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It was the grandest and most majestic sight I had seen. It was exquisitely beautiful. 

The sun in its full splendor at the western horizon gilding the enlightened clouds, the 

islands, the shores, the woods, and all seemed to vie with each other for preference. 

The evening was serene and delightful; a soft breeze curled the waves and fringed 

them with white while the sun, sinking toward the west beautified the whole scene. 

 

Description of Oneida Lake 

Francis Adrian VanderKemp (1792) 

 

 

 

 

 

 

 

 

 

 

 



 

ECOLOGICAL FORECASTING FOR ONEIDA LAKE:  

IMPACTS OF CLIMATE CHANGE AND INVASIVE MUSSELS ON LAKE DYNAMICS 

Amy Lee Hetherington, Ph.D. 

Cornell University 2016 

Climate change and invasive mussels impact the dynamics of lakes. Scientific 

understanding of the consequences of these anthropogenic changes is critical for management of 

these important resources. The goal was to understand the interactive effects of climate change 

and invasive mussels on the physical, chemical, and biological components of Oneida Lake and 

assess integration of science and management to mitigate impacts. Experiments, field 

monitoring, laboratory analysis, long-term dataset analyses, surveys, and content analysis were 

used. Oneida Lake is a shallow, polymictic 207 km
2
 lake located in Central New York. 

Experiments indicated clearance rates were similar for zebra and quagga mussels peaking at 

18°C for zebra mussels and 20°C for quagga mussels. Zebra mussel clearance rates exceeded 

those of quagga mussels at most temperatures. In Oneida Lake, zebra mussel density and 

biomass decreased from 1992-2013; however, quagga mussel density and biomass increased 

from 2008-2013. Total average mussel biomass from 1992-2013 has not changed indicating a 

possible maximum biomass of 20 g/m
2
 AFDW for dreissenids in the lake. Average mussel 

filtration declined from the zebra mussel phase of 1992-2007 to the quagga mussel phase of 

2009-2013 due to lower filtration for quagga mussels. Cumulative impacts of dreissenids 

coupled with reduced phosphorus loading from the Clean Water Act of 1972 likely influenced 

the Oneida Lake ecosystem by decreasing phytoplankton, zooplankton, Daphnia, and chl-a, and 

increasing Secchi depth from 1975-2013. Invasive mussels and climate change will continue to 

alter the Oneida Lake ecosystem likely further decreasing lakewide filtration. Integration of 



 

science and management is critical for mitigating impacts of climate change and invasive 

mussels. Twenty-five percent of scientists surveyed were unaware of invasive mussel 

management strategies for waterbodies studied. Aquatic invasive species management plans 

written in English exist in three countries with strategies in all but three US states. The majority 

of the management plans listed the six core elements of invasive species management, but there 

was disparity in details on accomplishing each core element. Reconnection of science and 

management through creation of a global information management system, collaborative 

framework for connecting people, science, and management, and sustained funding are essential 

for protecting valuable aquatic resources worldwide from invasive species and other 

anthropogenic stressors. 
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INTRODUCTION 

Limnology is the study of the interaction of physical, chemical, and biological processes 

within inland waters. Management of these resources requires an understanding of limnology to 

forecast the future state amidst external drivers, such as climate change and invasive species. To 

predict the effects of climate change on lakes and reservoirs, it is important for limnologists to 

understand the interrelationship of the physical, chemical, and biological processes. As climate is 

changing, invasive species are also impacting the structure and function of inland waters. 

Predictions of the effects of climate change on lakes and reservoirs need to include the influence 

of new invasive species on the ecological interactions within bodies of water. Likewise, it is 

essential to translate relevant research into sound recommendations and communicate these via 

thoughtful outreach and extension in order to ensure sound management decisions of lake 

ecosystems. 

Warming of the climate system is “unequivocal” (Intergovernmental Panel on Climate 

Change (IPCC), 2007, 2013). Indicators of climate change over the last century in the 

northeastern United States include warmer temperatures, increases in precipitation, and changes 

in the timing and intensity of precipitation (Huntington et al., 2009). Climate models suggest that 

these trends are expected to continue, with potential increases of 4.5°C - 9°C in mean annual 

temperature and 5 - 15% in annual precipitation by the end of the century in New York State 

(Rosenzweig et al., 2011). 

The main impacts of climate change on freshwater ecosystems result from changes in air 

temperature, precipitation, and wind regimes (Nickus et al., 2010). Climate changes have already 

been shown to translate into changes in hydrologic systems, with increased runoff and earlier 

spring peak discharge in many snow-fed rivers (Hodgkins et al., 2003; Hayhoe et al., 2007), 
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decreased duration of ice cover in some lakes (Robertson et al., 1992; Magnuson et al., 2000; 

Futter, 2003; Hodgkins et al., 2003; Duguay et al., 2006; Korhonen, 2006; Hayhoe et al., 2007; 

Huntington et al., 2009), and effects on both thermal structure (Magnuson et al., 1997; 

Livingstone, 2003; Straile et al., 2003; Coats et al., 2006; Gaiser et al., 2009) and water quality 

of warming rivers and lakes (Magnuson et al., 1997; Jeppesen et al., 2009). In freshwater 

systems, changes in algal, plankton, and fish abundance have been associated with rising water 

temperatures, as well as related to changes in ice cover, oxygen levels, and circulation (McGinn, 

2002; Winder and Schindler, 2004; Mooij et al., 2005; Jeppesen et al., 2009; Winder et al., 2009; 

O’Neil et al., 2012). Because of these links between changes in climate and ecological responses, 

ecological changes are predicted to continue under projected future climate scenarios (Robertson 

and Ragotzkie, 1990; Hondzo and Stefan, 1991; Stefan et al., 1996; Stefan et al., 1998; Hostetler 

and Small, 1999; Blenckner, 2005; Mooij et al., 2005). 

As climate is changing, invasive species, including zebra (Dreissena polymorpha) and 

quagga (Dreissena rostriformis bugensis) mussels, two of the most important invasive species 

with ecosystem (Nalepa and Schloesser, 1993; MacIsaac, 1996; Caraco et al., 1997; Nicholls et 

al., 1999; Strayer et al., 1999; Mills et al., 2003; Nakano and Strayer, 2014) and economic 

(Nalepa and Schloesser, 1993; O'Neill, 1997; United States Government Accountability Office 

(US GAO), 2000; Pimentel et al., 2005; Nakano and Strayer, 2014) impacts, are increasing in the 

Great Lakes region (Mills et al., 2003). These mussels are effective ecosystem engineers, altering 

both ecosystem structure and function (Jones et al., 1994; Strayer et al., 1999; Karatayev et al., 

2002). Both mussel species are filter feeders on phytoplankton and their activity increases lake 

water clarity (Mayer et al., 2000; Idrisi et al., 2001). They deposit feces and pseudofeces on the 

bottom, thereby increasing nutrient availability in that habitat (Hecky et al., 2004) and also 
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increase structural complexity of the bottom through the buildup of shells (Mayer et al., 2001, 

2002). Effects of Dreissena include declines in zooplankton through competition for 

phytoplankton resources
 
(Kissman et al., 2010), decreases in young fish survival

 
(Irwin et al., 

2009), changes in fish feeding patterns
 

(Mayer et al., 2001), and increases in benthic 

invertebrates
 
(Stewart and Haynes, 1994; Mayer et al., 2002) and submerged aquatic vegetation

 

(Chu et al., 2004; Zhu et al., 2006), resulting in a more benthic oriented food web structure
 
(Mills 

et al., 2003; Zhu et al., 2006; Miehls et al., 2009). Additionally, these mussels biofoul any solid 

substrate, such as docks, piers, intake pipes, and boat hulls, costing hundreds of millions of 

dollars annually (United States Government Accountability Office (US GAO), 2000). Nakano 

and Strayer (2014) conservatively estimate the potential global cost of freshwater biofouling to 

be ~$277 million per year. 

While quagga mussels are con-generic to the zebra mussel, they exhibit minor 

morphological differences, colonize soft, in addition to hard, substrates, and are found in deeper 

regions of lakes (Mills et al., 1996). Reports indicate that quagga mussels are colonizing waters 

in North America with relatively constant, low temperatures of 4-9°C (Claxton and Mackie, 

1998). Temperature is also a key factor affecting spawning and fertilization in dreissenid 

mussels. A minimum spawning temperature of 12°C has been reported for zebra mussels 

compared to 9°C spawning temperature for quagga mussels (Claxton and Mackie, 1998). 

Although zebra mussels have been reported to survive in the hypolimnion, they cannot reproduce 

there, suggesting zebra mussels cannot successfully colonize hypolimnetic waters. At the other 

end of the temperature continuum, zebra mussels survive indefinitely at 30°C, but quagga 

mussels exhibit high mortality at this same temperature (Mills et al., 1996). Additional research 
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into the differences between zebra and quagga mussels’ responses at various temperatures and 

associated ecosystem impacts is needed. 

Quagga mussels are now replacing zebra mussels in Oneida Lake, a 207 km
2
 shallow, 

polymictic lake in Central New York, as observed in Lake Ontario and elsewhere in the United 

States and Europe (Mills et al., 1999; Watkins et al., 2007). Additionally, by the end of the 

century, the predicted increases in air temperature and precipitation, associated with a fossil-fuel 

intensive emissions scenario, are predicted to increase 2 m and 10 m Oneida Lake water 

temperatures (April – November) by 3.7°C and 3.4°C on average, respectively with an increase 

of 61 additional, consecutive days of stratification (Hetherington et al., 2015). The interactive 

impacts of these drivers need to be considered to forecast ecological changes in Oneida Lake and 

elsewhere. Improved predictions will assist lake managers in deciding on appropriate measures 

to mitigate or adapt to the effects of climate change and invasive species. 

The overall goal of my research is to understand the interactive effects of climate change 

and invasive mussels on the coupling of the physical, chemical, and biological components of 

Oneida Lake and assess integration of science and management to mitigate impacts. Specifically, 

the objectives of this study are as follows: 

1. Experimentally measure clearance rates of zebra and quagga mussels at a range of 

temperatures expected to occur under climate change; 

2. Determine changes in abundance and distribution of zebra and quagga mussels across 

substrates and depths over time in Oneida Lake; 

3. Estimate changes in timing and magnitude of mussel clearance rates associated with 

replacement of zebra by quagga mussels and climate change, compare with Secchi depth 
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chlorophyll-a concentration, phytoplankton biomass, zooplankton biomass, and Daphnia 

biomass, and estimate Daphnia clearance rates in Oneida Lake; and 

4. Understand connectedness of scientists and mangers in invasive mussel management and 

provide recommendations for further integration to prevent the initial and secondary 

spread of zebra and quagga mussels worldwide. 
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STUDY SITE 

Oneida Lake (43°10' N, 75°52' W) is located in central New York (Figure 1). Oneida 

Lake, the largest lake entirely within New York State, is a 207 km
2
, shallow lake with a mean 

depth of 6.8 m and a maximum depth of 16.8 m. The lake is 33.6 km long and averages 6.1 km 

wide. Its long axis is oriented west-northwest to east-southeast and is fully exposed to the 

prevailing, west-northwesterly winds producing well-mixed and generally isothermal conditions 

throughout the ice-free months (Mills et al., 1978). Normal elevation above sea level is 111 m 

during the winter and 112 m during the summer (Mills et al., 1978) with a lake volume of 1.55 x 

10
9
 m

3
 and 1.56 x 10

9
 m

3
, respectively. 
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Figure 1. Oneida Lake Located in Central New York. 
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During its recorded history, Oneida Lake has been a highly productive body of water 

(Mills et al., 1978). Since 1992, the year when zebra mussels became abundant in Oneida Lake, 

high water clarity and low chlorophyll-a concentrations have been typical of the lake (Zhu et al., 

2006). In approximately 2006, quagga mussels entered Oneida Lake, and by 2008 began 

displacing zebra mussels (Mills et al., In Press). According to Jackson et al., (2013), 

displacement of zebra mussels by quagga mussels had not resulted in an increase in total 

dreissenid biomass at sites historically sampled for zebra mussels, but quagga mussels have 

colonized softer substrates considered uncolonizable by zebra mussels, potentially resulting in an 

increase in dreissenid biomass lakewide. Increased filtering capacity by mussels may account for 

the significant increase in water clarity and decrease in chlorophyll-a concentrations observed 

since 2000 (Jackson et al., 2013). Interestingly, since quagga mussels became established in 

Oneida Lake, total phosphorus concentrations have trended upward and during the last two years 

have been at levels consistent with those in the 1980s (Jackson et al., 2013). Following water 

quality improvement efforts and establishment of dreissenids, the productivity of the lake is 

overall typical of a mesotrophic system (Idrisi et al., 2001; Wetzel, 2001; Zhu et al., 2006) with 

reduced primary production from earlier decades when the lake was classified as eutrophic. 

The lake is widely used for tourism, fishing, and recreation with approximately $12.5 

million in revenue generated in the surrounding communities from the lake’s recreational fishery 

each year (New York State Department of Environmental Conservation, 2009). Oneida Lake is 

an ideal system for this study due to the wealth of historical climatic, limnological, and 

ecological data. The Oneida Lake ecosystem has been studied for six decades and frequently 

been used as a model system for understanding impacts of environmental change in the Great 

Lakes and other mesotrophic systems, be it invasive species or climate (Idrisi et al., 2001; 
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Rudstam et al., 2004; Jackson et al., 2008). Thus, the results of my research should have 

relevance for lake management practices elsewhere, potentially globally. 
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CHAPTER 1 

Comparison of Clearance Rates of Zebra and Quagga Mussels (Dreissena polymorpha and 

Dreissena rostriformis bugensis) Across Annual Lake Temperatures 

Abstract 

Invasive zebra and quagga mussels impact the structure and function of freshwaters 

globally by filter feeding, thereby increasing water clarity. Since quagga mussels are replacing 

zebra mussels in several lake ecosystems, total mussel filtration as well as seasonal patterns of 

filtering may have changed. Through replicated, laboratory microcosm experiments, we 

measured clearance rates of zebra and quagga mussels over a range of temperatures from 2-30°C 

using a single species of algae, Chlamydomonas reinhardtii, as the food source. Temperature 

dependence of clearance rates was similar for the two mussel species peaking at 18°C for zebra 

mussels and 20°C for quagga mussels. Zebra and quagga mussels actively fed from 4-30°C; 

however, there was limited filtration at 2°C. Clearance rates of zebra mussels exceeded those of 

quagga mussels at most temperatures. Replacement of zebra by quagga mussels will potentially 

result in decreased filtration in spring and fall with lower lakewide mussel filtration unless the 

replacement also includes increased mussel biomass. 

Introduction 

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

two invasive species with substantial ecological and economic impacts (Pimentel et al., 2005; 

Nakano and Strayer, 2014; Nalepa and Schloesser, 2014), are increasing in the Great Lakes 

region (Mills et al., 2003) and across the United States (United States Geological Survey 

(USGS), 2015). These mussels are effective ecosystem engineers, altering both ecosystem 

structure and function (Jones et al., 1994; Strayer et al., 1999; Karatayev et al., 2002). Both 
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mussel species are filter feeders on phytoplankton and their activity increases lake water clarity 

(Mayer et al., 2000; Idrisi et al., 2001). Additionally, they deposit feces and pseudofeces on the 

bottom substrate increasing nutrient availability (Hecky et al., 2004) and structural complexity 

through the buildup of shells (Mayer et al., 2002, 2001). Effects of Dreissena include declines in 

zooplankton through competition for phytoplankton resources
 
(Higgins and Vander Zanden, 

2010; Kissman et al., 2010), decreases in young fish survival
 
(Irwin et al., 2009), changes in fish 

feeding patterns
 
(Mayer et al., 2001), and increases in benthic invertebrates

 
(Stewart and Haynes, 

1994; Mayer et al., 2002) and submerged aquatic vegetation
 
(Chu et al., 2004; Zhu et al., 2006), 

resulting in a more benthic oriented food web structure
 
(Mills et al., 2003; Miehls et al., 2009; 

Mayer et al., 2014). 

While quagga mussels are con-generic to zebra mussels, they exhibit morphological 

differences, colonize soft as well as hard substrates, and are found in deeper regions of lakes 

across greater temperature ranges (Mills et al., 1996). Furthermore, quagga mussels survive and 

grow as well or better than zebra mussels in waters ranging from low to high productivity 

(Baldwin et al., 2002). Thus, it is not surprising that quagga mussels are replacing zebra mussels 

in many lakes in North America and Europe (Mills et al., 1999; Patterson et al., 2005; Wilson et 

al., 2006). 

This shift from zebra to quagga mussels may lead to further ecosystem changes if 

clearance rates between the two species differ due to factors such as food quantity and quality 

(Morton, 1971; Sprung and Rose, 1988; Berg et al., 1996; Baldwin et al., 2002) and temperature 

(Aldridge et al., 1995; Fanslow et al., 1995; Lei et al., 1996). Most studies of temperature effects 

on clearance rates have focused on zebra mussels with limited information on filtration by 

quagga mussels. Zebra mussel maximum clearance rates were reported to occur between 14°C 
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and 26°C by Lei et al. (1996), between 10°C and 20°C by Fanslow et al. (1995) and to be higher 

at temperatures of 20°C and 24°C than at 28°C and 32°C by Aldridge et al. (1995). Baldwin et 

al. (2002) did not find a significant difference in clearance rates between the two species; 

however, Diggins (2001) concluded that season (8°C, 14°C and 22°C) and species significantly 

influenced mussel clearance rates with quagga mussels filtering 37% faster than zebra mussels. 

Any difference in the effect of temperature on the clearance rates of these two invasive mussel 

species will impact the seasonal pattern of lakewide mussel filtration when quagga mussels 

replace zebra mussels. A comparison of clearance rates between both mussel species across the 

full range of temperatures encountered in temperate lakes is needed, particularly as climate is 

warming; therefore, the objective of this study was to measure clearance rates of zebra and 

quagga mussels at temperatures from 2-30°C at 2°C intervals. 

Methods 

Experimental organisms 

Zebra and quagga mussels were collected periodically in June and July 2013 from the 

littoral zone (<5 m depth) of Oneida Lake (Billington Bay, Cleveland, Damon’s Point, and 

Shackelton Point) located in Central New York, using either an Ekman sampler, Petite Ponar
®
 

sampler, or snorkeling. Due to the dominance of quagga mussels in Oneida Lake, additional 

sampling for zebra mussels was conducted in Owasco Lake (Buck Point) at the same time using 

identical methodologies. The mussels were transported in plastic bags within an insulated cooler 

filled with lake water and ice to the climate-controlled experimental facility at the Cornell 

Biological Field Station in Bridgeport, New York on Oneida Lake. Medium-sized (13-16 mm) 

mussels were kept in 110 L tanks with aerated lake water at 20°C (±1°C). Mussels were 
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acclimated to the ambient temperature of the experimental facility for 2 weeks before 

experimental use (Lei et al., 1996; Baldwin et al., 2002). Water was exchanged every 48 hours.  

Stock cultures of Chlamydomonas reinhardtii were obtained from the Carolina Biological 

Supply Company and cultured in sterilized, 2 L Erlenmeyer flasks. Sterilization of glassware was 

performed by acid washing and autoclaving for 15 minutes at 103 kPa. Approximately 10 mL of 

algal stock was transferred into 200 mL of nutrient solution with vitamin and mineral content 

ratios equal to f/2 medium (Guillard, 1975), aerated, and covered with aluminum foil to prevent 

contamination. ProLine
®

 trace element (1 mL) and vitamin (1 mL) solutions were combined with 

dechlorinated tap water (7.75 L) to produce nutrient solution. Cultures were maintained at 22°C 

(±2°C) under cool-white, 40 W fluorescent lights using a 12 hour light and dark cycle for 5-7 

days. Subcultures were established after 2 days by transferring 50 mL of cultured algal solution 

to 150 mL of nutrient solution in new 2 L Erlenmeyer flasks. Additional nutrient solution (50 

mL) was added to the original cultured algal solutions. 

Clearance rate experiments 

Clearance rate experiments were conducted at fifteen different temperatures from 2-30°C 

at intervals of 2°C with medium-sized (13-16 mm) zebra and quagga mussels. Two sets of zebra 

and quagga mussels were used for the experiments, one set for the experiments from 2-20°C and 

the other set for the experiments from 22-30°C. Experiments were started at 20°C, the 

temperature of the holding tanks, and subsequently conducted at an interval of 2°C ending at  

2°C. Experiments from 22-30°C were conducted after the 2°C experiment; therefore, a second set 

of medium-sized mussels was used to avoid a large temperature change. To assess whether using 

the same mussels for experiments across a range of temperatures affected clearance rates, 

experiments were repeated with seven new sets of zebra and quagga mussels at 4C, 6C, 12C, 
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18C, 20C, 22°C and 26C. For all experiments, mussels were gradually acclimated (2C/4 

hours) to the experimental temperatures (Lei et al., 1996) and kept for at least 24 hours at the test 

temperatures prior to measurements (Reeders et al., 1989). Mussels were observed to be 

consistently filtering before the experiments. 

For each set of clearance rate experiments, 50 mussels of each species were placed into 

separate 110 L tanks with lake water in a climate controlled room. Light conditions were dim to 

mimic benthic light levels. Ten zebra mussels/replicate (4 replicates) and ten quagga 

mussels/replicate (4 replicates) were transferred to aerated, 4 L plastic containers containing 5 

µg/L Chlamydomonas reinhardtii in dechlorinated tap water acclimated to the experimental 

temperature and covered with aluminum foil. In addition, two aerated, 4 L plastic containers 

containing only 5 µg/L Chlamydomonas reinhardtii in dechlorinated tap water acclimated to the 

experimental temperature and covered served as controls. This chlorophyll concentration 

represented an average total algae concentration from May-October in Oneida Lake (1975-2012). 

Every 15 minutes during the 2 hour experiments, 2 mL water samples were extracted from the 

centers of the ten experimental containers after gently stirring to ensure the samples were 

representative of the average algal concentration in the containers. In vivo chlorophyll-a (chl-a) 

was measured using a Turner Trilogy
®
 fluorometer calibrated using a standard with a known chl-

a concentration (Naddafi et al., 2007). 

Clearance rate calculations 

Clearance rates were determined from the slope of the decline in chl-a during the 

experimental period according to Quayle (1948):  

(1) CR = [V / (N x T)] x [ln(C0 / Ct) - ln(C’0 / C’t)] 
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where CR is clearance rate (L/h), V is volume of water (L), N is number of mussels, T is duration 

of experiment (h), C0 and Ct are the chl-a concentrations initially and after time t in an 

experimental container, and C’0 and C’t are the chl-a concentrations initially and after time t in 

control containers (Coughlan, 1969). In this equation, the mean change in control concentrations 

was subtracted from the change in experimental concentration (Fanslow et al., 1995). 

Mussel lengths and weights 

For each clearance rate experiment, 50 medium (13-16 mm) zebra and quagga mussels 

were measured along the major axis of the shell using ImageJ version 1.47 software from the 

National Institute of Health. The average shell lengths were converted to dry weights using the 

following relationships from Nalepa et al. (2010): 

(2) Zebra mussels:  ln AFDW  = -5.226 + 2.651 ln SL 

(3) Quagga mussels:  ln AFDW = -6.535 + 3.143 ln SL 

where AFDW is ash-free dry weight (mg) and SL is shell length of major axis length (mm). 

Statistics 

Analysis of variance (ANOVA) was used to determine the significance of temperature 

group (2-10°C; 12-20°C; 22-30°C), mussel type, and the interaction between the two on 

clearance rates per mussel and per unit dry weight. Relationships were considered significant at 

p<0.05. Tukey’s honestly significant difference (HSD) tests compared clearance rates among 

temperature groups by mussel type. Clearance rates from original and repeat experiments were 

compared with a t-test indicating significance at p<0.05. The relationships between temperature 

and average clearance rate for both species were fitted to bell-shaped curves using the Nonlinear 

Fit Curve functionality in JMP
®
 Pro 11.0.0. As several peak models were available in JMP

®
, the 

curve that best fit the available data was selected using r
2 

values. 
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Results 

Average measured lengths and calculated dry weights (±SE) for zebra mussels and 

quagga mussels were 15.09 mm (±0.28) and 15.14 mm (±0.29) and 7.22 mg (±0.36) and 7.53 mg 

(±0.43), respectively. There were no significant differences between the two species. The 

average decrease in chl-a in controls after 2 hours was 0.01 µg/L. There was no mussel mortality 

during the experiments. In the first set of experiments, mussel clearance rates increased from 

values close to 0 L·mussel
-1

h
-1

 at 2°C to peaks of 0.074 L·mussel
-1

h
-1

 at 18°C for zebra mussels 

and 0.019 L·mussel
-1

h
-1

 at 20°C for quagga mussels and then decreased at higher temperatures to 

0.017 and 0.012 L·mussel
-1

h
-1 

at 30°C, respectively (Figure 2). Zebra mussels had a higher 

average clearance rate per mussel than quagga mussels at almost all temperatures and more than 

twice those of quagga mussels in the middle of the temperature range (16-24°C).  
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Figure 2. Average Clearance Rates (±SE) of Zebra (Dreissena polymorpha; open) and Quagga 

Mussels (Dreissena rostriformis bugensis; closed) Fed Chlamydomonas reinhardtii from 2-30°C 

in Original (triangle) and Repeat Experiments (circle). Zebra and quagga mussel average 

clearance rates per mussel peaked at 18°C and 20°C, respectively, with zebra mussel average 

clearance rates per mussel higher than those of quagga mussels at almost all temperatures. 

Repeat experiments were conducted at 4°C, 6°C, 12°C, 18°C, 20°C, 22°C, and 26°C. The greatest 

difference between original and repeat experiments occurred at 18°C and 20°C for zebra mussels. 
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Clearance rates were significantly affected by mussel type (F=56.01, df=1, p<0.0001), 

temperature group (2-10°C, 12-20°C, 22-30°C) (F=41.36, df=2, p<0.0001), and their interaction 

(F=12.30, df=2, p=0.0001). Tukey’s test indicated clearance rates of zebra mussels at 12-20°C 

were significantly different than those at 2-10°C and 22-30°C; however, clearance rates of 

quagga mussels at 12-20°C were not significantly different than those at 2-10°C and 22-30°C. 

Additionally, zebra mussel clearance rates at 12-20°C were significantly different from quagga 

mussel clearance rates at 2-10°C, 12-20°C, and 22-30°C. Furthermore, zebra mussel clearance 

rates at 22-30°C were significantly different from quagga mussel clearance rates at 2-10°C and 

22-30°C. 

To test the approach of acclimating the same mussels to successively higher or lower 

temperatures for experiments, a second set of experiments using different sets of mussels at 4°C, 

6°C, 12°C, 18°C, 20°C, 22°C and 26°C were conducted (Figure 2). Zebra mussels at 18°C and 

20°C did not actively feed for unknown reasons. Mussels at the 4°C, 6°C, and 12°C filtered at 

rates lower than those in the original experiments. Repeat experiments generally yielded lower 

clearance rates as compared to original experiments eliminating concerns of declining clearance 

rates over time in the original experiments as a result of reusing the same mussels. T-tests 

indicated statistical significance between original and repeat zebra mussel clearance rates for all 

temperatures, excluding 22°C and 26°C. Repeat experiments for quagga mussels followed the 

original clearance rate pattern more closely, but clearance rates between original and repeat 

experiments at 12°C, 18°C, and 22°C were statistically significant with clearance rates from the 

second set of experiments lower at 12°C and 18°C and higher at 22°C and 26°C. 

Zebra and quagga mussels exhibited similar temperature response for average clearance 

rates per unit dry weight from 2-30°C (Figure 3). Actual average clearance rates per unit dry 
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weight peaked at 18°C with maximum average clearance rates of 0.011 L·mg
1·h-1

 for zebra 

mussels and 20°C with maximum average clearance rates of 0.003 L·mg
1·h-1

 for quagga mussels. 

Furthermore, zebra mussels had higher average clearance rates per unit dry weight than quagga 

mussels at nearly all temperatures. Again, clearance rates were significantly affected by mussel 

type (F=52.98, df=1, p<0.0001), temperature group (2-10°C, 12-20°C, 22-30°C) (F=47.42, df=2, 

p<0.0001), and their interaction (F=11.60, df=2, p=0.0001). Tukey’s test indicated clearance 

rates of zebra mussels at 2-10°C were significantly different than those at 12-20°C, but not at 22-

30°C. Likewise, the same applies for quagga mussels. Similar to mussel clearance rates per 

mussel, zebra mussel clearance rates per unit dry weight at 12-20°C were significantly different 

from quagga mussel clearance rates at 2-10°C, 12-20°C, and 22-30°C. Furthermore, zebra 

mussel clearance rates per unit dry weight at 22-30°C were again significantly different from 

quagga mussel clearance rates at 2-10°C and 22-30°C.  
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Figure 3. Average Actual (dashed) and Predicted (solid) Clearance Rates (±SE) of Zebra 

(Dreissena polymorpha; open triangle) and Quagga Mussels (Dreissena rostriformis bugensis; 

closed triangle) per Unit Dry Weight Fed Chlamydomonas reinhardtii from 2-30°C. Zebra and 

quagga mussel average clearance rates per unit dry weight peaked at 18°C and 20°C, 

respectively, with zebra mussel average clearance rates per unit dry weight higher than those of 

quagga mussels at almost all temperatures. Lorentzian peak models predicted maximum 

clearance rates at 18.6°C for zebra mussels and 17.0°C for quagga mussels. 
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Zebra and quagga mussel average clearance rates per unit dry weight were fitted to the 

Lorentzian equation (Figure 3) which describes a symmetric bell-shaped curve using three 

parameters: 

(4) CR(T) = (Cmax * R
2
) / ((T - TOpt)

2
 + R

2
) 

where CR(T) is clearance rate as a function of temperature (T) (°C), Cmax is maximum clearance 

rate, R relates to the rate of change with temperature, and TOpt is optimum temperature (°C). This 

equation resulted in a better fit to the data (higher r
2
 values) than several alternative JMP

® 
 

formulas tested. The Lorentzian model predicted maximum clearance rates at 18.6°C for zebra 

mussels and 17.0°C for quagga mussels. 

Discussion 

Through replicated clearance rate experiments of zebra and quagga mussels from 2-30°C 

at 2°C intervals, a bell-shaped response to temperature was observed for both species peaking at 

18°C for zebra mussels and 20°C for quagga mussels suggesting optimum temperatures for 

mussel filter feeding. Consistent differences in clearance rates between the two species were 

noted across the range of temperatures with zebra mussels exhibiting two-fold higher clearance 

rates at the optimum temperature. These findings provide additional insight by comparing 

clearance rates for both zebra and quagga mussels over all lake temperatures typically 

encountered within the temperate zone. Additionally, these results have ramifications for 

predicting impacts on algae consumption and water clarity by these two mussel species, 

including effects of climate change. 

The zebra and quagga mussel clearance rates obtained from this study were within the 

range of those documented in several previous studies (Figure 4). Discrepancies may be due to 

differences in experimental conditions, such as mussel size (Berg et al., 1996; Lei et al., 1996; 
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Baldwin et al., 2002), algal concentration (Fanslow et al., 1995) and composition (Berg et al., 

1996; Lei et al., 1996; Horgan and Mills, 1997; Baldwin et al., 2002; Naddafi et al., 2007), and 

predator presence (Naddafi and Rudstam, 2014), and differences in methods. The experimental 

procedure of this study aligned closest with that of Baldwin et al. (2002), which examined 

clearance of both zebra and quagga mussels, acclimated for 2 weeks, and used the same species 

of green algae, Chlamydomonas reinhardtii for feeding. However, Baldwin et al. (2002) used 

larger mussels (20-25 mm), measured clearance rates over a one-hour period, and measured algal 

concentration in terms of total particles·L-1
, as detected on a Coulter Counter. At 20°C, Baldwin 

et al. (2002) reported clearance rates of approximately 0.02 L·mussel
-1·h-1

 for both zebra and 

quagga mussels compared to 0.071 L·mussel
-1·h-1

 for zebra mussel and 0.019 L·mussel
-1·h-1

 for 

quagga mussel in this study. Other studies with lower zebra mussel clearance rates than reported 

here include Aldridge et al. (1995) at 20°C, 24°C, and 28°C and Fanslow et al. (1995) at 15-

23°C; however, additional studies by Fanslow et al. (1995) at 6°C 8°C and 13°C, Horgan and 

Mills (1997) at 17°C, Lei et al. (1996) 15°C, and Naddafi and Rudstam (2013) at 17°C reported 

higher zebra mussel clearance rates. Clearance rates of 0.030 L·mussel
-1·h-1

 at 22°C reported by 

Berg et al. (1996) align with our study.  
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Figure 4. Clearance Rates of Zebra (Dreissena polymorpha) and Quagga (Dreissena rostriformis 

bugensis) Mussels from 2-30°C in Current and Previous Studies. 
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In contrast, our results do not agree with those observed by Diggins (2001), in which 

clearance rates ranged from 0.06 to 0.12 L·mussel
-1·h-1

 for zebra mussels and 0.04 to 0.18 

L·mussel
-1·h-1

 for quagga mussels at 8°C, 14°C and 22°C. Zebra and quagga mussel clearance 

rates reported by Diggins (2001) exceeded those in this study by at least three times. This could 

be explained by different methodologies, as Diggins (2001) used suspended sediment particles as 

the food source and implemented a screening process that excluded non-filtering mussels from 

experiments. Also, mussels were maintained for up to nine months, a considerably longer time 

period than this study. In addition, Naddafi and Rudstam (2013) reported filtration rates for both 

zebra and quagga mussel clearance rates at 17°C exceeding those of this study. Studies that 

reported clearance rates for several temperatures were limited, but those of Aldridge et al. 

(1995), Fanslow et al. (1995), and Diggins (2001) indicated a temperature effect for zebra 

mussels of decreasing clearance rates at higher temperatures. Zebra mussel maximum clearance 

rates were reported to be higher at temperatures of 20°C and 24°C than at 28°C and 32°C by 

Aldridge et al. (1995) and occur between 10°C and 20°C by Fanslow et al. (1995) and between 

14°C and 26°C by Lei et al. (1996). Furthermore, Baldwin et al. (2002) did not find a significant 

difference in clearance rates between the two species; however, Diggins (2001) concluded that 

season (8°C, 14°C and 22°C) and species significantly influenced mussel clearance rates with 

quagga mussels filtering 37% faster than zebra mussels. Likewise, this study indicated a 

temperature and species effect. 

This study indicated variability in clearance rates of zebra and quagga mussels due to 

differences in clearance rates obtained in the first and second set of experiments (Figure 2). For 

unknown reasons, the mussels, especially zebra mussels, filtered at lower rates at 18°C and 20°C 

in the repeat experiments. There were not any indications of problems in the controls. These 
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differences in clearance rates between the two sets of experiments could be due to possible poor 

mussel condition, low algal quality, or predator presence indicators in the holding tank water. 

Naddafi and Rudstam (2014) showed that mussel filtering can be affected by predator 

kairomones and more so for zebra than quagga mussels. Repeat experiments at lower 

temperatures also resulted in lower clearance rates than the first set of experiments. This was 

possibly due to stress caused by larger overall temperature changes. Acclimation rates and times 

vary considerably among studies from an immediate temperature change of 12°C to 1°C/day 

(Aldridge et al., 1995; Berg et al., 1996; Lei et al., 1996) and from 30 minutes to 9 months 

(Aldridge et al., 1995; Fanslow et al., 1995; Berg et al., 1996; Lei et al., 1996; Horgan and Mills, 

1997; Diggins, 2001; Baldwin et al., 2002), respectively, suggesting a need for additional studies 

to determine the role of acclimation. The repeat experiments at higher temperatures were similar 

to the first set of experiments. For most temperatures, the repeat experiments did not yield higher 

clearance rates as compared to the first set of experiments suggesting that the mussels in the first 

set of experiments were not satiated from being used in several experiments. Furthermore, the 

higher variability in clearance rates that was obtained when using different mussels and/or 

experimental runs, as observed with the repeat experiments, indicated that comparison across 

temperatures for the same set of mussels may be a better approach to elucidate the temperature 

response than changing mussels for each experiment. 

Zebra mussels in this study exhibited higher average clearance rates across almost all 

temperatures from 2-30°C. This is surprising given that quagga mussel biomass has surpassed 

that of zebra mussels in Europe and several of the Great Lakes (Mills et al., 1999; Patterson et 

al., 2005; Wilson et al., 2006). Since zebra mussels filtered at higher rates at almost all 

temperatures, clearance rates alone do not explain the eventual dominance of quagga mussels in 
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freshwaters ecosystems with both species. Quagga mussels may be able to feed more efficiently 

and survive on lower levels of food (Baldwin et al., 2002). Additionally, zebra mussels have 

been reported to curtail their clearance rates significantly in the presence of predators; whereas, 

quagga mussels continue to feed (Naddafi and Rudstam, 2013). In their natural environment, it is 

possible zebra and quagga mussels exhibit different clearance rates from those indicated in this 

study due to the presence of predators and other environmental conditions. Also, it is likely 

quagga mussels have a reproductive advantage due to their ability to spawn earlier in the season 

and at lower temperatures, as well as the potential for higher survival rates of veligers (Ram et 

al., 2012). 

Given lower clearance rates for quagga mussels, the shift in dominance from zebra to 

quagga mussels in many lakes worldwide will likely lead to decreases in overall lakewide 

filtration rates with potential decreases in seasonal patterns of filtration in late spring and early 

fall. Most investigators have predicted the contrary with larger effects of mussels after quagga 

mussel invasions (Nalepa et al., 2009; Fahnenstiel et al., 2010; Vanderploeg et al., 2010). Based 

on our results, a larger mussel effect would be due to higher lakewide biomass of quagga 

mussels than of zebra mussels. Few studies have estimated mussel biomass pre and post the 

replacement of zebra by quagga mussels, but those that have done so found higher biomass of 

mussels after the quagga mussel invasion (Nalepa et al., 2009). In order to forecast changes in 

lakewide clearance rates as a result of quagga mussels, filtration rates must be combined with 

predictions of changes in mussel biomass. In addition, the temperature effect is needed to 

forecast effects of climate change on filtration rates. Filtration rates for both zebra and quagga 

mussels declined at temperatures over 20°C indicating lower filtration rates during peak summer 

temperatures. Further study investigating changes in seasonal patterns of algal consumption due 
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to invasive mussels and climate change is critical to understanding effects on overall lake 

dynamics. 
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CHAPTER 2 

Zebra and Quagga Mussel (Dreissena polymorpha and Dreissena rostriformis bugensis) 

Abundance and Distribution in Oneida Lake, New York, 1992-2013 

Abstract 

Invasive zebra and quagga mussels continue to spread within and across freshwater 

systems in North America and Europe with significant ecological and economic impacts. Mussel 

impacts are dependent on species-specific population dynamics and distribution within 

waterbodies. This study determined the abundance and distribution of zebra and quagga mussels 

across substrates and depths deeper than 2 m in Oneida Lake from 1992 to 2013 and estimated 

biomass of mussels in the entire lake. Oneida Lake zebra mussel density and biomass decreased 

from 1992-2013 with changes detected in 1998 and 2010 for density and 2010 for biomass. 

Conversely, quagga mussel density and biomass increased from 2008 to 2013 with changes in 

density and biomass detected in 2008. Before the invasion of quagga mussels, zebra mussel 

density and biomass were limited possibly due to competition for substrate and food. Subsequent 

invasion of quagga mussels further limited zebra mussel density and biomass with quagga 

mussel density and biomass exceeding zebra mussel density and biomass from 2009 to 2013. 

Veliger density increased over time and in months with colder temperatures likely attributed to 

the increase in density and biomass of quagga mussels. Zebra and quagga mussels colonized all 

substrates and depths. Quagga mussel average density and biomass exceeded that of zebra 

mussels on all substrates and depths beginning in 2009 through 2013 suggesting the potential for 

additional colonization within Oneida Lake. However, total average mussel biomass has not 

changed in Oneida Lake between 1992 and 2013 identifying a possible maximum biomass of 
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approximately 20 g/m
2
 AFDW for dreissenids in Oneida Lake. Consequently, dreissenid impacts 

on the Oneida Lake ecosystem would not be expected to increase. 

Introduction 

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

closely related bivalves from the Ponto-Caspian region of Eastern Europe which have invaded 

extensive areas of Europe and North America (Mills et al., 1996; Zhulidov et al., 2006). 

Approximately 200 years ago, zebra mussels began to spread throughout Eurasia and have 

colonized most of Western Europe; however, quagga mussels have only begun to spread outside 

their native range within the last 25 years (Zhulidov et al., 2006). In North America, both species 

were reported in the Great Lakes region in the late 1980s and are rapidly spreading throughout 

the continent (Hebert et al., 1989; May and Marsden, 1992; Kissman et al., 2010). 

Dreissenids have resulted in ecological and economic impacts in North America (Nalepa 

and Schloesser, 1993, 2014; Karatayev et al., 1997, 2002, 2007, 2014; Vanderploeg et al., 2002; 

Hecky et al., 2004; O’Neill, 2008; Higgins and Vander Zanden, 2010). These mussels are 

effective ecosystem engineers (sensu Jones et al., 1994) altering both ecosystem structure and 

function (Strayer et al., 1999; Karatayev et al., 2002). Both mussel species are filter feeders on 

phytoplankton and their activity increases lake water clarity (Mayer et al., 2000; Idrisi et al., 

2001). They deposit feces and pseudofeces on the bottom, thereby increasing nutrient availability 

in that habitat (Hecky et al., 2004) and also increase structural complexity of the bottom through 

the buildup of shells (Mayer et al., 2001, 2002). Effects of dreissenids include declines in 

zooplankton through competition for phytoplankton resources
 
(Kissman et al., 2010), decreases 

in young fish survival
 
(Irwin et al., 2009), changes in fish feeding patterns

 
(Mayer et al., 2001), 

and increases in benthic invertebrates
 
(Stewart and Haynes, 1994; Mayer et al., 2002) and 
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submerged aquatic vegetation
 
(Chu et al., 2004; Zhu et al., 2006), resulting in a more benthic 

oriented food web structure
 

(Mills et al., 2003; Zhu et al., 2006; Miehls et al., 2009). 

Additionally, these mussels biofoul any solid substrate, such as docks, piers, intake pipes, and 

boat hulls, costing hundreds of millions of dollars annually (Nalepa and Schloesser, 1993, 2014; 

O’Neill, 1997; United States Government Accountability Office (US GAO), 2000; Pimentel et 

al., 2005). Nakano and Strayer (2014) conservatively estimate the potential global cost of 

freshwater biofouling to be ~$277 million per year. 

Local and lakewide impacts of dreissenid invasions are dynamic and difficult to predict 

(Karatayev et al., 2015b). The magnitude of mussel impacts is determined by species-specific 

population dynamics; however, populations of dreissenids often do not stabilize and vary widely 

over time (Ramcharan et al., 1992; Karatayev et al., 1997, 2002, 2011; Burlakova et al., 2006; 

Stayer and Malcom 2006; Nalepa et al., 2010; Karatayev et al., 2014). In addition, the two 

dreissenids have different spatial distributions with zebra mussels requiring hard substrate for 

attachment and are usually more abundant in littoral zones than in deeper water; whereas, quagga 

mussels can colonize soft substrates in the profundal zone (Karatayev et al., 2011; Karatayev et 

al., 2014).  

Despite the variability of dreissenid populations in space and time, Karatayev et al. 

(2015b), predict that in shallow lakes with zebra mussels alone, maximum abundance and impact 

would be expected within 3 to 5 years after invasion; in shallow lakes with both species, 

maximum combined impact would be expected later, in 5 to 10 years, following the peak in total 

density, but then decline; in deep lakes with both species, quagga mussel abundance and impact 

will exceed that of zebra mussels. Furthermore, when both species colonize the same waterbody, 

quagga mussels usually establish high densities and outcompete zebra mussels in deep lakes with 
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large profundal zones while zebra mussels may be abundant and coexist with quagga mussels in 

shallow lakes and rivers (Karatayev et al., 2011; Zhulidov et al., 2010; Karatayev et al., 2014). 

Karatayev et al. (2015b) suggest, as populations increase, dreissenids will have large, direct 

effects on ecosystems shortly after initial invasion; however, impacts will likely be indirect 

through changes in the ecosystem and less predictable with increasing time since invasion. 

In North America, the majority of studies investigate dreissenids in large, deep lakes for 

relatively short time periods of colonization from a few years to a decade (Griffiths et al., 1991; 

Mills et al., 1993; Nalepa et al., 1995; Bailey et al., 1999; Fleischer et al., 2001; Mills et al., 

1999; Petrie and Knapton et al., 1999; Patterson et al., 2005; Wilson et al., 2006; French et al., 

2007; Watkins et al., 2007; French et al., 2009; Nalepa et al., 2010; Burlakova et al., 2014; 

Karatayev et al., 2014). Oneida Lake is a relatively large, shallow lake with a continuous, 22 

year mussel survey record since initial colonization of both zebra and quagga mussels. As a 

result, Oneida Lake is ideal for understanding dreissenid population dynamics and ecosystem 

impacts over time in an important lake type worldwide. The objectives of this study are to 

determine abundance and distribution of zebra and quagga mussels across substrates and depths 

in Oneida Lake from 1992 to 2013 and estimate biomass of mussels in the entire lake. 

Furthermore, veliger abundance and mussel recruitment were assessed in Oneida Lake from 

1992 to 2013. Lastly, the invasion cycle of both species in Oneida Lake from 1992 to 2013 was 

investigated and compared with recent predictions of maximum abundance and impact 

(Karatayev et al., 2015b). Since zebra and quagga mussels continue to spread within and across 

freshwater systems in North America and Europe with significant ecological and economic 

impacts, this research to understand dreissenid population dynamics and impacts is essential for 

future management strategies worldwide. 
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Methods 

Study Site 

Oneida Lake (43°10' N, 75°52' W) is a 207 km
2
, shallow, polymictic lake with a mean 

depth of 6.8 m and a maximum depth of 16.8 m. During its recorded history, Oneida Lake has 

been a highly productive body of water (Mills et al., 1978). Zebra mussels were discovered in 

Oneida Lake in 1991 with quagga mussels entering the lake in approximately 2006 (Mills et al., 

In Press). Since 1992, the year when zebra mussels became abundant in Oneida Lake, high water 

clarity and low chlorophyll-a concentrations have been typical of the lake (Zhu et al., 2006). 

Increased filtering capacity by mussels may account for the significant further increase in water 

clarity and decrease in chlorophyll-a concentrations observed since 2000 (Jackson et al., 2013). 

In 2013, average annual Secchi depth and chlorophyll-a concentration were 3.1 m and 3.6 µg/L, 

respectively. Interestingly, since quagga mussels became established in Oneida Lake, total 

phosphorus concentrations have trended upward and during the last two years have been at levels 

consistent with those in the 1980s (Jackson et al., 2013). Following water quality improvement 

efforts and establishment of dreissenids, the productivity of the lake is overall typical of a 

mesotrophic system (Idrisi et al., 2001; Wetzel, 2001; Zhu et al., 2006) with reduced primary 

production from earlier decades when the lake was classified as eutrophic (Mills et al., 1987). 

Field Sampling 

Oneida Lake dreissenid surveys were conducted in the fall (28 August – 16 November) of 

1992 to 2013 (Figure 5 and Table 1). From 1992 to 2002, a maximum of 10 sites (10 sites in 

1993 and 1994; 9 sites in 1992, 1995-2000, and 2002; and 8 sites in 2001) were sampled in 

triplicate (duplicate at 2 sites in 1995) by SCUBA using quadrants placed on the lake bottom. 

Area sampled was determined by the divers depending on mussel density in the area (0.06 to 1 
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m
2
). From 2003 to 2013, up to 12 additional sites (12 sites in 2003-2005, 2007; 11 sites in 2008 

and 2011; 10 sites in 2009; 9 sites in 2013; 7 sites in 2010 and 2012; 5 sites in 2006) were 

sampled (hard, sand, and silt substrates) in triplicate (single at 2 sites in 2003 and 2004; duplicate 

at 5 sites in 2012; duplicate at 4 sites in 2013) using SCUBA. Also, from 2003 to 2013, 

dreissenids were collected using SCUBA from 3 nearshore to offshore transects (2 transects in 

2005) around Shackelton Point each consisting of 3 sampling sites. Two of the transect sampling 

sites were existing sites sampled beginning in 1992. Furthermore, from 2003 to 2013, at least 3 

of the 10 original sites were sampled in triplicate using SCUBA. From 2010 to 2013, the sand 

(2010 and 2012) and silt (2011-2013) transects at Shackelton Point were each extended with 3 

additional sampling sites at depths of 7.6 m, 9.1 m, and 10.7 m. These additional sites were 

sampled in duplicate (triplicate in 2010) with an Ekman grab sampler (area 0.0225 m
2
). 

Reference sites were defined as those sampled for at least 19 of 22 years. These sites included 

Buoy 123, Dutchman Island (I), Jewell, Lewis Point (East), Shackelton Point, and Wantry Island. 

Lastly, dreissenids collected from 2 deep, silt sites (Buoy 125 and Shackelton Point) by an 

Ekman sampler in September and October 1992-2013 were included. Samples were sieved and 

all mussels returned to the laboratory in plastic bags which were frozen until processing. 

Oneida Lake veligers were sampled weekly at 6 sites (5 sites in 2010 and 4 sites in 2011-

2013) from May through October 1992-2013 (Figure 5). Samples were collected using a 50 cm 

diameter conical plankton net with a mesh size of 53 µm. The net was hauled vertically through 

the water column from 1 m off the bottom to the surface. Actual distance of the net haul was 

considered to be the station depth less 1 m. Net samples were preserved in 8% sugar formalin 

(Haney and Hall, 1973). 
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Figure 5. Oneida Lake Veliger and Mussel Survey Sample Sites from 1992 to 2013. 
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Table 1. Oneida Lake Mussel Survey Sampling Details from 1992 to 2013. Reference sites were 

sampled for at least 19 of 22 years. These sites included Buoy 123, Dutchman Island (I), Jewell, 

Lewis Point (East), Shackelton Point, and Wantry Island. 

Year Date Method # of Sites 

   

Reference All 

1992 10/23/1992 

10/25/1992 

SCUBA 5 9 

1993 10/29/1993 SCUBA 6 10 

1994 10/18/1994 SCUBA 6 10 

1995 10/4/1995 SCUBA 6 9 

1996 10/16/1996 

10/25/1996 

11/4/1996 

SCUBA 6 9 

1997 10/7/1997 

10/9/1997 

SCUBA 6 9 

1998 9/28/1998 

9/29/1998 

9/30/1998 

SCUBA 6 9 

1999 10/5/1999 

10/13/1999 

SCUBA 6 9 

2000 9/19/2000 

9/20/2000 

9/26/2000 

SCUBA 6 9 

2001 9/18/2001 SCUBA 6 8 

2002 9/17/2002 SCUBA 6 9 

2003 9/9/2003 

9/10/2003 

9/16/2003 

SCUBA 6 26 

2004 9/14/2004 

9/15/2004 

9/16/2004 

9/17/2004 

9/22/2004 

9/23/2004 

9/29/2004 

SCUBA 6 26 

2005 9/13/2005 

9/21/2005 

9/22/2005 

10/3/2005 

10/5/2005 

SCUBA 6 23 
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Year Date Method # of Sites 

   

Reference All 

2006 10/5/2006 

10/8/2006 

10/10/2006 

SCUBA 3 15 

2007 8/28/2007 

8/29/2007 

9/6/2007 

9/7/2007 

SCUBA 6 26 

2008 9/10/2008 

9/22/2008 

9/23/2008 

10/7/2008 

10/23/2008 

SCUBA 6 25 

2009 9/14/2009 

9/16/2009 

9/23/2009 

9/25/2009 

SCUBA 6 29 

2010 10/13/2010 

10/20/2010 

11/2/2010 

11/11/2010 

SCUBA 

Ekman 

3 21 

2011 9/11/2011 

9/13/2011 

9/22/2011 

10/24/2011 

11/4/2011 

SCUBA 

Ekman 

6 27 

2012 9/20/2012 

9/25/2012 

10/5/2012 

10/8/2012 

10/27/2012 

SCUBA 

Ekman 

3 22 

2013 9/25/2013 

10/3/2013 

10/14/2013 

10/16/2013 

11/16/2013 

SCUBA 

Ekman 

6 26 
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Laboratory 

Mussel sample processing was conducted by Cornell Biological Field Station (CBFS) 

technicians (1992-1999) and Dr. John Cooper of Cooper Environmental Research Constantia, 

New York (2000-2013). Thawed samples were sorted with rocks, plants, and unionid mussel 

shells removed. Subsamples were taken as necessary. Dreissenids measuring >2 mm were 

identified to species. Quagga mussels were identified and separated beginning in 2008; however, 

these mussels were likely present beginning in 2006. Samples were not archived for possible 

reanalysis. In each sample, mussels were measured along the longest axis to the nearest mm 

using an ocular micrometer (<10 mm) or digital caliper (>10 mm). Zebra and quagga mussels 

were counted into 1 mm size classes by species starting at 2 mm (3 mm in 1992 and 1995-1997; 

5 mm in 1993 and 1994) with those measuring <2 mm (<3 mm in 1992 and 1995-1997; <5 mm 

in 1993 and 1994) counted and classified as Dreissena sp. All mussel size classes by species for 

subsamples and entire samples, empty shells, and remaining samples were dried in an oven at 

30°C until all moisture was eliminated and weighed. Subsample proportions were calculated by 

dividing total subsample dry weight by total sample dry weight.  

Veliger samples were analyzed by CBFS technicians from 1992-2013. Aliquots of 1 ml 

were counted using a compound scope with cross-polarized light filters at 40x magnification. 

Additionally, from 1992 to 2008, dreissenid larvae within a sample were separated from other 

constituents by allowing the sample to settle through a column of sugar solution to efficiently 

detect the presence of veligers (Schaner, 1990). Drops with settled organisms were collected at 5 

minute intervals for 20 minutes and counted as stated above. Based on settling rates, an 

efficiency rate of 60% was included in calculations (Schaner, 1990). 
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Data Analysis 

Ash free dry weight was calculated from the length of each mussel measured using the 

following species-specific equations (Nalepa et al., 2010): 

(5) Zebra mussels:  ln AFDW  = -5.226 + 2.651 ln SL 

(6) Quagga mussels:  ln AFDW = -6.535 + 3.143 ln SL 

where AFDW is ash-free dry weight (mg) and SL is shell length of major axis length (mm). 

Average density and biomass were calculated from samples for each year by substrate and depth.  

ArcGIS 10.2.2 was used to calculate proportions of Oneida Lake substrate type (rock, sand, and 

silt) at 1 m depth intervals using substrate (Greeson et al., 1971) and bathymetry (Fitzgerald et 

al., In Press) layers (Table 2). Lakewide density and biomass estimates were calculated for each 

substrate type and depth category (0-10 m and >10 m) by weighting estimates based on the total 

area of each substrate type at depth intervals (Cochran, 1977; Idrisi et al., 2001). Depth 

categories were selected based on major areas of the lake colonized by mussels. Minimum depth 

sampled was 0.82 m. 
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Table 2. Oneida Lake Areas (km
2
) by Substrate and Depth. Proportions of Oneida Lake substrate 

type at 1 m depth intervals were calculated using substrate (Greeson et al., 1971) and bathymetry 

(Fitzgerald et al., In Press). 

  

Substrate 

 

  

Rock Sand Silt TOTAL 

Depth 

Category 

(m) 

0-1 2.16 5.36 3.67 11.20 

> 1-2 3.99 6.35 3.76 14.09 

> 2-3 3.39 5.11 4.14 12.64 

> 3-4 4.47 4.03 7.80 16.30 

> 4-5 5.50 3.02 9.81 18.33 

> 5-6 4.15 2.16 12.70 19.01 

> 6-7 1.95 2.40 7.68 12.03 

> 7-8 0.94 2.75 9.04 12.73 

> 8-9 0.44 2.81 12.13 15.39 

> 9-10 0.15 2.57 15.53 18.25 

> 10-11 0.02 1.58 16.20 17.80 

> 11-12 

 

1.23 21.43 22.66 

> 12-13 

 

0.04 11.70 11.74 

> 13-14 

  

3.31 3.31 

> 14-15 

  

1.79 1.79 

> 15-16 

  

0.05 0.05 

> 16-17 

   

0.00 

 

TOTAL 27.17 39.42 140.74 207.33 
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Statistics 

Statistical analyses were performed with JMP
®
 Pro 11.0.0. Average density and biomass 

were calculated per site and loge(x+1) transformed to reduce heteroscedasticity. Repeated 

measures analysis of variance (ANOVA) with post-hoc Tukey’s honestly significant difference 

(HSD) were used to test for significant differences between substrates and depth categories for 

zebra and quagga mussel average density and biomass. A random effect model with fixed effects 

of year, substrate, and depth category and a random effect of site was created. Change point 

analysis on zebra and quagga mussel density and biomass for all sites and lakewide was 

performed using Taylor Enterprises Change-Point Analyzer Version 2.3. This nonparametric 

change point analysis uses iterative application of cumulative sum and bootstrapping (1000) 

methods to detect changes in time-series data (Taylor, 2015). Relationships were considered 

significant at p<0.05. 
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Results 

For Oneida Lake reference sites, the sites sampled continuously for at least 19 of 22 

years, zebra (Z) mussel average density (DNS) and biomass (BMS) decreased over time (Figure 

6 and Figure 7) with year significant for zebra mussel density and biomass (Table 3) (ZDNS: 

F=40.15, df=1, p<0.0001; ZBMS: F=36.06, df=1, p<0.0001). Minimum and maximum zebra 

mussel average density and biomass were 264-36560/m
2
 and 0.37-77 g/m

2
, respectively (Table 

3). Conversly, quagga (Q) mussel average density and biomass significantly increased over time 

(QDNS: F=70.84, df=1, p<0.0001; QBMS: F=72.79, df=1, p<0.0001) with ranges of 1299-

8270/m
2
 and 14-68 g/m

2
, respectively (Figure 6, Figure 7, and Table 3).  

Quagga mussels were identified in 2008; however, based on the maximum quagga 

mussel length of 31 mm observed in 2008, quagga mussels must have been present in Oneida 

Lake in at least 2006. From 2009 to 2013, quagga mussel average density and biomass exceeded 

that of zebra mussels (Figure 6, Figure 7, and Table 3). In 3 years, by 2009, quagga mussel 

density and biomass increased from being insignificant to twice that of zebra mussels (Table 3). 

Change point analysis of 22 years of mussel data indicated a decline in zebra mussel average 

density in 1998 (94% CL 1998-2006, p<0.06) and 2010 (100% CL 2010, p<0.001) and average 

biomass in 2010 (100% CL 2010, p<0.001). A change in quagga mussel average density and 

biomass was detected in 2008 (100% CL 2008, p<0.001). Average total zebra and quagga 

density changed in 1998 (94% CL 1997-2004, p<0.06) and 2008 (96% CL 1999-2010, p<0.04). 

The zebra mussel change point in 2010 coincided with quagga mussels becoming the dominant 

mussel species in the lake. When both species were combined, there was not a significant change 

point in 2010 suggesting that quagga mussels replaced zebra mussels in the lake with no change 

in total biomass. 



42 

 

Figure 6. Oneida Lake Average Mussel Density for Reference Sites (left panel) and All Sites (right panel) from 1992 to 2013. 

Averages were based on each sampling location. Reference sites were sampled for at least 19 of 22 years. These sites included Buoy 

123, Dutchman Island (I), Jewell, Lewis Point (East), Shackelton Point, and Wantry Island. Refer to Figure 5 for site locations. 
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Figure 7. Oneida Lake Average Mussel Biomass for Reference Sites (left panel) and All Sites (right panel) from 1992 to 2013. 

Averages were based on each sampling location. Reference sites were sampled for at least 19 of 22 years. These sites included Buoy 

123, Dutchman Island (I), Jewell, Lewis Point (East), Shackelton Point, and Wantry Island. Refer to Figure 5 for site locations. 
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Table 3. Oneida Lake Average Mussel Density (SE, N) and Biomass (SE, N) for Reference Sites 

from 1992 to 2013. Averages were based on each sampling location. Reference sites were 

sampled for at least 19 of 22 years. These sites included Buoy 123, Dutchman Island (I), Jewell, 

Lewis Point (East), Shackelton Point, and Wantry Island. Refer to Figure 5 for site locations. 

 Density (#/m
2
) Biomass (g/m

2
) 

Year Quagga Zebra Quagga Zebra 

1992  36560 (7939, 5)  42 (10, 5) 

1993  30406 (8274, 6)  35 (11, 6) 

1994  32773 (10064, 6)  51 (11, 6) 

1995  20127 (5375, 6)  30 (6, 6) 

1996  17897 (6052, 6)  33 (8, 6) 

1997  22466 (8828, 6)  56 (21, 6) 

1998  4824 (1840, 6)  23 (9, 6) 

1999  10320 (2586, 6)  27 (6, 6) 

2000  10716 (2540, 6)  32 (10, 6) 

2001  10443 (4075, 6)  36 (18, 6) 

2002  28220 (6747, 6)  77 (34, 6) 

2003  16071 (5734, 6)  64 (23, 6) 

2004  9423 (1730, 6)  14 (7, 6) 

2005  12244 (3006, 6)  33 (15, 6) 

2006  18876 (7921, 3)  52 (32, 3) 

2007  16417 (3650, 6)  51 (15, 6) 

2008 1299 (587, 6) 5858 (2708, 6) 14 (6, 6) 23 (11, 6) 

2009 8104 (3706, 6) 3480 (916, 6) 23 (10, 6) 12 (5, 6) 

2010 5775 (5380, 3) 264 (107, 3) 22 (19, 3) 1 (0, 3) 

2011 8270 (3427, 6) 445 (159, 6) 34 (14, 6) 0 (0, 6) 

2012 7502 (2147, 3) 1461 (1308, 3) 68 (35, 3) 1 (0, 3) 

2013 6412 (2174, 6) 1805 (764, 6) 27 (9, 6) 2 (1, 6) 

 



45 

All sites are similar to reference sites in substrate and depth through time. Similarly, for 

all Oneida Lake sites, zebra mussel average density and biomass decreased over time and that of 

quagga mussels increased with year significant for both species (Figure 6, Figure 7, and Table 4) 

(ZDNS: F=149.13, df=1, p<0.0001; ZBMS: F=149.40, df=1, p<0.0001; QDNS: F=94.03, df=1, 

p<0.0001; QBMS: F=85.06, df=1, p<0.0001). Minimum and maximum zebra mussel average 

density and biomass were 475-40927/m
2
 and 0.22-58 g/m

2
; whereas, the density and biomass 

ranges for quagga mussels were 1442-10942/m
2
 and 11-46 g/m

2
, respectively (Table 4).  

Quagga mussels were identified in 2008; however, based on the maximum quagga 

mussel length of 31 mm, quagga mussels were present in Oneida Lake in at least 2006. As for 

the Oneida Lake reference sites, from 2009 to 2013, quagga mussel average density and biomass 

for all Oneida Lake sites exceeded that of zebra mussels (Figure 6, Figure 7, and Table 4). In 3 

years, by 2009, quagga mussel density and biomass exceeded that of zebra mussel by 3 times 

(Table 4). Change point analysis of 22 years of mussel data indicated a change in zebra mussel 

average density in 1998 (98% CL 1997-2001, p<0.02) and 2010 (100% CL 2010, p<0.001) and 

average biomass in 2010 (100% CL 2010, p<0.001). A change in quagga mussel average density 

and biomass was detected in 2008 (100% CL 2008, p<0.001). Average total zebra and quagga 

density changed in 1995 (99% CL 1995-1996, p<0.01). Similar to the reference sites, the zebra 

mussel change point in 2010 coincided with quagga mussels becoming the dominant mussel 

species in the lake. When both species were combined, there was not a significant change point 

in 2010 suggesting that quagga mussels replaced zebra mussels in the lake with no change in 

total biomass. 

For 1992-2013, Oneida Lake reference sites and all sites indicated a decrease in zebra 

mussel average density and biomass. Conversely, quagga mussel average density and biomass 
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increased during 2008-2013. Zebra mussel average density changed in 1998 and 2010 and 

average biomass shifted in 2010 for both reference and all sites. A change in quagga mussel 

average density and biomass was detected in 2008 for both types of sites. Average total zebra 

and quagga density changed in 1998 and 2008 for reference sites and 1995 for all sites; however, 

a change in average total mussel biomass was not detected for reference or all sites. All sites 

were used for subsequent analyses due to the correspondence of average density and biomass 

between reference and all sites over time (ZDNS: t(42)=0.41, p=0.68; QDNS: t(10)=0.67, 

p=0.52; ZBMS: t(42)=0.77, p=0.44; QBMS: t(10)=0.46, p=0.66). 
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Table 4. Oneida Lake Average Mussel Density (SE, N) and Biomass (SE, N) for All Sites from 

1992 to 2013. Averages were based on each sampling location. Refer to Figure 5 for site 

locations. 

 Density (#/m
2
) Biomass (g/m

2
) 

Year Quagga Zebra Quagga Zebra 

1992  40927 (9021, 9)  38 (7, 9) 

1993  35680 (10855, 10)  36 (10, 10) 

1994  29035 (8676, 10)  46 (13, 10) 

1995  18190 (5225, 9)  29 (7, 9) 

1996  14921 (4409, 9)  28 (6, 9) 

1997  18241 (6400, 9)  45 (15, 9) 

1998  5338 (1302, 9)  26 (6, 9) 

1999  10860 (2415, 9)  35 (10, 9) 

2000  12360 (1955, 9)  38 (8, 9) 

2001  8805 (3202, 8)  31 (14, 8) 

2002  20438 (5936, 9)  58 (24, 9) 

2003  12948 (2794, 26)  47 (15, 26) 

2004  7838 (1247, 26)  17 (4, 26) 

2005  10963 (1851, 23)  29 (7, 23) 

2006  10743 (2323, 15)  31 (8, 15) 

2007  12341 (2602, 26)  36 (7, 26) 

2008 1442 (355, 25) 5416 (1237, 25) 11 (3, 25) 17 (4, 25) 

2009 10942 (3075, 24) 3571 (883, 24) 24 (6, 24) 8 (2, 24) 

2010 7610 (2331, 21) 595 (250, 21) 25 (8, 21) 0 (0, 21) 

2011 9413 (1911, 27) 475 (179, 27) 30 (7, 27) 0 (0, 27) 

2012 9145 (1946, 22) 782 (305, 22) 46 (11, 22) 0 (0, 22) 

2013 5834 (1156, 26) 827 (230, 26) 26 (5, 26) 1 (0, 26) 

 



48 

For all Oneida Lake sites, average zebra mussel length increased from 4.32 mm in 1992 

to 12.36 mm in 1998 and then decreased to 6.53 mm in 2004 (Figure 8 and Table 5). A similar 

pattern of increase and decrease in average zebra mussel length occurred from 2004 to 2012 with 

a peak of 8.43 mm in 2008 (Figure 8 and Table 5). Average quagga mussel length was 10.67 mm 

in 2008, decreased to 7.00 mm in 2009, and increased to 11.22 mm in 2012 and 10.40 mm in 

2013 (Figure 8 and Table 5). Zebra mussel average length significantly decreased from 1992 to 

2013 (Figure 8 and Table 5) (F=8.76, df=1, p<0.0033); whereas, quagga mussel average length 

significantly increased from 2008 to 2013 (Figure 8 and Table 5) (F=6.01, df=1, p<0.0155). 

Furthermore, average zebra mussel length was significantly lower in 1992 than 1997-

1999 and 2008 (Figure 8 and Table 5). Additionally, average quagga mussel length was 

significantly lower in 2009 than in all other years (Figure 8 and Table 5). Furthermore, in 2008 

and 2010-2013, average quagga mussel length was significantly higher than average zebra 

mussel length (2008DNS: F=84.32, df=2, p<0.0001; 2010DNS: F=32.91, df=2, p<0.0001; 

2011DNS: F=124.06, df=2, p<0.0001; 2012DNS: F=105.18, df=2, p<0.0001; 2013DNS: 

F=42.80, df=2, p<0.0001). 
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Figure 8. Oneida Lake Average Mussel Length for All Sites from 1992 to 2013. Averages were 

based on each sampling location. Refer to Figure 5 for site locations.
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Table 5. Oneida Lake Average Mussel Length (SE, N) for All Sites from 1992 to 2013. 

Averages were based on each sampling location. Refer to Figure 5 for site locations. 

 Length (mm) 

Year Quagga Zebra 

1992  4.32 (1.34, 9) 

1993  4.89 (0.81, 10) 

1994  7.60 (2.43, 10) 

1995  8.38 (2.14, 9) 

1996  8.62 (2.01, 9) 

1997  9.27 (1.27, 9) 

1998  12.36 (0.92, 9) 

1999  9.56 (1.65, 8) 

2000  9.13 (2.51, 9) 

2001  8.71 (3.70, 8) 

2002  7.83 (3.42, 9) 

2003  7.71 (2.89, 26) 

2004  6.53 (3.64, 26) 

2005  6.96 (3.57, 23) 

2006  7.69 (3.20, 15) 

2007  7.47 (3.32, 26) 

2008 10.67 (3.47, 23) 8.43 (2.87, 25) 

2009 7.00 (1.78, 24) 7.88 (3.07, 24) 

2010 8.96 (3.30, 21) 6.36 (3.25, 20) 

2011 9.43 (1.99, 26) 5.35 (2.21, 23) 

2012 11.22 (2.39, 21) 5.10 (2.54, 18) 

2013 10.40 (3.18, 24) 6.35 (2.45, 19) 
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For all Oneida Lake sites, average density of zebra mussels >5 mm significantly 

decreased from 1992-2013 (Figure 9 and Table 6) (F=134.98, df=1, p<0.0001); however, 

average density of quagga mussels >5 mm significantly increased from 2008-2013 (Figure 9 and 

Table 6) (F=6.69, df=1, p<0.01). Average veliger density for May-September significantly 

increased from 1992 to 2013 (Figure 9 and Table 6) (DNS: F=182.61, df=1, p<0.0001). Average 

veliger density ranged from 2.3/L in 1997 to 35.4/L in 2000. Dreissena sp. and zebra mussels <5 

mm significantly decreased over time (Figure 9 and Table 6) (DDNS: F=13.14, df=1, p<0.0004; 

ZDNS: F=74.31, df=1, p<0.0001). There was not a correlation between >5 mm adult mussels 

and veligers (r
2
=0.10). Likewise, veligers and <5 mm settled juvenile mussels were not 

correlated (r
2
=0.01). 
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Figure 9. Oneida Lake Average Mussel Density for >5 mm Size Class (top panel), Veliger 

Density (middle panel) and Average Mussel Density for <5 mm Size Class (bottom panel) for 

All Sites from 1992 to 2013. Average veliger density calculated from May through September 

based on sampling sites for each year. Samples decalcified in 2002. Mussel surveys conducted in 

fall of each year. Averages for adult and settled juvenile mussels were based on each sampling 

location. Refer to Figure 5 for site locations. 
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Table 6. Oneida Lake Average Mussel Density (SE, N) for >5 mm Size Class (top panel), Veliger Density (SE, N) (middle panel) and 

Average Mussel Density (SE, N) for <5 mm Size Class (bottom panel) for All Sites from 1992 to 2013. Average veliger density 

calculated from May through September based on sampling sites for each year except 2002 due to decalcification of samples. Mussel 

surveys conducted in fall of each year. Averages for adult and settled juvenile mussels were based on each sampling location. Refer to 

Figure 5 for site locations. 

 

Density (#/m
2
) Density (#/L) Density (#/m

2
) 

 Adult >5 mm Veliger Juvenile <5 mm 

Year Quagga Zebra 

 

Dreissena sp. Quagga Zebra 

1992 

 

5203 (1033, 9) 12.6 (2.2, 5) 

  

35724 (9019, 9) 

1993 

 

5311 (1200, 10) 14.1 (5.7, 5) 

  

30369 (9903, 10) 

1994 

 

12523 (4500, 10) 10.0 (4.9, 5) 

  

16513 (5725, 10) 

1995 

 

9851 (2058, 9) 11.3 (6.5, 5) 

  

8340 (3373, 9) 

1996 

 

10261 (2346, 9) 5.8 (1.1, 5) 

  

4666 (2678, 9) 

1997 

 

14711 (4759, 9) 2.3 (1.1, 5) 

  

3532 (2418, 9) 

1998 

 

5308 (1308, 9) 14.8 (3.5, 5) 

  

127 (59, 4) 

1999 

 

8467 (2105, 9) 3.7 (1.6, 5) 

  

2693 (857, 8) 

2000 

 

9292 (1693, 9) 35.4 (15.1, 5) 

  

3100 (601, 9) 

2001 

 

6258 (2872, 8) 10.8 (3.2, 5) 

  

2546 (842, 8) 

2002 

 

10687 (4015, 9) 

   

9753 (3279, 9) 

2003 

 

8476 (2026, 25) 20.0 (6.6, 5) 

  

4798 (1036, 26) 

2004 

 

4142 (852, 24) 13.4 (5.6, 5) 

  

4015 (906, 26) 

2005 

 

5934 (1284, 23) 9.0 (1.4, 5) 

  

5031 (1245, 23) 

2006 

 

6482 (1524, 15) 12.7 (2.1, 5) 

  

4261 (971, 15) 

2007 

 

7010 (1259, 26) 30.0 (7.0, 5) 

  

5334 (1799, 26) 

2008 1014 (254, 25) 3751 (841, 25) 30.8 (8.0, 5) 1774 (519, 25) 477 (155, 23) 1667 (486, 25) 

2009 2929 (658, 24) 1640 (323, 24) 15.5 (2.5, 5) 948 (331, 24) 8013 (260, 24) 1940 (682, 24) 

2010 5676 (1782, 21) 133 (43, 21) 17.3 (6.9, 5) 443 (150, 16) 2126 (772, 20) 628 (275, 17) 

2011 7709 (1615, 27) 133 (47, 27) 19.8 (4.7, 4) 299 (78, 22) 1770 (475, 26) 424 (152, 23) 

2012 8353 (1860, 22) 81 (20, 19) 21.9 (4.2, 4) 653 (260, 16) 1057 (302, 18) 960 (369, 17) 

2013 5167 (1094, 26) 348 (96, 26) 7.1 (2.1, 4) 97 (36, 10) 740 (206, 24) 723 (206, 18) 
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Furthermore, average veliger density for May-October significantly increased from 1992 

to 2013 (Figure 10 and Table 7) (DNS: F=182.36, df=1, p<0.0001). Average veliger density 

from May-October ranged from 2.2/L in 1997 to 35.4/L in 2000 (Table 7). Additionally, average 

veliger density for May significantly increased from 1992 to 2013 (Figure 10 and Table 7) 

(DNS: F=74.83, df=1, p<0.0001). The range of average veliger density for May was 0/L in 1992-

1997 and 2000 to 13.9/L in 2009 (Table 7). Moreover, average veliger density for October 

significantly increased from 1992 to 2013 (Figure 10 and Table 7) (DNS: F=187.46, df=1, 

p<0.0001). Minimum and maximum average veliger density in October was 0/L in 1993, 1997, 

2002, and 2004 and 14.8/L in 2011, respectively (Table 7). 

  



55 

 

 

 

Figure 10. Oneida Lake Average Veliger Density for May through October (top panel), May 

(middle panel), and October (bottom panel) for All Sites from 1992 to 2013. Averages were 

based on each sampling location. Samples decalcified in 2002. No October samples in 1992, 

1994 – 1996, and 1998-2000. Refer to Figure 5 for site locations.  
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Table 7. Oneida Lake Average Veliger Density (SE, N) for May through October, May, and 

October for All Sites from 1992 to 2013. Averages were based on each sampling location. 

Samples decalcified in 2002. No October samples in 1992, 1994 – 1996, and 1998-2000. Refer 

to Figure 5 for site locations. 

 Density (#/L) 

Year May - October May October 

1992 12.6 (2.2, 5) 0 (0, 3)  

1993 12.9 (5.2, 5) 0 (0, 5) 0 (0, 5) 

1994 10.0 (4.9, 5) 0 (0, 3)  

1995 11.3 (6.5, 5) 0 (0, 5)  

1996 5.8 (1.1, 5) 0 (0, 5)  

1997 2.2 (1.0, 5) 0 (0, 5) 0 (0, 5) 

1998 14.8 (3.5, 5) 4.3 (2.6, 5)  

1999 3.7 (1.6, 5) 0.7 (0.6, 5)  

2000 35.4 (15.1, 5) 0 (0, 5)  

2001 9.2 (2.7, 5) 0.1 (0.1, 5) 0.1 (0, 5) 

2002    

2003 17.0 (5.7, 5) 0.1 (0, 5) 0.1 (0, 5) 

2004 11.3 (4.8, 5) 0.1 (0, 5) 0 (0, 5) 

2005 7.3 (1.1, 5) 0.1 (0, 5) 0.1 (0, 5) 

2006 10.7 (1.8, 5) 0.1 (0.1, 5) 0.7 (0.2, 5) 

2007 28.3 (7.4, 5) 2.8 (0.2, 5) 0.5 (0.1, 4) 

2008 27.5 (7.1, 5) 6.9 (1.3, 5) 8.7 (1.5, 5) 

2009 14.8 (2.3, 5) 13.9 (6.2, 5) 11.2 (1.2, 5) 

2010 16.0 (6.2, 5) 0.3 (0.2, 5) 7.2 (2.5, 4) 

2011 19.3 (4.3, 4) 12.7 (3.4, 4) 14.8 (1.0, 4) 

2012 20.6 (4.2, 4) 1.7 (0.3, 4) 8.6 (2.8, 4) 

2013 6.8 (2.1, 4) 0.8 (0.5, 4) 3.8 (1.1, 4) 
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Zebra mussels colonized all substrates (i.e., rock, sand, and silt) in Oneida Lake from 

1992 to 2013 with quagga mussels inhabiting all substrates from 2008 to 2013 (Figure 11 and 

Table 8). There were no significant interactions between substrate and depth for either zebra or 

quagga mussel density and biomass (Table 9). Substrate was a significant predictor for zebra and 

quagga mussel density and biomass (Table 9) with <20% site variability for zebra and quagga 

mussel density and biomass. Zebra and quagga mussel average density and biomass on rock 

substrate were significantly greater than densities on sand and silt substrates (Figure 11). 

Additionally, quagga mussel density and biomass were significant predictors for zebra mussel 

density and biomass (Table 9). 

Zebra mussel average densities for 1992-2013 ranged from 161/m
2
 in 2011 to 45700/m

2
 

in 1993 on rock; 173/m
2
 in 2012 to 47589/m

2
 in 1992 on sand, and 19/m

2
 in 1996 to 48441/m

2
 in 

1992 on silt (Table 8). Additionally, quagga mussel average densities for 2008-2013 ranged from 

2263/m
2
 in 2008 to 17032/m

2
 in 2009 on rock; 783/m

2
 in 2008 to 9521/m

2
 in 2012 on sand, and 

1021/m
2
 in 2008 to 7385/m

2
 in 2009 on silt (Table 8). Zebra mussel average biomass from 1992-

2013 ranged from 0.19 g/m
2
 in 2011 to 113 g/m

2
 in 2002 on rock; 0.12 g/m

2
 in 2012 to 58 g/m

2
 

in 1994 on sand, and 0.13 g/m
2
 in 1996 to 39 g/m

2
 in 1994 on silt (Table 8). Additionally, 

quagga mussel average biomass from 2008-2013 ranged from 21 g/m
2
 in 2008 to 87 g/m

2
 in 

2012 on rock; 3 g/m
2
 in 2008 to 40 g/m

2
 in 2012 on sand, and 4 g/m

2
 in 2008 to 22 g/m

2
 in 2012 

on silt (Table 8). 
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Figure 11. Oneida Lake Average Mussel Density (left panels) and Biomass (right panels) by 

Substrate (Rock, Sand, and Silt) for All Sites from 1992 to 2013. Averages were based on each 

sampling location. Zebra and quagga mussels collected by Ekman sampler from 2 silt sites at 

Buoy 125 and Shackelton Point were added for 1992-2013. Refer to Figure 5 for site locations. 
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Table 8. Oneida Lake Average Mussel Density (SE, N) and Biomass (SE, N) by Substrate 

(Rock, Sand, and Silt) for All Sites from 1992 to 2013. Averages were based on each sampling 

location. Refer to Figure 5 for site locations. 

  Density (#/m
2
) Biomass (g/m

2
) 

Year Substrate Quagga Zebra Quagga Zebra 

 

1992 

Rock  37312 (6516, 6)  46 (8, 6) 

Sand  47589 (-, 1)  29 (-, 1) 

Silt  48441 (46637, 2)  20 (19, 2) 

 

1993 

 

Rock  45700 (5189, 2)  52 (9, 2) 

Sand  43615 (16002, 6)  42 (13, 6) 

Silt  1856 (953, 2)  2 (1, 2) 

 

1994 

 

Rock  26339 (23757, 2)  37 (30, 2) 

Sand  35991 (12198, 4)  58 (9, 4) 

Silt  23428 (17143, 4)  39 (30, 4) 

 

1995 

 

Rock  26377 (10180, 3)  34 (10, 3) 

Sand  20538 (6726, 4)  37 (12, 4) 

Silt  1214 (883, 2)  6 (5, 2) 

 

1996 

 

Rock  16207 (1619, 5)  39 (7, 5) 

Sand  17746 (13497, 3)  20 (10, 3) 

Silt  19 (-, 1)  0 (-, 1) 

 

1997 

Rock  40437 (8094, 3)  101 (8, 3) 

Sand  9192 (4762, 4)  21 (10, 4) 

Silt  3046 (2897, 2)  7 (7, 2) 

 

1998 

 

Rock  6375 (1446, 5)  29 (7, 5) 

Sand  5375 (5363, 2)  29 (29, 2) 

Silt  2707 (1309, 2)  14 (6, 2) 

 

1999 

 

Rock  11333 (3289, 5)  31 (9, 5) 

Sand  10824 (5736, 3)  46 (28, 3) 

Silt  8610 (-, 1)  21 (-, 1) 

2000 
Rock  15534 (1719, 5)  49 (6, 5) 

Sand  8394 (2928, 4)  25 (13, 4) 

 

2001 

 

Rock  10452 (2894, 2)  54 (18, 2) 

Sand  9605 (4977, 5)  27 (20, 5) 

Silt  1509 (-, 1)  5 (-, 1) 

 

2002 

 

Rock  35047 (8052, 4)  113 (40, 4) 

Sand  13751 (2320, 3)  19 (14, 3) 

Silt  1251 (1185, 2)  6 (6, 2) 

 

2003 

 

Rock  24206 (4944, 10)  103 (31, 10) 

Sand  9816 (3085, 8)  16 (7, 8) 

Silt  2008 (826, 8)  6 (3, 8) 

 

2004 

 

Rock  10694 (1496, 10)  35 (6, 10) 

Sand  6924 (1299, 7)  5 (2, 7) 

Silt  5375 (2879, 9)  6 (4, 9) 
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  Density (#/m
2
) Biomass (g/m

2
) 

Year Substrate Quagga Zebra Quagga Zebra 

 

2005 

 

Rock  15289 (2217, 9)  63 (10, 9) 

Sand  9757 (3187, 9)  10 (3, 9) 

Silt  5347 (3935, 5)  2 (1, 5) 

 

2006 

 

Rock  14920 (4113, 6)  57 (12, 6) 

Sand  8091 (3323, 4)  13 (9, 4) 

Silt  7852 (3993, 5)  15 (8, 5) 

 

2007 

 

Rock  17525 (2728, 9)  76 (11, 9) 

Sand  14348 (7285, 8)  14 (6, 8) 

Silt  5375 (1590, 9)  15 (6, 9) 

 

2008 

 

Rock 2263 (563, 10) 7426 (1380, 10) 21 (5, 10) 32 (6, 10) 

Sand 783 (601, 8) 4467 (3014, 8) 3 (3, 8) 8 (4, 8) 

Silt 1021 (609, 7) 3631 (2005, 7) 4 (3, 7) 7 (5, 7) 

 

2009 

 

Rock 17032 (5177, 11) 5630 (1549, 11) 37 (8, 11) 14 (2, 11) 

Sand 4791 (3438, 8) 2248 (1154, 8) 14 (11, 8) 2 (1, 8) 

Silt 7385 (6462, 5) 1159 (298, 5) 11 (9, 5) 2 (1, 5) 

 

2010 

 

Rock 16852 (6023, 5) 173 (71, 5) 68 (20, 5) 1 (0, 5) 

Sand 5930 (3186, 6) 343 (127, 6) 15 (7, 6) 0 (0, 6) 

Silt 3170 (2364, 10) 1222 (703, 10) 8 (6, 10) 0 (0, 10) 

 

2011 

 

Rock 16137 (3617, 9) 161 (66, 9) 57 (14, 9) 0 (0, 9) 

Sand 6673 (2903, 8) 1023 (561, 8) 19 (7, 8) 1 (0, 8) 

Silt 5553 (2434, 10) 318 (109, 10) 14 (5, 10) 0 (0, 10) 

 

2012 

Rock 14657 (4113, 6) 1646 (925, 6) 87 (29, 6) 0 (0, 6) 

Sand 9521 (3786, 8) 173 (58, 8) 40 (17, 8) 0 (0, 8) 

Silt 4634 (1292, 8) 744 (417, 8) 22 (6, 8) 0 (0, 8) 

 

2013 

 

Rock 9680 (2447, 8) 910 (450, 8) 54 (11, 8) 1 (1, 8) 

Sand 3790 (1973, 9) 925 (488, 9) 12 (6, 9) 1 (0, 9) 

Silt 4459 (1055, 9) 654 (272, 9) 15 (3, 9) 1 (1, 9) 

 



61 

Table 9. Oneida Lake Statistical Analysis of Zebra and Quagga Mussel Density and Biomass for 

All Sites from 1992 to 2013. Average density and biomass of replicates within each site were 

loge(x+1) transformed. Each site-year combination was considered a sampling unit. Repeated 

measures ANOVA with Tukey’s HSD was used to test for significant differences by substrate, 

depth category, and quagga mussel density and biomass. Relationships were considered 

significant (*) at p<0.05. No significant differences were connected with the same letter. Refer to 

Figure 5 for site locations. 

 

 F df p HSD 

Zebra Density     

Substrate 10.83 2 <0.0001*  

     Rock    a 

     Sand    b 

     Silt    b 

Depth Category 17.43 1 <0.0001*  

     >0-4 m    c 

     >4-8 m    c 

     >8-16.8 m    d 

Quagga Density 61.26 1 <0.0001*  

Substrate x Depth Category 1.02 2 0.3635  

Quagga Density x Depth Category 18.44 1 <0.0001*  

Quagga Density x Substrate 9.39 2 0.0001*  

Zebra Biomass     

Substrate 21.93 2 <0.0001*  

     Rock    a 

     Sand    b 

     Silt    b 

Depth Category 8.13 1 0.0046*  

     >0-4 m    c 

     >4-8 m    c 

     >8-16.8 m    d 

Quagga Density 67.38 1 <0.0001*  

Substrate x Depth Category 1.39 2 0.2506  

Quagga Density x Depth Category 12.40 1 0.0005*  

Quagga Density x Substrate 7.61 2 0.0006*  

Quagga Density     

Substrate 19.51 2 <0.0001*  

     Rock    a 

     Sand    b 

     Silt    b 

Depth Category 11.01 1 0.0012*  

     >0-4 m    c 

     >4-8 m    c 

     >8-16.8 m    d 

Substrate x Depth Category 1.25 2 0.2889  
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 F df p HSD 

Quagga Biomass     

Substrate 25.07 2 <0.0001*  

     Rock    a 

     Sand    b 

     Silt    b 

Depth Category 5.33 1 0.0226*  

     >0-4 m    c 

     >4-8 m    c 

     >8-16.8 m    d 

Substrate x Depth Category 0.60 2 0.5527  
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Zebra mussels colonized all depth categories (i.e., >0-4 m, >4-8 m, and >8-16 m) in 

Oneida Lake from 1992 to 2013 with quagga mussels inhabiting all depths from 2008 to 2013 

(Figure 12 and Table 10). There were no significant interactions between depth and substrate for 

either zebra or quagga mussel density and biomass (Table 9). Depth category was a significant 

predictor for zebra and quagga mussel density and biomass (Table 9). Zebra mussel average 

density and biomass in >8-16.8 m was significantly lower than density and biomass in shallower 

depths (Figure 12). 

Zebra mussel average densities ranged from 313/m
2
 in 2010 to 51887/m

2
 in 1992 in >0-4 

m; 156/m
2
 in 2012 to 32082/m

2
 in 1993 in >4-8 m, and 20/m

2
 in 2010 to 178/m

2
 in 2011 in >8-

16.8 m (Table 10). Quagga mussel average densities ranged from 806/m
2
 in 2008 to 8806/m

2
 in 

2012 in >0-4 m; 2395/m
2
 in 2008 to 15166/m

2
 in 2009 in >4-8 m, and 1456/m

2
 in 2013 to 

4170/m
2
 in 2012 in >8-16.8 m (Table 10). Additionally, zebra mussel average biomass from 

1992 to 2013 ranged from 0.44 g/m
2
 in 2010 to 80 g/m

2
 in 2002 on >0-4 m; 0.15 g/m

2
 in 2012 to 

49 g/m
2
 in 2003 in >4-8 m, and 0.01 g/m

2
 in 2013 to 0.23 g/m

2
 in 2011 in >8-16.8 m (Table 10). 

Quagga mussel average biomass from 2008-2013 ranged from 8 g/m
2
 in 2008 to 51 g/m

2
 in 2012 

in >0-4 m; 14 g/m
2
 in 2008 to 54 g/m

2
 in 2012 in >4-8 m, and 3 g/m

2
 in 2011 to 18 g/m

2
 in 2012 

in >8-16.8 m (Table 10). 
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Figure 12. Oneida Lake Average Mussel Density (left panels) and Biomass (right panels) by 

Depth Category (>0-4 m, >4-8 m, >8-16.8 m) for All Sites from 1992 to 2013. Deep depth 

category of >8-16.8 m sampled from 2010-2013. Maximum depth was 16.8 m. Averages were 

based on each sampling location. Zebra and quagga mussels collected by Ekman sampler from 2 

sites with depth >8-16.8 m at Buoy 125 and Shackelton Point were added for 1992-2013. Refer 

to Figure 5 for site locations. 
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Table 10. Oneida Lake Average Mussel Density (SE, N) and Biomass (SE, N) by Depth 

Category (>0-4 m, >4-8 m, >8-16.8 m) for All Sites from 1992 to 2013. Deep depth category of 

>8-16.8 m sampled from 2010-2013. Maximum depth was 16.8 m. Averages were based on each 

sampling location. Zebra and quagga mussels collected by Ekman sampler from 2 sites with 

depth >8-16.8 m at Buoy 125 and Shackelton Point were added for 1992-2013. Refer to Figure 5 

for site locations. 

  Density (#/m
2
) Biomass (g/m

2
) 

Year Depth 

Category 

(m) 

Quagga Zebra Quagga Zebra 

1992 
>0-4  51887 (12614, 5)  47 (8, 5) 

>4-8  27227 (10512, 4)  28 (11, 4) 

1993 
>0-4  44074 (3426, 3)  53 (9, 3) 

>4-8  32082 (15608, 7)  29 (13, 7) 

1994 
>0-4  30444 (6735, 4)  58 (9, 4) 

>4-8  28096 (14396, 6)  38 (20, 6) 

1995 
>0-4  21259 (6436, 5)  33 (7, 5) 

>4-8  14354 (9271, 4)  24 (14, 4) 

1996 
>0-4  17370 (9551, 4)  24 (8, 4) 

>4-8  12962 (3618, 5)  32 (10, 5) 

1997 
>0-4  24314 (12728, 4)  51 (25, 4) 

>4-8  13383 (6082, 5)  40 (21, 5) 

1998 
>0-4  7616 (2687, 3)  38 (15, 3) 

>4-8  4199 (1358, 6)  20 (6, 6) 

1999 
>0-4  15469 (2408, 4)  49 (16, 4) 

>4-8  7173 (3142, 5)  23 (11, 5) 

2000 
>0-4  14228 (2158, 6)  37 (8, 6) 

>4-8  8624 (3481, 3)  40 (18, 3) 

2001 
>0-4  10397 (6343, 4)  33 (25, 4) 

>4-8  7212 (2430, 4)  29 (16, 4) 

2002 
>0-4  30069 (9523, 3)  80 (57, 3) 

>4-8  15623 (7247, 6)  47 (26, 6) 

2003 
>0-4  14320 (3747, 15)  45 (13, 15) 

>4-8  11077 (4328, 11)  49 (31, 11) 

2004 
>0-4  6308 (1185, 16)  15 (4, 16) 

>4-8  10286 (2531, 10)  19 (8, 10) 

2005 
>0-4  12302 (2813, 11)  31 (12, 11) 

>4-8  9736 (2501, 12)  28 (9, 12) 

2006 
>0-4  9989 (1903, 7)  30 (10, 7) 

>4-8  11403 (4170, 8)  32 (13, 8) 

2007 
>0-4  10231 (2371, 18)  34 (10, 18) 

>4-8  17089 (6575, 8)  38 (8, 8) 

2008 
>0-4 806 (292, 15) 4229 (1250, 15) 8 (3, 15) 15 (5, 15) 

>4-8 2395 (689, 10) 7198 (2445, 10) 14 (5, 10) 20 (6, 10) 
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  Density (#/m
2
) Biomass (g/m

2
) 

Year Depth 

Category 

(m) 

Quagga Zebra Quagga Zebra 

2009 
>0-4 6717 (2230, 12) 5387 (1574, 12) 14 (5, 12) 8 (2, 12) 

>4-8 15166 (5597, 12) 1756 (426, 12) 33 (10, 12) 7 (3, 12) 

2010 

>0-4 2588 (1315, 5) 313 (62, 5) 17 (11, 5) 0 (0, 5) 

>4-8 10738 (3491, 13) 837 (392, 13) 33 (12, 13) 0 (0, 13) 

>8-16.8 2425 (1422, 3) 20 (5, 3) 6 (4, 3) 0 (0, 3) 

2011 

>0-4 7461 (2295, 11) 899 (403, 11) 32 (11, 11) 0 (0, 11) 

>4-8 12078 (3070, 14) 184 (86, 14) 32 (9, 14) 0 (0, 14) 

>8-16.8 1489 (844, 2) 178 (89, 2) 3 (2, 2) 0 (0, 2) 

2012 

>0-4 8806 (4627, 6) 2505 (779, 6) 51 (32, 6) 0 (0, 6) 

>4-8 10972 (2595, 12) 156 (51, 12) 54 (13, 12) 0 (0, 12) 

>8-16.8 4170 (2570, 4) 78 (30, 4) 18 (11, 4) 0 (0, 4) 

2013 

>0-4 4131 (1459, 10) 1759 (430, 10) 19 (7, 10) 2 (1, 10) 

>4-8 7676 (1753, 14) 276 (135, 14) 33 (9, 14) 0 (0, 14) 

>8-16.8 1456 (1211, 2) 22 (22, 2) 7 (6, 2) 0 (0, 2) 
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Oneida Lake zebra mussel average lakewide density and biomass decreased over time, 

while quagga mussel average lakewide density and biomass increased with year significant for 

both species (Figure 13, Figure 14, and Table 11) (ZDNS: F=45.78, df=1, p<0.0001; ZBMS: 

F=25.92, df=1, p<0.0001; QDNS: F=30.27, df=1, p<0.0001; QBMS: F=30.82, df=1, p<0.0001). 

Minimum and maximum average zebra mussel density and biomass were 481-33486/m
2
 and 

0.23-23 g/m
2
; whereas, the ranges for quagga mussels were 861-6840/m

2
 and 5-31 g/m

2
, 

respectively (Figure 13, Figure 14, and Table 11). Quagga mussel average lakewide density and 

biomass exceeded that of zebra mussels from 2009-2013 (Figure 13, Figure 14, and Table 11). In 

3 years, by 2009, quagga mussel density and biomass exceeded zebra mussel density and 

biomass by 3.6 and 4 times, respectively. Change point analysis of 22 years of mussel data 

indicated a significant decline in zebra mussel average lakewide density in 1995 (95% CL 1995, 

p<0.05) and 2009 (100% CL 2009, p<0.001) and biomass in 2009 (100% CL 2009, p<0.001). A 

change in quagga mussel average lakewide density and biomass was detected in 2008 (100% CL 

2008, p<0.001). Average total zebra and quagga lakewide density changed in 1995 (96% CL 

1995, p<0.04); however, a change point in average total mussel lakewide biomass was not 

identified. The zebra mussel change point in 2009 coincided with quagga mussels becoming the 

dominant mussel species in the lake. When both species were combined, there was not a 

significant change point in 2009 suggesting that quagga mussels replaced zebra mussels in the 

lake with no change in total biomass. 
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Figure 13. Oneida Lake Lakewide Average Mussel Density Based on All Sites from 1992 to 

2013. Averages were based on substrate and the 0-10 m and >10 m depth categories for each 

sampling location. Refer to Figure 5 for site locations. 
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Figure 14. Oneida Lake Lakewide Average Mussel Biomass Based on All Sites from 1992 to 

2013. Averages were based on substrate and the 0-10 m and >10 m depth categories for each 

sampling location. Refer to Figure 5 for site locations. 
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Table 11. Oneida Lake Lakewide Average Mussel Density (SE, N) and Biomass (SE, N) Based 

on All Sites from 1992 to 2013. Averages were based on substrate and the 0-10 m and >10 m 

depth categories for each sampling location. Refer to Figure 5 for site locations. 

 

Density (#/m
2
) Biomass (g/m

2
) 

Year Quagga Zebra Quagga Zebra 

1992  33486 (20288, 9)  20 (9, 9) 

1993 

 

14473 (3905, 10) 

 

15 (4, 10) 

1994 

 

14153 (7604, 10) 

 

23 (10, 10) 

1995 

 

7599 (2891, 9) 

 

13 (5, 9) 

1996 

 

5269 (2597, 9) 

 

9 (3, 9) 

1997 

 

8190 (3113, 9) 

 

20 (6, 9) 

1998 

 

2914 (1683, 9) 

 

15 (8, 9) 

1999 

 

6992 (1445, 9) 

 

21 (6, 9) 

2000 

 

5648 (743, 9) 

 

16 (3, 9) 

2001 

 

3702 (1259, 8) 

 

14 (6, 8) 

2002 

 

7558 (1960, 9) 

 

21 (10, 9) 

2003 

 

5747 (1538, 26) 

 

19 (6, 26) 

2004 

 

4870 (1625, 26) 

 

8 (3, 26) 

2005 

 

5960 (2493, 23) 

 

11 (2, 23) 

2006 

 

6658 (2790, 15) 

 

16 (7, 15) 

2007 

 

7078 (2308, 26) 

 

19 (5, 26) 

2008 861 (434, 25) 3286 (1549, 25) 5 (2, 25) 9 (4, 25) 

2009 6712 (4398, 24) 1862 (628, 24) 12 (7, 24) 3 (1, 24) 

2010 4674 (2413, 21) 602 (326, 21) 15 (7, 21) 0 (0, 21) 

2011 6840 (2109, 27) 481(162, 27) 20 (5, 27) 0 (0, 27) 

2012 6172 (1808, 22) 617 (327, 22) 31 (10, 22) 0 (0, 22) 

2013 4212 (1101, 26) 602 (268, 26) 17 (4, 26) 1 (0, 26) 
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Discussion 

For all sites from 1992 to 2013, Oneida Lake zebra mussel average density and biomass 

declined with changes in density identified in 1998 and 2010 and biomass in 2010 (Figure 6 and 

Figure 7). A change in zebra mussel average biomass in 1995 likely did not occur due to the 

increasing average size of zebra mussels (Figure 8). Conversely, quagga mussel average density 

and biomass increased for all sites from 2008 to 2013 with a change detected in 2008 (Figure 6 

and Figure 7). Total average mussel density changed only in 1995 for all sites; however, a 

change in total mussel biomass was not detected likely due to increasing size of zebra mussels in 

the late 1990s (Figure 8), replacement of zebra mussels by quagga mussels beginning in 2009 

(Figure 6 and Figure 7), and growth of quagga mussels (Figure 8). Quagga mussel replacement 

of zebra mussels has been documented in various studies (Ricciardi and Whoriskey, 2004; 

Patterson et al., 2005; Watkins et al., 2007; Nalepa et al., 2010; Karatayev et al., 2014) with 

likely reasons attributed to greater energetic efficiency (Mills et al., 1999; Diggins, 2001; 

Baldwin et al., 2002; Nalepa et al., 2010) and reproduction at lower temperatures (Roe and 

MacIsaac, 1997; Claxton and Mackie, 1998; Nalepa et al., 2010) for quagga mussels. 

Interestingly, a decline in zebra mussel average density was detected before the introduction of 

quagga mussels in Oneida Lake indicating potential density-dependent processes, including 

competition for substrate and/or food (Hunter and Simons, 2004; Burlakova et al., 2006; 

Karatayev et al., 2011). The further decline in zebra mussel average density and biomass in 2010 

was likely due to additional competitive pressure from quagga mussels. 

Competition leads to reduction in growth and recruitment. Zebra mussel average length 

significantly decreased over time with quagga mussel average length significantly higher than 

zebra mussel average length in 2008 and 2010-2013 (Figure 8). As with other studies (Nalepa et 
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al., 1995), yearly trends in densities of veligers, adults, and settled juveniles were poorly 

correlated likely due to physical and density-dependent forces. Larval survival and recruitment to 

the adult population are affected by filtering of adults (MacIssac et al., 1991), predation, and 

currents and winds. Additionally, high mortality at the juvenile settling stage can result from 

food (Sprung, 1989) or substrate (Sprung, 1989; Stanczykowska and Lewandowski, 1993) 

limitations. Although, average veliger density for May-September significantly increased from 

1992-2013. Since adult zebra mussel density decreased over time, this increase in veligers was 

likely due to the increase in adult quagga mussel density (Figure 9). Veliger density significantly 

increased over time in May and October (Figure 10) supporting observations that quagga 

mussels spawn in lower temperatures (Roe and MacIsaac, 1997; Claxton and Mackie, 1998; 

Nalepa et al., 2010). 

Zebra and quagga mussels colonized all Oneida Lake substrates, including rock, sand, 

and silt, with average density and biomass significantly higher on rock substrate for both species 

(Figure 11). Likewise, both species inhabited all depth categories, including >0-4 m, >4-8 m, and 

>8-16.8 m, with average density and biomass lower in deep than shallow waters (Figure 12). 

Quagga mussel density and biomass exceeded that of zebra mussels on all substrates and depth 

categories beginning in 2009 through 2013 (Figure 11 and Figure 12). Quagga mussels replaced 

zebra mussels in >4-8 m depths before those in >0-4 m depths possibly due to the advantage of 

zebra mussel greater attachment stength in shallower depths (Figure 12). 

Oneida Lake average mussel density lakewide from 1992-2013 was within the range of 

mussel densities for other lakes in North America (1000-100,000/m
2
) and Europe (100-8000/m

2
) 

(Figure 13) (Ramcharan et al., 1992; Naddafi et al., 2011). Oneida Lake zebra mussel average 

density and biomass lakewide decreased over time from 1992-2013, while lakewide average 
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density and biomass of quagga mussels increased during 2008-2013 (Figure 13 and Figure 14). It 

is presumed zebra and quagga mussels invaded Oneida Lake in 1991 and 2006, respectively. 

Based on the maximum zebra and quagga mussels sizes of 28 mm in 1992 and 31 mm in 2008, 

respectively, and average growth rates (Karatayev et al., 2006), it can be concluded that zebra 

mussel were present in Oneida Lake in at least 1991 with quagga mussels there in at least 2006. 

Change point analysis indicated a change in lakewide zebra mussel average density in 1995 or 4 

years after initial invasion followed by an additional change in density and biomass in 2009 or 18 

years post invasion (Figure 13 and Figure 14). Additionally, change point analysis detected a 

change in quagga mussel density and biomass in 2008 due to the initial identification of the 

species in this year; however, quagga mussel density and biomass exceeded that of zebra mussels 

beginning in 2009 or approximately 3 years after initial invasion (Figure 13 and Figure 14). 

According to Karatayev et al. (2015b), in shallow lakes with zebra mussels alone, maximum 

abundance and impact would be expected within 3-5 years after invasion; whereas, in shallow 

lakes with both species, maximum combined impact would be expected in 5-10 years. The 

population dynamics of zebra and quagga mussels in Oneida Lake are consistent with these 

predictions of maximum abundance and impact and seem to occur on the earlier end of the 

spectrum. Oneida Lake total average mussel density declined in 1995; however, a change in total 

average mussel biomass was not identified highlighting the replacement of zebra mussels by 

quagga mussels and potential maximum dreissenid biomass for Oneida Lake (Figure 13 and 

Figure 14). These results align more with the predictions for deep lakes with both species 

indicating quagga mussels will be much more abundant with stronger ecosystem impacts and 

outcompete zebra mussels (Karatayev et al., 2015b). 
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In summary, Oneida Lake zebra mussel density and biomass decreased from 1992-2013 

with changes detected in 1998 and 2010 for density and 2010 for biomass. Conversely, quagga 

mussel density and biomass increased from 2008-2013 with changes in density and biomass 

detected in 2008. Before the introduction of quagga mussels, zebra mussel density and biomass 

were limited possibly due to competition for substrate and/or food. Subsequent invasion of 

quagga mussels further limited zebra mussel density and biomass with quagga mussel density 

and biomass exceeding zebra mussel density and biomass from 2009 to 2013. Veliger density 

increased over time and in months with colder temperatures likely attributed to the increase in 

density and biomass of quagga mussels. Zebra and quagga mussels colonized all substrates and 

depths. Quagga mussel average density and biomass exceeded that of zebra mussels on all 

substrates and depths beginning in 2009 through 2013 suggesting the potential for additional 

colonization within Oneida Lake. However, total average mussel biomass from 1992 to 2013 has 

not changed in Oneida Lake highlighting replacement of zebra mussels by quagga mussels and 

identification of a possible maximum biomass of approximately 20 g/m
2
 AFDW for dreissenids 

in Oneida Lake. Consequently, dreissenid impacts on the Oneida Lake ecosystem would not be 

expected to increase. 
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CHAPTER 3 

Zebra and Quagga Mussel (Dreissena polymorpha and Dreissena rostriformis bugensis) 

Filtration and Ecosystem Impacts in Oneida Lake, New York, 1975-2013 

Abstract 

Zebra and quagga mussel filtration impacts abiotic and biotic characteristics of aquatic 

systems affecting species composition, species interactions, community structure, and ecosystem 

properties. The objectives of this study were to estimate changes in timing and magnitude of 

mussel clearance rates associated with replacement of zebra by quagga mussels and climate 

change, compare with Secchi depth, chlorophyll-a (chl-a) concentration, phytoplankton biomass, 

zooplankton biomass, and Daphnia biomass, and estimate Daphnia clearance rates in Oneida 

Lake. Oneida Lake has comprehensive datasets of multiple trophic levels during all phases of 

dreissenid invasion to assess impacts of both zebra and quagga mussel filtration on the 

ecosystem. For the zebra mussel phase of 1992 to 2007, average zebra mussel filtration was 

93.35 L·h-1·m-2 
and declined to 5.64 L·h-1·m-2 

in the quagga mussel phase of 2009 to 2013; 

however, quagga mussel average filtration was 38.85 L·h-1·m-2
 resulting in an average total 

filtration of 44.49 L·h-1·m-2
 for the quagga mussel phase of 2009 to 2013. Based on analyses of 

Oneida Lake long-term datasets, zebra and quagga mussels have impacted the food web structure 

with declines in phytoplankton biomass and corresponding decreases in chl-a and increases in 

Secchi depth. Furthermore, zooplankton and Daphnia biomass declined during the quagga 

mussel phase from 2009 to 2013. In addition to mussel filtration from 1992 to 2013, Daphnia 

contributed to decreases in phytoplankton biomass and associated ecosystem impacts; however, 

for the zebra mussel phase of 1992 to 2007 and quagga mussel phase of 2009 to 2013, average 

Daphnia filtration was only 33% of Dreissena filtration. Invasive species and climate change 
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will continue to alter the Oneida Lake ecosystem. Round gobies will likely decrease mussel 

biomass. Moreover, since filtration is temperature dependent, it was estimated lakewide mussel 

filtration will decrease to approximately one-third of the average mussel filtration from 1992 to 

2013 by the end of the century due to climate change. Continuous long-term monitoring and 

ecological modeling are recommended to enhance scientific understanding and management of 

Oneida Lake amongst anthropogenic stressors. 

Introduction 

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

closely related bivalves native to the Ponto-Caspian region of Eastern Europe (Mills et al., 1996; 

Zhulidov et al., 2006). Over the last 200+ years, these mussels have invaded extensive areas of 

Europe and North America and continue to rapidly spread throughout freshwater ecosystems 

(Zhulidov et al., 2006; Karatayev et al., 2007; Pollux et al., 2010; Karatayev et al., 2011; Benson, 

2014). Based on their substantial economic and ecological impacts, zebra and quagga mussels 

are considered the most aggressive freshwater invaders in the Northern hemisphere costing 

hundreds of millions of dollars annually worldwide and altering both ecosystem structure and 

function (Nalepa and Schloesser, 1993; Karatayev et al., 2002; Karatayev et al., 2007; Nalepa 

and Schloesser, 2014; Karatayev et al., 2015b). Zebra and quagga mussel filtration impacts 

abiotic and biotic characteristics of aquatic systems affecting species composition, species 

interactions, community structure, and ecosystem properties (Karatayev et al., 2002).  

As ecosystem engineers, zebra and quagga mussels filter the water column decreasing 

phytoplankton (Holland, 1993; Nicholls and Hopkins, 1993; Fahnenstiel et al., 1995; Caraco et 

al., 1997; Idrisi et al., 2001; Fahnenstiel et al., 2010). This is associated with decreases in 

chlorophyll-a (chl-a) and increases in water clarity (MacIsaac, 1996; Mayer et al., 2000; Idrisi et 
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al., 2001; Mills et al., 2003; Zhu et al., 2006; Fahnenstiel et al., 2010). Additional filtration 

effects of dreissenids include declines in zooplankton through competition for phytoplankton 

resources
 
(Kissman et al., 2010). Specifically, zebra and quagga mussel grazing leads to 

decreases in daphnid biomass due to reduced algal biomass and a shift to larger, inedible forms 

of phytoplankton (Karatayev et al., 1997; Pace et al., 1998). 

In addition to Dreissena, pelagic grazers, such as Daphnia, are widely recognized as 

having strong effects on ecosystems (Leibold, 1989; Carpenter and Kitchell, 1993; Jürgens, 

1994; Pace et al., 1998). Daphnia are a major controller of phytoplankton dynamics, especially 

in eutrophic lakes during spring and early summer (Kasprzak et al., 1999). Daphnia have high 

individual filtration rates that can lead to high community filtration rates (Morgan et al., 1980; 

Horn, 1981). Thus, many studies indicate Daphnia as the dominant grazer within the group of 

filter feeding zooplankton in lakes (Steel, 1975; Shapiro, 1980; Knisley and Geller, 1986). 

It is important to understand the impacts of major filter feeders on lake ecosystems for 

effective management of freshwater resources. Bivalves constitute the majority of benthic 

biomass in many freshwater systems (Dame, 1996) with substantial filtration of the water 

column per day. These filtration rates likely equal or exceed those of other filter feeders in the 

ecosystem, including pelagic grazers (Strayer et al., 1999). The majority of studies evaluate the 

ecosystem impacts of zebra mussels; however, fewer data exist for the impacts of quagga 

mussels (Karatayev et al., 2007; Fahnenstiel et al., 2010; Karatayev et al., 2015b). Moreover, 

many studies span relatively short time periods. Few studies contain the parallel information on 

phytoplankton and zooplankton necessary to evaluate overall ecosystem impacts. Understanding 

potential differences between zebra and quagga mussels is critical as quagga mussels are now 

rapidly expanding their range and displacing zebra mussels across the United States. 
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Oneida Lake has comprehensive datasets of multiple trophic levels beginning in 1975 and 

encompassing all phases of dreissenid invasion (No Mussels 1975-1991; Zebra Mussels 1992-

2007; and Quagga Mussels 2009-2013), which provide an ideal data framework for assessing 

and comparing the impacts of zebra and quagga mussel filtration on the entire lake ecosystem. 

Specifically, the objectives of this study were as follows: 

 Calculate Oneida Lake zebra and quagga mussel filtration from 1992 to 2013; 

 Assess potential impacts of zebra and quagga mussel grazing on the Oneida Lake 

ecosystem, including phytoplankton and zooplankton; and 

 Compare Oneida Lake Dreissena and Daphnia filtration from 1992 to 2013. 

Methods 

Study Site 

Oneida Lake (43°10' N, 75°52' W) is a 207 km
2
, shallow, polymictic lake with a mean 

depth of 6.8 m and a maximum depth of 16.8 m (Figure 15). During its recorded history, Oneida 

Lake has been a highly productive body of water (Mills et al., 1978). Zebra mussels were 

discovered in Oneida Lake in 1991 with quagga mussels entering the lake in approximately 2006 

(Mills et al., In Press). Since 1992, the year when zebra mussels became abundant in Oneida 

Lake, high water clarity and low chl-a concentrations have been typical of the lake (Zhu et al., 

2006). Increased filtering capacity by mussels may account for the significant increase in water 

clarity and decrease in chl-a concentrations observed since 2000 (Jackson et al., 2013). In 2013, 

average annual Secchi depth and chl-a concentration were 3.1 m and 3.6 µg/L, respectively. 

Oneida Lake phytoplankton composition changes throughout the seasons with green algae 

dominating during late spring and early summer followed by blue-green algae during the 

summer and diatoms in fall, winter, and spring (Greeson, 1971). The zooplankton community 
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has been dominated by two daphnids species, Daphnia pulicaria and Daphnia galeata mendotae, 

with smaller populations of Daphnia retrocurva (Mills et al., 1987). Interestingly, since quagga 

mussels became established in Oneida Lake, total phosphorus concentrations have trended 

upward and during 2011 and 2012 have been at levels consistent with those in the 1980s 

(Jackson et al., 2013). Following water quality improvement efforts and establishment of 

dreissenids, the productivity of the lake is overall typical of a mesotrophic system (Idrisi et al., 

2001; Wetzel, 2001; Zhu et al., 2006) with reduced primary production from earlier decades 

when the lake was classified as eutrophic (Mills et al., 1987). 
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Figure 15. Oneida Lake Field Monitoring Sites. The five lake monitoring were sites located at 

Buoy 109 (1), Buoy 117 (2), Buoy 125 (3), Three Mile Bay (4), and Shackelton Point (5). 
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Field Data 

Zebra and Quagga Mussels 

Zebra and quagga mussel lakewide density and biomass were calculated for 1992 to 2013 

(Chapter 2, Figure 13, and Figure 14). Weekly average temperatures were calculated from 

average water column temperature measured at each station for 1992 to 2013. These average 

weekly temperatures were used to estimate the weekly zebra and quagga mussel clearances rates 

for 1992 to 2013 using the equation from Chapter 1 (Figure 3). The weekly clearance rates were 

then averaged for 2 month periods defined as Spring (May-June), Summer (July-August), and 

Fall (September-October) for 1992 to 2013. These seasonal values were multiplied by the 

average zebra and quagga mussel lakewide biomass from the fall survey of each year (Chapter 2, 

Figure 14) to obtain an estimate of lakewide mussel filtration for each year between 1992 and 

2013. 

Limnology 

Oneida Lake limnological data and detailed collection methods are available online 

(Rudstam, 2015a). Limnological data were collected weekly at up to five sites from April to 

November and monthly during the winter ice-cover period at Shackelton Point from 1975 to 

2013 (Figure 15). Temperature was measured with a YSI temperature probe from 1975 to 1994, 

with a Hydrolab Datasonde II from 1995 to 2010, and a Hydrolab Datasonde 5 from 2011 to 

2013. Average water column data was calculated from the profile data by calculating the average 

value for each meter of the water column, multiplying those values with the larger depth, 

summing all values, and dividing by the depth of the water column. Secchi disk transparency 

was measured with a 20 cm diameter black and white disk. A 1.9 cm (inner diameter) tygon tube 

was used to collect integrated water samples from the surface to 0.5 m above lake bottom for chl-
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a and phytoplankton. Within 2-4 hours after collection, samples were filtered for chl-a 

(Strickland and Parsons, 1972). 

Phytoplankton 

Oneida Lake phytoplankton data and detailed collection methods are available online 

(Rudstam, 2015b). Subsamples of integrated lake water were preserved in Lugol's solution from 

1975 to 1995 and glutaraldhyde from 1996 to 2013. From 1975 to 1995, the phytoplankton 

samples were settled in Utermöhl settling tubes at 10 ml aliquots for bloom phase samples and 

25 ml aliquots for clear water phase samples. The samples settled over a 24 hour period. The 

settling slide was placed in a Wild inverted microscope for identification and enumeration. 

Identification was made at two different magnifications (400x and 100x) to the species level 

when possible; otherwise, phytoplankton were identified to the genus. Biovolume estimates were 

determined with a BASIC program using average shapes and sized for individual algal species 

(Reynolds, 1984). 

From 1996 to 2013, phytoplankton samples from different stations were combined prior 

to analyses and 8 to 14 weekly samples were counted by Phycotech, Inc. Samples were not 

processed in 1998 and 1999. Phycotech counted and measured 400 natural units including all 

algal cells that were alive at the time of sampling (cells with content) using magnifications of 

250x, 500x (primary) and 1250x. The algae were mounted on slides and the amount of water 

varied with the density of algal cells (0.1 to 100 mL/slide). Algal taxa were identified to species 

when possible and measured to provide sample specific biovolumes by cell and natural units 

(colonies, paired, or other multiples of cells). 
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Zooplankton 

Oneida Lake zooplankton data and detailed collection methods are available online 

(Rudstam, 2015c). Zooplankton samples were collected at the same times and locations as the 

limnological and phytoplankton samples with a 153 µm mesh Nylon net (0.5 m diameter) using 

vertical tows from approximately 0.5 m above the sediment to the water surface. Samples were 

preserved in 8% sugar formalin solution for 1975 to 1996 and 70% ethyl alcohol from 1997 to 

2013. Crustacean zooplankton were counted and measured using a dissecting microscope (1975-

1982), a touch screen-caliper setup with computer-assisted plankton analysis system (1983-1997) 

(WSAM, Hambright and Fridman, 1994) or a digitizing tablet and microscope (1998-2013). For 

each sample, a 1-mL sub-sample was drawn with a calibrated Hensen-Stempel pipette or large-

bore calibrated automatic pipette, and all crustaceans were counted and measured. Additional 

sub-samples were drawn until a minimum of 100 animals were counted and measured from each 

sample. From 1975 to 1979, three such subsamples were counted and averaged. Gamble et al. 

(2006) used the data from 1975 to 1997 for a study on biomass size spectrum and re-measured 

historic samples from 1975 where only Daphnia were measured. Length distributions from 1975 

to 1997 are from Gamble’s study. Biomass for individual species was calculated using length-

weight regressions based primarily on Bottrell et al. (1976) and summarized in Watkins et al. 

(2011). Length measurements are not available for 1978; therefore, the biomass was estimated 

from the average weight of the species or species group calculated for the time period 1975 to 

1981. Average Daphnia clearance rate was calculated from Hambright et al. (2007) and 

multiplied by the average seasonal lakewide biomass for 1992 to 2013 to estimate the average 

Daphnia seasonal filtration over time. Seasons were defined as 2 month periods with Spring as 

May – June, Summer as July – August, and Fall as September – October. 
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Data Analysis 

Oneida Lake Secchi depth, chl-a, total phytoplankton biomass, total zooplankton biomass 

(dry weight), and Daphnia biomass (dry weight) data were analyzed from 1975 to 2013 to 

determine the grazing effect of zebra and quagga mussels. The data were divided into three 

mussel categories (No Mussels (1975-1991), Zebra Mussels (1992-2007), and Quagga Mussels 

(2009-2013)) and seasons. The year 2008 was excluded as it represents a transition year between 

zebra and quagga mussels as the dominant species. Seasons were defined as 2 month periods 

with Spring as May – June, Summer as July – August, and Fall as September – October. 

Analysis of variance (ANOVA) with post-hoc Tukey’s honesty significant difference (HSD) was 

used to test for significant differences between mussel categories and seasons. Data were square 

root transformed for normality as necessary. Comparisons were considered significant at p<0.05. 

Results 

Zebra and Quagga Mussel Lakewide Filtration 

Average seasonal temperatures were highest in summer with average fall temperatures 

usually exceeding those of spring (Figure 16 and Table 12). In the zebra mussel phase from 1992 

to 2007, average zebra mussel clearance rates were highest in fall followed by those in spring 

and summer. In the quagga mussel phase from 2009 to 2013, average dreissenid clearance rates 

were highest in spring followed by fall and summer. 

For 1992 to 2007, average yearly zebra mussel biomass was 3.3 x 10
6
 kg and declined to 

0.2 x 10
6
 kg for 2009-2013; however, average yearly quagga mussel biomass for this period was 

3.9 x 10
6
 kg. The combination of average weekly seasonal clearance rate and lakewide biomass 

for zebra and quagga mussels yielded average seasonal mussel filtration for 1992 to 2013. For 

the zebra mussel phase of 1992 to 2007, average zebra mussel filtration was 93.35 L·h-1·m-2 
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(Figure 17 and Table 14). For the quagga mussel phase of 2009 to 2013, average zebra mussel 

filtration declined to 5.64 L·h-1·m-2
; however, quagga mussel average filtration was 38.85 L·h-

1·m-2 
(Figure 17 and Table 14). The average total filtration was 44.49 L·h-1·m-2

 for the quagga 

mussel phase of 2009 to 2013. Based on average May-October filtration, biomass, and access to 

the entire water column, the turnover time of Oneida Lake water by mussels was approximately 

4 days (Table 15). 
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Figure 16. Oneida Lake Average Temperature by Season for 1975 to 2013. Weekly Oneida Lake 

temperature sampling occurs May – October. Seasons defined as 2 month periods with Spring as 

May – June, Summer as July – August, and Fall as September – October. Average seasonal 

temperatures calculated from 5 standard sampling sites. Refer to Figure 15 for sampling 

locations. Dreissenid invasion phases defined as No Mussels 1975-1991, Zebra Mussels 1992-

2007, and Quagga Mussels 2009-2013. 
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Figure 17. Oneida Lake Average Zebra and Quagga Mussel Filtration by Season for 1992 to 

2013. Weekly Oneida Lake temperature sampling occurs May – October. Seasons defined as 2 

month periods with Spring as May – June, Summer as July – August, and Fall as September – 

October. Average seasonal mussel clearance rates calculated from average weekly temperatures 

from 5 standard sampling sites, experimental zebra and quagga mussel clearance rates by 

temperature, and average lakewide zebra and quagga mussel biomass. Refer to Figure 3 and 

Figure 14. Average mussel biomass based on all sites, substrate, and the 0-10 m and >10 m depth 

categories for each sampling location. Refer to Figure 5 for sampling locations. Dreissenid 

invasion phases defined as Zebra Mussels 1992-2007, and Quagga Mussels 2009-2013. 
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Ecosystem Impacts 

For the no zebra or quagga mussel phase of 1975 to 1991 and the zebra mussel phase of 

1992 to 2007, average Secchi depth was highest in spring followed by summer and fall; 

however, in the quagga mussel phase of 2009 to 2013, average Secchi depth was highest in 

spring followed by fall and summer (Figure 18 and Table 12). Secchi depth was significantly 

greater in spring than summer and fall (Table 13). Mussel category was significant for Secchi 

depth (Table 13). Water clarity significantly increased with zebra and quagga mussels (Figure 18 

and Table 13). The interaction of mussel category and season was significant for Secchi depth 

(Table 13). 
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Figure 18. Oneida Lake Average Secchi Depth by Season for 1975 to 2013. Weekly Oneida 

Lake Secchi depth sampling occurs May – October. Seasons defined as 2 month periods with 

Spring as May – June, Summer as July – August, and Fall as September – October. Average 

seasonal Secchi depth calculated from 5 standard sampling sites. Refer to Figure 15 for sampling 

locations. Dreissenid invasion phases defined as No Mussels 1975-1991, Zebra Mussels 1992-

2007, and Quagga Mussels 2009-2013. 
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For the no zebra or quagga mussel phase of 1975 to 1991 and zebra mussel phase of 1992 

to 2007, average chl-a concentration was lowest in spring and highest in fall (Figure 19 and 

Table 12). For the quagga mussel phase of 2009 to 2013, average chl-a concentration was lowest 

in spring and highest in summer (Figure 19 and Table 12). Season was significant for average 

chl-a with concentrations significantly lower in spring than summer and fall (Figure 19 and 

Table 13). Additionally, mussel category was significant for chl-a (Table 13). Chl-a significantly 

decreased from the no mussel category of 1975 to 1991 to the zebra mussel category of 1992 to 

2007 and quagga mussel category of 2009 to 2013 (Figure 19 and Table 13). 
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Figure 19. Oneida Lake Average Chlorophyll-a by Season for 1975 to 2013. Weekly Oneida 

Lake chlorophyll-a sampling occurs May – October. Seasons defined as 2 month periods with 

Spring as May – June, Summer as July – August, and Fall as September – October. Average 

seasonal chlorophyll-a depth calculated from 5 standard sampling sites. Refer to Figure 15 for 

sampling locations. Dreissenid invasion phases defined as No Mussels 1975-1991, Zebra 

Mussels 1992-2007, and Quagga Mussels 2009-2013. 
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For the no mussel phase of 1975 to 1991 and quagga mussel phase of 2009 to 2013, 

average phytoplankton biomass was lowest in spring and highest in summer (Figure 20 and 

Table 12). In the zebra mussel phase of 1992 to 2007, phytoplankton biomass was lowest in 

spring and highest in fall (Figure 20 and Table 12). Season was significant for phytoplankton 

biomass with phytoplankton biomass in spring significantly lower than phytoplankton biomass in 

summer and fall (Table 13). Additionally, mussel category was significant for phytoplankton 

biomass (Table 13). In the no mussel phase of 1975 to 1991, phytoplankton biomass was 

significantly greater than phytoplankton biomass in the zebra and quagga mussel phases of 1992 

to 2007 and 2009 to 2013, respectively (Figure 20 and Table 13). 
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Figure 20. Oneida Lake Average Total Phytoplankton Biomass by Season for 1975 to 2013. 

Weekly Oneida Lake phytoplankton sampling occurs May – October. Seasons defined as 2 

month periods with Spring as May – June, Summer as July – August, and Fall as September –

October. Average seasonal total phytoplankton biomass calculated from 5 standard sampling 

sites. Refer to Figure 15 for sampling locations. Phytoplankton samples were not processed in 

1998 and 1999. Dreissenid invasion phases defined as No Mussels 1975-1991, Zebra Mussels 

1992-2007, and Quagga Mussels 2009-2013. 
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For the no mussel phase of 1975 to 1991 and quagga mussel phase of 2009 to 2013, 

average zooplankton biomass was lowest in fall and highest in spring (Figure 21 and Table 12). 

For the zebra mussel phase of 1992 to 2007, average zooplankton biomass was highest in 

summer (Figure 21 and Table 12). Season was significant for zooplankton biomass with 

zooplankton biomass significantly less in fall than zooplankton biomass in spring and summer 

(Figure 21 and Table 13). Additionally, mussel category was significant for zooplankton biomass 

(Table 13). Zooplankton biomass significantly decreased in the quagga mussel phase of 2009 to 

2013 as compared to zooplankton biomass in the no mussel phase of 1975 to 1991 and zebra 

mussel phase of 1992 to 2007 (Figure 21 and Table 13). 
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Figure 21. Oneida Lake Average Total Zooplankton Biomass by Season for 1975 to 2013. 

Weekly Oneida Lake zooplankton sampling occurs May – October. Seasons defined as 2 month 

periods with Spring as May – June, Summer as July – August, and Fall as September – October. 

Average seasonal total zooplankton biomass calculated from 5 standard sampling sites. Refer to 

Figure 15 for sampling locations. Dreissenid invasion phases defined as No Mussels 1975-1991, 

Zebra Mussels 1992-2007, and Quagga Mussels 2009-2013. 
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For all phases, average Daphnia biomass was lowest in fall and highest in spring (Figure 

22 and Table 12). Similar to zooplankton biomass, season and mussel category were significant 

for Daphnia biomass (Table 13). Season was significant for Daphnia biomass with Daphnia 

biomass significantly less in fall as compared to spring and summer (Figure 22 and Table 13). 

Additionally, mussel category was significant for Daphnia biomass (Table 13). Daphnia biomass 

significantly decreased in the quagga mussel phase from 2009 to 2013 as compared to Daphnia 

biomass in the no mussel phase of 1975 to 1991 and zebra mussel phase of 1992 to 2007 (Figure 

22 and Table 13). 
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Figure 22. Oneida Lake Average Total Daphnia Biomass by Season for 1975 to 2013. Weekly 

Oneida Lake zooplankton sampling occurs May – October. Seasons defined as 3 month periods 

with Spring as May – June, Summer as July – August, and Fall as September – October. Average 

seasonal total Daphnia biomass calculated from 5 standard sampling sites. Refer to Figure 15 for 

sampling locations. Dreissenid invasion phases defined as No Mussels 1975-1991, Zebra 

Mussels 1992-2007, and Quagga Mussels 2009-2013. 
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Table 12. Oneida Lake Average (SE, N) Temperature, Secchi Depth, Chlorophyll-a (chl-a) Concentration, Total Phytoplankton 

Biomass, Total Zooplankton Biomass, and Total Daphnia Biomass for 1975 to 2013. Weekly Oneida Lake sampling occurs May – 

October. Seasons defined as 2 month periods with Spring as May – June, Summer as July – August, and Fall as September – October. 

Averages calculated from 5 standard sampling sites. Refer to Figure 15 for sampling locations. 

 Temperature 

(°C) 

Secchi 

Depth 

(m) 

Chl-a 

Concentration 

(µg/L) 

Total 

Phytoplankton 

Biomass 

(mg/m
3
) 

Total 

Zooplankton 

Biomass 

(mg/m
3
) 

Total 

Daphnia 

Biomass 

(mg/m
3
) 

Spring 

1975 16.10 (1.58, 8) 4.5 (0.4, 8) 3.62 (0.86, 8) 1269 (393, 8) 368 (62, 8) 312 (54, 8) 

1976 14.36 (1.55, 8) 3.6 (0.2, 8) 2.51 (0.44, 8) 1047 (128, 8) 220 (28, 8) 154 (23, 8) 

1977 15.09 (1.20, 9) 4.0 (0.4, 9) 4.78 (1.19, 9) 1463 (388, 9) 200 (24, 9) 109 (16, 9) 

1978 12.37 (2.04, 6) 2.8 (0.4, 5) 7.51 (2.58, 6) 2669 (1272, 4) 36 (9, 5) 10 (5, 5) 

1979 15.19 (1.50, 7) 4.4 (0.6, 7) 5.00 (1.79, 7) 1268 (379, 7) 189 (28, 7) 113 (21, 7) 

1980 14.80 (1.02, 9) 3.3 (0.3, 9) 6.01 (1.01, 9) 2319 (553, 9) 222 (33, 9) 121 (23, 9) 

1981 15.76 (1.23, 9) 3.1 (0.3, 9) 3.97 (0.84, 9) 2143 (604, 8) 388 (65, 9) 107 (22, 9) 

1982 14.92 (1.11, 9) 3.0 (0.3, 9) 5.17 (0.93, 9)  238 (37, 9) 136 (34, 9) 

1983 13.88 (1.40, 9) 3.3 (0.5, 9) 4.48 (0.77, 9) 1388 (132, 8) 321 (30, 9) 133 (31, 9) 

1984 13.51 (1.43, 9) 3.2 (0.4, 9) 4.19 (0.70, 9) 2315 (491, 9) 289 (39, 9) 157 (34, 9) 

1985 15.59 (1.22, 8) 3.0 (0.3, 8) 5.35 (1.35, 8) 5402 (1306, 8) 314 (19, 8) 146 (14, 8) 

1986 15.81 (1.60, 7) 3.0 (0.5, 7) 6.82 (1.99, 8) 4933 (1391, 8) 361 (45, 8) 175 (33, 8) 

1987 16.77 (1.29, 9) 4.1 (0.2, 9) 3.76 (0.78, 9) 1146 (150, 9) 338 (21, 9) 208 (29, 9) 

1988 14.83 (1.43, 9) 2.3 (0.3, 9) 11.15 (3.47, 9) 6746 (2339, 7) 316 (33, 9) 118 (56, 7) 

1989 14.16 (1.47, 9) 4.6 (0.2, 9) 2.13 (0.26, 9) 2098 (324, 9) 251 (32, 9) 165 (33, 9) 

1990 13.94 (1.15, 9) 3.2 (0.3, 9) 5.20 (0.90, 9) 3164 (448, 9) 228 (19, 9) 106 (21, 9) 

1991 16.81 (1.25, 8) 3.9 (0.4, 8) 3.91 (0.56, 8) 2227 (336, 8) 270 (11, 8) 168 (17, 8) 

1992 14.55 (1.21, 9) 3.4 (0.2, 9) 2.76 (0.45, 9) 2577 (397, 9) 320 (37, 9) 206 (38, 9) 

1993 14.22 (1.32, 9) 4.1 (0.5, 9) 4.24 (1.69, 9) 2695 (815, 9) 135 (33, 9) 98 (25, 9) 
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 Temperature 

(°C) 

Secchi 

Depth 

(m) 

Chl-a 

Concentration 

(µg/L) 

Total 

Phytoplankton 

Biomass 

(mg/m
3
) 

Total 

Zooplankton 

Biomass 

(mg/m
3
) 

Total 

Daphnia 

Biomass 

(mg/m
3
) 

1994 14.29 (1.56, 9) 4.7 (0.5, 9) 3.61 (1.70, 9) 2186 (863, 9) 161 (38, 9) 49 (21, 9) 

1995 16.71 (1.49, 10) 6.7 (0.3, 10) 1.33 (0.21, 10) 2480 (545, 10) 268 (31, 10) 240 (31, 10) 

1996 13.87 (1.61, 9) 4.4 (0.4, 9) 2.25 (0.93, 9) 265 (175, 5) 224 (35, 9) 145 (34, 9) 

1997 14.25 (1.41, 9) 5.6 (0.6, 9) 2.19 (0.79, 9) 2278 (2006, 5) 331 (37, 9) 257 (42, 9) 

1998 16.85 (0.99, 8) 4.2 (0.4, 8) 2.18 (0.35, 8)  156 (23, 8) 73 (21, 8) 

1999 17.45 (1.22, 9) 5.2 (0.2, 9) 1.57 (0.19, 9)  234 (21, 9) 117 (21, 9) 

2000 14.94 (1.16, 9) 4.1 (0.2, 9) 1.20 (0.23, 9) 91 (29, 4) 131 (27, 9) 95 (22, 9) 

2001 15.34 (1.39, 8) 5.4 (0.4, 8) 1.90 (0.33, 8) 1361 (609, 4) 211 (46, 8) 140 (39, 8) 

2002 14.93 (1.48, 9) 5.3 (0.4, 9) 1.65 (0.23, 9) 352 (85, 4) 164 (29, 9) 117 (22, 9) 

2003 14.96 (1.13, 8) 5.2 (0.6, 8) 3.39 (1.18, 8) 114 (15, 3) 149 (20, 8) 72 (18, 8) 

2004 16.43 (1.21, 9) 5.2 (0.5, 9) 2.76 (0.56, 9) 957 (886, 3) 199 (31, 9) 150 (29, 9) 

2005 16.03 (1.48, 9) 5.2 (0.4, 9) 2.32 (0.46, 9) 216 (61, 3) 271 (71, 9) 179 (62, 9) 

2006 15.29 (1.19, 8) 5.1 (0.4, 9) 2.24 (0.62, 9) 43 (20, 2) 190 (29, 9) 97 (20, 9) 

2007 15.37 (1.58, 9) 3.7 (0.4, 9) 3.83 (1.33, 9) 145 (30, 2) 143 (35, 9) 110 (34, 9) 

2008 15.30 (1.27, 9) 5.1 (0.5, 9) 2.15 (0.31, 9) 630 (582, 2) 199 (26, 9) 60 (21, 9) 

2009 16.20 (1.10, 9) 5.0 (0.4, 9) 2.21 (0.29, 9) 121 (54, 3) 110 (19, 9) 68 (20, 9) 

2010 16.35 (1.30, 8) 6.2 (0.5, 8) 1.05 (0.17, 8) 51 (14, 2) 161 (18, 8) 88 (21, 8) 

2011 16.39 (1.39, 9) 4.3 (0.4, 9) 2.06 (0.34, 9) 1721 (1620, 4) 104 (20, 9) 47 (14, 9) 

2012 17.70 (1.13, 8) 5.2 (0.5, 8) 1.62 (0.40, 8) 309 (148, 2) 267 (56, 8) 128 (31, 8) 

2013 15.89 (0.97, 8) 4.4 (0.4,8) 1.10 (0.33, 8) 653 (318, 4) 229 (65, 8) 58 (41, 8) 

Summer 

1975 23.07 (0.41, 9) 2.0 (0.3, 9) 14.58 (1.87, 9) 3236 (450, 9) 93 (24, 9) 11 (8, 9) 

1976 20.81 (0.16, 8) 2.5 (0.1, 8) 12.60 (2.21, 8) 3675 (365, 8) 140 (34, 8) 179 (26, 8) 

1977 22.19 (0.45, 9) 1.7 (0.1, 9) 16.72 (2.43, 9) 5920 (967, 9) 134 (31, 9) 29 (17, 9) 

1978 21.80 (0.39, 4) 2.9 (0.5, 4) 8.13 (2.88, 4) 5395 (2986, 4) 83 (16, 4) 79 (12, 4) 
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 Temperature 

(°C) 

Secchi 

Depth 

(m) 

Chl-a 

Concentration 

(µg/L) 

Total 

Phytoplankton 

Biomass 

(mg/m
3
) 

Total 

Zooplankton 

Biomass 

(mg/m
3
) 

Total 

Daphnia 

Biomass 

(mg/m
3
) 

1979 21.51 (0.52, 9) 3.1 (0.3, 9) 8.40 (1.28, 9) 1964 (307, 9) 139 (44, 9) 118 (31, 9) 

1980 22.39 (0.54, 8) 2.5 (0.2, 8) 14.72 (1.42, 8) 3214 (666, 8) 180 (27, 8) 208 (18, 8) 

1981 22.57 (0.28, 8) 1.7 (0.1, 8) 13.18 (0.88, 8) 4631 (660, 8) 90 (24, 8) 9 (8, 8) 

1982 21.92 (0.47, 9) 1.7 (0.1, 9) 10.77 (0.71, 9) 7981 (838, 5) 149 (27, 9) 74 (16, 9) 

1983 22.55 (0.38, 9) 2.6 (0.1, 9) 8.21 (0.84, 9) 2663 (538, 9) 121 (40, 9) 153 (36, 9) 

1984 21.75 (0.58, 9) 1.9 (0.2, 9) 12.37 (2.08, 9) 5277 (786, 9) 133 (47, 9) 136 (52, 9) 

1985 22.00 (0.41, 9) 1.7 (0.1, 9) 15.96 (2.30, 9) 10610 (1305, 9) 153 (33, 9) 97 (25, 9) 

1986 21.90 (0.41, 8) 1.8 (0.1, 7) 13.80 (1.54, 8) 7049 (1423, 8) 184 (25, 8) 252 (18, 8) 

1987 23.12 (0.48, 8) 2.5 (0.3, 8) 7.34 (0.89, 8) 2961 (372, 8) 72 (58, 8) 68 (35, 8) 

1988 22.23 (0.48, 9) 3.2 (0.3, 9) 6.93 (1.76, 9) 4791 (1334, 9) 133 (23, 9) 127 (25, 9) 

1989 22.56 (0.24, 9) 3.5 (0.4, 9) 5.23 (1.18, 9) 4949 (1203, 9) 110 (42, 9) 72 (21, 9) 

1990 21.99 (0.45, 9) 2.3 (0.3, 9) 12.20 (1.58, 9) 6055 (660, 9) 116 (28, 9) 84 (26, 9) 

1991 22.55 (0.22, 9) 1.8 (0.1, 9) 12.74 (1.34, 9) 8099 (736, 8) 54 (25, 9) 31 (19, 9) 

1992 20.38 (0.26, 8) 2.6 (0.2, 8) 6.11 (1.48, 8) 4349 (992, 8) 173 (43, 8) 213 (24, 8) 

1993 22.90 (0.20, 9) 4.1 (0.3, 9) 3.65 (0.84, 9) 1643 (126, 8) 98 (19, 9) 83 (16, 9) 

1994 22.89 (0.37, 9) 3.2 (0.4, 9) 6.14 (1.70, 9) 2653 (447, 9) 133 (50, 9) 155 (36, 9) 

1995 24.18 (0.30, 8) 4.0 (0.3, 8) 4.44 (0.72, 8) 2168 (438, 8) 129 (32, 8) 157 (25, 8) 

1996 22.26 (0.36, 8) 3.8 (0.2, 9) 4.81 (1.19, 9) 761 (457, 4) 125 (27, 9) 141 (18, 9) 

1997 22.15 (0.29, 8) 3.2 (0.4, 8) 5.20 (1.05, 8) 626 (239, 4) 173 (34, 8) 119 (33, 8) 

1998 23.07 (0.26, 9) 2.3 (0.2, 9) 6.95 (0.85, 9)  92 (34, 10) 68 (25, 10) 

1999 23.48 (0.44, 8) 2.7 (0.3, 8) 7.59 (1.62, 8)  114 (21, 8) 87 (22, 8) 

2000 21.97 (0.23, 9) 2.6 (0.3, 9) 9.25 (1.20, 9) 2968 (1296, 4) 98 (20, 9) 131 (16, 9) 

2001 22.79 (0.55, 9) 3.6 (0.4, 9) 4.29 (0.84, 9) 893 (500, 6) 138 (28, 9) 140 (28, 9) 

2002 23.66 (0.35, 8) 3.1 (0.3, 8) 5.11 (0.62, 8) 1135 (449, 4) 107 (32, 9) 103 (23, 9) 

2003 23.11 (0.38, 9) 3.9 (0.5, 9) 7.16 (1.82, 9) 1057 (650, 5) 123 (20, 9) 129 (17, 9) 
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 Temperature 

(°C) 

Secchi 

Depth 

(m) 

Chl-a 

Concentration 

(µg/L) 

Total 

Phytoplankton 

Biomass 

(mg/m
3
) 

Total 

Zooplankton 

Biomass 

(mg/m
3
) 

Total 

Daphnia 

Biomass 

(mg/m
3
) 

2004 21.96 (0.14, 7) 2.9 (0.3, 7) 10.89 (1.29, 7) 1882 (439, 6) 106 (33, 7) 119 (31, 7) 

2005 24.64 (0.32, 9) 4.0 (0.4, 9) 5.53 (0.93, 9) 792 (675, 2) 162 (33, 9) 155 (34, 9) 

2006 23.42 (0.36, 9) 2.1 (0.2, 9) 11.33 (1.78, 9) 2202 (493, 3) 136 (17, 9) 119 (28, 9) 

2007 22.71 (0.38, 9) 3.5 (0.3, 9) 4.97 (0.77, 9) 868 (613, 2) 112 (24, 9) 72 (14, 9) 

2008 22.92 (0.21, 9) 3.8 (0.3, 9) 5.06 (0.89, 9) 1524 (727, 3) 97 (37, 9) 74 (32, 9) 

2009 22.50 (0.46, 9) 3.3 (0.3, 9) 5.33 (0.96, 9) 733 (194, 4) 68 (7, 9) 46 (10, 9) 

2010 23.51 (0.42, 10) 3.4 (0.3, 10) 3.73 (0.82, 10) 1353 (565, 5) 80 (33, 10) 53 (26, 10) 

2011 23.90 (0.40, 9) 2.2 (0.1, 9) 7.92 (0.65, 9) 1253 (317, 4) 43 (12, 9) 14 (8, 9) 

2012 24.73 (0.25, 9) 3.4 (0.5, 9) 4.77 (0.54, 9) 1321 (245, 5) 97 (48, 9) 67 (32, 9) 

2013 22.80 (0.33, 9) 2.6 (0.3, 9) 4.27 (1.00, 9) 1138 (414, 3) 115 (22, 9) 113 (31, 9) 

Fall 

1975 16.44 (1.46, 6) 1.9 (0.1, 7) 8.22 (1.66, 8) 1827 (316, 8) 83 (13, 8) 8 (5, 8) 

1976 15.39 (1.97, 4) 2.1 (0.1, 4) 19.40 (3.73, 4) 3186 (970, 4) 204 (19, 4) 150 (14, 4) 

1977 15.46 (1.51, 6) 2.0 (0.1, 6) 12.65 (1.46, 6) 1364 (150, 6) 131 (27, 6) 5 (1, 6) 

1978 16.45 (2.17, 4) 3.2 (0.7, 4) 7.45 (3.30, 4) 3450 (2206, 4) 155 (54, 5) 130 (52, 5) 

1979 16.21 (1.43, 9) 2.6 (0.4, 9) 8.79 (2.21, 9) 2517 (740, 9) 202 (32, 9) 73 (16, 9) 

1980 16.98 (1.67, 9) 2.1 (0.2, 9) 17.51 (3.11, 9) 4826 (1655, 9) 202 (17, 9) 59 (13, 9) 

1981 15.78 (1.61, 8) 1.9 (0.1, 8) 19.02 (2.84, 8) 1752 (216, 8) 143 (16, 8) 13 (3, 8) 

1982 16.32 (1.06, 8) 2.1 (0.2, 8) 11.24 (2.32, 8) 3173 (1116, 2) 243 (15, 8) 66 (9, 8) 

1983 16.84 (1.58, 9) 1.8 (0.1, 9) 11.26 (1.51, 9) 3842 (676, 9) 221 (24, 9) 35 (6, 9) 

1984 15.77 (0.94, 9) 1.7 (0.2, 9) 10.94 (2.53, 9) 5964 (2350, 7) 136 (12, 9) 19 (2, 9) 

1985 17.26 (1.14, 9) 1.9 (0.1, 9) 9.57 (1.25, 9) 5645 (1013, 9) 169 (8, 9) 9 (2, 9) 

1986 15.34 (1.02, 9) 2.3 (0.2, 9) 10.19 (1.82, 9) 1816 (266, 8) 197 (22, 9) 115 (21, 9) 

1987 15.06 (1.22, 8) 1.9 (0.1, 8) 8.73 (0.41, 8) 5814 (546, 8) 33 (2, 8) 0 (0, 8) 

1988 15.07 (1.43, 9) 2.6 (0.2, 9) 10.27 (1.01, 9) 7879 (845, 9) 182 (11, 9) 51 (7, 9) 
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 Temperature 

(°C) 

Secchi 

Depth 

(m) 

Chl-a 

Concentration 

(µg/L) 

Total 

Phytoplankton 

Biomass 

(mg/m
3
) 

Total 

Zooplankton 

Biomass 

(mg/m
3
) 

Total 

Daphnia 

Biomass 

(mg/m
3
) 

1989 15.60 (1.49, 9) 2.1 (0.1, 9) 8.28 (0.57, 9) 7010 (486, 9) 84 (12, 9) 4 (1, 9) 

1990 16.35 (1.27, 9) 1.7 (0, 9) 11.11 (1.82, 9) 5473 (1116, 9) 202 (13, 9) 6 (2, 9) 

1991 16.38 (1.44, 9) 1.7 (0.1, 9) 17.45 (2.12, 9) 9109 (1295, 9) 195 (20, 9) 13 (3, 9) 

1992 16.22 (1.36, 9) 2.4 (0.2, 9) 13.00 (2.07, 8) 5232 (1096, 9) 280 (39, 8) 168 (18, 8) 

1993 15.80 (1.71, 8) 3.4 (0.3, 8) 7.75 (1.55, 8) 2535 (549, 7) 140 (14, 8) 5 (4, 7) 

1994 16.04 (1.14, 8) 3.3 (0.4, 9) 10.00 (1.88, 9) 3271 (697, 9) 150 (12, 9) 104 (9, 9) 

1995 16.38 (1.23, 9) 3.6 (0.4, 9) 4.29 (1.21, 9) 4337 (1807, 9) 93 (12, 9) 14 (5, 9) 

1996 17.14 (1.53, 9) 2.5 (0.1, 9) 9.80 (1.44, 8) 2811 (1200, 4) 194 (20, 9) 99 (16, 9) 

1997 16.48 (1.30, 9) 2.0 (0.1, 9) 8.59 (1.15, 9) 2883 (1080, 5) 228 (20, 9) 27 (3, 9) 

1998 17.23 (1.48, 6) 2.5 (0.4, 6) 6.78 (2.04, 6)  130 (8, 6) 16 (3, 6) 

1999 16.86 (1.82, 7) 1.8 (0.2, 7) 9.89 (2.19, 7)  146 (20, 7) 31 (4, 7) 

2000 15.74 (1.43, 8) 2.0 (0.2, 8) 9.23 (1.71, 8) 1098 (517, 4) 131 (15, 8) 23 (8, 8) 

2001 17.85 (1.34, 8) 1.8 (0.1, 8) 9.73 (1.47, 8) 1531 (575, 2) 221 (24, 8) 18 (2, 8) 

2002 17.59 (1.58, 9) 2.6 (0.2, 9) 7.58 (0.60, 9) 3180 (592, 4) 108 (10, 9) 6 (1, 9) 

2003 16.94 (1.42, 9) 2.3 (0.2, 9) 8.60 (1.69, 9) 2078 (884, 4) 223 (31, 9) 73 (9, 9) 

2004 18.04 (1.34, 9) 2.1 (0.2, 9) 10.26 (2.11, 9) 3840 (1350, 4) 284 (43, 9) 34 (11, 9) 

2005 17.98 (1.52, 9) 3.4 (0.2, 9) 3.59 (0.53, 9) 957 (-, 1) 180 (12, 9) 13 (2, 9) 

2006 16.23 (1.31, 8) 2.0 (0.1, 8) 8.44 (0.45, 8) 379 (232, 2) 160 (8, 8) 7 (1, 8) 

2007 18.81 (0.93, 9) 3.4 (0.3, 9) 8.74 (2.39, 9) 3862 (3368, 3) 186 (22, 9) 21 (7, 9) 

2008 17.91 (1.33, 9) 3.6 (0.2, 9) 4.15 (0.22, 9) 787 (-, 1) 100 (7, 9) 2 (1, 9) 

2009 16.02 (1.48, 8) 2.9 (0.1, 8) 4.36 (0.60, 8) 2634 (1140, 2) 101 (6, 8) 2 (0, 8) 

2010 16.66 (1.13, 8) 4.0 (0.2, 8) 2.61 (0.51, 8) 560 (424, 3) 90 (16, 8) 2 (0, 8) 

2011 18.24 (1.08, 8) 3.1 (0.2, 8) 4.84 (0.58, 8) 1259 (375, 3) 102 (14, 8) 2 (0, 8) 

2012 17.69 (1.34, 9) 5.6 (0.5, 9) 2.14 (0.31, 9) 284 (200, 2) 97 (6, 9) 1 (0, 9) 

2013 17.78 (1.15, 9) 2.9 (0.3, 9) 6.25 (0.53, 8) 762 (287, 3) 170 (23, 9) 19 (7, 9) 
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Table 13. Oneida Lake Statistical Analysis of Secchi Depth, Chlorophyll-a (chl-a) Concentration, Total Phytoplankton Biomass, 

Total Zooplankton Biomass, and Total Daphnia Biomass by Season for 1975 to 2013. Mussel categories defined as No Mussels 

(1975-1991), Zebra Mussels (1992-2007), and Quagga Mussels (2009-2013). Seasons defined as 2 month periods with Spring as May-

June, Summer as July-August, and Fall as September-October. Analysis of variance (ANOVA) with post-hoc Tukey’s honesty 

significant difference (HSD) used to test for significant differences between mussel categories and seasons with significance (*) at p < 

0.05. 

 Secchi 

Depth 

(m) 

Chl-a 

Concentration 

(µg/L) 

Phytoplankton 

Biomass 

(mg/m
3
) 

 F df p HSD F df p HSD F df p HSD 

Mussel Category 33.21 2 <0.0001*  25.33 2 <0.0001*  32.94 2 <0.0001*  

     1975-1991 No Mussels    a    a    a 

     1992-2007 Zebra Mussels    b    b    b 

     2009-2013 Quagga Mussels    b    b    b 

Season 55.05 2 0.0001*  38.89 2 <0.0001*  7.23 2 <0.0011*  

     Spring    c    c    c 

     Summer    d    d    d 

     Fall    d    d    d 

Mussel Category*Season 2.93 4 0.0240*  1.87 4 0.1215  1.12 4 0.3528  

 Zooplankton 

Biomass 

(mg/m
3
) 

Daphnia 

Biomass 

(mg/m
3
) 

 F df p HSD F df p HSD 

Mussel Category 7.69 2 <0.0008*  6.23 2 <0.0028*  

     1975-1991 No Mussels    a    a 

     1992-2007 Zebra Mussels    a    a 

     2009-2013 Quagga Mussels    b    b 

Season 9.7 2 <0.0001*  21.26 2 <0.0001*  

     Spring    c    c 

     Summer    c    c 

     Fall    d    d 

Mussel Category*Season 1.51 4 0.2055  0.55 4 0.6989  
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Daphnia Lakewide Filtration 

The combination of average clearance rate and lakewide seasonal biomass for Daphnia 

yielded average seasonal Daphnia filtration for 1975 to 2013. For the no mussel phase of 1975 to 

1991, average Daphnia filtration was 27.39 L·h-1·m-2 
(Figure 23 and Table 14). Similarly, for the 

zebra mussel phase of 1992 to 2007, average Daphnia filtration was 28.36 L·h-1·m-2 
(Figure 23, 

Table 14, and Table 15). For the quagga mussel phase of 2009 to 2013, average Daphnia 

filtration declined to 13.38 L·h-1·m-2 
(Figure 23, Table 14, and Table 15). Based on average 

yearly filtration, biomass, and access to the entire water column, the turnover time of Oneida 

Lake water by Daphnia was approximately 10 days from 1975 to 1991 and 1992 to 2007, but 

increased to 21 days from 2009 to 2013 (Table 15). For the zebra mussel phase of 1992 to 2007 

and quagga mussel phase of 2009 to 2013, mussel filtration was on average 3 times greater than 

Daphnia filtration (Figure 17, Figure 23, Table 14, and Table 15). 
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Figure 23. Oneida Lake Average Daphnia Filtration by Season for 1975 to 2013. Weekly 

Oneida Lake zooplankton sampling occurs May – October. Seasons defined as 2 month periods 

with Spring as May – June, Summer as July – August, and Fall as September – October. Average 

seasonal Daphnia clearance rates calculated from experimental clearance rates (Hambright et al., 

2007) and average Daphnia biomass. Dreissenid invasion phases defined as No Mussels 1975-

1991, Zebra Mussels 1992-2007, and Quagga Mussels 2009-2013. 
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Table 14. Oneida Lake Average (SE, N) Zebra Mussel, Quagga Mussel and Daphnia Clearance 

Rates by Season for 1992 to 2013. Seasons defined as 2 month periods with Spring as May – 

June, Summer as July – August, and Fall as September – October. Average seasonal mussel 

clearance rates calculated from weekly average temperatures from 5 standard sampling sites, 

experimental zebra and quagga mussel clearance rates by temperature, and average lakewide 

zebra and quagga mussel biomass. Average mussel biomass based on all sites, substrate, and the 

0-10 m and >10 m depth categories for each sampling location. Refer to Figure 3 and Figure 14. 

Average seasonal Daphnia clearance rates calculated from experimental clearance rates 

(Hambright et al., 2007) and average Daphnia biomass. Refer to Figure 22. 

 Zebra Mussel 

Clearance Rate 

(L·h
-1

·m
-2

) 

Quagga Mussel 

Clearance Rate 

(L·h
-1

·m
-2

) 

Daphnia 

Clearance Rate 

(L·h
-1

·m
-2

) 

Spring 

1975   88.55 (2.75, 8) 

1976   43.61 (1.19, 8) 

1977   30.87 (0.83, 9) 

1978   2.84 (0.28, 5) 

1979   32.20 (1.07, 7) 

1980   34.31 (1.16, 9) 

1981   30.42 (1.14, 9) 

1982   38.62 (1.73, 9) 

1983   37.74 (1.58, 9) 

1984   44.50 (1.72, 9) 

1985   41.37 (0.69, 8) 

1986   49.72 (1.67, 8) 

1987   59.02 (1.46, 9) 

1988   33.61 (2.87, 9) 

1989   46.94 (1.68, 9) 

1990   30.00 (1.05, 9) 

1991   47.54 (0.87, 8) 

1992 122.75 (3.59, 9) 

 

58.55 (1.92, 9) 

1993 80.42 (1.52, 9) 

 

27.84 (1.29, 9) 

1994 117.68 (4.03, 9) 

 

14.00 (1.09, 9) 

1995 78.65 (3.19, 10) 

 

68.14 (1.57, 10) 

1996 48.19 (0.86, 9) 

 

41.15 (1.75, 9) 

1997 104.59 (2.23, 9) 

 

72.86 (2.12, 9) 

1998 113.21 (4.98, 8) 

 

20.75 (1.09, 8) 

1999 142.89 (6.21, 9) 

 

33.11 (1.07, 9) 

2000 98.53 (1.23, 9) 

 

26.84 (1.14, 9) 

2001 88.98 (2.93, 8) 

 

39.86 (1.96, 8) 

2002 115.45 (4.01, 9) 

 

33.12 (1.13, 9) 

2003 120.66 (2.56, 8) 

 

20.41 (0.92, 8) 
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 Zebra Mussel 

Clearance Rate 

(L·h
-1

·m
-2

) 

Quagga Mussel 

Clearance Rate 

(L·h
-1

·m
-2

) 

Daphnia 

Clearance Rate 

(L·h
-1

·m
-2

) 

Spring    

2004 57.09 (1.63, 9) 

 

42.48 (1.50, 9) 

2005 65.70 (1.35, 9) 

 

50.92 (3.15, 9) 

2006 87.77 (3.27, 9) 

 

27.52 (1.02, 9) 

2007 113.08 (2.54, 9) 

 

31.25 (1.72, 9) 

2008 48.65 (1.76, 9) 11.27 (0.49, 9) 17.09 (1.05, 9) 

2009 21.73 (0.47, 9) 29.74 (1.00, 9) 19.26 (1.04, 9) 

2010 2.08 (0.08, 8) 36.30 (0.97, 8) 25.05 (1.07, 8) 

2011 1.54 (0.105, 9) 45.47 (0.77, 9) 13.26 (0.74, 9) 

2012 2.11 (0.09, 8) 76.84 (1.97, 8) 36.24 (1.60, 8) 

2013 5.07 (0.21, 8) 43.81 (0.72, 8) 16.59 (2.07, 8) 

Summer 

1975   3.21 (0.40, 9) 

1976   50.82 (1.35, 8) 

1977   8.35 (0.87, 9) 

1978   22.34 (0.59, 4) 

1979   33.59 (1.56, 9) 

1980   59.11 (0.92, 8) 

1981   2.43 (0.42, 8) 

1982   20.97 (0.82, 9) 

1983   43.55 (1.84, 9) 

1984   38.60 (2.66, 9) 

1985   27.58 (1.26, 9) 

1986   71.60 (0.90, 8) 

1987   19.20 (1.77, 8) 

1988   36.06 (1.28, 9) 

1989   20.48 (1.07, 9) 

1990   23.86 (1.33, 9) 

1991   8.66 (0.96, 9) 

1992 170.52 (14.99, 8) 

 

60.37 (1.20, 8) 

1993 67.11 (0.66, 9) 

 

23.66 (0.83, 9) 

1994 107.63 (1.75, 9) 

 

44.02 (1.83, 9) 

1995 43.04 (4.75, 8) 

 

44.52 (1.27, 8) 

1996 42.98 (0.46, 9) 

 

40.08 (0.93, 9) 

1997 111.47 (0.97, 8) 

 

33.90 (1.66, 8) 

1998 64.00 (4.42, 9) 

 

19.30 (1.29, 10) 

1999 83.39 (3.28, 8) 

 

24.72 (1.12, 8) 

2000 95.60 (2.83, 9) 

 

37.32 (0.84, 9) 
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 Zebra Mussel 

Clearance Rate 

(L·h
-1

·m
-2

) 

Quagga Mussel 

Clearance Rate 

(L·h
-1

·m
-2

) 

Daphnia 

Clearance Rate 

(L·h
-1

·m
-2

) 

Summer 

2001 71.89 (1.01, 9) 

 

39.59 (1.41, 9) 

2002 77.32 (5.39, 8) 

 

29.29 (1.16, 9) 

2003 83.13 (3.43, 9) 

 

36.50 (0.86, 9) 

2004 45.98 (2.48, 7) 

 

33.68 (1.56, 7) 

2005 31.88 (2.00, 9) 

 

44.07 (1.71, 9) 

2006 63.42 (3.49, 9) 

 

33.67 (1.43, 9) 

2007 91.60 (0.88, 9) 

 

20.37 (0.70, 9) 

2008 38.55 (0.61, 9) 7.40 (0.15, 9) 20.90 (1.65, 9) 

2009 16.44 (0.13, 9) 19.19 (0.42, 9) 12.94 (1.53, 9) 

2010 1.20 (0.07, 10) 20.45 (0.83, 10) 15.01 (1.30, 10) 

2011 0.82 (0.04, 9) 24.59 (0.66, 9) 3.99 (0.42, 9) 

2012 0.74 (0.08, 9) 32.58 (1.83, 9) 19.02 (1.63, 9) 

2013 3.51 (0.07, 9) 25.40 (0.22, 9) 32.13 (1.58, 9) 

Fall 

1975   2.33 (0.64, 8) 

1976   42.64 (0.97, 4) 

1977   1.42 (1.38, 6) 

1978   36.99 (2.73, 5) 

1979   20.66 (1.61, 9) 

1980   16.69 (0.87, 9) 

1981   3.58 (0.82, 8) 

1982   18.81 (0.78, 8) 

1983   9.95 (1.22, 9) 

1984   5.50 (0.61, 9) 

1985   2.54 (0.42, 9) 

1986   32.55 (1.13, 9) 

1987   0.08 (0.11, 8) 

1988   14.34 (0.55, 9) 

1989   1.25 (0.63, 9) 

1990   1.83 (0.65, 9) 

1991   3.63 (1.01, 9) 

1992 134.65 (5.43, 9) 

 

47.69 (1.99, 8) 

1993 81.29 (1.91, 8) 

 

1.34 (0.71, 8) 

1994 148.32 (6.10, 9) 

 

29.82 (0.62, 9) 

1995 85.57 (3.19, 9) 

 

4.06 (0.61, 9) 

1996 48.84 (2.70, 9) 

 

28.07 (1.02, 9) 

1997 134.16 (3.38, 9) 

 

7.63 (1.03, 9) 
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 Zebra Mussel 

Clearance Rate 

(L·h
-1

·m
-2

) 

Quagga Mussel 

Clearance Rate 

(L·h
-1

·m
-2

) 

Daphnia 

Clearance Rate 

(L·h
-1

·m
-2

) 

Fall 

1998 99.72 (8.37, 6) 

 

4.46 (0.40, 6) 

1999 123.76 (3.70, 7) 

 

8.90 (1.03, 7) 

2000 92.11 (1.54, 8) 

 

6.58 (0.74, 8) 

2001 92.15 (5.93, 8) 

 

5.05 (1.24, 8) 

2002 122.71 (10.21, 9) 

 

1.72 (0.49, 9) 

2003 121.35 (3.87, 9) 

 

20.72 (1.59, 9) 

2004 52.80 (3.84, 9) 

 

9.51 (2.20, 8) 

2005 67.91 (2.26, 9) 

 

3.58 (0.59, 9) 

2006 117.54 (3.93, 8) 

 

2.07 (0.39, 8) 

2007 151.29 (7.23, 9) 

 

6.10 (1.12, 9) 

2008 55.86 (3.56, 9) 11.59 (0.50, 9) 0.54 (0.37, 9) 

2009 17.95 (0.47, 8) 26.56 (1.00, 8) 0.71 (0.31, 8) 

2010 2.25 (0.08, 8) 29.25 (0.97, 8) 0.44 (0.79, 8) 

2011 1.79 (0.12, 8) 49.88 (1.37, 8) 0.49 (0.73, 8) 

2012 1.70 (0.09, 9) 69.88 (1.97, 9) 0.27 (0.30, 9) 

2013 5.61 (0.43, 9) 42.87 (0.74, 9) 5.38 (1.20, 9) 
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Table 15. Oneida Lake Average Dreissena and Daphnia Clearance Rates and Lakewide Clearance Time for May-October 1975 to 

2013 and 2099. For 1992-2013, average seasonal mussel clearance rates calculated from average weekly temperatures from 5 standard 

sampling sites, experimental zebra and quagga mussel clearance rates by temperature, and average lakewide zebra and quagga mussel 

biomass. Refer to Figure 3 and Figure 14. For 2099, average seasonal mussel clearance rates calculated from yearly average seasonal 

temperatures from 1975 to 2013 plus 3.5°C (Hetherington et al., 2015), experimental zebra and quagga mussel clearance rates by 

temperature, and estimated lakewide zebra and quagga mussel biomass (20 g/m
2 

AFDW). Average seasonal Daphnia clearance rates 

calculated from experimental clearance rates (Hambright et al., 2007) and average Daphnia biomass. Refer to Figure 22. 

 Dreissena Daphnia 

 Average 

Clearance Rate 

(L·h-1·m-2
) 

Lakewide 

Clearance Time 

(days) 

Average 

Clearance Rate 

(L·h-1·m-2
) 

Lakewide 

Clearance Time 

(days) 

1975-1991 No Mussels - - 27.39 10 

1992-2007 Zebra Mussels 93.35 3 28.36 10 

2009-2013 Quagga Mussels 44.49 6 13.38 21 

2099 25.93 11 - - 
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Discussion 

The findings from this comprehensive, long-term analysis showed dreissenid dynamics 

are impacting multiple trophic levels within the Oneida Lake ecosystem. Over the 39 year study 

period, zebra and quagga mussel filtration impacted both abiotic and biotic characteristics of 

Oneida Lake affecting ecosystem properties. Combining the experimental zebra and quagga 

mussel filtration rates (Chapter 1) with the annual Oneida Lake zebra and quagga mussel 

biomass (Chapter 2) provided powerful insights into lakewide changes cascading through the 

ecosystem due to filtration from these ecosystem engineers. 

Since 1992, the year when zebra mussels became abundant in Oneida Lake, lakewide 

mussel filtration has become a dominant driver with filtration increasing three-fold (Table 15) 

and peaking in Summer 1992 (Figure 17). Although there was a slight but general trend of 

increasing average seasonal temperatures over this period (Figure 16), the changing clearance 

rates were driven by annual mussel population dynamics (Figure 14). Over the 22 years, mussel 

filtration appeared to be gradually decreasing until there was a dramatic shift with the 

introduction of quagga mussels. A sudden peak mussel filtration in 2007 was immediately 

followed by a rapid drop as zebra mussel biomass declined; however, mussel filtration 

rebounded as quagga mussel biomass increased from 2008 (Figure 17). Although, quagga mussel 

filtration rates were lower than those of zebra mussels, the average Oneida Lake mussel biomass 

from 2009 to 2013 (4.1 x 10
6
 kg) exceeded the biomass from 1992 to 2007 (3.3 x 10

6
 kg). As of 

2013, maximum rates of filtration in the quagga mussel phase of 2009 to 2013 had not reached 

the peak levels observed during the zebra mussel phase from 1992 to 2007 (Figure 17); however, 

the differing timeframes of the phases (16 versus 5 years) should be noted. Additionally, for the 

zebra mussel phase from 1992 to 2007, the average phytoplankton biomass (1851 mg/m
3
) was 
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approximately 2 times the biomass (943 mg/m
3
) from 2009 to 2013 highlighting the efficiency of 

quagga mussels (Figure 20) (Diggins et al., 2001; Baldwin et al., 2002; Ricciardi and Whoriskey, 

2004; Karatayev et al., 2011). 

Associated with these dynamics in mussel filtration, there have been overall significant 

changes in lower food web structure with declines in phytoplankton biomass and corresponding 

decreases in chl-a and increases in Secchi depth. According to Oneida Lake chl-a concentration, 

phytoplankton significantly decreased from the no mussel category of 1975 to 1991 to the zebra 

and quagga mussel categories of 1992 to 2007 and 2009 to 2013. Based on Oneida Lake Secchi 

depth, water clarity significantly increased in both the zebra and quagga mussel phases of 1992 

to 2007 and 2009 to 2013 (Table 13). Idrisi et al. (2001) reported increased system-wide grazing 

in Oneida Lake due to zebra mussels with decreased algal biovolume and chl-a and increased 

water clarity. Other studies have documented these same effects on phytoplankton, chl-a, and 

water transparency (Holland, 1993; Nicholls and Hopkins, 1993; Fahnenstiel et al., 1995; 

MacIsaac, 1996; Caraco et al., 1997; Mayer et al., 2000; Mills et al., 2003; Zhu et al., 2006; 

Fahnenstiel et al., 2010; Higgins and Vander Zanden, 2010). 

Mussel filtration further affected other levels of the Oneida Lake food web. Although 

highly variable between years, zooplankton and Daphnia biomass showed declines during the 

quagga mussel phase from 2009 to 2013 (Figure 21). During the quagga mussel phase, 

zooplankton and Daphnia biomass significantly decreased as compared to zooplankton biomass 

in the no mussel phase of 1975 to 1991 and the zebra mussel phase of 1992 to 2007 (Table 13). 

Similarly, Idrisi et al. (2001) reported declines in Oneida Lake algal biomass with zebra mussels; 

however, corresponding declines in zooplankton and Daphnia biomass were not found from 

1975 to 1997. The impact of dreissenids on zooplankton has been less evident in the literature, 



113 

but most studies suggest that zooplankton density and biomass decline after the introduction of 

zebra mussels along with the changes in phytoplankton community structure (Pace et al., 1998; 

Vanderploeg et al., 2002; Higgins and Vander Zanden, 2010; Kissman et al., 2010). Furthermore, 

Kissman et al. (2010) reported lower biomass of Daphnia in Michigan lakes with dreissenids. 

Although Daphnia are filter feeders, this lakewide analysis conclusively documented 

Dreissena dominated Daphnia in filtration within Oneida Lake. Lakewide mussel filtration was 

on average three times Daphnia filtration from 1992 to 2007 and 2009 to 2013 (Table 15). 

Interestingly, this factor remained the same despite declines in Daphnia biomass; however zebra 

mussels were replaced by quagga mussels decreasing Dreissena filtration. For the no mussel 

phase of 1975 to 1991 and the zebra mussel phase of 1992 to 2007, average Daphnia filtration 

was comparable at approximately 27.39 and 28.36 L·h-1·m-2
, respectively (Figure 23 and Table 

15). For the quagga mussel phase of 2009 to 2013, average Daphnia filtration (13.38 L·h-1·m-2
) 

was less than half the filtration from 1975 to 2007 (Figure 23 and Table 14) due to decreased 

Daphnia biomass (Figure 22 and Table 12) and phytoplankton biomass (Figure 20 and Table 

12). For the no zebra or quagga mussel phase from 1975 to 1991, total filtration was 27.39 L·h-

1·m-2
 and increased to 121.71 L·h-1·m-2

 in the zebra mussel phase from 1992 to 2007 (Table 15). 

Subsequently, in the quagga mussel phase from 2009 to 2013, total filtration decreased to 57.87 

L·h-1·m-2
 (Table 15). These changes were likely due to mussel biomass, Daphnia biomass, 

phytoplankton biomass, and time. 

While this research focused on the impacts of dreissenids to the Oneida Lake ecosystem, 

other factors, such as reduced phosphorus loading and increased planktivory by fish likely 

cumulatively influenced the system. Implementation of the 1972 Clean Water Act initiated 

declines in phosphorus likely decreasing phytoplankton biomass, chl-a, zooplankton biomass, 
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and increasing water clarity (Nicholls and Hopkins, 1993; Idrisi et al., 2001; Zhu et al., 2006). 

This increased water transparency likely increased fish planktivory and feeding efficiency 

impacting zooplankton, especially daphnids (Mayer et al., 2000; Idrisi et al., 2001). 

Although average temperature only increased slightly from 1975 to 2013 (Figure 16), by 

the end of the century, climate change is predicted to increase Oneida Lake water temperature by 

3.5°C (Hetherington et al., 2015). Due to the dependence of mussel clearance rates on 

temperature, increased water temperatures will impact lakewide mussel filtration. Using average 

seasonal mussel clearance rates calculated by adding 3.5°C (Hetherington et al., 2015) to the 

yearly average seasonal temperatures from 1975 to 2013, experimental zebra and quagga mussel 

clearance rates by temperature (Figure 3), and estimated lakewide zebra and quagga mussel 

biomass (20 g/m
2
), it was estimated that mussel filtration will decrease to 25.93 L·h

-1
·m

-2
 by 

2099 (Table 15) likely resulting in multiple impacts on the Oneida Lake food web and future 

management strategies.  

Invasive species and climate change will continue to alter the Oneida Lake ecosystem 

potentially decreasing overall lakewide filtration. Invasive predators of dreissenids (i.e., round 

gobies), have been introduced into Oneida Lake and have recently become abundant in trawl 

catches (Rudstam et al., In Press) likely decreasing mussel biomass in the future. Additionally, 

by 2099, increased lake temperatures due to climate change will likely decrease lakewide mussel 

filtration by approximately one-third average mussel filtration from 1992-2013. Continuous 

long-term monitoring and ecological modeling are recommended to enhance scientific 

understanding and management of the Oneida Lake ecosystem amongst these anthropogenic 

stressors.  
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CHAPTER 4 

Improving Integration of Science and Management to Mitigate Invasive Mussel Impacts 

Abstract 

Dreissenid invasions have severe environmental and economic consequences and 

continue to spread across Asia, Europe, and North America. In response, governments are 

developing management strategies prohibiting new introductions and reducing impacts of 

invasive mussels. The objective of this study was to understand the connectedness of scientists 

and managers in invasive mussel management and provide recommendations for further 

integration to prevent the initial and secondary spread of zebra (Dreissena polymorpha) and 

quagga (Dreissena rostriformis bugensis) mussels worldwide. An online review in English was 

performed to assess the global and national distribution of zebra and quagga mussels and 

associated management plans. The results were coupled with a survey of international freshwater 

scientists to gain insight into knowledge and perceptions of dreissenid presence, impacts, and 

management. Dreissenids exist in the same broad, north temperate regions worldwide. Zebra 

mussels cover a larger area; however, quagga mussels have expanded within and outside the 

range of zebra mussels. Aquatic invasive species management plans written in English exist in 

three countries (i.e., Canada, United Kingdom, and United States) with strategies in all but three 

US states. The majority of the management plans listed the six core elements of prevention, early 

detection monitoring, rapid response, containment and control, outreach and education, and 

research; however, 16% did not mention the element of research. There was a consistent 

disparity in the level of detail provided on how to accomplish each core element. Twenty-five 

percent of scientists surveyed were unaware of invasive mussel management strategies for 

waterbodies studied. Furthermore, for those respondents that acknowledged the presence of 
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management plans and policies related to invasive mussels, only 9% reported evidence of 

effectiveness and 64% unsure of effectiveness. Reconnection of science and management 

through increased engagement of scientists in development of monitoring and containment and 

control details within management plans and creation of a global information management 

system, collaborative framework for connecting people, science, and management, and sustained 

funding are essential for protecting valuable aquatic resources worldwide from invasive species. 

Introduction 

Invasive species are an ever increasing global problem with extensive ecological and 

economic impacts (Vitousek et al., 1996; Mack et al., 2000; Pimentel et al., 2005; Simberloff et 

al., 2005; Lodge et al., 2006). Over the last century, two closely related species of Ponto-Caspian 

origin, the zebra (Dreissena polymorpha) and quagga (Dreissena rostriformis bugensis) mussel, 

have invaded large areas of North America and Europe adversely impacting native species and 

ecosystems (Mills et al., 1996; Ricciardi et al., 1998; McCabe et al., 2006) and costing hundreds 

of millions of US dollars per year (Nakano and Strayer, 2014). These invasive mussels continue 

to spread globally and nationally (Drake and Bossenbroek, 2004; Bossenbroek et al., 2007; 

Stokstad, 2007; Quinn et al., 2014) likely due to a combination of factors, including their high 

reproductive capacity achieved through broadcast spawning that facilitates wide dispersal of 

planktonic larvae, the ability of juveniles and adults to attach to overland vectors, limited 

competition with native species, and/or mortality from predators. All of these strategies 

contribute to high rates of zebra mussel spread across the United States, averaging 200 km/year 

across the Mississippi-Missouri drainage network (Mari et al., 2011). 

Dreissenids exist in the same broad regions within Asia, Europe, and North America, but 

zebra mussel distribution covers more extensive areas. Quagga mussels have recently expanded 
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into the zebra mussel range and quickly displaced zebra mussels as the dominant dreissenid in 

several freshwater systems in North America (Mills et al., 1999; Ricciardi and Whoriskey, 

2004), Ukraine (Mills et al., 1996), Russia (Orlova et al., 2005) and the Netherlands (Molloy et 

al., 2007). Furthermore, quagga mussels colonized the western United States without first being 

invaded by zebra mussels. The potential competitive advantage and range expansion of quagga 

mussels suggests their distribution may eventually surpass that of zebra mussels. The distribution 

rate of quagga mussels across the United States represents a powerful incentive to reevaluate the 

effectiveness of current management approaches for invasive mussels and adjust, as needed, to 

prevent synergistic or new impacts from introductions. 

Zebra mussels have arguably been one of the highest profile aquatic invasive species 

included on the “100 World’s Worst Invasive Alien Species’’ list by the International Union for 

Conservation of Nature (Lowe et al., 2000). Their rapid expansion was responsible, in part, for 

enactment of the Nonindigenous Aquatic Nuisance Prevention and Control Act of 1990, 

reauthorization as the National Invasive Species Act of 1996, and establishment of the Aquatic 

Nuisance Species Task Force in 1990 and National Invasive Species Council in 1999 (Strayer, 

2009). Management now largely revolves around a stepwise system designed to align with the 

sequential stages of the invasion process (i.e., prevention, early detection monitoring, rapid 

response, and containment and control, complemented by education/outreach and research). 

Prioritization of actions earlier in the sequence has been recommended as having higher 

probability of success and lower cost (Hulme, 2006; Vander Zanden and Olden, 2008). The 

approach to zebra and quagga mussel prevention is primarily one of risk assessment or the 

probability that dreissenids will establish successfully multiplied by the probability that they will 

cause harm (Vander Zanden and Olden, 2008; Williams and Grosholz, 2008). These assessments 
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require scientific understanding of abiotic and biotic factors that promote recruitment and 

population increase and geographic range (Drake and Bossenbroek, 2004; Bossenbroek et al., 

2007; Quinn et al., 2014; Karatayev et al., 2015a). Such information can undoubtedly assist with 

management’s prioritization of threatened regions and inform response actions. Public awareness 

and education are the cornerstones of many prevention programs. Preventative strategies (e.g., 

boat washing and bait bucket control), fostered by signage and outreach materials, all focus on 

impeding introductions or the first stage of invasion. 

Once an invasion occurs, a strong monitoring program is essential. Rapid response and 

eradication rely on monitoring and early detection of invasive introductions (Dewey and 

Andersen, 2004; Roche et al., 2009) with established management strategies and appropriate 

training. Finally, if a mussel population becomes well established, then costly containment and 

control measures are required. A wide variety of control strategies for zebra and quagga mussels 

have been developed (Nalepa and Schloesser, 2014). 

An evaluation by Strayer (2009) of zebra mussel management programs, 20 years after 

the inception of the Nonindigenous Aquatic Nuisance Prevention and Control Act, highlighted 

several key systemic weaknesses including lack of a comprehensive database for invasive 

species, absence of a coordinated system for early detection and response, and largely reactive, 

localized approaches focused on controlling individual species not vectors. Dreissena research 

proliferated with an average of 66 journal articles per year from 1989-2011 (Karatayev et al., 

2015b); however, there were still important aspects unexamined due to scale and expense. 

Additionally, it is unclear as to the extent the invasive mussel research has been translated into 

practice. 
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The overall goal of this study was to evaluate freshwater researchers, as a source of 

scientific information that is guiding invasive mussel management, and evidence for 

effectiveness of scientific exchange and communication between scientists and aquatic resource 

managers. Specifically, the objectives were as follows:  

 Survey a representative group of international freshwater researchers to determine their 

knowledge level concerning the impact of invasive mussels in waterbodies studied and 

the status of associated management; 

 Create an inventory of invasive mussel management plans relative to the distribution of 

both zebra and quagga mussels and conduct a content assessment of these plans for 

relevancy of scientific information concerning management; and 

 Develop recommendations for improving science-based management of invasive 

mussels. 

Methods 

Survey of Scientists 

The survey (Appendix A: Zebra and Quagga Mussel Survey) targeted the membership of 

the Global Lake Ecological Observatory Network (GLEON), a grassroots organization of 446 

scientists from 51 countries (as of 4 April 2015) focused on global lake monitoring 

(www.gleon.org). The GLEON conducts innovative science by sharing and interpreting high-

resolution sensor data to understand, predict, and communicate the role and response of lakes in 

a changing global environment. A pilot survey was conducted at an interactive poster session 

during the 27-31 October, 2014 GLEON 16 “All Hands Meeting” in Oxford, Québec, Canada, 

which was attended by 180 international scientists. During this 2 hour poster session, poster 

content educated attendees about zebra and quagga mussel impacts, distribution, biology, 

http://www.gleon.org/
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management, and communication vehicles (Appendix B: “Don’t Move A Mussel: Management 

of Zebra and Quagga” Poster). Poster session attendees were subsequently provided a paper 

survey for immediate completion and collection. The purpose of the survey was to gain insight 

into lake scientist’s knowledge and perceptions of zebra and quagga mussel management 

worldwide. Questions assessed knowledge of the presence and impacts of invasive mussels in 

waterbodies studied and associated management plans and extension efforts. Participants were 

specifically asked to rank the value of each of six core management plan components and also 

different types of outreach mechanisms. Additional information was requested concerning each 

participant’s professional status, level of interaction with the public, and location of study 

waterbody. Responses were used to clarify the wording of the survey questions before creating a 

web-based survey for further distribution. 

Following GLEON 16, an electronic version of the survey was generated using Survey 

Monkey (www.surveymonkey.com) and distributed to all 446 GLEON members via email and 

Facebook. The electronic version included an introduction summarizing the main educational 

points of the poster presented at GLEON 16. Those that participated in the paper survey were 

instructed to not duplicate effort. Following standard survey practice, GLEON members were 

reminded three times to complete the survey during the four week response period (Dillman, 

1978; Schaefer and Dillman, 1998). 

Survey of Non-Respondents 

After initial analyses of survey responses, an additional survey of non-respondents was 

conducted through phone interviews. The goal was to identity the reason for survey non-response 

and increase the global distribution of responses. The locations of the waterbodies studied by 

those researchers who responded to the survey were compared to the locations of GLEON 

http://www.surveymonkey.com/
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members to identify underrepresented areas. One hundred and thirty-six GLEON members from 

6 continents were identified as potential non-respondents to the survey. Twenty-five (18%) of 

these GLEON members were surveyed through phone interviews to gather feedback on the 

reason for non-response in addition to the questions posed in the survey. 

Assessment of Online Mussel Distribution and Management Plans 

An online, systematic review in English was performed to assess the global and national 

distribution of zebra and quagga mussels. Global presence of mussels was primarily determined 

from the Global Biodiversity Information Facility (GBIF) which was updated 30 July, 2015 

(www.gbif.org). The national occurrence of dreissenids was extracted from the United States 

Geological Survey Zebra and Quagga Mussel Sightings Distribution map as of 12 March, 2015 

(http://www.usgs.gov). The online review was also used to inventory the existence of any mussel 

management plans (Key words: dreissenid, zebra mussel (Dreissena polymorpha), quagga 

mussel (Dreissena bugensis and Dreissena rostriformis bugensis), management, and control). 

Only management plans written in English were captured by this methodology; therefore, this 

inventory does not assess the status of management frameworks in all countries. Content 

analyses of management plans available online included date, authors and professional 

affiliations, six core management plan elements inclusion and level of detail, additional 

management plan components, and references. 

Results 

Survey of Scientists 

In total, 94 of 446 GLEON members responded to the survey; however, it was estimated only 

approximately 300 were active GLEON members based on attendance at annual conferences and 

workshops. More than half of the respondents had doctoral degrees of which 54% were university 

faculty and 5% were postdoctoral researchers. The remainder of survey respondents was composed 

http://www.gbif.org/
http://www.usgs.gov/
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of graduate students (27%), managers (7%), undergraduate students (4%), and research technicians 

(3%). 

Responses primarily pertained to waterbodies studied in North America representing 72% 

of responses (Figure 24). Eighty-eight percent of the freshwaters studied were in the United 

States with 11% in Canada and 1% in Mexico. Thirty-eight percent of GLEON members are 

researchers from the United States and 6% are from Canada; however, 51% of the researchers 

attending GLEON 16 were from the United States and 22% were from Canada. Respondents 

studied lakes and reservoirs primarily in the Northeast (43%) and Midwest (41%) United States 

(Figure 24). 
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Figure 24. Location of Waterbodies Studied by GLEON Members. Responses from researchers primarily pertained to waterbodies 

studied in North America. Respondents studied freshwater lakes and reservoirs mainly in the Northeast and Midwest United States. 
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According to respondents, 74% of the freshwater resources studied contained invasive 

zebra and/or quagga mussels of which 32% of the waterbodies were inhabited by both species 

(Figure 25). Surprisingly, 13% of respondents did not know if invasive mussels were in their 

study lakes (Figure 25). As indicated by responses to survey question 5 (Appendix A: Zebra and 

Quagga Mussels Survey), which allowed respondents to select ecological, economic, and/or 

social invasive mussel effects and further explain these impacts, less than three-quarters of the 

respondents (73%) recognized the ecological impact of zebra and quagga mussels and less than a 

half (45%) acknowledged the economic impact of these species. Only 31% of the respondents 

acknowledged social impacts of invasive zebra and/or quagga mussels which were explained by 

respondents as negative due to impacts on recreational users cutting their feet on substrates 

covered with mussels. Interestingly, researchers did not document the positive social impact on 

recreational users of increased water clarity. 
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Figure 25. Knowledge of Presence of Freshwater Mussels in Waterbodies Studied. Seventy-four 

percent of the freshwater resources studied by the respondents contained invasive zebra and/or 

quagga mussels with 32% of the waterbodies inhabited by both species. Thirteen percent of 

respondents did not know if mussels were present in the waterbodies studied. 
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Slightly more than half of the respondents were aware of mussel management programs, 

such that 59% of respondents confirmed their state, province, or country had a management plan 

or policy for invasive species, including zebra and quagga mussels, with 16% reporting 

management strategies do not exist (Figure 26). Surprisingly, 25% did not know whether 

management plans or policies were present (Figure 26). Furthermore, based on a comparison of 

states, provinces, and/or countries in which waterbodies were studied by researchers with 

independent evidence documenting the presence of invasive mussel management plans, 75% 

reported the presence or absence of a plan (Figure 26), but 19% were incorrect. For those 

respondents that acknowledged the presence of management plans and policies related to 

invasive mussels, 64% were unsure of the effectiveness; whereas, only 9% reported evidence of 

effectiveness with 27% indicating no evidence of effectiveness (Figure 26). 
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Figure 26. Knowledge of Presence of a Management Plan or Policy for Invasive Species, Including Zebra and Quagga Mussels, and 

Assessment of Effectiveness. Fifty-nine percent of respondents confirm their state, province, or country has a management plan or 

policy for invasive species including zebra and quagga mussels with 16% reporting management strategies do not exist. Twenty-five 

percent did not know whether management plans or policies are present. For those respondents that acknowledged the presence of 

management plans and policies related to invasive mussels, only 9% reported evidence of effectiveness with 27% indicating no 

evidence of effectiveness and 64% unsure of the effectiveness. 
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When questioned regarding the content of management plans and importance of 

management plan elements, respondents (n=88) ranked prevention the highest, followed by 

outreach and education, then early detection through monitoring. Next, researchers prioritized 

research followed by containment and control with rapid response the lowest ranked element. 

Interestingly, almost half the respondents (47%) reported communicating their research to the 

public more than twice/year indicating some direct experience with outreach. When questioned 

about the effectiveness of communication vehicles in management of zebra and quagga mussels, 

respondents (n=87) identified signs, presentations, and websites as the three most effective 

communication vehicles for invasive mussel management. Wallet cards were ranked as the least 

effective of the seven communication vehicles provided. 

Survey of Non-Respondents 

Of the 25 non-respondents who were phone interviewed, the majority (64%) reported that 

they had not responded to the survey due to lack of knowledge of the presence or absence of any 

mussel species in their study lakes (Figure 27). Seventy-two percent of non-respondents did not 

know which, if any, freshwater mussels were present in waterbodies studied and 24% indicated 

other mussels (i.e., not zebra or quagga mussels) were present. Furthermore, 92% of non-

respondents did not know if an invasive mussel management plan or policy existed with 100% 

unsure of effectiveness. 
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Figure 27. Reason for Non-Response to Initial Paper and Email Surveys. Sixty-four percent of 

non-respondents did not know which, if any, mussels were present in waterbodies studied. 

Twenty-four percent indicated zebra and quagga mussels were not present. 
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Assessment of Online Mussel Distribution and Management Plans 

Zebra and quagga mussels occur in 3 of the 7 continents, including Asia, Europe, and 

North America, and, as of 30 July, 2015, zebra mussels have been reported in 37 countries; 

however, quagga mussels are in only 12 of these countries (Figure 28). Additionally, quagga 

mussels by themselves are found in Hungary for a total of 13 countries worldwide (Figure 28). 

Within the United States, zebra and quagga mussels are now located in all geographic regions, 

including Northeast, Midwest, Southeast, Southwest, and West (Figure 29). Zebra mussels occur 

in 28 states with quagga mussels in 13 of these states (Figure 29). Quagga mussels are found by 

themselves in Arizona, Nevada, and Utah (Figure 29). 
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Figure 28. Zebra and Quagga Mussel Distribution and Management Plans Worldwide. An online, systematic review in English was 

performed to assess the global distribution of zebra and quagga mussels and management plans. Global presence of dreissenids was 

primarily determined from the Global Biodiversity Information Facility (GBIF) (Last update 30 July, 2015) (www.gbif.org). Key 

word search in English for invasive mussel management plans does not assess the status of management frameworks in all countries. 

  

http://www.gbif.org/
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Figure 29. Zebra and Quagga Mussel Distribution and Management Plans in the United States. An online, systematic review was 

performed to assess the national distribution of zebra and quagga mussels and also mussel management plans. National occurrence of 

dreissenids was extracted from the United States Geological Survey Zebra and Quagga Mussel Sightings Distribution map (Last 

update 12 March, 2015) (http://www.usgs.gov). 

 

http://www.usgs.gov/
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A total of 55 invasive mussel management plans were found online. Aquatic invasive 

species management plans written in English were found for Canada, United Kingdom, including 

Northern Ireland, and the United States (Figure 28). The majority of the management plans were 

from the United States (Figure 29). Five states (California, Michigan, Montana, and Vermont, 

and Washington) coordinated with representatives from Canada and three states coordinated with 

representatives from Mexico (Arizona, California, and Texas). On the contrary, three states, 

Florida, New Hampshire, and North Carolina, do not have aquatic invasive species management 

plans (Figure 29). Additionally, six states (Colorado, Maryland, Nebraska, Nevada, Vermont, 

and West Virginia) manage aquatic invasive species solely by regional plans. These regional 

aquatic invasive species plans cover multiple states as follows:  

 Columbia River Basin Interagency Invasive Species Response Plan: Zebra Mussels 

and Other Dreissenid Species - 22 February, 2014 (Idaho, Montana, Oregon, 

Washington),  

 Lake Champlain Basin Aquatic Nuisance Species Management Plan - January 2005 

(New York and Vermont), 

 Long Island Sound Interstate Aquatic Invasive Species Management Plan - 26 

October, 2007 (Connecticut and New York),  

 Quagga-Zebra Mussel Action Plan for Western U.S. Waters - February 2010 (Alaska, 

Arizona, California, Colorado, Hawaii, Idaho, Kansas, Montana, Nebraska, Nevada, 

New Mexico, North Dakota, Oklahoma, Oregon, South Dakota, Texas, Utah, 

Washington, and Wyoming), and 



134 

 Zebra Mussels (Dreissena polymorpha) in the Chesapeake Bay Watershed: A 

Regional Management Plan - May 2004 (Delaware, Maryland, New York, 

Pennsylvania, Virginia, and West Virginia). 

The majority (54%) of the invasive mussel management plans were created and posted 

online within the last five years. Approximately one-third (31%) of the management plans were 

created between five and ten years ago while 15% are more than 10 years old. The six oldest 

plans are in states east of the Mississippi River and the United Kingdom, including Northern 

Ireland. It is possible that older management plans exist in other European countries which were 

invaded by mussels centuries ago; however, this review did not assess them. Authorship for each 

plan represented complex teams of state and/or federal agency staff, university researchers, 

industry personnel, nonprofit representatives, and consultants. Approximately one-third (32%) of 

the management plan authors had doctoral degrees. The sources of the information cited in the 

plan’s development were varied with 50% of the citations from government publications and 

33% from primary journal articles, books and conference proceedings. Other sources were 

Internet articles and nonprofit publications (17%). 

A comparison of the content among the plans indicated that ten states (Alaska, Arizona, 

Iowa, Montana, Nebraska, New Mexico, Oklahoma, Oregon, Washington, and Wyoming) had 

very similar management plans with nearly identical tables of contents. Connecticut 

acknowledged using Maine, Hawaii, Oregon, and Washington plans as their models. Hawaii 

noted cross-regional collaboration with state (California, Oregon, Washington) and federal 

(National Oceanic and Atmospheric Administration (NOAA), United States Fish and Wildlife 

Service (USFWS), and United States Department of Agriculture (USDA)) agency staff. 

Additionally, Hawaii acknowledged using Alaska, Maine, and Massachusetts plans as their 
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models. Illinois referenced assistance from the Illinois and Indiana Sea Grant and management 

plans produced for the Great Lakes, Michigan, New York, and Ohio. Maine acknowledged use 

of plans from Massachusetts, Vermont, and Washington and assistance from USFWS. 

The majority of the management plans listed the six core elements of prevention, early 

detection monitoring, rapid response, containment and control, outreach and education, and 

research; however, 16% did not mention the element of research. There was a consistent 

disparity in the level of detail provided on how to accomplish each core element. The strategies 

for outreach and education were the most comprehensive generally focused on increasing 

education of and outreach to the public, resource managers and researchers, children, and 

policymakers. Education and outreach were delivered by various communication vehicles, such 

as boat launch stewards, onsite signs, presentations, posters, brochures, fact sheets, identification 

cards, stickers, public service announcements, websites, and social media. Management plans 

prioritized creation of communications plans to organize communication efforts targeted at 

various audiences. Additional activities included developing traveling trunks of portable 

presentation materials for use in both public and private venues, encouraging training of 

taxonomists to assist in early detection, assessing existing K-12 environmental education 

curricula for opportunities to integrate invasive mussel information and developing new 

curricula, as necessary, and providing decision makers and legislators with educational briefings 

and updates on ecological and economic impacts of invasive mussels. In contrast, specifics were 

lacking on conducting monitoring programs, such as information to design an appropriate 

monitoring system for detecting the first appearance of veligers or adult invasive mussels, 

identifying appropriate sampling techniques, including how, when and where, and calculating 

densities of veligers and adult invasive mussels. Similarly, limited information was provided on 
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establishing rapid response programs and containment and control activities. Many of the 

management plans included additional elements. Two-thirds (66%) of the management plans 

encouraged coordination with other state and federal agencies, universities, industry, and/or 

nonprofit organizations. Evaluation of success was also mentioned in half of the plans. 

Leadership, funding, communication, data management as well as restoration and adaptive 

management were other topics discussed. 

Discussion 

Dreissenid mussels are widely recognized as exhibiting strong, adverse ecological and 

economic impacts globally. Their continued, uncontrolled spread threatens additional 

freshwaters and associated economies across the United States and the world. Results of this 

study indicate there are several key factors which impede or reduce management success. 

Surprising and disconcerting was the finding that many United States and global lake scientists 

lack knowledge about invasive mussels, even in waterbodies studied, and are unaware of zebra 

and quagga mussel management. Conversely, but at the same time, lake managers are increasing 

their attention and formal commitment to invasive mussel management, as evidenced by the 

proliferation of management plans from a diversity of state and federal agencies. This expansion 

is largely based in the United States. A review of non-English based management plans was not 

conducted; however, it is possible that they exist. Although, countries with longer histories of 

mussel presence may view dreissenids as native or not invasive and subsequently not invest in 

management plans for these species. The Internet has proven a powerful mechanism for raising 

awareness and publicizing management plans with 26 plans posted within the past five years; 

however, content analysis of these plans suggests the need for further development of 

management plan core element details and guidance before actual implementation. 
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Cumulatively, these findings suggest both a need for training of scientists concerning a critical 

ecological component of freshwater systems and increased communication between scientists 

and managers for effective management of these prolific ecosystem engineers. 

Most alarming was the finding of the overall lack of invasive mussels knowledge by 

freshwater researchers. The GLEON membership includes numerous highly-educated 

professionals focused on freshwaters. Roughly 10% of survey respondents did not know if 

waterbodies studied included mussels; however, the problem was much broader as survey 

responses represented a strong bias. Sixty-four percent of the phoned survey non-respondents did 

not respond because they were unaware of the presence of mussels. Almost three-quarters of 

studied waterbodies were invaded by zebra and/or quagga mussels, but many researchers did not 

know of the impacts. Twenty-seven percent of the survey respondents did not recognize the 

ecological impact of zebra and quagga mussels. Recent scientific papers have confirmed that 

zebra and quagga mussels have serious and extensive impacts. Zebra and quagga mussels are 

effective ecosystem engineers altering both ecosystem structure and function (Jones et al., 1994; 

Strayer et al., 1999; Karatayev et al., 2002; Karatayev et al., 2015b) by increasing lake water 

clarity (Mayer et al., 2000; Idrisi et al., 2001); increasing nutrient availability on the bottom 

(Hecky et al., 2004), increasing structural complexity of the bottom (Mayer et al., 2001, 2002), 

decreasing zooplankton through competition for phytoplankton (Higgins and Vander Zanden, 

2010; Kissman et al., 2010), decreasing young fish survival (Irwin et al., 2009) and changing fish 

feeding patterns (Mayer et al., 2001); decreasing native, freshwater mussels and increasing 

benthic invertebrates (Stewart and Haynes, 1994; Mayer et al., 2002) and submerged aquatic 

vegetation (Chu et al., 2004; Zhu et al., 2006). Additionally, less than half (45%) of survey 

respondents acknowledged the economic impact of these species. This is surprising given that 
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invasive mussels biofoul solid substrates such as docks, intake pipes, and boat hulls costing 

hundreds of millions of dollars annually (United States Government Accountability Office (US 

GAO), 2000). The global cost of freshwater biofouling is conservatively estimated to be ~$277 

million per year (Nakano and Strayer, 2014). It would be valuable to survey other organizations 

of freshwater scientists, including the Association for the Sciences of Limnology and 

Oceanography (ASLO) and the North American Lake Management Society (NALMS), to 

determine if these findings were somehow unique to the GLEON community or are indeed 

representative of a trend. 

Cumulatively, these findings identify a critical gap in the training of professional 

freshwater scientists. Scientists are potentially too narrowly focused within their areas of 

expertise and thus overlooking significant mussel impacts on waterbodies studied. Lack of 

management knowledge highlights a disconnect between research and application. This can 

translate into a loss of information, delays in information transfer, and lost opportunities that 

could potentially improve management. Finally, researchers ranked prevention as the most 

important element of invasive mussel management, an opinion that is inconsistent with lack of 

knowledge. As trained professionals, freshwater scientists should lead monitoring and early 

detection activities which are essential to prevention, but this does not appear to be as prevalent 

as desired. There is a need to evaluate content of graduate training programs both for biology and 

ecology of invasive mussels and application of science to improve management. 

The recent proliferation in management plans, more than doubling the total national 

number of plans in five years, is encouraging and demonstrates increased government attention 

to invasive species, in general, and invasive mussels, in particular. It suggests that there is a 

formal commitment to the problem with some amount of associated funding. There is also some 
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evidence of coordination among agencies in different states nationally, which is critical for 

dealing successfully with invasive species that ignore political boundaries. On the contrary, three 

states lack aquatic invasive species management plans. A risk assessment would likely target 

New Hampshire as a high priority due to habitat suitability and the presence of zebra mussels in 

neighboring states. 

The majority of management plans identify six stepwise elements for successful 

management programs. Prevention of introductions into and within a region is widely promoted 

as a far more cost-effective and environmentally desirable strategy than subsequent actions after 

establishment (Leung et al., 2002). The approach to zebra and quagga mussel prevention is 

primarily one of risk assessment or the probability that dreissenids will establish successfully 

multiplied by the probability that they will cause harm (Vander Zanden and Olden, 2008; 

Williams and Grosholz, 2008). These assessments require scientific understanding of abiotic and 

biotic factors that promote recruitment and population increase and geographic range (Drake and 

Bossenbroek, 2004; Bossenbroek et al., 2007; Quinn et al., 2014; Karatayev et al., 2015a). Such 

information can undoubtedly assist with management’s prioritization of threatened regions and 

inform response actions. Risk assessment details should be included within prevention in the six 

step sequence of management plan activities. 

Outreach and education programs are also relatively inexpensive and management plans 

place considerable emphasis on these programs to increase awareness of invasive mussels and 

assist with prevention and early detection. Interestingly, researchers surveyed ranked wallet 

cards least effective as an outreach strategy; whereas, wallet-sized identification cards with a 

color photograph of an invasive mussel were the most requested printed item for public 

distribution by agencies around the Great Lakes (Griffiths et al., 2014). Over one million of these 
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cards were produced by late 1993, including a version in French for distribution in Ontario. The 

identification of the first zebra mussel in Lake Champlain was facilitated by a wallet card 

distributed by the Lake Champlain Basin Program (Soper, 1993). This discrepancy further 

highlights the necessity of collaboration between scientists, managers, and the public. 

There are several key aspects of management plans which would benefit from increased 

engagement of freshwater scientists and communication between scientists and managers. The 

first improvement would be inclusion of monitoring details in management plans. Examples 

include information to design an appropriate monitoring system for detecting the first appearance 

of veligers or adult invasive mussels, identifying appropriate sampling techniques, and 

calculating densities of veligers and adult invasive mussels. Early detection of the presence of 

invasive mussels can be made by finding adults in waterbodies generally with the use of 

shoreline surveys, substrate sampling, or by collecting mussel larvae in water samples using 

plankton tow nets (Johnson, 1995). Given methods of reproduction, mussels can disperse 

millions of floating, microscopic veliger larvae throughout a waterbody. Once established and 

reproducing, subsequent control is extremely difficult. Research indicates that early detection 

through a veliger monitoring program can give facility operators 3-5 years advance warning and 

time to respond before adverse economic impacts develop (Claudi and Prescott, 2007; Claudi 

and Mackie, 1998). Hosler (2011) summarized the early detection system using phytoplankton 

tow nets for sample collection with recent improvements using a combination of cross-polarized 

microscopy coupled with confirmatory PCR enhanced DNA tests. These analyses require trained 

technicians with appropriate laboratory equipment and are unlikely to be adopted easily; 

however, management plans could reference and provide links to detailed methods and 

laboratories within each region. Interestingly, review of management plan citations indicated 
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sources are primarily government reports, journal articles, books, or conference proceedings, 

which makes them less readily accessible to state agency managers. Additionally, it could be 

possible to include citizen scientists in tow net collection of veligers and couple this program 

with professional laboratory testing as has been done successfully in the New York State 

Citizens Statewide Lake Assessment Program (http://www.dec.ny.gov/chemical/81576.html). 

An additional key area lacking detail in most management plans is containment and 

control. There has been much interest in developing, testing, and applying various methods to 

control invasive mussels because these species biofoul infrastructure costing hundreds of 

millions of dollars annually (United States Government Accountability Office (US GAO), 2000; 

Nakano and Strayer, 2014). Methods such as treatment with oxidants, flocculants, heat, 

dewatering, mechanical removal, and pipe coating are now widely practiced (Strayer, 2009). 

Additional options include spreading chemicals systemically, delivering extremely low 

frequency magnetism to impede mussel shell development, externally applying natural hormone 

serotonin disrupting natural reproductive cycles, implementing continuous filtering systems 

within pipes, and applying benthic barriers to suffocate mussel beds. Much of this research is 

generated from industry which is under patent privacy and in varying stages of federal or state 

permit approval. It would be useful if the invasive mussel management plans included a 

regularly updated, detailed list of various control approaches, particularly organized with 

information on when and where options were applied. 

Given these findings, improvements can be made in the overall science-based 

management system for invasive mussels. Improved scientific understanding of invasion 

processes and management approaches forms a strong foundation for taking effective action to 

reduce invasive mussel impacts. Tighter linkages between scientists and managers are essential 

http://www.dec.ny.gov/chemical/81576.html
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to improve the prevention of new invasions and secondary spread and enable more rapid 

detection and response. There is a need for evaluating and strengthening training programs for 

scientists with more emphasis on applied management and the roles of scientists. At the 

university level, faculty hiring programs need to focus equally on candidates with strong theory 

and applied interests. Within management plans, more detailed guidance on early detection 

monitoring and control, based on recent science, would increase the success of implementation. 

Recommendations for connecting science and management include creation of a 

consolidated online global information management system, collaborative framework for 

connecting people, science, and management, and institutional capacity through continuous 

funding. An increasing volume of dreissenid information exists in various locations; therefore, a 

coordinated system of databases is necessary to provide a single gateway, organize data, and 

reduce duplicative efforts for scientists, managers, and the public regionally, nationally, and 

internationally. Such a system would provide users with access to a broad range of zebra and 

quagga mussel data, including taxonomic descriptions and photographs, current distribution, 

biology, dispersal, impacts, control strategies, management plans, bibliographies, and contact 

information of specialists. This tool would assist scientists in measuring rates of spread, 

comparing impacts across multiple sites, and predicting spread. Tracking dreissenid distribution 

would help managers assess risk and more effectively allocate limited resources toward 

preventing spread and enabling early eradication. Additionally, a consolidated system would aid 

managers in public awareness and education. A global information management system would 

encourage cooperative action between various stakeholders at multiple scales. 

Creation of this comprehensive system would identify knowledge gaps and further 

opportunities for collaboration between scientists and managers. Establishing a framework for 
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communication and coordination is necessary to determine invasive mussel management 

objectives and identify and guide research needed to achieve those objectives. This approach can 

help identify the needs and objectives of resource managers, prioritize the supporting science, 

recommend communication strategies, and ultimately align science and management goals into a 

common agenda. A broad membership of states, provinces, and countries and a well-organized 

communication network will facilitate the exchange of information between scientists, managers, 

and stakeholders and provide ongoing guidance and feedback within an adaptive management 

framework. Fortunately, many US states have recently created invasive species advisory councils 

that bring together regulators, researchers, and other stakeholders to address research, policy, and 

management needs (Lodge et al., 2006). Additionally, many local and state or provincial 

governments are currently passing legislation to address the problem of aquatic invasive species 

and are providing grants for local invasive species control and management efforts (Lodge et al., 

2006; Vander Zanden and Olden, 2008). 

There is a need to build and support an institutional capacity for preventative measures of 

invasive mussel management through continuous funding. One of the important barriers to 

effective invasive species management programs is that funding for invasive species 

management and prevention is grossly inadequate and discontinuous (Vander Zanden and Olden, 

2008). In the United States, little federal legislative progress, including associated funding, has 

been made since 1996. The policy changes started by the Nonindigenous Aquatic Nuisance 

Prevention and Control Act of 1990 and expanded by the National Invasive Species Act of 1996 

(NISA) established aquatic invasive species as recognized national problems with local and 

regional implications. Unfortunately, Congress has repeatedly failed to reauthorize or amend the 

NISA or pass any other broad new legislation covering invasive species, which has hindered 
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some federal and state programs in preventing and responding to aquatic invasive species (Reid 

and Wilkinson, 2014). Despite political delays concerning the NISA, the United States and 

Canada amended the Great Lakes Water Quality Agreement in 2012 with new provisions for 

aquatic invasive species. Over time, benefits accrue as aquatic invaders are prevented (Lodge et 

al., 2006). For example, if zebra mussels spread extensively into the US western states, it will 

pose a large financial burden on power plants, navigations locks, and other industries that require 

an abundance of water (Drake and Bossenbroek, 2004). Thus, efforts to stop the western spread 

of zebra mussels and other freshwater invasive species (e.g., 100
th

 Meridian Initiative) have a 

high benefit:cost ratio (Lodge et al., 2006). The value of preventing invasions significantly 

outweighs the costs of inaction.  
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CONCLUSION 

Surface freshwaters are among the most extensively altered ecosystems on Earth 

(Carpenter et al., 2011). Climate change and invasive mussels impact the physical, chemical, and 

biological dynamics of lakes. Scientific understanding of the consequences of these 

anthropogenic changes is critical for management of these important resources ensuring 

environmental sustainability of freshwaters in the 21
st
 century. The overall goal of my research 

was to understand the interactive effects of climate change and invasive mussels on the coupling 

of the physical, chemical, and biological components of Oneida Lake and assess integration of 

science and management to mitigate impacts. Specifically, the objectives of this study were as 

follows: 

1. Experimentally measure clearance rates of zebra and quagga mussels at a range of 

temperatures (2-30°C) expected to occur under climate change; 

2. Determine changes in abundance and distribution of zebra and quagga mussels across 

substrates and depths over time from 1992 to 2013 in Oneida Lake; 

3. Estimate changes in timing and magnitude of mussel clearance rates associated with 

replacement of zebra by quagga mussels and climate change, compare with Secchi depth, 

chlorophyll-a concentration, phytoplankton biomass, zooplankton biomass, and Daphnia 

biomass, and estimate Daphnia clearance rates in Oneida Lake; and 

4. Understand connectedness of scientists and mangers in invasive mussel management and 

provide recommendations for further integration to prevent the initial and secondary 

spread of zebra and quagga mussels worldwide. 

Oneida Lake is a shallow, polymictic 207 km
2
 lake located in Central New York. 

Experiments, field monitoring, laboratory analysis, long-term dataset analyses, surveys, and 
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content analysis were used to assess climate change and invasive mussel impacts on the lake. 

Results of experiments indicated temperature dependence of clearance rates was similar for zebra 

and quagga mussels peaking at 18°C for zebra mussels and 20°C for quagga mussels. Clearance 

rates of zebra mussels exceeded those of quagga mussels at most temperatures. In Oneida Lake, 

zebra mussel density and biomass decreased from 1992-2013 with changes detected in 1998 and 

2010 for density and 2010 for biomass. Conversely, quagga mussel density and biomass 

increased from 2008 to 2013 with changes in density and biomass detected in 2008. Zebra and 

quagga mussels colonized all substrates and depths. Quagga mussel average density and biomass 

exceeeded that of zebra mussels on all substrates and depths beginning in 2009 through 2013 

suggesting the potential for additional colonization within Oneida Lake. However, with the shift 

from zebra to quagga mussels, total average mussel biomass from 1992 to 2013 has not changed 

in Oneida Lake identifying a possible maximum biomass of approximately 20 g/m
2
 AFDW for 

dreissenids in the lake. Furthermore, for the zebra mussel phase of 1992 to 2007, average zebra 

mussel filtration was 93.35 L·h-1·m-2 
and declined to 5.64 L·h-1·m-2

 for the quagga mussel phase 

of 2009 to 2013; however, quagga mussel average filtration was 38.85 L·h-1·m-2 
resulting in an 

average total filtration of 44.49 L·h-1·m-2 
for the quagga mussel phase of 2009 to 2013. Zebra and 

quagga mussels have impacted the food web structure with declines in phytoplankton biomass 

and corresponding decreases in chl-a and increases in Secchi depth. Furthermore, zooplankton 

and Daphnia biomass declined during the quagga mussel phase from 2009 to 2013. In addition to 

mussel filtration from 1992 to 2013, Daphnia likely contributed to decreases in phytoplankton 

biomass and associated ecosystem impacts. However, for the zebra mussel phase of 1992 to 2007 

and quagga mussel phases of 2009 to 2013, average Daphnia filtration was 33% of Dreissena 

filtration. Cumulative impacts of dreissenids coupled with reduced phosphorus loading due to the 
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Clean Water Act of 1972 likely influenced the Oneida Lake ecosystem by decreasing 

phytoplankton biomass, zooplankton biomass, Daphnia biomass, and chl-a concentration and 

increasing Secchi depth. Invasive species and climate change will continue to alter the Oneida 

Lake ecosystem potentially decreasing overall lakewide filtration. Round gobies will likely 

decrease mussel biomass. Since filtration is temperature dependent, it was estimated lakewide 

mussel filtration will decrease by approximately one-third average mussel filtration from 1992 to 

2013 by the end of the century due to climate change. Continuous long-term monitoring and 

ecological modeling are recommended to enhance scientific understanding and management of 

Oneida Lake. 

Integration of science and management is essential for mitigating impacts of climate 

change and invasive mussels. Twenty-five percent of scientists surveyed were unaware of 

invasive mussel management strategies for waterbodies studied. Furthermore, for those 

respondents that acknowledged the presence of management plans and policies related to 

invasive mussels, only 9% reported evidence of effectiveness and 64% unsure of effectiveness. 

Globally, aquatic invasive species management plans exist in only three countries (i.e., Canada, 

United Kingdom, and United States); however, strategies exist in all but three US states. The 

majority of the management plans listed the six core elements of prevention, early detection 

monitoring, rapid response, containment and control, outreach and education, and research; 

however, 16% did not mention the element of research. There was a consistent disparity in the 

level of detail provided on how to accomplish each core element. Reconnection of science and 

management through increased engagement of scientists in development of monitoring and 

containment and control details within management plans and creation of a global information 

management system, collaborative framework for connecting people, science, and management, 
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and sustained funding are essential for protecting valuable aquatic resources worldwide from 

invasive species and other anthropogenic stressors. 
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