measurement. 

 

Spawning 

Retrieved mussels were placed in 25-ml flat bottomed test tubes (spawning 

tubes) containing 4 ml artificial pondwater (APW; Dietz et al. 1994). Serotonin (1 mM) 

(Serotonin creatinine sulfate, Sigma-Aldrich) was used to induce spawning (Ram et al. 

1993). Serotonin is a biogenic amine found in varicose fibers that surround each ovarian 

follicle and is thought to trigger spawning under natural conditions (Ram et al. 1996). 

After serotonin exposure, spawning begins within 30 minutes in males (Ram and 

Nichols 1993) and within 60-100 minutes in females (Ram et al. 1996; Misamore et al. 

1996). Spawning was conducted at room temperature, which has been shown to 

maximize reproductive output (Ram and Nichols 1993; Fong et al. 1995). A total of 77 

YOY organisms were spawned for gamete quantification. APW containing spawned 
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gametes was fixed by adding 3.2% paraformaldehyde in a mussel buffer solution (5 mM 

TAPS, 0.8 mM NaCl, 0.145 mM KCl, 0.8 mM Na2SO4, 0.887 mM MgSO4-7H2O, 1.32 

mM NaHCO3, 1.19 mM CaCl2-7H2O, 0.01% sodium azide, pH = 7.6; Misamore et al. 

2006) to achieve a final volume of 14.3 ml for each sample. Fertilization studies (see 

below) were conducted prior to addition of fixative. Fixed gametes were stored at 4°C. 

Additional YOY mussels collected during substrate retrieval were spawned to create 

sperm and egg batches used in fertilization studies. 

 

Sex Determination and Fecundity 

Sex of each individual was determined by microscopic examination of released 

gametes. Gametes were quantified by analyzing five replicate aliquots of spawning 

water from each individual by using a light microscope. For eggs, spawning waters were 

gently mixed by using a pipettor with wide-bore pipette tips until eggs were evenly 

suspended. Care was taken to prevent lysing of eggs (Walz 1978b). Aliquots (1 ml) 

were analyzed by using a gridded Sedgewick Rafter counting cell. For sperm, sample 

tubes were vortexed until no clumps were visible and sperm were fully suspended. 

Aliquots (200 µl) were analyzed by using a hemocytometer. Egg and sperm samples 

were diluted if necessary. Gamete concentrations (#/ml) were multiplied by the sample 

volume (14.3 ml) to determine total reproductive output (i.e. fecundity) for each 

individual. There are shortcomings associated with methods used to determine 

fecundity. For example, counting spawned gametes can result in underestimation of 

fecundity because the individual could retain gametes and histologically-based studies 

are unable to demonstrate gamete viability or fertilization success. However, the 
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purpose of the current study was to quantify gametes that were ready to be spawned 

and available to contribute to propagule pressure. Counting spawned gametes provides 

a more accurate measure of donor propagule output than total gamete production, 

determined histologically, because some gametes could be retained and resorbed by 

the individual (Palais et al. 2011). 

 

Reproductive Mass and Reproductive Effort 

For the current study, reproductive mass is the mass of spawned gametes. 

Reproductive effort is the measure of reproductive mass adjusted to body mass and is 

calculated as reproductive effort = [reproductive mass / (reproductive mass + Pb)] X 

100, where Pb is pre-spawn body mass (Bayne et al. 1983). Therefore, reproductive 

effort represents the proportion of pre-spawn body mass spawned as gametes. 

Reproductive mass was calculated by using estimates of AFDW for zebra mussel eggs 

(34.4 ± 9.9 ng) and sperm (5.8 ± 1.3 pg; Sprung 1991). These values were multiplied by 

fecundity of each mussel to estimate RM. Pb was calculated by using SL:AFDW 

relationships determined for pre-spawn mussels from each site during the pilot study 

conducted in 2011. 

 

Fertilization 

Gamete batches were created by spawning additional YOY mussels (n = 10) in 

individual spawning cups. Upon spawning of additional mussels, the individual of each 

sex producing the most gametes (identified by visual inspection of spawning waters) 

was selected for the study. Spawned mussels were removed and their gametes were 
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used as egg or sperm batches. Creation of gamete batches was timed so they were 

available shortly before use in fertilization studies. To determine sperm viability, 300-µl 

aliquots of well-mixed spawning water were removed from each of 19 randomly-

selected spawning tubes containing recently-spawned sperm from experimental 

organisms. Each aliquot from males was added to 1 ml APW and 1 ml egg batch water 

in separate fertilization cups. Misamore et al. (1996) and Ram et al. (1996) found that 

sperm binding in zebra mussels occurs in two minutes and sperm incorporation into the 

egg occurs in five minutes. Therefore, to quantify sperm binding, fixative was added to 

each cup at three minutes after addition of sperm aliquots. Sperm viability (determined 

by perpendicular attachment of sperm to egg surface; Misamore et al. 1996) for each 

sample was quantified by analyzing 50 eggs mixed with sperm from each individual and 

recording the number of eggs with attached sperm. This method provides indication of 

sperm viability because immature sperm should not react to vitelline egg coats and 

should fail to attach to egg surfaces perpendicularly (Misamore et al. 1996; Seaver et al. 

2009). To determine egg viability, 1-ml aliquots of well-mixed spawning water were 

removed from each of 14 randomly-selected spawning tubes containing recently-

spawned eggs from experimental organisms. Each aliquot from females was added to 1 

ml APW and 300 µl sperm batch water in separate fertilization cups. Fixative was added 

to each cup at three minutes after addition of egg aliquots. Eggs with bound sperm were 

quantified as above. This method provides indication of egg viability because non-viable 

eggs should fail to produce vitelline coats required for sperm binding (Misamore et al. 

1996). To further determine egg viability, these methods were repeated using a fresh 

batch of 14 1-ml egg aliquots from experimental organisms. Misamore et al. (1996) 
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found that initial egg cleavage (two-cell stage) occurs within 60 minutes. Therefore, to 

quantify egg cleavage, fixative was added to each cup at 90 minutes after addition of 

egg aliquots. Egg viability for each sample was quantified by analyzing 50 eggs and 

recording the number of eggs that had undergone initial cleavage (Fong et al. 1995; 

Misamore et al. 1996). Initial cleavage was chosen as the endpoint for egg viability 

because cleaved eggs represent progression through developmental stages and 

unfertilized eggs should fail to undergo cleavage. A total of 33 individuals (14 females 

and 19 males) were used for fertilization studies. This represents 45% of all study 

organisms that spawned successfully (33/74). A minimum of one female and male were 

selected from each site for fertilization. All samples from fertilization studies were 

analyzed by using light microscopy. Fertilization success was the percent of either eggs 

with bound sperm for males, or eggs that had undergone initial cleavage for females. 

Sperm binding success (percent of eggs with bound sperm) was used to compare 

fertilization success between sexes. 

 

Statistical Analyses 

One-tailed t-tests were used to compare SLs, AFDWs, and sperm binding 

success between females and males. A two-way repeated measures ANOVA was used 

to test for differences in SLDG between visits to study sites. Time was the repeated 

measure and site and sex were between-subjects factors. Parametric one-way ANOVAs 

were used to compare fecundity for females (eggs) and log-transformed fecundity for 

males (sperm) between sites. Parametric two-way ANOVAs on ranked data were used 

to compare mean reproductive mass and reproductive effort between sites and sexes. 
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Linear regressions were used to determine if relationships between reproduction 

responses (fecundity and RE) and predictors (e.g. SL and temperature) were significant 

for pooled data. 

Females from NCR spawned very few eggs relative to other sites. Therefore, 

measures involving body size (SL and AFDW) and reproductive output (fecundity, RM, 

and RE) for individuals of both sexes from NCR were not used during statistical 

analyses. Fertilization success for individuals from NCR were considered valid and were 

used during analyses. 

Statistical analyses were conducted using SAS 9.3 or SigmaPlot 12.5. Data were 

analyzed for parametric assumptions (normality and homoscedasticity) prior to 

analyses. Parametric analyses on transformed or ranked data were used when 

parametric assumptions were violated. Results were considered significant at p < 0.05. 

 

Results 

Of 77 individuals exposed to serotonin, only three did not spawn (96% spawning 

rate). There was an equal sex ratio (37:37 F:M) observed for the 74 individuals for 

which sex was determined (i.e. successfully spawned). Females from NCR performed 

poorly relative to individuals from other sites. It is possible individuals from NCR 

spawned prior to retrieval from the lake because high temperatures (NCR was warmest 

site; Chapter 4) are associated with spawning in zebra mussels (Sprung 1993; Jantz 

and Neumann 1998; Wacker and von Elert 2003). It is also possible environmental 

conditions at NCR disrupted gametogenesis or prevented mussels from spawning 

properly. However, this is unlikely because males from NCR had similar fecundities and 
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spawning capabilities as individuals from other sites and temperatures at NCR were 

higher, but were similar to those observed at AC and LTM. 

SLs of individuals that spawned (excluding NCR, n = 58) were 12.99 ± 1.58 mm 

(mean ± SD) and ranged from 9.90 to 17.70 mm. AFDWs were 17.84 ± 6.87 mg and 

ranged from 5.85 to 40.00 mg. Mean SLs for females and males were 13.38 ± 1.71 mm 

and 12.58 ± 1.34 mm and AFDWs were 19.63 ± 7.77 mm and 15.93 ± 5.23 mm, 

respectively. Both SLs and AFDWs of females were significantly greater than males (t = 

1.98, p = 0.0261 and t = 2.11, p = 0.0196, respectively). Across all sample dates, 

SLDGs were not significantly different between the sexes (F = 3.57, p = 0.0648; Table 

5.1). SLDGs were, however, significantly different between sites (F = 4.65, p = 0.0061). 

 

Fecundity 

Fecundity for females at all four sites was 11,476 ± 10,471 eggs (Table 5.2). 

Mean egg production was greatest at LTM. Maximum fecundity for females at all sites 

was 38,850 eggs (at AC). Fecundity for males at all sites was 6.45E+07 ± 6.70E+07 

sperm. Mean sperm production was at EYC, the site with the lowest temperatures. 

Maximum fecundity for males was 3.47E+08 sperm (at AC). Fecundity was not 

significantly different between sites for females (F = 2.61, p = 0.0726) or males (F = 

2.12, p = 0.1247). Although high variability in responses was observed, mean fecundity 

by site for both females and males followed a distinct spatial pattern across the four 

sites (Fig. 5.1). For example, mean egg production was highest at LTM in RRZ and 

lowest at EYC in MLZ. Mean sperm production followed a reciprocal pattern relative to 

egg production. Egg production was significantly positively related to SL (r2 = 0.15, p =   
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Table 5.1  Results of two-way repeated measures ANOVA for the effect of time, site, 
sex, and their interactions on daily shell length growth of zebra mussels in Lake Texoma 
(excludes Newberry Creek Resort, see text) 
 

Source df F p 
Between subjects 

Site 3 4.65 0.0061 
Sex 1 3.57 0.0648 
Site X sex 3 0.25 0.8588 
Error 50 

  Within subjects 
Time 8 63.44 < 0.0001 
Time X site 24 2.39 0.0012 
Time X sex 8 0.78 0.5928 
Time X site X sex 24 0.54 0.9420 
Error 400 

   
 
Table 5.2  Fecundity of female and male young of the year zebra mussels in Lake 
Texoma. All = pooled data from four sites (excludes NCR, see text); LTM = Lake 
Texoma Marina; HR = Highport Resort; EYC = Eisenhower Yacht Club; AC = Alberta 
Creek; NCR = Newberry Creek Resort 
 

 
Eggs 

 
Sperm (millions) 

Site Mean ± SD Range 
 

Mean ± SD Range 
ALL 11476 ± 10471 549-38850 

 
64.489 ± 67.000 1.716-346.632 

LTM 20869 ± 12565 5623-33473 
 

23.109 ± 22.812 6.978-39.239 
HR 8148 ± 6430 1553-21439 

 
68.856 ± 36.920 20.592-147.576 

EYC 7292 ± 5627 549-16542 
 

73.059 ± 39.453 16.245-121.264 
AC 14181 ± 14191 606-38850 

 
61.700 ± 108.760 1.716-346.632 

NCR 916 ± 1148 9-3421 
 

19.283 ± 16.378 1.830-47.362 
 
 
0.0334; Fig. 5.2). Sperm production was negatively related to SL, however, this 

association was not significant (r2 = 0.06, p = 0.1921). Variability in fecundity generally 

increased with temperature, which affected the ability to gain significance (Fig. 5.3). 

Both egg and sperm production were significantly related to mean temperature (r2 = 

0.16, p = 0.0265 and r2 = 0.19, p = 0.0194, respectively). 
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Fig. 5.1  Fecundity of female (A) and male (B) zebra mussels and water temperature 
(°C) from four sites in Lake Texoma. Fecundity values are mean ± SD for each site. 
Temperature values are mean during a 69-day exposure for each site. See Fig. 4.1 for 
study site description 
 

Fig. 5.2  Linear regressions of fecundity of female (A) and male (B) zebra mussels and 
shell length from four sites in Lake Texoma. Note different axes. Regression lines and 
95% confidence bands are shown. See Fig. 4.1 for study site description 
 
 
Reproductive Mass and Reproductive Effort 

Mean reproductive mass for all individuals was 0.385 ± 0.371 mg. Reproductive 

mass at all four sites was 0.395 ± 0.360 mg and 0.374 ± 0.389 mg for females and 

males, respectively (Table 5.3). A reciprocal pattern of reproductive mass between the  
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Fig. 5.3  Linear regressions of fecundity of female (A) and male (B) zebra mussels and 
water temperature (°C) from four sites in Lake Texoma. Regression lines and 95% 
confidence bands are shown. See Fig. 4.1 for study site description 
 
 
Table 5.3  Reproductive mass (mass of spawned gametes as ash-free dry weight, in 
mg) of young of the year zebra mussels in Lake Texoma. All = pooled data from four 
sites (excludes NCR, see text); LTM = Lake Texoma Marina; HR = Highport Resort; 
EYC = Eisenhower Yacht Club; AC = Alberta Creek; NCR = Newberry Creek Resort 
 

 
Females 

 
Males 

Site Mean ± SD Range 
 

Mean ± SD Range 
ALL 0.395 ± 0.360 0.019-1.336 

 
0.374 ± 0.389 0.010-2.010 

LTM 0.718 ± 0.432 0.193-1.151 
 

0.134 ± 0.132 0.040-0.228 
HR 0.280 ± 0.221 0.053-0.737 

 
0.399 ± 0.214 0.119-0.856 

EYC 0.251 ± 0.194 0.019-0.569 
 

0.424 ± 0.229 0.094-0.703 
AC 0.488 ± 0.488 0.021-1.336 

 
0.358 ± 0.631 0.010-2.010 

NCR 0.031 ± 0.040 0.0003-0.118 
 

0.112 ± 0.095 0.010-0.275 
 
 
sexes was observed across sites (Fig. 5.4). For example, the highest mean 

reproductive mass for females and the lowest reproductive mass for males were 

observed at LTM. Reciprocally, EYC was associated with the lowest reproductive mass 

for females, and the highest reproductive mass for males. Mean reproductive effort was 

2.382 ± 2.483% of soft body tissue. Reproductive effort at all four sites was 1.995 ±  
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Fig. 5.4  Reproductive mass (mass of spawned gametes, in mg) of female and male 
zebra mussels from four sites in Lake Texoma. Reproductive mass values are mean ± 
SD for each site. See Fig. 4.1 for study site description 
 
 
1.667% and 2.797 ± 3.112% for females and males, respectively (Table 5.4). Neither 

reproductive mass nor reproductive effort was significantly different between sites or 

sexes (overall models, F = 1.61, p = 0.1535 and F = 1.34, p = 0.2505, respectively; Fig. 

5.5). However, reproductive effort was significantly related to SL (F = 8.67, p = 0.0047). 

Relative to larger individuals, mussels with smaller SLs spawned a larger proportion of 

their body mass as gametes (Fig. 5.6). Maximum reproductive mass (2.010 mg) and 

reproductive effort (12.438%) were observed for a male from AC. 
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Table 5.4  Reproductive effort (percent of soft tissue mass [as ash-free dry weight] that 
was spawned as gametes) of female and male young of the year zebra mussels in Lake 
Texoma. All = pooled data from four sites (excludes NCR, see text); LTM = Lake 
Texoma Marina; HR = Highport Resort; EYC = Eisenhower Yacht Club; AC = Alberta 
Creek; NCR = Newberry Creek Resort 
 

 
Females 

 
Males 

Site Mean ± SD Range 
 

Mean ± SD Range 
ALL 1.995 ± 1.667 0.052-6.595 

 
2.797 ± 3.112 0.055-12.438 

LTM 2.363 ± 1.116 0.896-3.957 
 

0.711 ± 0.671 0.236-1.185 
HR 1.467 ± 1.041 0.358-3.437 

 
2.242 ± 1.055 0.705-3.615 

EYC 2.133 ± 2.089 0.102-6.399 
 

4.498 ± 3.574 0.690-10.003 
AC 2.425 ± 2.361 0.052-6.595 

 
2.304 ± 3.967 0.055-12.438 

NCR 0.121 ± 0.140 0.001-0.421 
 

0.547 ± 0.468 0.028-1.155 
 
 

Fig. 5.5  Reproductive effort (percent of pre-spawn body weight spawned as gametes) 
of female and male zebra mussels from four sites in Lake Texoma. Reproductive effort 
values are mean ± SD for each site. See Fig. 4.1 for study site description 
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Fig. 5.6  Linear regression of reproductive effort (percent of pre-spawn body weight 
spawned as gametes) of female and male zebra mussels and shell length from four 
sites in Lake Texoma. Regression line and 95% confidence bands are shown. See Fig. 
4.1 for study site description 
 

 

Fertilization Success 

Every individual tested during fertilization studies (n = 33) produced viable 

gametes (Table 5.5). A total of 60 ± 26% of gametes quantified for fertilization success 

were viable. For females (n = 14), 66 ± 17% had bound sperm and 28 ± 12% achieved 

initial cleavage, representing a 38% decrease between these developmental stages. 

Fertilization success range for females was 38-94% for sperm binding and 8-44% for 

initial cleavage. For males (n = 19), a mean of 79 ± 16% of eggs were successfully 

bound by sperm. Fertilization success ranged from 50 to 100% for males. Sperm 

binding success of males was significantly greater than females (t = -2.15, p = 0.0196). 
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Table 5.5  Fertilization success (percent of eggs with perpendicularly-bound sperm and 
eggs achieving initial cleavage) of female and male young of the year zebra mussels in 
Lake Texoma. See Fig. 4.1 for study site description 
 

Females 
 

Males 
Individual Sperm binding Initial cleavage 

 
Individual Sperm binding 

LTM4 62 34 
 

LTM2 68 
LTM6 80 36 

 
HR1 72 

HR7 62 15 
 

HR4 98 
HR17 38 38 

 
HR5 56 

HR18 68 44 
 

HR6 94 
EYC8 46 44 

 
HR9 86 

EYC11 48 14 
 

HR16 94 
EYC12 62 28 

 
EYC1 86 

AC2 90 8 
 

EYC3 96 
AC6 94 22 

 
EYC5 70 

AC8 54 40 
 

EYC6 92 
AC10 80 32 

 
EYC9 56 

AC13 56 22 
 

EYC14 64 
NCR14 86 21 

 
AC11 100 

    
AC14 92 

    
AC16 82 

    
NCR5 76 

    
NCR8 64 

    
NCR13 50 

 
 

 

Discussion 

Spawning in ripe zebra mussels by external application of serotonin was first 

demonstrated by Ram et al. (1993). They reported a maximum of 92% spawning 

success. Stoeckel et al. (2004b) reported a 96% spawning success rate (23 out of 24 

organisms). Results from the current study (96%, 74 out of 77 individuals) are similar to 

previously-reported results and show support for the use of serotonin to induce 

spawning in YOY zebra mussels under laboratory conditions. 
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Mechanisms controlling sex ratios in zebra mussel populations have not been 

determined. Equilibrated sex ratios of zebra mussels have been reported for 

populations in Europe (Stanczykowska 1977) and North America (Garton and Haag 

1993; Ram et al. 1996). Mackie (1993), however, found unequal sex ratios of zebra 

mussels (3:2 F:M) in Lake St. Clair. Unequal sex ratios were also observed by Palais et 

al. (2011) for zebra mussels exposed to poor water quality (downstream of urbanized 

areas) and from a reference site in the Vesle River system in northern France. Juhel et 

al. (2003) found that sex ratios vary seasonally in populations of D. polymorpha, which 

could explain unequal sex ratios observed by Mackie (1993) and Palais et al. (2011). 

Stoeckel et al. (2004b) found no significant difference in SLs between females 

and males found in populations in the Des Plaines River in northern Illinois. Palais et al. 

(2011) suggested differences in SLs between sexes could be observed if a population 

were subject to sex-specific growth rates. The significant difference in SL between the 

sexes observed during the current study was not the result of significantly different 

growth rates between females and males over time (Table 5.1). However, SLDGs for 

females were generally greater than for males at each time step during the experiment. 

Maximum fecundities observed during the current study are lower than those 

observed in other studies. For example, Sprung (1991) found that female zebra mussels 

can produce over one million eggs annually, a similar quantity to many marine bivalves. 

Neumann et al. (1993) reported females with 16-mm SLs produced up to 500,000 

oocytes annually. In Lake Texoma, maximum egg count spawned by an individual was 

38,850 (mean SL of females was 13.4 mm). Sprung (1991) found that males can 

produce 10E+09 sperm annually. In the current study, maximum sperm spawned by an 
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individual was 3.47E+08 (mean SL of males was 12.6 mm). It should be noted that 

during the current study, determinations were made during the first spawn of YOY 

mussels that were alive for a single-summer growing season. Also, during the current 

study, fecundity is the number of spawned gametes, not the number of oocytes or 

spermatozoa produced, which was reported in the previous studies. Fecundity 

measures for YOY females from the current study agree with those reported by 

Stoeckel et al. (2004b). They reported 1+ year females with SLs between 12 and 13 mm 

spawned fewer than 50,000 eggs after exposure to serotonin. 

 Although SLs and AFDWs of females were greater than for males, reproductive 

mass and reproductive effort were not significantly different between sexes. These 

results are in agreement with those reported for Mytilus edulis (Bayne et al. 1983) and 

for D. polymorpha by Sprung (1991) who found that females and males release about 

the same weight of gametes. Reproductive effort observed during the current study 

were substantially lower than previously reported. For example, Sprung (1991) reported 

REs were commonly greater than 30% and were as high as 45%, which is similar for 

many marine bivalves. Discrepancies between reproductive effort values likely resulted 

from different methods. Reproductive mass and reproductive effort in the current study 

are based on gamete AFDWs only, not total mass lost during spawning, which is 

composed of gametes and body fluids. Decreasing reproductive effort with SL has been 

observed in D. polymorpha in other regions (Sprung 1995b); however, this is not 

common for most iteroparous bivalves (Bayne et al. 1983). It is possible these 

differences result from the use of only YOY mussels in the current study and the use of 

mussels of various ages in the other studies. 
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 One of the main objectives of the current study was to determine if YOY zebra 

mussels can successfully reproduce during their first spawn. It was determined the 

duration of the summer growing season and ambient environmental conditions are 

sufficient for YOY mussels to attain maturity and successfully reproduce during their first 

spawn. Single-season maturity can reduce generation times and influence propagule 

output and propagule pressure (Colautti et al. 2006). Mean daily temperatures in Lake 

Texoma during summer can be greater than 30°C (Churchill 2013), the upper thermal 

tolerance limit for survival, growth, and reproduction of zebra mussels (Tourari et al. 

1988; McMahon 1996). Results indicate YOY zebra mussels are capable of achieving 

maturity and producing viable gametes under these adverse conditions. 

Environment conditions can influence reproduction dynamics of zebra mussels 

through indirect or direct mechanisms. In surface waters of the south central United 

States, environmental conditions can significantly affect individual growth rates of zebra 

mussels. This has been observed in populations found in Oklahoma (Boeckman 2011) 

and in Texas (Chapter 4). Body size is determined by individual growth rates and is 

significantly related to reproductive output (i.e. fecundity) in D. polymorpha (Walz 

1978b; Sprung 1991; Karatayev et al. 2006). In Lake Texoma, fecundity was 

significantly related to body size in females (Fig. 5.2). In non-native environments, 

fecundity directly affects donor propagule number and can contribute to propagule 

pressure (Lockwood et al. 2007). Therefore, environment conditions indirectly influence 

donor propagule size and propagule pressure. Ambient environmental conditions 

(notably temperature and food availability) can affect zebra mussel reproduction directly 
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by triggering gametogenesis, spawning, and other physiological responses associated 

with reproduction (Sprung 1993; Wacker and von Elert 2003). 

Synchronous reproduction by zebra mussel populations is influenced by 

endogenous and exogenous factors (Borcherding 1991; Ram et al. 1996; Gosling 

2003). Palais et al. (2011) found that reproduction by zebra mussels can become 

desynchronized under physiologically-stressful conditions (pollutant exposure and low 

chlorophyll-a levels). They observed males spawned at lower temperatures than 

females under these conditions. In the current study, mean fecundity in males 

decreased with SL and temperature. It is likely mussels in Lake Texoma were thermally 

stressed because temperatures were greater than 30°C for more than 40% of the 

exposure period (29 of 69 days). Although reproductive mass and reproductive effort did 

not differ significantly between the sexes, it is possible males are more sensitive to 

physiologically-stressful conditions than females, and under thermal or pollution-induced 

stress or food depletion, perform better in cooler waters (Palais et al. 2011). 

Water temperatures observed during summer in Lake Texoma (Churchill 2013) 

and other regional reservoirs (United States Geological Survey 2013) are greater than 

the upper thermal tolerance limit for zebra mussel survival, growth, and reproduction. 

During the current study, mortality rates decreased and SL and AFDW growth rates 

increased after a decrease in temperatures to less than 30°C, which was observed after 

the 29th day (Chapter 4). Strayer (1991, 2009) suggested high temperatures are likely to 

be an important limiting factor for the future spread of D. polymorpha farther into the 

southern United States. However, McMahon (1996) and Morse (2009) found that 

thermally-stressful environments in water bodies at lower latitudes in the United States 
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are associated with increased thermal tolerance of zebra mussel populations. 

Thermally-tolerant zebra mussel populations composed of reproductively-successful 

YOY individuals could facilitate establishment in warm waters of the southern United 

States. 

 

Conclusions 

Water temperature and body size influence reproduction of zebra mussels in 

Lake Texoma, a warm-water reservoir found along the southern frontier of the current 

geographic distribution of this invasive bivalve in the central United States. Correlations 

of fecundity with temperature were positive for egg production. However, sperm 

production was negatively related to temperature and SL indicating males could be 

more sensitive to physiologically-stressful conditions than females and could perform 

better in cooler waters (Palais et al. 2011). Reproductive mass and reproductive effort 

were not significantly different between the sexes. Bayne et al. (1983) and Sprung 

(1991) found that females and males release about the same weight of gametes. 

Overall, high levels of statistical variation in reproduction response measures made it 

difficult to detect significance. Observed variation in responses generally increased with 

temperature. High levels of reproductive variation are common in this species 

(Neumann et al. 1993) and increase the difficulty of detecting significant responses 

under natural conditions (Nichols 1996). 

This study confirms findings by Sprung (1992) and Jantz and Neumann (1998) 

that YOY zebra mussels can attain maturity during their first year. The current study, 
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however, provides the first evidence that YOY zebra mussels can successfully 

reproduce by spawning viable gametes capable of sperm binding and egg cleavage. 

Reproduction dynamics of invasive species influence propagule pressure and an 

increase in propagule pressure in either space or time increases the probability of 

establishment success (Lockwood et al. 2007). Propagules that disperse from 

established populations can facilitate spread and establishment in other areas, further 

contributing to the invasion process (Muirhead and MacIsaac 2005; Johnson et al. 

2008). YOY zebra mussels can spawn approximately 40,000 eggs during their first 

spawn and can produce viable gametes under adverse thermal conditions in Lake 

Texoma. Successful reproduction by YOY zebra mussels after a single-summer 

growing season could decrease generation times by reducing the mean age at 

reproductive maturity (Colautti et al. 2006). Because fecundity, fertilization success, and 

generation times are related to propagule pressure, establishment, and spread of 

invasive species (Ram et al. 1996; Colautti et al. 2006; Palais et al. 2011), YOY 

individuals could facilitate the geographic spread of this invasive species in warm 

waters of the southern United States. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

 It was hypothesized that environmental conditions found near the southernmost 

geographic extent of zebra mussels in the southwest United States will influence spatio-

temporal spawning and larval dynamics, and the survival, growth, and reproduction of 

YOY individuals. The chapters in this dissertation collectively provide background 

information on invasion ecology with a focus on zebra mussels and detailed information 

from laboratory and in situ studies that tested hypotheses regarding effects of 

environmental conditions on zebra mussels in north Texas. Implications for future 

invasions in the southern United States are also discussed. 

 Analyses of data collected during the first three years of a long-term zebra 

mussel early detection and monitoring program (USGS ZMMP) determined water 

temperature, lake level variability, and physicochemical water column stratification 

dynamics influenced population sizes and spatial distributions of veligers in Lake 

Texoma. A population crash was observed during the study. The crash likely resulted 

from thermal stress and a substantial decrease in lake levels that were associated with 

extreme drought conditions that were observed during summer 2011. If D. polymorpha 

spreads into warmer waters of the southern United States, where drought conditions are 

more prevalent, populations could experience crashes if receding lake levels cause 

desiccation of substantial numbers of adults and high temperatures increase thermal-

stress of mussels that are not aerially exposed. Higher temperatures likely caused 

earlier annual occurrence of primary spawning and a reduction in time for larval 

development to settlement in north Texas than in populations found at higher latitudes. 
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Earlier primary spawning and reduction in development time can affect generation times 

and population growth rates by increasing individual growth rates and the duration of 

growing seasons. Spatial distributions of veligers were influenced by the local 

physicochemical stratification regime. Timing of stratification onset and vertical location 

of the metalimnion can affect spatial distributions of veligers and, subsequently, settled 

juveniles. Knowledge of stratification regimes of mono- or polymictic water bodies could 

assist water and wildlife managers in developing seasonal control/mitigation strategies 

for zebra mussel populations. 

 During a 69-day in situ study at five sites in Lake Texoma, AsM of zebra mussels 

was significantly correlated with temperature at all sites and no mortality was observed 

at any site when temperatures were less than 26°C. During summer temperature 

extremes, it is likely mortality of zebra mussels will be high in populations found in the 

southern United States. Individuals that survive high summer temperatures are likely to 

persist into autumn/winter. SLDG was related to water temperature and SL at all sites 

and peaked in the middle of the in situ exposure when temperatures decreased after 

lake turnover. SLDGs of zebra mussels in Lake Texoma are the highest reported for 

lentic populations and are comparable to the highest rates reported for populations 

found in lotic environments. If zebra mussels spread farther into the south and 

southwest United States, water temperatures will likely increase mortality and individual 

growth rates, which will increase the difficulty of predicting effects of environmental 

conditions on establishment success and on established populations. 

 SLs and AFDWS of females were greater than males, which has been observed 

in populations in other areas of North America. Egg production was related to SL and 
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temperature. In the southern United States, high temperatures will likely increase 

individual growth rates and, concomitantly, female fecundity. Sperm production, 

however, was negatively related to temperature, which indicates males could be more 

sensitive to thermally-stressful conditions and could perform better in cooler waters. If 

these trends continue, populations found in regions with extreme summer temperatures 

or with high temperatures throughout much of the year could experience a decrease in 

reproductive capacity. Reproductive effort was negatively related to SL, which indicates 

smaller individuals spawned a larger proportion of their body mass as gametes than did 

larger individuals. Every individual tested produced viable gametes, which confirms 

YOY zebra mussels can attain maturity during their first year and provides the first 

evidence that YOY zebra mussels can successfully reproduce after a single-summer 

growing season. In warm waters of the southern United States, rapid attainment of 

maturity could reduce generation times and increase establishment success and 

population growth rates. 

 It is concluded that environmental conditions found in the south and southwest 

United States will likely affect establishment, population persistence, and spread of 

zebra mussels by mediating spawning and larval dynamics, and survival, growth, and 

reproduction of YOY individuals.  
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