
 

 

 

 

 

 

ROLE OF INVASIVE DREISSENID MUSSELS IN THE BIOGEOCHEMICAL 

CYCLING OF CARBON, NITROGEN AND PHOSPHORUS IN MINNESOTA 

LAKES 

 

 

 

A THESIS 

SUBMITTED TO THE FACULTY OF  

UNIVERSITY OF MINNESOTA 

BY 

 

 

 

 

FELICIA WILLIAMSON 

 

 

 

 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

FOR THE  

MASTERS OF SCIENCE 

 

 

 

TED OZERSKY 

 

 

 

 

AUGUST 2017 

 

 

 

 

 



 

 i 

Acknowledgments 

 

I am grateful for the funding sources that allowed me to pursue my graduate 

school studies: University of Minnesota Duluth, USGS and Water Resources Research 

Institute (WRRI) Program. 

I would like to thank all the people who contributed in some way to the work 

described in this thesis. First and foremost, I thank my academic advisor, Professor Ted 

Ozersky, for welcoming me into his lab and providing me with the opportunity to 

conduct my masters. He contributed to a rewarding graduate school experience by giving 

me intellectual freedom in my work, engaging me in new ideas and demanding a high 

quality of work in all my endeavors. Without his help and encouragement this thesis 

would not have been written (or ever finished!). Additionally, I would like to thank my 

committee members Professors Robert Sterner and Donn Branstrator for their interest and 

feedback in my research. I would be remiss if I did not also thank Sandra Brovold and 

Julia Halbur, who deserve credit for providing much needed assistance with many 

laboratory techniques as well as the extra set of hands and skills Julia provided in the 

field. 

I would also like to acknowledge family and friends who supported me during my 

time here. First and foremost, I would like to thank my family for their love and support. 

Thank you also to fellow graduate students Rachel Van Allen, Val Bruner and Chris Shea 

for your words of encouragement, support and great laughs. I am lucky to have met Steve 

Labuz here, and I thank him for his friendship, love, and constant support. I also owe a 



 

 ii 

debt of gratitude to all my friends back home who read multiple drafts and subsequently 

learned way more about invasive zebra mussels than they probably wanted to.  



 

 iii 

Abstract 

Dreissenid (zebra and quagga) mussels were introduced to North America in the 

1980s, and have colonized numerous freshwater systems since then, causing major 

ecological changes, including restructuring of nutrient dynamics. Although research has 

been done on dreissenid effects on elemental cycling, most studies are limited to a single 

system or single aspect of dreissenid effects, making it difficult to make general 

statements about dreissenid effects on nutrients in invaded systems. The goal of this 

research was to quantify and provide an integrated view of the role of invasive dreissenid 

mussels in biogeochemical dynamics through the development of nutrient budgets for 

dreissenid populations in 8 Minnesota lakes spanning large gradients of size and trophic 

status.  

In the context of ecological stoichiometry and homeostasis theory we examined 

mussel C:N:P tissue and shell content, excretion and biodeposition rates finding that 

mussels of different sizes and in different lakes store and remineralize different amounts 

of nutrients. This information is presented in Chapter 1 of the thesis. We also measured 

dreissenid living biomass and discarded shell mass and used the results from chapter 1 

(tissue and shell nutrient composition (C, N, and P), and excretion and biodeposition 

rates) to construct nutrient budgets for dreissenids in different types of lakes. Variation in 

the total and relative biomass of soft tissues, live shell and discarded shell material 

resulted in different contribution of dreissenid populations to nutrient and carbon cycling. 

The results provide new insights and a more holistic understanding of the role of 
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dreissenid invaders in varying lake systems, which allows better prediction of dreissenid 

impacts on biogeochemistry of different lakes. 
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General Introduction  

Invasive species are important drivers of global ecological change and are widely 

recognized for their various impacts on ecosystem structure and function (Didham et al., 

2005). Invasive species are a leading threat to biodiversity (Sala et al., 2000) and can 

significantly impact ecosystems through alteration of community structure, food web 

dynamics, nutrient recycling and energy flow. Most invasive species that profoundly 

change ecosystems share common characteristics attributed to their successful 

establishment in new environments. Often taxa that are the most successful at invading 

new environments have r-selected life history traits such as short generation time, high 

fecundity, and high growth rate (Sakai et al., 2001). Such species can aggressively 

colonize and play a dominant role in the functioning of invaded ecosystems.  

Freshwater ecosystems, like marine and terrestrial systems, are vulnerable to 

biological invasions because of the increase in human activities. Some aquatic invasive 

species manage to thrive when they are introduced to new environments by humans, 

either deliberately or by accident. Deliberate release may occur through aquarium release 

or introduction for use as a biological control. Accidental release can occur during 

recreational activities, such as boating, or as a consequence of industrial activities, such 

as ballast water discharge by ships (Pejchar & Mooney 2009). Ballast water discharge 

into the Great Lakes by transoceanic vessels has been linked to numerous introductions 

including the round goby (Apollonia melanostomus), spiny waterflea (Bythotrephes 

longimanus), and zebra and quagga mussels (Dreissena polymorpha and D. rostriformis 

bugensis) (Mills et al., 1996; Ricciardi 2006). The zebra and quagga mussel were first 

documented in the Great Lakes in the late 1980s and have since become some of the most 
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well-known aquatic invaders due their unprecedented effects on North American 

waterways. 

Dreissenid mussels were most likely introduced to North America in ballast water 

discharge from ships traveling from the species’ native habitats in the Black, Caspian, or 

Azov Sea (Padilla 1998; Stanczykowska 1977). Zebra mussels were first detected in Lake 

St. Clair and quagga mussels in Lake Erie, both spreading throughout the Great Lakes by 

the early 1990s. The Illinois and Hudson Rivers were infested with zebra mussels shortly 

thereafter. Since their arrival, zebra and quagga mussels have spread to water bodies 

throughout Minnesota and to other states as far west as California (e.g., Nalepa et 

al.,1996; Ricciardi et al., 1996; Stokstad 2007). Spread to other inland bodies of waters 

occurs often by transport of adult mussels on hulls of recreational boats or of veliger 

larvae in bilge water (Carlton 1993). Their rapid dispersal is due in part to their high 

fecundity, planktonic larval stage, and human activities such as recreational boating 

(Griffiths et al., 2011). Once introduced to a system, within-lake distribution is controlled 

mostly by physical conditions such as substrate availability and wave disturbance 

(Stanczykowska & Lewandowski 1993). 

While zebra and quagga mussels share many biological similarities, some aspects 

of their ecology (such as preferred habitat and environmental optima) are quite different 

(e.g., Karatayev et al., 2015; Mills et al., 1993). The focus of this study is on zebra 

mussels since they are more common than quagga mussels in Minnesota inland lakes, the 

location of this study.  

Reproduction in zebra mussels typically begins during the fall of their second year 

when females start producing eggs. These eggs develop through the winter until they are 
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released for external fertilization in the following spring (Mackie 1991). Reproduction 

may vary with water temperatures, with warmer lakes having more reproductive events 

during the year. Zebra mussel larvae (veligers) are free swimming and emerge from eggs 

usually between 3-5 days after fertilization (Stanczykowska 1977). The free-swimming 

larvae stage is perhaps the most advantageous characteristic for mussel dispersal. 

Veligers can be carried downstream by currents or to other bodies of water in the bilge 

water of boats. Once a veliger settles on the bottom of a waterway in the littoral zone, it 

will attach to a hard substrate by byssal threads (Mackie 1991; Ricciardi et al., 1997). 

Zebra mussels prefer hard substrates like rocks but have been found attached to native 

unionid mussels and submerged macrophytes as well (Lewandowski & Ozimek, 1997; 

Mackie 1991). Once attached to a substrate, zebra mussels can live for 3-9 years and are 

sexually mature at a shell length of 8-9 mm (Mackie 1991). Zebra mussels form dense 

colonies referred to as druses, which can typically reach an average lake and river mussel 

biomass of 0.5-20 g m-2 (shell-free dry mass) and <100 to >1500 individuals/m-2 

depending on environmental characteristics (Stanczykowska & Lewandowski 1993; 

Strayer et al., 1999). In some systems numbers of zebra mussels have even been reported 

to exceed 100,000 m-2 with a biomass of > 10 kg m-2 (Minchin et al., 2002). Their 

optimal environment includes water column pH in the range of 7.4–8.0 and temperatures 

between 20–25 °C. For zebra mussels to maintain shell growth, 20-125 ppm of Calcium 

(Ca) is required in the waer, a major limiting factor in their distribution (Ludyanskiy et 

al., 1993). 

The zebra mussel is one of the most prolific invasive mussels capable of rapidly 

spreading to adjoining systems and attaining high biomass (Ludyanskiy et al., 1993; 
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Ramcharan et al., 1992a) due to some of its life history traits. Once established in a new 

ecosystem, zebra mussels can have profound impacts on the local economy, recreational 

activities, and ecosystem function (Mackie 1991). Economic losses result from clogged 

drinking water intake pipes, blocked power plant cooling intakes, damaged irrigation 

systems, and damage to boat engines (Booy et al., 2017). Dense colonies of zebra 

mussels constrict water flow in intake pipes and corrode structural steel for power plants, 

and their removal and resulting maintenance costs companies’ large sums of money. 

Small mussels and veligers have also been found to damage boat engine cooling systems 

leading to extra repair costs. Fishing gear such as nets and lines can also be damaged in 

lakes with high densities of zebra mussels. Finally, impacts to recreational activities 

include shifts in game species due to alterations of habitats or injuries to swimmers when 

they cut their feet on shell material. Annual estimated costs to address such problems due 

to zebra mussels have not been fully estimated, but are far in excess of $100 million 

(Strayer 2008). 

Economic and recreational impacts are not the only concerns associated with 

zebra mussel invasions. Zebra mussels can also have dramatic ecological effects such as 

changes in water clarity, alterations of nutrient cycling, changes to the abundances of 

native flora and fauna, and alterations in community structure (e.g., Hecky et al., 2004; 

Higgins & Vander Zanden, 2010; Ozersky et al., 2015; Vanderploeg et al., 2002, 2017). 

Zebra mussels acquire carbon and nutrients by filtering water across their gills, and can 

process from 5 to 400 ml of water mussel-1 h-1 (Ackerman, 1999), removing particles 

varying in size from 0.7–1200 µm (Horgan & Mills., 1997). Variability in recorded 

filtration rates may be due to factors such as water temperature (Vanderploeg et al., 
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1995), water flow velocity (Ackerman, 1999) and particle size (Sprung & Rose, 1988). 

Through the process of filtration, substantial quantities of algae and particulate nutrients 

are filtered out of the water column with potentially significant consequences. Following 

zebra mussel invasions, dramatic water quality changes have been documented. 

Dreissenid filtration of large amounts of algae and particulates from the water column 

can result in increased water clarity. A 60-100% increase in Secchi disk transparency was 

reported in Saginaw Bay post zebra mussel invasion (Fahnenstiel et al., 1995). Similar 

changes in water clarity were reported in the western basin of Lake Erie where there was 

an 85-100% increase in Secchi disk transparency (Holland 1993, Leach 1993). 

Phytoplankton, the primary food source for zebra mussels, but other suspended particles, 

such as bacteria, microzooplankton, silt and even their dreissenid veligers are filtered 

from the water column leading to this increase in Secchi transparency. In Lake Erie, there 

are reports of diatom abundance decreasing by 82-91% shortly after zebra mussel 

expansion (Holland 1993). The Lake Erie zooplankton community was also impacted 

following zebra mussel establishment, with reports of abundance of crustacean 

zooplankton dropping 55-71% (MacIsaac et al., 1991). In Saginaw Bay, zooplankton 

biomass decreased from 130 to 78 mg /m-3 (dry weight) during the period between 1991 

to 1992 (Bridgeman et al., 1995). Similarly, there was a decrease in rotifers and 

protozoans in the Hudson River after zebra mussel establishment in 1992 (Pace et al., 

1998). The decreases in zooplankton abundance can be attributed to the decrease in 

available phytoplankton for consumption (e.g., MacIsaac 1996).   

Increased water clarity due to dreissenid filtration also often leads to increases in 

submerged macrophyte growth. Submerged macrophyte communities tend to shift from 
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shade-tolerant species to species capable of withstanding increased light levels (Zhu et 

al., 2006; Depew et al., 2011). Increases in light levels and nutrient release from 

metabolic wastes has also led to excessive benthic algal blooms of the attached 

macroalgae Cladophora (Auer et al., 2010) and increased blooms of harmful 

cyanobacteria (Vanderploeg et al., 2001) in some of the lower Great Lakes. Habitat 

structure can also be significantly altered. Zebra mussels can influence the benthic habitat 

through generation of shell material. Shells of living and dead mussels can serve as 

refuge for other benthic invertebrates and are also beneficial for benthic algae growth 

(Griffiths, 1993; Maclsaac, 1994). The increased abundances of benthic invertebrate 

communities in many systems are seen in nearshore waters as a result in the shift in 

energy from the planktonic to benthic foodwebs (MacIsaac1996). 

Zebra mussel have significant impacts on nutrient dynamics largely due to their 

efficient filter-feeding capability and subsequent effect on the fate of filtered nutrients. 

Since dreissenids filter large quantities of particulate nutrients and carbon from the water 

column their storage, excretion, and biodeposition affect the distribution and 

remineralization of nutrients in the system. Dreissenids can remove nutrients from the 

water column by incorporating significant portions of ingested nutrients into tissue and 

shell material. Through excretion, mussels can return large quantities of nutrients in the 

water column which accelerate the conversion of particulate nutrients to bioavailable 

form for other benthic algae and phytoplankton through excretion (Mackie 1989). 

Particles that are filtered but not ingested are captured in mucus and discharged as 

pseudofeces. The deposition of particles on the lake bottom in the form of feces and 

pseudofeces adds organic matter to the sediments benefiting bacteria and subsequently 



 

 

7 

 

other macroinvertebrates (MacIsaac 1996; Naddafi et al., 2007b; Sousa et al., 2014). 

Information about the fate of nutrients processed by zebra mussels is necessary for 

constructing complete nutrient and carbon budgets for dreissenid populations and 

understanding their impacts on water chemistry and ecology. 

Food web dynamics are also influenced by the presence of filter-feeding zebra 

mussels (Costa et al, 2017).  Changes in productivity at the bottom of the food web 

impact higher trophic levels, including fish (MacIsaac 1996; Johannsson et al., 2000). A 

study in Lake Huron found whitefish changed diets from offshore prey to nearshore prey 

in areas heavily dominated by dreissenids (Rennie et al., 2009).  In Minnesota, Lake 

Mille Lacs was used for modeling zebra mussel impacts on food web dynamics. 

Zooplankton and insects comprise a large portion of yellow perch diet and therefore, with 

decreasing zooplankton because of zebra mussel filtration, the yellow perch population 

declined as well (Kumar et al., 2016). Likewise, research conducted in Lake Ontario by 

Hoyle et al., (2008), showed less productive walleye fisheries following zebra mussel 

establishment. The decrease in survival of juvenile walleye was suggested to result from 

an increased risk of predation with clearer water and lower food availability. Reports of 

walleye populations declined in Lake Erie attributed to the increase light penetration. In 

Lake St. Clair increase in abundance of northern pike, muskellunge and bass may relate 

to increased production of macrophytes in conjunction with enhanced water clarity and 

increased euphotic depth (MacIsaac1996). 

The sum of the effects of dreissenid mussels on various aspects of ecosystem 

functioning causes a redirection of energy and nutrient flow in invaded ecosystems from 

the pelagic to the littoral-benthic region. This redirection of energy and nutrients has been 
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called “benthification” (Mills et al., 2003) or the “nearshore shunt” (Hecky et al., 2004). 

The direct grazing on phytoplankton and removal of nutrients results in decreased 

importance of the pelagic-profundal energy and nutrient pathway and decreased 

abundances of phytoplankton, zooplankton, and profundal zoobenthos. In contrast, the 

littoral-benthic energy and nutrient pathway increases in importance.  Littoral 

zoobenthos, periphyton, and macrophytes significantly benefit from the structure of 

shells, increased availability of dissolved and particulate nutrients and carbon provided 

by dreissenids excreted as waste (Hecky et al., 2004; Higgins & Vander Zanden, 2010; 

Ozersky et al., 2009; Vanderploeg et al., 2002) and from increased water transparency 

(Holland 1993; Idrisi et al., 2001; Karatayev et al., 1997; Strayer et al., 1999).  

Given the complexity of the role invasive dreissenids have in nutrient and food 

web dynamics and ecosystem services, a quantitative framework for understanding 

dreissenid effects is needed to inform management-relevant policy. Few studies have 

looked at the combined effects of nutrient excretion, biodeposition, and storage by zebra 

mussels on nutrient dynamics in different systems. Most studies focus on a single system 

or single aspect of effects on nutrient cycling and relatively few studies try to scale up 

their results to a whole-system level. The overall objectives of this work are to fill these 

knowledge gaps by developing a quantitative understanding of the combined effects of 

dreissenids on nutrient cycling in Minnesota lakes and to project these effects on whole-

lake scales. Specifically, the goals of this project are to investigate how tissue and shell 

C, N, P composition, and nutrient remineralization rates vary across lakes of different 

size and trophic status (Chapter 1), and construct nutrient budgets for dreissenid 
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populations in these lakes by incorporating dreissenid biomass surveys and results from 

Chapter 1 to assess whole-system effects of dreissenids (Chapter 2). 

Chapter 1: Nutrient Cycling by Zebra Mussels: Storage, Excretion, and Egestion  

Biogeochemical cycling involves the movement of biologically important 

elements among the non-living and living compartments of the environment (Vanni 

2002). Cycling of carbon, phosphorus and nitrogen has especially important implications 

for ecosystems and organisms that inhabit them. Carbon is essential for all organism as it 

is the basic building block of carbohydrates, fats, proteins, and nucleic acids. 

Phosphorous is needed for synthesis of DNA, cell membranes, teeth, and bones and for 

energy transport. Similarly, nitrogen is an important constituent of DNA and RNA, 

amino acids, and proteins. Metabolic processes such as respiration and waste excretion 

and decay of dead organisms are important processes for of the cycling C, P and N within 

ecosystems. These elements are necessary for life; however, when available in excess, 

some environments can experience negative consequences. Aquatic ecosystems in 

particular are increasingly stressed by excessive nutrient loading. The nutrients 

phosphorus (P) and nitrogen (N) control the productivity of aquatic ecosystems, and 

over-enrichment in P and N can lead to eutrophication and poor water quality (e.g., 

Beeton and Edmondson 1972; Goldman 1988; Wetzel 2001). P in particular is an 

important productivity-limiting nutrient for phytoplankton and periphyton as well as 

being one of several macronutrients crucial for the growth of heterotrophic freshwater 

organisms (e.g., Duarte 1992; Turner et al., 2003).  

While allochthonous nutrient inputs are important to many ecosystems, animals 

can play important roles in nutrient cycling through their metabolic activities (Frost et al., 
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2002; Moe et al., 2005 Vanni, 2002). One framework for understanding the effects of 

consumers on ecosystem nutrient dynamics is ecological stoichiometry: the study of the 

balance of energy and multiple chemical elements in ecological systems as mediated by 

organisms’ nutrient requirement and available nutrients in the environment (Elser et al., 

2000; Sterner & Elser 2002). One tenant of ecological stoichiometry is the concept of 

elemental homeostasis, which refers to an organism’s tissue nutrient content as being 

relatively independent of nutrient composition of available food. Many metazoan 

consumers have stricter homeostasis compared to bacteria and primary producers that can 

wary more widely in their tissue composition, depending on environmental conditions 

(Sterner & Elser 2002). The imbalance in stoichiometric composition and requirements 

between consumers and their food means that when consumers ingest food with excess of 

a specific nutrient, they are capable of excreting what is not needed, while retaining 

environmentally limited nutrients important for their growth and reproduction. There are 

expected tradeoffs between species with high versus low stoichiometric homeostasis. 

Species with lower stoichiometric homeostasis and higher tissue contents of limiting 

nutrients are often faster growing animals and can take advantage of nutrients when 

available (Frost et al., 2002).  

Invasive species may have especially large effects on nutrient dynamics in 

invaded ecosystems because they can alter biogeochemical cycles in novel ways (e.g., 

Arnott and Vanni 1996; Covich et al., 1999; Zhang et al., 2017). A particularly successful 

aquatic invader, with noted effects on biogeochemical nutrient cycling, are zebra and 

quagga mussels (Dreissena polymorpha and D. rostriformis bugensis) (e.g., Gardner et 

al., 1995; Higgins & Vander Zanden 2010; James et al., 1997). Dreissenid mussels are 
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filter feeders that remove substantial amounts of phytoplankton and particulates from the 

water column, competing with zooplankton consumers and increasing water clarity. 

Increases in water clarity lead to improved light penetration which promotes submerged 

macrophyte and benthic algal growth. In turn, increased macrophyte abundance provides 

substrate and habitat for some benthic invertebrates. Because dreissenids can reach very 

high densities in some systems, their filtration and other metabolic activities can 

potentially have dramatic effects on food web dynamics and nutrient availability, leading 

to redirection of energy and nutrients from the pelagic-profundal to the benthic-littoral 

pathway (Higgins & Vander Zandedn 2010). Research done in the western basin of Lake 

Erie and elsewhere has applied the concept of ecological stoichiometry to understand the 

role zebra mussels play in nutrient cycling (Arnott & Vanni 1996; Morehouse et al., 

2013; Vanderploeg et al., 2017). 

Dreissenids can affect nutrient cycling in several ways. Particulate nutrients and 

carbon (algae, detritus, etc.) filtered from the water column by dreissenids can have three 

possible fates: incorporation into tissue and shell material, excretion in dissolved form, or 

egestion as solid waste- biodeposition as feces and pseudofeces (e.g., Baker 1998; Gergs 

et al., 2009; Ozersky et al., 2015; Stańczykowska & Lewandowski 1993). Nutrients 

assimilated into tissue and shell are temporarily removed from circulation in the 

ecosystem while excreted and egested nutrients are returned to cycling more quickly. 

Unlike nutrients that are incorporated into tissue and shell, excreted and egested nutrients 

are more available in the water column and sediment. Mussel excretion provides primary 

producers bioavailable nutrients for immediate uptake while deposition of feces and 
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pseudofeces increase inputs of labile organic matter to the sediments benefiting bacteria 

and benthic organism. 

Tissue and shell content of C, N and P can have an important role in the overall 

cycling of nutrients in lakes (e.g., Goedkoop et al., 2011; Ozersky et al., 2015). For 

example, Goedkoop et al., (2011) estimated that 3.4, 36.6, and 174.3 tons of P, N, and C 

respectively were fixed in zebra mussel soft tissue in a medium-sized lake in Sweden, 

indicating dreissenids are efficient at nutrient retention. Shells are also important when 

considering longer-term storage of nutrients, as P and N content in living mussel shells 

were estimated at 6.4 and 9.8% of total water column standing stocks of these nutrients 

and 10% of P loading annually in Lake Simcoe (Ozersky et al., 2015). Shell may be more 

important than tissue for the long-term storage of P and N because of the longer time it 

takes to remineralize back into the water column; for example, Ozersky et al., (2015) 

estimated the half-life of dreissenid shells to be 14 years in Lake Simcoe. Also, because 

shell mass contributes more to total body mass than soft tissues, it has the potential to 

store large quantities of nutrients.  

Metabolic waste excretion by dreissenids can also be important in the balance and 

recycling of nutrients in a system (Naddafi et al., 2008). Excretion of nutrients and 

carbon in inorganic dissolved form (PO4, NH4
+, CO2) can support benthic algal growth, 

including nuisance algal blooms (Ozersky et al., 2009; Ozersky et al., 2011) and can form 

a considerable part of overall nutrient budgets of invaded lakes (Arnott & Vanni 1996; 

Conroy et al., 2005; Ozersky et al., 2015). The increased release of dissolved nutrients 

into the water column may not result in greater phytoplankton biomass because zebra 

mussels also exert strong grazing pressure which results in decreased phytoplankton 
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biomass (Higgins & Zanden, 2010; MacIsaac, 1996). Instead, these nutrients can support 

growth of benthic algae or phytoplankton species that are resistant to grazing by 

dreissenids (e.g., colonial cyanobacteria). For example, in Lake Ontario, mussels could 

supply more SRP than needed to support growth of benthic Cladophora algae (Ozersky 

et al., 2009). In Lake Erken, the amount of P recycled by zebra mussels was estimated 

between June to November of 2005 to be 6,660 kg, which greatly exceeded the 2006 

estimate of 3,000 kg (Malmaeus & Rydin 2006) released annually from sediments in the 

profundal zone of this lake (Naddafi et al., 2008). Dreissenid P excretion has been shown 

to be significantly correlated with seston (PP) concentration and a shift towards higher 

SRP:TP ratios is consistent with dreissenids filtering and excretion effects (Effler et al., 

1996). The lake nitrogen budget, especially in nearshore waters, is also influenced by 

dreissenids ammonia excretion, as it is the primary form of nitrogen excreted (Gardner et 

al., 1995) and taken up directly by algae or through oxidation of ammonia to nitrate by 

bacteria.  

The egestion of nutrients and carbon in solid form, referred to as biodeposits, are 

quantified in the context of combined feces and pseudofeces. Feces are comprised of 

ingested nutrients filtered through the inhalant siphon but not assimilated into tissues and 

pseudofeces are particulate matter filtered but not ingested (Gergs et a., 2009; Nalepa et 

al., 1991). Dreissenid biodeposition can move significant amounts of carbon and nutrients 

to the benthos (Arnott & Vanni, 1996; Gergs et al., 2009; Naddafi et al., 2008; Ozersky et 

al., 2015), and this flux of matter from the pelagic to the benthic zone is proportional to 

the amount of seston in the water column (Gergs et al., 2009). Eventually, feces and 

pseudofeces are decomposed and remineralized by detritivores and microbes, and their 
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nutrients are returned to the water column for use by primary producers while some 

biodeposits can be permanently buried in sediment (Vanni 2002). In the Hudson River 

zebra mussels were estimated to cause a gross deposition of 66 g DM per m-2 per day that 

contained 0.3 g N, 2.9 g organic carbon and 2.6 g live algal biomass (Roditi et al., 1997). 

These nutrient and energy flow changes are in part responsible for the increase in 

macroinvertebrate abundance. Overall, model and laboratory experiments suggested that 

zebra mussel effects on nutrient dynamics will be dependent on whether nutrients 

processed by dreissenids accounts for a significant portion of the lakes’ annual nutrient 

loading which is related to water residence time and mean depth (Mellina et al., 1995). 

While there is some system-specific information about dreissenid nutrient 

excretion, biodeposition and soft tissue composition, there is little data about how 

nutrient excretion, deposition and composition vary among different systems. Most 

studies focus on a single system, which makes determining what controls rates or tissue 

composition difficult and provides information that may be difficult to generalize to other 

systems. Also, most studies focus on only one aspect of dreissenid effects on nutrient 

cycling (storage, excretion, or biodeposition) so it is hard to compare the importance of 

these processes and how they interrelate. The majority of studies also lack data in regards 

to the elemental composition of shell or its overall importance in nutrient dynamics. 

These gaps are important to fill as this information is necessary to construct complete 

nutrient and carbon budgets for dreissenid populations in invaded lakes and understand 

how dreissenids impact different lake ecosystems.  

One of the main objectives of this study is to better understand how dreissenids 

affect nutrient dynamics and maintain nutrient homeostasis in lakes of varying 
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trophic status and water quality parameters. To achieve these objectives, I examined 

how nutrient storage, excretion and biodeposition of dreissenids varied across systems 

and with environmental characteristics of ecosystems. The principles of ecological 

stoichiometry were used to help identify general patterns across systems. Identified 

relationships could be applicable to current and future management models of lake 

nutrients and fisheries to predict nutrient availability and nutrient limitations in different 

lakes with varying mussel densities and water chemistry parameters.  

The following hypotheses were examined: 

H1) Dreissenids will exhibit strict stoichiometric homeostasis in C:N:P tissue contents 

across systems and therefore should have varying nutrient excretion and egestion rates. In 

oligotrophic lakes, mussels will release less P and N in dissolved and solid form 

compared to mussels in more productive lakes.   

H2) Dreissenid nutrient content in soft tissues will vary across mussel size classes, with 

smaller mussels maintaining a higher percent P tissue content compared to larger mussels 

due to higher P demand by small, rapidly growing mussels.  

H3) Nutrient excretion and biodeposition rates will vary among mussel size classes. 

Because small mussels need to retain more P for growth, their weight-specific excretion 

rates for N and P will be lower than that of larger mussels. 

Methods 

Study sites  

This study focused on ten lakes across Minnesota, spanning a wide gradient of 

trophic conditions, lake sizes and shapes which allowed me to develop nutrient budgets in 

different lakes using the interplay between dreissenid nutrient storage, excretion and 
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biodeposition rates (Figure 1). Selected lakes had documented zebra mussel populations 

and substantial variation in nutrients, water column chlorophyll-a (Chl-a) cs and other 

lake parameters (Table 1). The Minnesota Pollution Control agency (MPCA) has 

classified lake water quality parameters according to seven Ecoregions separated into 

areas based on similar land use, soils, topography and natural vegetation. Lakes chosen 

for this study are found across three regions: Northern lakes and forest, North Central 

Hardwood Forest, and Driftless area. Lakes in the Northern lake and forest ecoregion are 

typically deeper and more sensitive to anthropogenic stressors such as mining and 

logging runoff. North Central Hardwood Forest lakes are in the transitional area between 

the hillier forested areas to the north and east and agricultural plains to the south and 

west. Stress on water quality is mostly due to urban development. Lakes located in the 

Driftless area are more susceptible to high nutrient loading especially nitrate 

contamination of surface water. This is due in part to the region having many animal 

feedlots (MPCA 2005). Across the ecoregions, lakes in my study vary in their calculated 

Trophic Status Index (TSI) from oligotrophic to mildly-eutrophic (Carlson 1977).   

The 10 lakes were sampled twice, once during June 2015 and again in July 2016. 

During the summer 2015 mussels were collected at multiple sites along a depth transect 

(1, 2, 4, 6, 10 m) and used for shell C:N:P content and lake specific biomass estimates. 

Mussel samples collected during summer 2016 were used to determine excretion and 

biodeposition rates. The mussels collected for the excretion rate experiments were also 

used for tissue C:N:P analysis. Concurrent to mussel collection, 1-L water samples were 

obtained for measurement of TN, TP, seston C:N and Chl-a in each lake (Table 1). 
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Additional water quality parameters were recorded in situ using a YSI Exo2 sonde and 

Secchi disc each summer.  

Water chemistry analysis 

  In the study lakes, water samples were taken just below the surface at one of the 

mussel collection sites and at lake center.  In the lab, samples were analyzed for soluble 

reactive phosphorus (SRP) and total phosphorus (TP) on the AQ 400 nutrient auto-

analyzer (SealAnalytical) using standard methods. TP samples were digested with acid 

persulfate at 100°C for 60 minutes followed by the molybdovanadate colorimetric 

analysis. Particulate carbon and nitrogen were run on an elemental analyzer-isotope ratio 

mass spectrometer (EA-IRMS) to determine total C and N content and C/N stable 

isotopic values of seston. Total Nitrogen (TN) was analyzed following standard methods 

on the AQ 400 auto-analyzer (SealAnalytical). Chlorophyll-a samples filtered onto GF/F 

filters and were extracted in 90% acetone centrifuged and then measured 

fluorometrically. Conductivity, pH, and dissolved oxygen were measured with a YSI 

Exo2 sonde in the field. Water chemistry was used to compare how tissue nutrient 

content and ratios (C:N:P), excretion and biodeposition rates of the different size classes 

related to limnological parameters in the different lakes. 

Tissue and shell C:N:P analysis 

During the summer 2015 sampling season, mussels were collected at a nearshore 

site at each lake from the littoral region. Water temperatures ranged from 16-20°C. The 

mussels collected were bagged and frozen for later analysis of tissue and shell C, N and P 

content. Mussels were thawed and separated into size-classes (small, 5-10mm shell 

length; medium, 12-15mm shell length; large, >20mm shell length) for each of the ten 



 

 

18 

 

lake locations. The shells were cleaned with a toothbrush, gently removing algae, dirt, 

and other attached material. The soft tissues and shells were separated by carefully 

opening the shell and removing all the soft tissue with forceps placing tissue into glass 

vials. Careful attention was paid to include the removal and disposal of the byssal 

threads. Mussel shell and tissue were dried at 60°C for 48 hours or until completely dry. 

The composite pooled dried tissue and shell samples for each size class and lake were 

ground into fine powder using a mortar and pestle. Three sub-samples of each mussel 

size category of shell and tissue were weighed and analyzed for C:N:P content using the 

same methods as for seston nutrient analysis. C, N, and P content were reported as 

quantity of element per g mussel sift tissue or shell dry weight. 

Nutrient excretion measurements 

During summer 2016 data on nutrient cycling of zebra mussels was collected at 

each study lake. Excretion rate measurements were performed on mussels from near-

shore sites (1.5- 2 m depth) in each lake to analyze N and P released in dissolved 

inorganic form as NH4+ -N (ammonia) or PO4
3—P (phosphate). To ensure a measurable 

change in ammonia and phosphate occurred in each experimental container, the number 

of mussels per container varied, with greater number of small mussels per container 

compared to large mussels. Mussels were separated into 3 size classes (small- 4-11mm, 

medium- 12-18 mm, large- 19-28 mm) with 3 replicates of each size class. Each size 

class contained a predetermined number of mussels (3-large, 4-medium, 5-small). Sorted 

mussels were cleaned with a toothbrush to remove all silt and attached algae. At the start 

of the experiment, cleaned mussels were placed in 50 ml acid-washed falcon tubes with 

45 mL of low-nutrient culture water (NOPN medium; Lehman 1980) and incubated at 
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17°C for 3 hours. Samples were placed in a cooler half filled with lake water during the 

incubation period and water temperature was maintained within 2°C of 17°C by the 

addition of small quantities of ice as the water in the cooler warmed. Three control falcon 

tubes containing filtered low-nutrient culture water without mussel were used during each 

lake experiment. At the end of the incubation period mussels were removed from each 

falcon tube and placed in labeled bags for later tissue nutrient analysis.  The media from 

each incubation container was syringe-filtered through a 0.22 µm filter into a clean 50 ml 

acid-washed falcon tube and frozen for later processing. The filtered water was thawed 

thirty minutes prior to being ran on the AQ 400 nutrient auto-analyzer (SealAnalytical) 

for NH4+ -N and PO4
3—P following standard methods. N and P excretion was 

determined as the change in ammonia and phosphate content in the water during 

incubations with mussels relative to controls without mussels. Ammonia and phosphate 

excretion rates were determined by multiplying the nutrient content by the falcon tube 

volume, dividing by soft-tissue or number of mussels in a replicate, and dividing by the 3 

h incubation period to determine hourly rate. Rates of ammonia and soluble reactive 

phosphorus (SRP) excretions were reported in terms of micrograms excreted per gram 

dry weight per hour (µg gDW-1h-1) and micrograms excreted per mussel per hour (µg 

mussel h-1). 

Biodeposition analysis 

Mussels for biodeposition rate and biodeposit stoichiometry measurements were 

collected and cleaned following the same method as for the excretion rate experiment. 

Forty-five mussels in the medium size class (averaging 15 mm) were divided into 3 

groups of 15 mussels and placed in 45 mL low nutrient culture water (NOPN, medium; 
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Lehman 1980) and incubated for 3 h at 17°C.  After 3 h, mussels were removed from the 

containers and the remaining cultured water with biodeposits was frozen for later 

processing. Using an Eppendorf pipette, each thawed biodeposit sample was divided 

evenly into two clean falcon tubes then filtered through 2 pre-weighed and pre-

combusted GF/F filters. One filter was used for P and the other for C and N content. 

Filters were dried and weighed to assess total biodeposition rate and then analyzed for C, 

N and P content. Filters analyzed for C and N were run on an elemental analyzer-isotope 

ratio mass spectrometer (EA-IRMS). Filters analyzed for P content were digested 

following standard methods outlined for use with the AQ-400. A rate of C, N and P 

biodeposition was calculated in terms of micrograms egested per gram dry weight per 

hour (µg gDW-1h-1) for each replicate.   

Statistical Analysis 

Tissue C, N and P content, excretion and biodeposition rates were analyzed using 

mussels from the 2016 sampling year. Differences in nutrient contents for both shell and 

tissue between mussel size-classes and lake were analyzed by two-way Analysis of 

Variance (ANOVA) after checking for normality of the data. Tissue C, N and P content 

was analyzed using the mussels collected for the excretion experiment. Shell nutrient 

content was analyzed by two-way ANOVA using samples from 2015. Shell content for 

2016 samples was not analyzed and therefore shell from 2015 was used, assuming shell 

content remains stable between years. Post hoc Tukey test was applied to examine 

differences between mussel size classes. 

Differences in excretion rates of ammonia and SRP across lakes and size classes 

were analyzed by means of two-way ANOVA, followed by post hoc testing to identify 
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specific differences. To meet all statistical assumptions NH4
+ measurements were log 

transformed and SRP measurements were cube root transformed. To further compare 

nutrient excretion NH4
+ -N and PO4

3-—P were plotted in linear regression against each 

other. Differences in nutrient content of biodeposits among lakes were analyzed by one-

way ANOVA (since only medium mussels were used in the experiment I could not 

examine differences between size classes). All nutrient contents of biodeposits were log 

transformed to meet statistical assumptions. 

Regression analysis was performed to examine which water chemistry parameters 

influenced tissue C:N:P composition, excretion rates, and biodeposition rates. Multiple 

linear regression was used to model the relationship between two explanatory variables 

(lake Chl-a, mussel size etc.) and a response variable by fitting a linear equation to the 

data. Multiple linear regression was used to analyze tissue and excretion rate 

relationships while simple linear regression was used to examine the relationship between 

lake Chl-a and biodeposition rate. Regression residuals were normally distributed and a 

linear relationship was assumed between the dependent variable and the independent 

variables. Linear regression was also used to examine relationships between tissue 

nutrient content and lake Chl-a concentration. Data that did not comply with parametric 

assumptions of normality were log transformed or square root transformed. All statistical 

analyses were performed using R 3.31 software package. An alpha level of 0.05 was used 

for all statistical analyses. 

Results   

Tissue and Shell C, N, P Content 
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Results show that dreissenid (2016) soft tissue P, C and N content varied between 

lakes and mussel size classes (Figure 2). There were statistically significant (p<0.05) 

interactions between the effects of lake and body size on soft tissue P, N, and C (Table 2). 

Tukey’s HSD post hoc tests were carried out across all lakes. For tissue P and N small 

mussels were significantly different from medium mussels (p < 0.00001) and large 

mussels (p < 0.00007), but there was no evidence to suggest medium and large mussels 

differed in tissue P and N content. For tissue C, small mussels were significantly different 

from medium mussels (p < 0.0005) and large mussels (p < 0.018). Medium and large 

mussels also differed in tissue C (p < 0.006). Large mussels had the highest average 

content of C, N and P in soft tissue. Small mussels had the highest N:P and C:P ratios 

compared to medium and large mussels across lakes (Table 3, 4). There were positive 

relationships between each tissue N:P, C:P and C:N  (Figure 3). 

Dreissenid shell (2015) nutrient storage varied between mussel sizes and lake 

(Table 5, 6). Shell P and N content varied between lakes and size classes with a 

significant (p<0.05) lake-size interaction for shell P, but no significant interaction for 

mussel shell N (Table 2). Mussel shell P and N content were highest in small mussels 

with significant variation between mussel size classes and lakes. Tukey’s HSD post hoc 

tests of shell P suggest small mussels were significantly different from medium (p < 

0.00001) and large mussels (p < 0.00001) but there was no evidence to suggest that 

medium and large mussels differed (p = 0.47). Shell N content was significantly different 

between small and large mussels (p < 0.008) but no difference existed between small and 

medium (p = 0.08) or medium and large mussels (p = 0.57). The C content of shell did 

not vary significantly between mussel sizes and lakes. (Figure 2). 
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Zebra Mussel Excretion of NH4
+ and SRP and Biodeposition  

Excretion rates differed between mussel size classes and lakes (Figure 4). A two-

way ANOVA was carried out for both excretion of ammonia (NH4
+ -N) and phosphate 

(PO4
3- -P) taking into consideration mussel size class and lake on a µg/g and per mussel 

hour. NH4
+ -N was log transformed and PO4

3- -P was cube root transformed to meet all 

assumptions. Ammonia µg/g excretion significantly (p<0.05) differed between size 

classes and lakes with a significant interaction between size and lake (Table 7). Tukey’s 

HSD post hoc test suggested differences in µg/g ammonia excretion between small and 

medium (p < 0.0001), small and large (p < 0.00001) and medium and large mussels (p< 

0.0003) across all lakes. Ammonia excretion per mussel varied significantly between 

mussel sizes and lakes but no interaction between size and lake was shown. Tukey’s HSD 

post hoc showed that small and medium mussels and small and large mussels differed but 

no significant difference was present between medium and large mussels (p>0.43). 

There was statistically significant effects of mussel size and lake on µg/g 

phosphate excretion and significant interaction between mussel size and lake (Table 7). 

Tukey’s HSD post hoc test suggests µg/g phosphate excretion varied between small and 

medium mussels (p < 0.00002) as well as small and large mussels (p < 0.0001) but no 

differences were present between medium and large mussels (p > 0.16). Soluble reactive 

phosphorus (SRP) per mussel varied significantly between mussel size classes and lakes 

(p>0.05) with a size by lake interaction. Per mussel SRP excretion varied across all 

mussel size classes with the greatest difference between small and large mussels 

suggested by Tukey’s HSD post hoc test. 
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On a unit mass basis, N:P ratio excretion decreased with increasing mussel size 

(Table 8). Across lakes small mussels N:P (n=27) averaged 6.34 (SD = 6.75) while 

medium and large mussels averaged 5.78 (SD = 2.66) and 5.71 (SD = 5.55), respectively. 

N:P excretion were not significantly different between mussel sizes. Per mussel, small 

mussels across lakes excreted less NH4
+ and SRP compared to medium and large 

mussels. Per gram (µg/g DW tissue h⁻¹) small mussels had a higher excretion of both 

NH4
+ and SRP (Figure 5). Mussel tissue N:P and C:P were both positively related to 

NH4
+  excretion (r2=0.05, p < 0.019 and r2=0.07 p < 0.008). Mussel tissue C:P and N:P 

were negatively correlated to SRP excretion (r2=0.10, p < 0.002 and r2=0.09 p < 0.003). 

There were also differences between NH4
+ excretion and SRP excretion across lakes 

(Table 9).  

One-way ANOVA was used to examine dreissenid mussel total biodeposition and 

biodeposit content of each P, N, and C in the sampled lakes. The data was transformed to 

meet all assumptions. Total biodeposition (sum of feces and pseudofeces deposited) was 

analyzed by one-way ANOVA and there were no significant differences between lakes. 

Biodeposition of P and C were log transformed and biodeposition of N was cube root 

transformed. Each one-way ANOVA of P, N and C biodeposition rate also revealed 

statistically significant differences between lakes (Table 10), indicating not all lakes have 

the same dreissenid composition of P, N and C in feces/pseudofeces (Table 11, Figure 6).  

Regression Analyses 

Multiple linear regression analyses were used to determine the best predictors for 

tissue C, N, and P content and NH4
+ and SRP excretion rates (Table 12). Simple linear 

regression was used to analyze differences in biodeposits nutrient content in different 
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lakes. Multiple regression analysis was used to test what variables (mussel tissue 

composition, lake chlorophyll-a concentration or mussel size category) could predict 

mussel tissue content of each P, N, and C. The results of the tissue P regression indicated 

mussel size and water column chlorophyll-a explained 46% of the variation in tissue P 

(Figure 7). Chlorophyll-a alone predicted 27% of tissue P variance. Tissue C was the only 

significant predictor for tissue N content while mussel size was the only predictor for 

tissue C content (Figure 8,9). 

For determining significant predictors of NH4
+ and SRP excretion, multiple linear 

regression was performed with and without outliers. NH4
+   and SRP each had one outlier 

removed.   Outliers were removed due to laboratory handling error and tables present 

results excluding outliers. Ammonia excretion was log transformed and SRP was cube 

root transformed to meet all statistical assumptions. Tests were run with and without 

outliers and mussel size category was the strongest predictor of NH4
+ excretion with 

(r2=0.46, p < 0.00001) and without the outlier (r2=0.46, p < 0.0001) (Figure 10). The 

residuals were more symmetrical without the outlier so it is not included in the table of 

reported results.  Both size category and Chlorophyll-a concentrations were strong 

positive predictors for SRP excretion with (r2=0.14, p < 0.0008) and without the outlier 

(r2=0.391, p < 0.0001) (Figure 11). Size alone predicted 33% of mussel SRP excretion 

(r2=0.33, p < 0.0004). 

Regression analyses was used to determine if water chemistry parameters could 

be used to predict C, N, and P biodeposit rates. Chlorophyll-a was a significant predictor 

for C, N, and P biodeposition content (Table 12; Figure 12).  

Discussion  
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The main objectives of this research were to quantify the differences in the effects 

of zebra mussels on nutrient cycling in different lakes in Minnesota. Together, dreissenid 

nutrient storage, excretion and egestion were studied across a gradient of lakes to better 

understand the extent and ways in which dreissenids are affecting nutrient dynamics in 

these systems. The results indicated significant relationships between environmental and 

dreissenid demographic parameters and cycling and storage of nutrients in lakes. It was 

predicted that mussels would maintain stoichiometric homeostasis in carbon (C), nitrogen 

(N) and phosphorus (P) tissue and shell composition across lakes and sizes while varying 

excretion and egestion rates. The results indicated that small mussels had the lowest 

weight specific amount of C, N and P in soft tissues but the highest content in shell 

material. Excretion of both phosphorous and nitrogen were highest for small mussels and 

N:P excretion ratios generally decreased with increasing lake productivity. Measured 

biodeposition rates of C, N and P varied significantly between lakes with a negative 

relationship to lake productivity. 

C, N and P storage  

In this study, we found that mussels on average stored 485±51 SD mg/g C, 

108±12 SD mg/g N and 22±9 SD mg/g P in soft tissue and 122±4 SD mg/g C, 2±0.7 SD 

mg/g N and 0.07±0.04 SD mg/g P in shell. The C, N and P in dreissenid tissues was 

unevenly distributed; soft tissue is more important for P storage while shell is more 

important for C storage. Patterns in mussel nutrient storage were controlled by size of 

mussels and lake characteristics and were in the range of values reported in the literature 

(Table 19). The average soft tissue C, N and P content in mussels from the study lakes 

were similar to those of mussels in Lake Simcoe, ON and Lake Ekoln in Sweden 
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(Goedkoop et al., 2011; Ozersky et al., 2015). Tissue P varied between lakes and was 

related to chlorophyll-a while tissue C was positively correlated with mussel size and 

tissue N content correlated with tissue C content. 

Mussel size effects on tissue and shell nutrient content  

As hypothesized, dreissenid nutrient content in soft tissues varied across mussel 

size classes. Dreissenid nutrient content in soft tissues varied across all mussel size 

classes, with smaller mussels maintaining a lower weight specific tissue P content 

compared to larger mussels. Large mussel soft tissue was richer in both N and P 

compared to medium and small mussels. These findings are counter to my initial 

expectations of higher tissue P in small mussels because of the need to allocate more P 

for growth and metabolism. Small mussels also had higher average P and N content in 

shell compared to medium and large mussels. A possible explanation for this is that shells 

of younger mussels are relatively thinner than those of older mussels and contain a higher 

proportion of P and N in the organic periostracum layer of the shell than larger mussels, 

the shells of which are thicker and made up of proportionally more inorganic calcium 

carbonate. Another possible explanation for larger mussels having higher P content is 

their need for sequestering P for gametes. Mussels in this study were collected in mid 

July and may be similar to mussels in Marion Reservoir, Kansas where peak veliger 

density occurred in August following peak presence of mature gametocytes (Delmott & 

Edds 2014). Male mussels generally sexually mature before females and sperm 

production requires less energy than oocyte production (Vailati et al., 2001). This study 

did not distinguish between the sex of the mussels which might be important for tissue P 

storage. Local lake factors such as temperature, and food availability can impact mussel 
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growth to maturity (Nichols 1996). If some lakes in this study were sampled with mussels 

in the small size category (see methods) but were mature relative to other lakes with 

small mussels not sexually mature, then differences in mussel storage might not correlate 

with mussel size classes but more on maturity related to local factors.  Our regression 

model indicated tissue N content was not directly related to mussel size but was 

positively related to Tissue C content which was correlated to mussel size. Smaller 

mussels potentially stored more C in tissues for energy to maintain high metabolisms.  

Lake driven differences in nutrient storage 

 Differences in mussels C, N and P composition across lakes can be driven by the 

quality or quantity of nutrients within a system (e.g., Naddafi et al., 2009; Madon et al., 

1998). In this study, mussel P content varied between lakes and positively correlated 

(Figure 12) with lake chlorophyll-a which is a measurement of phytoplankton biomass. 

Small & Pringle (2010) studied consumer composition in different types of streams and 

found that invertebrate consumers from high-P streams had elevated P content. Dreissena 

may also be able to modify their tissue P content in relation to lake trophic state which 

would be important for physiological fitness and invasion success (Naddafi et al., 2012). 

In general, invasive organisms capable of modifying their nutrient requirements and 

growing faster per unit nutrient use have a competitive advantage in invaded systems 

(Sakai et al., 2001). Thus, it is reasonable to expect a higher tissue N and P contents in 

zebra mussels in lakes of higher trophic levels like Lakes Pepin and Zumbro. The 

variation in mussel P storage between lakes is an interesting point to consider, and 

suggests that zebra mussels are perhaps flexible in maintaining tissue homeostasis, this 

being one of the factors behind their invasion success in different types of systems. 
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Although soft tissue C and N content varied across lakes, measurements were not 

correlated with Chlorophyll-a suggesting other lake factors not measured in this study can 

impact storage of these elements.  

From this study we see that mussels can store different amounts of nutrients in 

tissue and shell material depending upon factors like mussel size and lake productivity. 

Together the factors that help explain variation in mussel nutrient storage can be useful 

for better understanding invasion success and their impacts on whole-ecosystem 

dynamics (Chapter 2). 

Excretion   

Like mussel C, N and P storage, nutrient excretion rates varied among mussel size 

classes and lakes (Table 2). We found that mussels on average excrete 66±43 SD µg/g 

DW/hr N and 14±12 SD µg/g DW/hr P. The lake averages of SRP and NH4
+ excretion 

rates measured in this study are within the range reported in other studies (Table 20). 

There was a statistically significant effect of size on N and P excretion rates of mussels 

which agreed with findings by Arnott and Vanni (1996).  Small mussels in our study 

lakes excreted significantly more P and N per gram dry weight than medium and large 

mussels (Table 7, Table 8). However, medium and large mussels excreted more N and P 

per mussel. Prior studies have found excretion rates are biomass-dependent, with larger 

mussels excreting more nutrients per mussel but less nutrients per unit mass (e.g., Conroy 

et al., 2005; Higgins et al., 2008). In addition to being correlated with mussel size, P 

excretion was positively related to lake chlorophyll-a (see below). On the other hand, N 

excretion was only predicted by mussel size.  

Mussel size differences influence excretion rates 
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Mussel excretion results from this study were similar to findings in previous 

studies in that dreissenid excretion rates have been linked to body size. In this study, 

smaller mussels have higher mass specific excretion rate compared to mussels in the 

medium and large size classes (Elser et al., 2005; Yongjiu 2016; Vanni 2002). My 

findings in this study are counter to my original hypothesis that smaller mussels will have 

lower weight specific excretion rates. On a unit mass basis, small mussels are less 

conservative with their P. Small mussels are possibly excreting higher N and P per gram 

of tissue because they are growing rapidly and potentially capable of excreting excess 

nutrients more efficiently than larger mussels. Weight specific excretion of N and P is 

lowest in large mussels which is due to their lower metabolic demand (Cross et al., 2003; 

Sterner & Elser 2002). Larger mussels have a higher excretion per mussel as they are 

ingesting more food and subsequently excreting more than smaller mussels. Along with 

mussel size, seasonal differences could influence differences in storage and excretion. 

During the summer months (when I sampled) water temperatures are warmer and zebra 

mussel spawning events occur. Large mussels need more tissue P and should excrete less 

P to store energy for reproduction.  

  Mussel size maturity can vary greatly between locations as well as numbers of 

mussels in the female and male population (Delmott & Edds 2014). Both factors were not 

examined in this study which potentially could explain variation in size and lakes. The 

differences in excretion due to size is inconsistent with the Growth Rate Hypothesis 

which describes the rapid growth in younger mussels requires an increased allocation to 

P-rich ribosomal RNA for protein synthesis in their tissues (Elser et al., 2000; Naddafi et 

al., 2008). Small mussels have higher excretion and lower tissue P content. Similar to the 
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growth rate hypothesis, the Metabolic Theory of Ecology (MTE) proposes temperature 

and body mass affect metabolism, growth and consumption (Moorthi et al., 2016). This 

means that smaller mussels at higher temperatures will have increased metabolic rates 

and consequently higher excretion rates. Although there were no significant differences 

in the temperature of the water in which mussel samples were taken, seasonal differences 

should be taken into consideration as we only sampled at one time during the season. 

Because some lakes differ in size, depth, and extent of littoral regions, some lakes may 

stay warmer longer thus extending the reproductive season and small mussel growth and 

excretion rates, a topic that warrants more study. 

Lake driven differences in excretion rates 

While both N and P excretion rates differed among lakes, only P excretion was 

predicted by a measured environmental parameter, and was positively associated with 

water column chlorophyll-a. As lakes increased in chlorophyll-a concentrations, mussel 

excretion also increased. When zebra mussels are filtering seston rich in P, they can 

assimilate what is needed and excrete the excess, which may help explain the positive 

relationship between productivity and P excretion rate. In this study, the N:P excretion 

ratios varied from 2-10 with the more productive lakes generally having mussels 

excreting at lower N:P ratios. The N:P ratio of mussel excretion partly depends on the 

N:P ratio of food and feeding rate which are related to nutrient concentrations in the lake 

(Vanderploeg et al., 2001). For example, in Saginaw Bay the N:P ratio is low and 

mussels excrete higher N:P than seston contributing to more P limitation while in Lake 

Erie, N:P ratios are lower and mussel excretion adds more P to the system (Arnott & 

Vanni et al., 1996). In this study, Lakes Carlos and Pelican were the least productive and 
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had mussels with the lowest SRP excretion rate. Since P is the most limiting factor in 

freshwater systems, it would be reasonable that zebra mussels store more and excrete less 

P in less productive systems. 

Egestion 

In this study, mussel biodeposition rates of C, N and P were 695±487 SD µg/g 

DW/hr, 101±59 SD µg/g DW/hr and 85±81 SD µg/g DW/hr respectively. As 

hypothesized, biodeposition rates of C, N and P were different between lakes and were 

negatively related to the chlorophyll-a concentrations in lake water. Interestingly, there 

was no relationship between total amount of biodeposits produced (as mg dry weight) 

and chlorophyll-a (Table 12).  In this study, biodeposition rates across lakes had a larger 

range compared to mussel biodeposit in Lake Erie (Table 11) (Klerks et al., 1996). 

Mussel biodeposition rates in Lake Constance were linearly related to seston 

concentration (Gergs et al., 2009). Similarly, field experiments by Klerks et al., (1996) 

demonstrated that biodeposition rates are positively related to seston levels, where we 

found no relationship with the total dry mass of biodeposits to chlorophyll-a and a 

negative relationship with nutrient contents of biodeposits and chlorophyll-a.  

Lake driven differences in biodeposition rates 

Across all lakes, zebra mussel biodeposits were made of proportionately more C 

than P or N.  Somewhat surprisingly, in more productive lakes, mussel biodeposits 

contained less C, N and P per unit biodeposit weight than in less productive lakes. The 

negative relationship we observed could relate to quality of food. One explanation to 

consider for why the more productive lakes (Barkers and Pepin especially) have lower C, 

N and P content in biodeposits is both of these systems are very turbid, with high loads of 
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suspended inorganic sediment (i.e. clay and silt). Because the ingested suspended matter 

is made up of inorganic material and is rejected with pseudofeces, inclusion of a lot of 

inorganic material would make the biodeposits less rich in C, N and P. It is also possible 

that mussels reduce filtration activity in lakes with low food quality in order to save 

energy and subsequently produce biodeposits with less nutrients. Zebra mussel metabolic 

activity increases with filtration so energy is wasted if food quality is poor (Bayne et al., 

1976). With reduced filtration, there might be lower contents of nutrients C, N, or P in 

biodeposit as feces and pseudofeces produced. The degree of the imbalance in food 

quality and quantity may vary seasonally because of the seasonally variability of seston 

quality (Christian et al., 2008).  Although this study highlights a relationship between 

biodeposit nutrient content and lake chlorophyll-a, other factors, which were not 

examined here, like mussel size and season can probably affect biodeposition rates and 

composition.  

Conclusion 

It is important to note that all results in this study were from single sampling dates 

in mid-summer. Different patterns might be observed over longer time scales because of 

seasonal variation in phytoplankton quality and quantity, water temperature and 

physiological condition of the mussels. Several studies have looked at seasonal variation 

on tissue composition, excretion and biodeposition (Arnott & Vanni 1996; Ozersky et al., 

2015). Declines in tissue C, N and P content through the summer season have been 

reported possibly because of gametogenesis (Naddafi & Petterson 2008; Stanczykowska 

& Planter 1985) while other studies have observed increases in tissue C and N content 

through the season (Ozersky et al., 2015). Seasonal patterns in dissolved N and P 
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excretion have also been studied.  Seston nutrient content varied seasonally and together 

seston and mussel nutrient contents have predicted variation in mussel N and P excretion 

rates (Arnott & Vanni 1996). Patterns in mass-specific biodeposition and excretion rates 

differences driven by seasonal factors have also been observed. Lower biodeposition 

rates have been measured during the spring algal bloom (Gergs et al., 2009). Studies from 

oligotrophic and eutrophic systems have reported a positive relationship between zebra 

mussel biodeposition and seston concentrations (e.g., Christian et al., 2008; Gergs et al., 

2009; Klerks et al., 1996; Ozersky et al., 2015).  

In conclusion, this study provided additional support and new results as to how 

dreissenids affect nutrient dynamics and maintain nutrient homeostasis in different lakes. 

Nutrient storage, excretion and biodeposition of zebra mussels varied across mussel size 

classes and systems, in some instances with environmental characteristics. Identified 

relationships can be applied to potentially predict how dreissenids will affect nutrient 

dynamics in different lakes. The information about nutrient storage, excretion and 

egestion that is reported on in this chapter is used in chapter 2 to describe how dreissenids 

affect nutrient dynamics at a lake-wide scale. 

Chapter 2: Nutrient budgets for dreissenid populations in 8 Minnesota lakes 

Energy and nutrient availability and cycling rates can have large effects on 

ecosystem structure and function. Together with external loading and effects of primary 

producers, animal activities are among the processes that can have system-scale effects 

on nutrient dynamics and distribution in ecosystems (Botkin et al., 1991; Brown 1995). 

For example, in terrestrial ecosystems, bison (Bison bison) alter nutrient cycling and 

availability through grazing and excretion, affecting cycling and availability of nitrogen 
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(N), which is often the limiting nutrient in grasslands (Knapp et al., 1999; Turner et al., 

1997). Like bison, beavers (Castor anadensis) can impact whole ecosystem nutrient 

cycling by creating or modifying habitats through falling trees and building dams which 

contributes to accumulation of sediment and organic matter in river channels (Lizarralde 

et al., 1996). Beaver ponds can be pools of nutrients and carbon which may have long-

term consequences for vegetative succession in the boreal forest (Naiman et al., 1994).  

Pacific salmon (Oncorhynchus spp.) and brown bears (Ursus arctos) together can 

transport nutrients from marine to freshwater to terrestrial ecosystems. Salmon transport 

marine-derived nutrients to streams during spawning season which adds large amounts of 

organic matter and nutrients to streams (Mathisen et al., 1988), benefitting stream 

autotrophs and consumers (Naiman et al., 2002). Bears are one of the most important 

consumers of salmon which is the primary pathways for salmon-derived nutrients to 

become terrestrially assimilated (Helfield, & Naiman 2006).  

Suspension-feeding bivalves are recognized to be extremely important for nutrient 

dynamics and benthic-pelagic coupling in aquatic systems (Newell et al., 2004). Filtered 

nutrients excreted or egested as feces and pseudofeces can redirect large amounts of 

nutrients from the open-water to the benthos. Often in systems with large oyster beds, 

particulate organic matter is less available to be remineralized by pelagic consumers as 

nutrients are directed to the littoral-benthic realm (Cloern 1982). Marine bivalves have a 

role in removing both phytoplankton and inorganic particles from the water column 

which can lead to an increase in light penetration and decrease in turbidity. The increase 

in light and excreted nutrients benefit the benthos (Newell & Kotch 2004). N and P 

filtered from the water column by the dense oyster beds are regenerated primarily as 
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NH4
+and PO4

3 which is readily taken up by primary producers. Although marine bivalves 

are strong filter feeders, their feeding responses can change with regards to variation in 

seston among species. Some species like the Eastern Oyster (Crassotrea virginica) and 

blue mussel (Mytilus edulis) maintain high clearance rates even with increasing seston 

concentrations while other species such as clams and scallops regulate ingestion by 

decreasing clearance rates (Hawkins et al., 1998; Newell & Langdon 1996). In addition to 

the importance of excreted nutrients, biodeposition (i.e. deposition of biogenic material in 

the forms of feces and pseudofeces) by marine bivalves is important. For example, the 

oyster Crassostrea virginica, has biodeposition rates as high as 6 times the normal 

sedimentation rates (Haven & Morales-Alamo 1966). Marine bivalves are recognized as 

prominent ecosystem mediators of benthic-pelagic coupling which impacts both pelagic 

and benthic communities. 

Invasive species can potentially have especially large impacts on nutrient 

dynamics of invaded ecosystems due to their ecological novelty. For example, non-native 

common carp (Cyprinus carpio) were introduced into the Murray-Darling River System 

in Australia, and have had large impacts on nutrient flow. Their biomass was estimated to 

reach 3,144 kg ha-1, with fish densities up to 1 fish m-2 (Gehrke et al., 1995). At these 

high densities, carp re-suspend sediment nutrients through feeding, leading to an increase 

in phytoplankton density in response to elevated nutrient levels (Matsuzak et al., 2007). 

Similarly, the invasive golden apple snail (Pomacea canaliculata), can impact wetland 

ecosystems though consumption of benthic plant material and nutrient excretion, 

promoting phytoplankton productivity (Carlsson et al., 2004). The New Zealand 

mudsnails (Potamopyrgus antipodarum) invaded western North American streams and 
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impacted stream ecosystems, notably the stream nitrogen cycle (Moore et al., 2012). New 

Zealand mudsnails can reach high densities (20,000 - 500,000 snails m-2) in streams, 

consume nearly all benthic algae and excrete 66% of the stream ammonium demand 

leading to alterations in element transport and stream food web structure (Hall et al., 

2003).  

Among the most damaging aquatic invasive species in North America are the 

dreissenid mussels. Dreissenid mussels were inadvertently introduced into the Great 

Lakes through ballast water discharge and have spread to numerous freshwater systems in 

North America, with large impacts on entire ecosystems. Although both the quagga and 

zebra mussel have profound ecological impacts, zebra mussels are the dominant invasive 

dreissenid in Minnesota lakes and therefore the focus of this study. One of the most 

noticeable results of zebra mussel establishment in lakes is the increase in water clarity, 

which results from the filtration of phytoplankton and particulates out of the water 

column by the mussels (Zhu et al., 2006). Zebra mussels can attain high densities in some 

systems and can filter the entire water column in shallow, well-mixed water bodies in a 

matter of days in some systems (Strayer 1999). In a meta-analysis of dreissenid impacts, 

Higgins & Vander Zanden (2010) found an average increase of 50.5% in littoral zone 

Secchi depth across study lakes following colonization by zebra mussels. With an 

increase in water clarity and decrease in turbidity, total phosphorus (TP), suspended 

solids (SS) and Chl-a following zebra mussel invasion, submerged macrophyte 

abundance tends to increase (Higgins & Vander Zanden 2010; Zhu et al., 2006). 

Increased macrophyte abundance along with zebra mussel shells provide extra habitat for 

macroinvertebrates, resulting in their increased abundance and changes in community 
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composition (Higgins & Vander Zanden 2010; Ozersky et al., 2011; Ricciardi et al, 

1997). The overall impact of zebra mussels’ activities is a shift of nutrient and energy 

pathways from the open-water to the nearshore regions (e.g., Gardner et al., 1995; 

Higgins & Vander Zanden 2010; James et al., 1997), a process that has been called 

“benthification” or the “nearshore shunt” (Hecky et al., 2004). These shifts in energy and 

nutrient dynamics are reflected in altered densities of benthic and pelagic primary 

producers and consumers as well as changes to food web structure (Ozersky et al., 2012). 

In addition to impacting nutrient and energy cycling though removal of particles 

and increased benthic plant productivity, dreissenids can have direct effects on nutrient 

dynamics. Nutrients filtered by dreissenids have a few possible fates: assimilation into 

tissue and shell material, excretion and egestion (Nalepa et al., 1991; Ozersky et al., 

2015). These effects have potentially important ramifications for lake-wide nutrient 

cycling, changing the location and rates of nutrient recycling and storage. Nutrients are 

moved around (from pelagic to benthic habitats), remineralized in a different place (less 

in open water and deep sediments), and possibly locked away in tissues and shells with 

consequences for the whole ecosystem. Incorporation of nutrients into dreissenid tissues 

and shells removes nutrients from the whole system (Goedkoop et al., 2011; Ozersky et 

al., 2015). Excretion of nutrients and carbon in inorganic dissolved form (PO4, NH4
+, 

CO2) is important for primary producers, including nuisance algal blooms (Ozersky et al., 

2009; Ozersky et al., 2011).  The egestion of nutrients and carbon are important for the 

benthos. Once feces and pseudofeces settle to the sediments, they are decomposed and 

remineralized by detritivores and microbes, and nutrients are returned to the water 

column for use by primary producers (Vanni 2002). 
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Zebra mussels can store, excrete and deposit large quantities of nutrients 

compared to lake loading and standing stocks which impacts overall nutrient cycling in 

systems (e.g., Arnott & Vanni 1996; Conroy et al., 2005; Goedkoop et al., 2011; Lacoste 

et al., 2016, Ozersky et al., 2015; Vanni 2002). Tissue and shell contents of C, N, and P 

have an important role of overall cycling in lakes. In Lake Ekoln average soft tissue 

contents N and P were 100.9 mg N g-1 DW and 9.3 mg P g-1 dry weight, resulting in 

retention of 174.2, 36.6 and 3.4 tons of C, N and P respectively in dreissenid soft tissues. 

Based on the calculated retention time for the lake, mussel P storage was about 50–77% 

of the annual P influx (Goedkoop et al., 2011). Similarly, In Lake Simcoe mussel soft 

tissues were composed of 541mg C g-1, 124mg N g-1, and 9.2 mg P g-1  indicating mussels 

are efficient at nutrient retention. Mussel shells can also be important when considering 

long-term impacts on nutrients. In Lake Simcoe, living mussel shells contained an 

estimated  6.4% and 9.8% of water-column P and N standing stocks and 10% of the 

annual external P load (Ozersky et al., 2015). Shell material may be especially important 

as a nutrient sink in invaded lakes because shells remain in the system longer than soft 

tissues when mussels die, but very few researchers have assessed the role of live and dead 

dreissenid shell in lake nutrient budgets.  

Excretion of dissolved nutrients by dreissenids can also have significant effects on 

whole-system nutrient dynamics. Excreted nutrients in dissolved inorganic form are 

easily taken up by phytoplankton and periphyton which may enhance the growth of some 

algal species. Arnott & Vanni (1996) suggested that mussels in Lake Erie recycled more 

P compared to any other internal mechanism (i.e. zooplankton, sediments, macrophytes), 

making dreissenids a significant component in P recycling.  In addition to the large 
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amounts of nutrient released, mussel excrete at a low N:P ratio, possibly shifting 

phytoplankton communities toward cyanobacteria (e.g., Arnott & Vanni 1996 ; Conroy et 

al., 2005). In a microcosm experiment the rates of SRP regenerations due to zebra mussel 

activity were calculated and ranged from 0.3 to 2.5 mg m−2 d−1 at mussel densities 

between 170 to 1300 individuals m−2 (James et al., 1997). Dreissenid mussels in Lake 

Simcoe, Canada also remineralized ecologically significant amounts of P and N (up to 

3.6% and 0.3% of the standing stock of P and N every day) (Ozersky et al., 2015). 

Similarly, Mellina et al., (1995) estimated that between 0.1 and 6% of the annual P load 

was cycled daily in Lake Erie, Lake St. Clair, and Oneida Lake. In nearshore waters the 

nitrogen budget is often heavily influenced by dreissenid ammonia excretion, facilitating 

phytoplankton growth (Gardner et al., 1995).  

Dreissenid biodeposition can move significant amounts of carbon and nutrients 

from the pelagic to the benthos (Arnott & Vanni, 1996; Gergs et al., 2009; Naddafi et al., 

2008; Ozersky et al., 2009). Mussels egest nutrients to the sediments which enhances 

nutrient retention in the nearshore increasing sedimentation rates. For example, in 

Mikolajskie Lake, zebra mussel biodeposition averaged 13% of normal sedimentation 

(Stanczykowska et al., 1975). In Lake Erie, Klerks et al., (1996) calculated a mussel daily 

removal rate of 7% of 9.3 mg L-1 suspended matter using the average biodeposition rate 

(0.466 mg cm-2 day -1) of 10 sites. Mussels in Lake Simcoe were estimated to release 

biodeposits up to 0.4, 0.9 and 6% of the standing stock of C, N and P respectively 

(Ozersky et al., 2015). In Lake Constance a linear relationship between seston 

concentrations and mussel biodeposition rates were reported with mussel biodeposition 

rates 0.025–0.10 mg mussel-1 day-1. It has been demonstrated that the efficiency of seston 
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removal and subsequent biodeposition rate depends on seston composition to some 

degree (Sprung & Rose 1988) 

The productivity and ecological well-being of many ecosystems is dependent 

upon how nutrients are stored and cycled in the system. Given the potential of dreissenids 

to affect nutrient dynamics in invaded systems, a synthetic understanding of their impacts 

on whole-system nutrient budgets is a noble intellectual goal.  This is especially true 

because very few previous studies have constructed complete nutrient budgets for 

dreissenid populations that include excretion, biodeposition and tissue and shell storage. 

The few existing studies are typically specific to one system, making generalizations 

across systems difficult. Furthermore, much uncertainty remains about the role of 

dreissenid shell material in nutrient cycling despite its potential importance as a long-

term nutrient sink in some systems. Understanding how dreissenid mussels influence 

lake-wide nutrient budgets will not only advance understanding on the ecology of these 

damaging invaders, but may also be useful for natural resource managers working to 

maintain ecosystem services in dreissenid-invaded lakes. To address these knowledge 

needs, I constructed nutrient budgets for dreissenid populations in 8 Minnesota lakes that 

vary across a trophic and size gradient and in mussel invasion history. The objective of 

this chapter is to combine measurements of mussel tissue and shell nutrient content, 

excretion and biodeposition rates (Chapter 1), with lake-wide mussel soft tissue, live 

and dead shell mass estimates to construct detailed nutrient budgets for zebra 

mussel populations in different lakes. 

The following hypotheses were examined in this study: 
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H1) Mussel biomass will vary among lakes based on trophic status and invasion history. 

In more productive (eutrophic) lakes mussel biomass will be higher than in less 

productive lakes. 

H2) Lakes with longer time since mussel establishment are expected to have larger pools 

of discarded shell material compared to more recently invaded lakes, and shell material is 

expected to play a more important role in whole-lake nutrient budget in former lakes. 

H3) The relative and absolute roles of storage, excretion and biodeposition in nutrient 

budgets of study lakes will vary with mussel population size and trophic status of the 

lake. 

Methods 

Mussel collection and biomass estimation  

Mussel samples collected in 2015 were processed for shell and tissue nutrient 

composition determination and for estimation of the total lake biomass of different tissue 

types (soft tissue, shell of live mussels and discarded shell of dead mussels) estimated. 

Standing crop biomass estimates were calculated for 8 of the 10 study lakes based on 

available bathymetry data and zebra mussels collected at each site in June 2015. To 

describe the role of zebra mussels in the nutrient budget of each study lake, nutrient 

content of mussels (soft tissue and shells), excretion and biodeposition rates were scaled 

up to a lakewide biomass estimate.  

All the tissue and shell nutrient content samples used in this analysis were taken 

in late June 2015 and excretion and biodeposition rates were taken from late July 2016 

and thus the study does not address seasonality. To estimate biomass in each lake during 

summer 2015, mussels were collected using a petite PONAR grab. Samples were 
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collected along a transect perpendicular from shore from 5 depths in each lake (~1, 2, 4, 

6, 10 m), with 5 replicate samples collected at each depth interval. PONAR samples from 

all lakes were sieved in the field through a 500 µm mesh screen and the collected mussels 

and shells were frozen until analysis.  

Fifty live mussels were selected from each lake to measure shell length, width and 

height. The mussels were then dried at 60°C for 24 hours (or until completely dry) and 

their soft tissues and shells were weighed separately. Length of shell (L, mm) and mussel 

tissue or shell total weight (W, mg) were used to develop length-weight regressions for 

each lake.  

For each lake, the biomass of soft tissue and shell material of living mussels was 

estimated, together with the biomass of discarded shell material of dead mussels. Each 

PONAR sample was emptied into a tray in the lab where live mussels and discarded shell 

material were collected and separated. We applied lake-specific length-weight 

regressions to each replicate PONAR sample by measuring the lengths of all live mussels 

and thereby total mussel biomass of soft tissue and live shell material in each sample. 

Dead shell material was collected into pre-weighed aluminum foil boats and dried at 

60°C until all shells were dry and was then weighed. We then estimated the total biomass 

of soft tissues and living shell for the three size classes (small, medium, large) at each of 

the sampled depths as well as dead shell material at each depth based on PONAR sample 

data by projecting depth-specific biomass estimates to lake bathymetry and area.  

Lake-specific mussel C, N and P content coupled with lake-wide biomass 

estimates allowed us to determine the amount of C, N and P contained in live dreissenids, 

their shells and in discarded mussel shells in each lake. Tissue and shell samples of C, N, 
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and P content were used from 2015, while excretion and biodeposition rates were from 

2016 samples. Nutrient content of C, N and P as well as excretion rates were measured 

for mussel size classes (Chapter 1) and Nutrient sources scaled up to total lake were 

calculated by multiplying the nutrient contents and excretion rates by mussel biomass of 

specific mussel sizes at each depth extrapolated to total lake depth. Mussel biodeposition 

rates were not related to size and therefore rates were multiplied by depth specific mussel 

biomass and extrapolated to the lake total to estimate total mussel biodeposition rates in 

each lake. 

The percent littoral zone was calculated since zebra mussels typically live at 

shallower depths. Minnesota defines the littoral region of a lake as being less than fifteen 

feet deep. The percent littoral zone for each lake was calculated using data provided by 

the Minnesota DNR LakeFinder website. The littoral area was divided by lake area to 

determine what percent of the total lake was in the littoral region.  

Results  

Study lakes varied considerably in size and water quality parameters (Table 1). 

Lake surface area ranged from 488.3 acres (Pike Lake) to 128,226.2 acres (Mille Lacs). 

Lake TP ranged from a low of 1.32 µg/L in Lake Carlos to 60 µg/L in Lake Pepin. Lake 

wide mussel biomass estimates were calculated for 8 of the 10 sampled lakes based on 

available bathymetry information. The Barkers site did not have any available bathymetry 

data available to make biomass estimates and PONAR samples were not collected at 

Mille Lacs. All 8 lakes had a belt of dreissenids restricted around the littoral and upper 

sublittoral zones. Most live mussels in the transect samples were found at depths of 4-6 

meters or shallower across lakes (Figure 13,14). Lake Carlos and Lake Lizzie both had 
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live mussels at depths of 8-10 meters. Carlos, Zumbro and Pepin Lakes were among the 

only lakes sampled to have dead shells at sampled depths of 8-10 meters. Lakes Zumbro 

and Pepin were the most eutrophic and similar among sampled lakes when examining 

water chemistry parameters, nutrient composition, mussel biomass distribution, and size 

structure. 

Population estimates 

Live zebra mussels and discarded shell were found in all 8 lakes (Figure 1). Zebra 

mussel distribution of live and dead shell were not uniform across lakes (Table 13). In the 

more productive lakes, live zebra mussels comprised less of the overall mussel biomass 

compared to dead shell mass. The total estimated dry soft tissue populations of live 

mussel tissue varied across lakes from 0.79 tons (Crystal) to 175 tons (Pepin) and 0.3 

g/m2 (Crystal) to 11.54 g/m2 (Pike). Pike lake had the highest reported density of live 

tissue of lakes sampled but did not have the highest total biomass (5.8 tons).  Lakes 

Zumbro and Pepin had both the highest density and biomass of dead shells (Table 13,14).  

Lakes Zumbro and Pepin were the most productive lakes sampled and ones with earliest 

dreissenid establishment dates, and in both lakes total zebra mussel biomass was 

comprised of mostly dead shell (97 and 93 % respectively) (Figure 15).  In Pelican lake 

(invaded 2012) over 90% of lakewide biomass was live shell material. Live mussel 

density varied among lakes (Table 14).  

Differences in lakes also existed related to mussel size structure. Generally, lakes 

with a higher percentage of littoral habitat had more total biomass in small mussels. Pike 

Lake had the lowest percent of littoral habitat (28%) and the lowest percent of small 
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mussels (13%). Lakes Pike and Carlos were the only lakes with more than 5% large 

mussels (Figure 16).  

Nutrient composition 

The amount of nutrients stored in mussels varied among lakes with general 

consistency to where nutrients were stored (i.e., soft tissue, live shell, or dead shell). P 

accumulated in lake mussel population varied across lakes and ranged from 0.02-5.63 

tons (Table 15). Across lakes, there was a typical increase in average tissue P storage 

with increasing lake productivity. Mean mussel tissue P storage in Lake Carlos, the least 

productive lake in this study, was significantly less (17.4 mg/g ±3.48 mg/g SD, n=9) than 

Pepin, the most productive lake in this study (25.9 mg/g ± 5.37SD, n=9). Carlos and 

Pepin differed significantly in the amount of P stored in the lake. Live mussel tissue 

accounted for the majority of P associated with dreissenids. Similarly, N and C storage 

varied across lakes. Most N was associated with soft tissues, while most C was stored in 

shell (Figure 17). Mussel shell stored (live & dead material) more than two-thirds of C 

associated with mussels for all lakes with highest shell storage of C in Lake Lizzie (98%). 

Lake Lizzie also had the largest biomass of small mussels and small mussels were 

comprised of the lowest tissue C consecrations compared to medium and large mussels 

(Table 3). Pelican was the most recently invaded lake (2012), and had the lowest percent 

of dead shell material (<2%) relative to soft tissue and live shell and consequently had the 

lowest C storage in shell material.   

The percent of lake water P standing stock stored and excreted by mussels was 

calculated for 8 lakes. Standing stock of P in the water column was determined for 8 

lakes based on TP water samples and total lake volume (Table 1). Since the samples were 
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taken during the summer before the lakes were completely stratified, the whole lake 

volume was used. Mussel P storage consisted of live shell, dead shell and tissue material. 

In some lakes mussels stored a significant portion of total lake P (Table 16). In Pike Lake 

mussels stored about 37.8% of the lake’s water column P compared to Lake Pepin where 

mussels only stored 2.2% of lakes total water column P. 

Nutrient excretion and biodeposition 

Experiments were carried out immediately following sample collection to 

accurately assess excretion and egestion rates reflective of in situ conditions (see chapter 

1). However, measured rates may not be representative of year-round mean values since 

these experiments were performed during the summer season. Excretion rates of NH4
+ 

and PO4 varied across lakes (Table 17). Mussel populations in all lakes excreted more N 

than P (Figure 18). Mussel populations in the different lakes recycled 0.01-3.72% per day 

of standing stocks of lake P through excretion. In most lakes, more P was recycled in 

biodeposits compared to excretion while amounts of N excreted and egested were similar. 

Biodeposits were comprised of mostly carbon across lakes (Table 18). Percent 

phosphorous of biodeposits varied the most across lakes with the lowest biodeposit 

percent P in Round Lake at 3% and highest in Pelican Lake 25% (Figure 19). Mussel 

populations in the different lakes deposited 0.03-12% of standing stocks of lake P per 

day. 

Discussion 

Dreissenids can alter ecosystems due to their large biomass, high content of C, N 

and P in tissue and shell, and high excretion and biodeposition rates. Zebra mussels have 

both short and long term impacts on nutrient dynamics in different lakes. The objective of 
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this chapter was to combine measurements of mussel tissue and shell nutrient content, 

excretion and biodeposition rates (Chapter 1), with lake-wide mussel soft tissue, live and 

dead shell mass estimates to construct detailed nutrient budgets for zebra mussel 

populations in different lakes. In this study dreissenid shell and tissue comprised a large 

pool for carbon (C), nitrogen (N) and phosphorus (P) in some lakes, thus significantly 

altering whole-lake nutrient budgets. The P, N and C composing dreissenid tissues are 

unevenly distributed; soft tissue is more important for P storage while shell is more 

important for C storage. In most lakes half the N associated with zebra mussels was 

stored in soft tissue and the other half distributed between live and discarded shell. 

Nutrient in mussel soft tissue and shells could represent a long-term reservoir of organic 

C, N, P, and other elements (such as Ca) in lakes. Mussel excretion and biodeposits also 

were substantial recycling mechanisms for N and P in the study lakes. Excreted N was 

slightly more important to recycling of N while biodeposits were more important in P 

recycling across lakes. 

Lake biomass measurements 

Relatively few studies measure total live shell mass of dreissenid mussels and 

even fewer examine dead shell biomass, thus excluding a potentially important nutrient 

storage compartment in mussel-invaded lakes. Variations in zebra mussel population size 

across lakes may be attributed to differences in lake parameters such as nutrient 

availability, lake size (surface area), substrate availability or water currents (Ozersky et 

al., 2011). The average lake biomass (g/m2) estimates in my study lakes were variable, 

but within the range of previous work in lakes (e.g., Caraco et al., 1997; Nalepa et al., 

1996; Ozersky et al., 2011; Ozersky et al., 2015; Stanczykowska 1977). Results are also 
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consistent with prior studies finding zebra mussels are typically more abundant in the 

littoral and upper sub-littoral zones (e.g., Higgins et al., 2008; Stanczykowska, 1964) of 

lakes. In all lakes sampled, with the exception to Lakes Lizzie and Carlos, live mussels 

were found in shallow water less than 10 meters and mostly at 2-6 meters (Figure 13). As 

lake size decreases, the ratio of littoral to pelagic habitats increases (Schindler & 

Scheuerell 2002) providing more habitat for zebra mussel colonization. Lakes Crystal and 

Pelican had the largest percent littoral zone and the largest biomass of live mussels (Table 

1) which shows that more littoral habitat can benefit mussels as veligers have more 

suitable space to settle, leading to larger successful populations of mussels. 

As hypothesized, lakes with longer mussel establishment times had larger pools of 

discarded shell material compared to more recently invaded lakes, and shell material 

played a more significant role in whole-lake nutrient budget in these lakes. In some lakes 

dead shell mass was more than 10 kg per m-2 (>20 lbs), a substantial amount. In more 

recently invaded lakes, total biomass of mussels was dominated by live mussels (e.g., 

Lake Pelican) while in lakes with longer dreissenid presence (Lakes Zumbro and Pepin) 

total biomass consisted of over 80% discarded shell. The biomass of live mussels and 

discarded shells are important in how nutrients are being stored or recycled in lakes. In 

prior studies, zebra mussel density has had an inverse relationship with the health of 

mussels (Hunter & Bailey 1992) and changes in lakes by zebra mussels are strongly 

correlated to population size (Naddafi et al., 2010). Following the rapid population 

growth in Zumbro and Pepin, a decline in mussels may have occurred due to high density 

and consequently poorer health of mussels. Burlakova et al., (2006) studied mussel 

population dynamics and suggested than it can take 7-12 years for a mussel population to 
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reach maximum density in a system. Zumbro and Pepin both exceed the timeline for 

reaching maximum density providing one explanation for the small biomass of live 

mussels and a biomass dominated by dreissenid shell (Table 14). Since zebra mussels 

have the potential to overshoot carrying capacity, as documented in Saginaw Bay (Nalepa 

et al., 1995), a boom and bust population cycle could explain Pepin and Zumbro’ large 

biomass of discarded shells and smaller biomass of living mussels. A previous survey 

conducted in Lake Pepin showed a large range in mussel densities: from 0.8 to 22,595 

individuals/m2 (James et al., 2000). In my 2015 samples, Lake Pepin mussel densities 

ranged from 43 to 6,277 individuals/m2, suggesting there could have been a decline in 

population over the past decade. Although there could have been a decline in the mussel 

population, the differences in densities could also be due to different sampling of the 

lake. The James et al., (2000) survey was more extensive and detailed than my study 

where they surveyed different parts of the lake, while I only sampled along one transect. 

Another possibility is that mussel population in Lake Pepin has always been relatively 

small and the large pool of dead shell material is simply a function of the many years of 

shell accumulation in that system. The average density of zebra mussels in Pepin in 1997, 

was 148 individuals/m2  (James et al., 2000) which was three times smaller than the 

average population in 2015 (474 individuals/m2 ) (means included depths that did not 

have zebra mussel populations) supporting the latter idea as to why Pepin has a large 

dead shell pool. It is worth pointing out that the dead shell mass in Lake Pepin was as 

high as 10 kg/m2, highlighting the extent of substrate modification caused by dead shell 

accumulation. 
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Lake Carlos mussel population structure is particularly interesting in that the 

mussel biomass consists of: (1) a range of mussel sizes which is indicative of a healthy, 

functioning population; (2) a large proportion of small mussels (43%); and (3) a smaller 

number of medium (32%) and large (23%) mussels than in some of my other study lakes. 

Lake Carlos is one of the more recently invaded and less productive of the lakes sampled, 

which might explain the good health of the population as indicated by abundance of small 

mussels. Over time the zebra mussel population might be expected to overshoot carrying 

capacity and crash like the Saginaw Bay population (Nalepa et al., 1995) or stabilize. 

Population dynamics in lakes are important because after zebra mussels die, mussel soft 

tissue will decompose relatively quickly while shells remain for longer periods of time.  

In this study the more recently invaded lakes had more of their total biomass 

composed of small mussels; however, the percent of littoral habitat also seemed to 

positively relate to small mussel biomass.  Lake littoral zone was determined for each 

lake using lake area and littoral area values from Minnesota’s DNR website. The more 

recently invaded Round and Pelican lakes had high small mussel biomass estimates. Pike 

lake and Lake Pepin had the lowest percent littoral zone and the lowest relative small 

mussel biomass. As percent littoral zone increased, so did percent of small mussel 

biomass (Figure 14.) Reduced numbers of large mussels in more productive lakes (Lake 

Zumbro) may be due to lower reproduction, higher mortality of postveligers, or 

limitations to hard substrates. Since Lake Zumbro had a medium size littoral zone 

compared to the other lakes perhaps one or a combination of factors explains the smaller 

biomass of small mussels. A study in Lough Key, Ireland showed that veliger densities 

and spawning season length were influenced primarily by adult populations size, maturity 
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of adult population size and temperature of the water (Lucy, 2006).  It is expected that 

more recently invaded lakes with suitable habitat for mussel attachment will have 

populations composed mostly of small mussels due to high fecundities of adults.  

Zebra mussel nutrient storage 

Storage of nutrients in mussel tissue and shell is one fate of the nutrients and 

carbon taken in from the environment and, as predicted, roles of mussel storage in 

nutrient budgets of lakes varied with mussel population size and trophic status. Mussel 

biomass estimates were combined with tissue and shell elemental composition data to 

assess the total standing stocks of P, N and C contained in mussel populations as well as 

the distribution of P, N and C among different tissues of dreissenids. Mussels stored 1.86-

2229 tons C, 0.1-72 tons N and 0.02-5.6 tons P in combined tissue and shell material in 

the different study lakes. In this study, calculations suggest that in most lakes, much of 

mussel-associated P was stored in soft tissues, while about half of the N was in soft 

tissues and the other half distributed between live and discarded shell material. Shell 

material was most important for C storage, especially in lakes with large pools of dead 

shell material (i.e. Lakes Zumbro and Pepin.) (Table 13).  

Zebra mussel soft tissue C only contributed an average of 10% of total C stored in 

dreissenids across all lakes. On average, mussel soft tissue accounted for 52 of the N and 

80% of the P associated with dreissenid tissues. Nutrient storage in zebra mussel might 

be most important during initial population growth when many mussels are growing and 

sequestering large quantities of nutrients or during population die off when nutrients are 

released back into the water column though decomposition of tissue and shell dissolution 
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(Mellina et al., 1995). Since zebra mussels store significant portions of P in soft tissues, 

during a period of die off, many lakes could see a flux in P back into the water column. 

The role of discarded shell in C, N and P cycling has not been studied well. C 

dynamics in lakes like Pepin and Zumbro, where there are large quantities of discarded 

shell material, could be affected by dreissenids. Mussel shell storage comprised more 

than 2/3 of dreissenid-stored C in all lakes with highest storage of C in shell material in 

Zumbro (98%) followed by Lizzie (98%) and Pepin (96%) (Figure 15). Pelican had the 

lowest relative amount of C storage in shells and highest relative amount stored in soft 

tissue of the lakes studied (Figure 15). Pelican was the most recently invaded lake in this 

study and had the lowest pool of discarded shell material explaining why less C was 

stored in shells compared to other lakes. Shell storage of P is also important to consider. 

Comparing standing stocks of total P in the water column to P in dreissenid shells, I 

found that live shell material could store between 0.04-14% of the P in the water column, 

while dead shell accounted for between 0.007-59% total P standing stocks in the water 

column. While soft tissues decompose relatively quickly after death, mussel shell can 

remain in the system for a long time, potentially sequestering nutrients. To further 

understand the role of mussel shell in long-term lake nutrient dynamics, shell dissolution 

and persistence rates should be examined.  

Longer lived animals like zebra mussels can sequester large amounts of nutrients 

compared to algae and phytoplankton, therefore function more as a nutrient sink (Kitchell 

et al., 1979). As we have suggested in this study, zebra mussels can store large quantities 

of nutrients in tissue and shell. Zebra mussels are likely to be important nutrient sinks as 

their population expands thus sequestering nutrients. These sequestered nutrients in the 
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soft tissue are probably quickly returned to circulation after mussels die and decompose. 

However, nutrients and carbon stored in shells remain unavailable for extended periods 

of time as shell dissolution rates can be slow and variable (Strayer & Malcom, 2007; 

Ozersky et al., 2015). 

Excretion 

Zebra mussels remineralized large quantities of nutrients, excreting total amounts 

of  0.16 to 55 kg/day P and 3.6-192 kg/day N in different study lakes. Mussels excreted 

0.01 to 3.72% of the water column standing stock of P every day in different lakes. As 

discussed in chapter 1, P excretion rates correlated with mussel size and chlorophyll-a in 

the water which can influence overall lake cycling. For example, the mussel population in 

Lake Pepin was estimated to excrete 55 kg/day P; Lake Pepin was the most productive 

sampled lake with the largest biomass of combined small and medium mussels (98% of 

total estimated population, 81% medium mussels).  The total amount of P excreted is 

going to depend in part on lake size- a large lake will have more total mussels (Pepin) 

than a smaller lake. Since Carlos and Pepin are both relatively large lakes, it makes sense 

there will be a lot of total excretion.  

More important than total amounts of P recycled daily is the amount of P cycled 

every day relative to the P standing stock. P standing stock was calculated for the entire 

water column in each lake since the lakes were not completely stratified. P excreted 

relative to the standing stock of P indicates the overall importance of the mussels in the 

nutrient budget of the lake. Round Lake has the highest relative importance of P cycling 

through excretion (3.7% recycled), whereas lakes Crystal and Pepin the lowest (Table 

16). Round Lake and Crystal Lake have almost the same estimated mussel size structure 
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(Round-64% small, 33% medium, 1% large; Crystal-64% small, 32% medium, 2% large) 

and lake area (Round-1650 acres and Crystal 1412 acres) but water column TP differs 

(Round-5.11µg/L and Crystal 7.04 µg/L) as well as mussel density (Round-live shell 48 

g/m2 and Crystal 4.1 g/m2). Lake TP and mussel density are important for how much P is 

recycled in lakes. In Lake Pepin where water column TP was the highest, mussel 

excretion of standing stock P was low. Low excretion could have to do with Pepin being 

such a large lake and not having an overly large live mussel density compared to 

densities like in Carlos and Pike. Pike had a high live mussel density which contributed to 

a high %P excretion of lake standing stock. The differences in P recycled in lakes is 

important because mussels redirect these dissolved nutrients to the littoral zone. The 

increased nutrient flux from zebra mussels may facilitate benthic algal growth and 

cyanobacterial blooms in shallow areas. Because water column TP was taken from one 

location and on one particular day in each lake the results should not be used as a long 

term measurement of zebra mussel impacts on P cycling. 

Egestion 

 Mussel feces and pseudofeces may be potential nutrient reservoir in invaded 

lakes and a high-quality food source for benthic consumers. Mosley & Bootsma (2015), 

and Vanderploeg et al., (2009) describe how egested material could be a source of 

nutrients and energy for the benthos but a net loss from the pelagic zone. We found that 

across lakes mussel populations deposited widely varying amounts of C, N and P ranging 

from 6.9-1004, 1.0-149, 0.6-76 kg/day respectively. Biodeposits were made of 

proportionally more C on average, making up 75% of nutrients in total deposited 

material. Biodeposits on average were made up of equal parts N and P. Some lakes had 
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biodeposits lower in C and higher in P content while N content remained consistent 

across lakes. While P content did not make up a large proportion of biodeposit nutrient 

composition, across lakes biodeposit P appeared more important for contributing P back 

into the system compared to excreted P. In most lakes, more than 80% of P recycled by 

dreissenids was released as biodeposits.  

Zebra mussel feces and pseudofeces are important for the diets of detritivorous 

benthic macroinvertebrates because pseudofeces are rich in bacteria and organic carbon 

(Izvekova & Lvova-Katchanova 1972). In lakes like Pelican and Lizzie, where 

biodeposits are nutrient-rich, macroinvertebrates may benefit more from dreissenid 

presence than in lakes where biodeposits are less nutritious. Mussels increase the 

inorganic and organic content of the sediment and because of their uneven distribution, 

they can create nutrient and productivity hot spots (Howard & Cuffey 2006). Although 

samples were taken along a transect, extrapolated data sheds light on the depths in lakes 

where the largest biomass of zebra mussels were found and possible depth at which 

macroinvertebrate communities might benefit most from dreissenid presence. One 

example of biodeposits increasing resources around mussel beds was during the peak in 

zebra mussel population in the Hudson River during 1993-1994, where gross carbon 

biodeposition was 3 g m-2d-1 while carbon respiration was only approximately 0.5 g m-2d-

1 (Strayer et al., 1996, Roditiet et al., 1997), indicating mussels contributed a large net 

amount of carbon to the sediment. Different nutrient content is important to detritivores 

and nutrient availability for benthic primary producers..  

Conclusion 
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There were substantial differences in total biomass of dreissenid tissues among 

lakes, which were related in part to mussel size structure, history of invasion and lake 

trophic status. Variation in the total and relative biomass of soft tissues, live shell and 

discarded shell material resulted in different contribution of dreissenid populations to 

nutrient and carbon cycling. Nutrient storage in mussels can be important during 

population growth, die off and years after establishment. During population growth, large 

amounts of nutrients are sequestered into mussel tissues and may result in temporary 

reductions in nutrient standing stocks and pelagic primary productivity Mussel shell 

material can remove nutrients and carbon from a system for long periods of time, 

depending on shell dissolution rate. Mussel excretion significantly impact systems by 

returning large amounts of dissolved nutrients to the littoral region providing resources 

for primary producers. Mussel egestion can impact nutrient recycling in a system by 

returning nutrient-rich biodeposits to the benthic region, providing resources for benthic 

flora and fauna. These results may be of interests to managers in predicting which lakes 

may be most susceptible to modification of their nutrient cycling by dreissenid invasions. 

For example, low-nutrient lakes with extensive littoral zones (e.g. Round Lake) may be 

more strongly impacted by zebra mussel nutrient storage and recycling than high-nutrient 

lakes that support relatively small zebra mussel populations (e.g, Lake Pepin).  
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Table 1. Lakes where zebra mussels were collected for biomass estimation in 2015-2016. 

Lake sizes and year invaded based on DNR reports. Water quality measurements reported 

from 2016 sample for each lake. Lake size was unavailable for Barkers and is a site in the 

Duluth Harbor. 

 

Sample  County 

Year 

listed as 

infested 

Lake Size 

(acres) 

Percent 

littoral 

zone 

TP (μg 

/L) 

Chl-a 

(μg/L) C (μg/L) N (μg/L) 

Carlos  Douglas 2009 2,605 35  1.33  0.76  244.1  31.31  

Pelican  

Crow 

Wing 2012 8,367 47  1.43  0.85  287.7  39.94  

Pike  St. Louis 2009 488 28  3.02  1.39  375.4  50.76  

Round  

Crow 

Wing 2010 1,650 38  5.11 1.51  449.8  78.22  

Lizzie  Otter Tail 2009 1,900 43  5.26 1.69  1083  166.97  

Crystal  Otter Tail 2009 1,412 48  7.04  1.86  498.8  81.04  

Mille Lacs  Mille Lacs 2005 128,226 26  10.19  0.85  460.8  49.44  

Barkers  - 1998 -  - 24.20  4.55  1384  70.36  

Zumbro  Olmsted 2000 714 37  40.61  8.26  1502  83.28  

Pepin  Goodhue 1994 25,216 32  59.96  13.69  1487  246.96  
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Table 2. Results of two-way ANOVA on dreissenid tissue and shell C, N and P 

composition 

Parameter Factor F-value P-value 

Tissue P Lake 25.1 < 0.0001 

 Size 10.8 < 0.0001 

 Lake*Size 2.17 0.015 

log (Tissue N) Lake 13.2 < 0.0002 

  Size 5.62 < 0.0001 

 Lake*Size 6.38 < 0.0003 

(Tissue C)0.25 Lake 17.8 < 0.0001 

  Size 10.9 < 0.0001 

 Lake*Size 13.3 < 0.0003 

Shell P Lake 67 < 0.0001 

 Size 11.6 < 0.0006 

 Lake*Size 2.18 0.0153 

Shell N Lake 5.01 < 0.009 

 Size 23.1 < 0.0001 

 Lake*Size 1.49 0.134 

Shell C Lake 12 0.612 

 Size 1.09 0.384 

 Lake*Size 0.701 0.788 
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Table 3. Average nutrient content in mussel tissue of different size classes across all lakes 

size 

class 

Tissue P 

(mg/g) 

Tissue C 

(mg/g) 

Tissue N 

(mg/g) 
Tissue C:P Tissue N:P 

 mean SD mean SD mean SD mean SD mean SD 

Small 16.7  3.27  450.2  69.9  102.9  19.8  27.44  4.09  6.21  1.00  

           

Medium 21.3  4.45  481.4  17.0  115.0  6.6  23.64  5.11  5.63  1.17  

           

Large 21.7 5.02  463.1  30.4  109.8  13.1  22.20  4.41  5.27  1.24  
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Table 4. Average nutrient content in mussel tissue in different lakes, across size classes 

Lake 

Tissue P 

(mg/g) Tissue C (mg/g) 

Tissue N 

(mg/g) N:P  C:P  

 mean SD mean SD mean SD mean SD mean SD 

Carlos  17.35  3.48  457.5  25.8  109.2  10.5  27.1  4.4  6.5  1.37  

Pelican  19.30  2.18  476.4  31.4  116.0  9.0  24.9  4.0  6.1  1.01  

Pike  18.47  1.36  472.3  12.3  110.3  4.9  25.7  1.6  6.0  0.61  

Round  17.90  2.26  489.0  22.2  114.2  3.3  27.8  4.6  6.5  0.96  

Lizzie  15.54  4.69  426.7  81.3  97.75  25.82  28.5  5.0  6.4  1.25  

Crystal  21.31  5.44  438.4  76.3  101.1  24.4  21.3  4.2  4.8  0.96  

Mille Lacs  18.84  3.25  442.5  58.2  103.0  21.8  23.1  1.0  5.3  0.74  

Barkers  21.66  4.15  483.2  19.8  113.9  3.1  23.1  4.9  5.4  0.94  

Zumbro  23.37  5.09  489.0  14.4  109.9  6.2  21.8  4.8  4.9  1.04  

Pepin  25.92  5.37  472.4  11.7  117.2  7.6  19.1  4.6  4.7  1.01  
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Table 5. Average nutrient content in mussel shell in different size classes, across all lakes 

size class Shell P (mg/g) Shell C (mg/g) Shell N (mg/g) 

 mean SD mean SD mean SD 

Small 0.11  0.049  121.7  3.9  2.6  0.66  

       

Medium 0.06  0.019  122.7  5.7  2.4  0.70  

       

Large 0.05  0.017  122.9  4.5  2.3  0.71  
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Table 6. Average nutrient content in mussel shell in different lakes, across size classes 

Lake Shell P (mg/g) Shell C (mg/g) Shell N (mg/g) 

 mean SD mean SD mean SD 

Carlos  0.04 0.01 126.8 11.7 2.0 0.4 

Pelican  0.08 0.03 120.8 6.4 2.9 0.4 

Pike  0.06 0.02 121.1 1.4 1.8 0.2 

Round  0.08 0.05 122.0 3.6 2.1 0.4 

Lizzie  0.05 0.02 121.6 0.8 2.1 0.5 

Crystal  0.05 0.01 121.3 1.7 2.4 0.3 

Mille Lacs  0.08 0.03 122.2 1.2 2.1 0.3 

Barkers  0.08 0.04 122.5 1.5 3.1 0.5 

Zumbro  0.07 0.03 123.9 2.3 3.7 0.7 

Pepin  0.14 0.06 122.1 1.5 3.1 0.5 
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Table 7. Results of two-way ANOVA on dreissenid SRP and NH4
+ excretion rates 

Parameter Factor F-value P-value  

(SRP(µg/gDW⁻¹h⁻¹))0.25 Lake 38.6 < 0.00004 
 

  Size 4.99 < 0.00006  

 Lake*Size 1.55 0.043  

Log(NH₄+ (µg/gDW⁻¹h⁻¹)) Lake 61 < 0.00004 
 

  Size 3.68 0.001  

 Lake*Size 2.43 0.005  

(SRP(µg /mussel/ h⁻¹))0.25 Lake 172 <0.00002 
 

  Size 6.56 <0.00002  

 Lake*Size 2.06 0.019  

Log(NH₄+ (µg/mussel/h⁻¹)) Lake 138 <0.00002 
 

  Size 11.6 <0.00003  

 Lake*Size 1.48 0.13  
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Table 8. NH₄+ and SRP excretion rates of different size classes of dreissenids, across all 

lakes 

Size 

class 
NH₄+ (µg/gDW⁻¹h⁻¹)  SRP (µg/gDW⁻¹h⁻¹)  NH₄+:SRP  

 mean SD mean SD mean SD 

Small 122  78  27.6  18.6  6.3  6.7  

       

Medium 56  20  10.5  4.1  5.8  2.7  

       

Large 36  24  8.8  4.6  5.7  5.6  
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Table 9. NH₄+ and SRP excretion rates of dreissenids in different lakes, across all size 

classes 

 

Lake NH₄+  (µg/gDW⁻¹h⁻¹)  SRP (µg/gDW⁻¹h⁻¹)  

 mean SD mean SD 

Carlos  57.27  39.58  9.52  6.68  

Pelican  73.97  34.00  7.23  5.59  

Pike  56.51  22.43  16.52  8.60  

Round  55.26  14.93  14.10  7.86  

Lizzie  88.87  29.79  16.32  8.39  

Crystal  131.7  136.3  12.60  8.12  

Mille Lacs  56.74  58.94  22.17  28.30  

Barkers  71.20  57.10  12.23  7.22  

Zumbro  60.37  52.28  26.45  21.71  

Pepin  54.15  40.20  18.34  18.14  
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Table 10. Results of one-way ANOVA on total biodeposition rate and C, N and P µg/g 

DW/hr composition 

Parameter Factor F-value P-value 

Log(P) Lake 7.44 < 0.00009 

    

(N)0.25 Lake 5.91 < 0.00047 

    

Log(C) Lake 11.4 < 0.0004 

    

Total Biodeposit  Lake 12.3 < 0.00002 

(mg/mussel/h)    
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Table 11. Average mussel biodeposition rate and nutrient composition of biodeposits in 

different lakes. Biodeposition was studied only in medium sized mussels (12-15 mm). 

Lake 
P (µg gDW⁻¹h⁻¹)  N (µg gDW⁻¹h⁻¹)  C (µg gDW⁻¹h⁻¹)  

Total 

biodeposit (mg 

mussel⁻¹h⁻¹)   

 mean SD mean SD mean SD mean SD  

Carlos  77.5  9.3  150.8  67.7  1087.6  391.9  3.80  1.24   

Pelican  109.1  135.3  44.7  10.0  274.9  31.6  2.17  0.55   

Pike  167.7  72.8  88.5  10.3  433.7  55.0  0.89  0.22   

Round  58.2  10.3  152.2  13.9  1301.4  63.0  0.68  0.40   

Lizzie  210.1  127.4  176.2  37.5  1043.6  262.8  1.42  0.16   

Crystal  36.5  15.0  55.9  6.3  400.4  54.3  0.78  0.40   

Mille 

Lacs  89.1  15.4  153.0  15.8  1441.6  406.3  1.14  0.16   

Barkers  16.7  3.6  64.7  32.0  337.5  153.7  0.60  0.22   

Zumbro  65.4  14.2  91.9  88.9  372.1  296.3  0.85  0.15   

Pepin  19.9  3.5  39.1  10.1  262.2  89.2  0.96  0.18   
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Table 12. Results of multiple linear regression models examining the effect of mussel 

tissue nutrient content, chlorophyll-a and size class on tissue composition and excretion 

rates. Linear regression models consider the effect of chlorophyll-a on biodeposition rate 

and content. 

model  

adjusted 

R² 

F-

statistic P Variable coefficient t-value P 

Tissue P 0.463 37.2 < 0.00001 Intercept 12.4 11.1 < 0.0001 

    size category 2.5 5.44 < 0.0001 

    chlorophyll conc. 0.64 6.95 < 0.0001 

Tissue N 0.172 17.6 < 0.00001 Intercept 44.8 2.75 0.007 

    Tissue C 0.143 4.19 < 0.0001 

Tissue C 0.036 4.03 0.048 Intercept 488 74 < 0.0001 

    size category -5.95 -2.01 0.048 

Log(NH₄+ excretion) 0.461 75.3 < 0.00001 Intercept 2.76 18.3 < 0.0001 

    size category 0.613 8.68 < 0.0001 

(SRP excretion)0.25 0.39 27.4 < 0.0001 Intercept 2.29 27.4 < 0.0001 

    size category -0.24 -6.77 < 0.0001 

    chlorophyll conc. 0.02 2.8 < 0.007 

Log(P biodeposit) 0.239 10.1 0.0035 Intercept 4.42 25 < 0.0001 

    

log (chlorophyll 

conc.) -0.466 -3.18 0.0035 

 C biodeposit 0.241 10.2 0.0034 Intercept 892 9.01 < 0.0001 

    

log (chlorophyll 

conc.) -261 -3.19 0.0034 

N biodeposit 0.134 5.48 0.0266 Intercept 120 9.29 < 0.0001 

    

log (chlorophyll 

conc.) -25.1 -2.34 0.0266 

Log (Total biodeposit 

weight) -0.017 0.526 0.47 Intercept -0.004 -0.03 0.98 

    

log (chlorophyll 

conc.) 0.09 0.73 0.47 
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Table 13. Total estimated mussel soft tissue, live shell and dead shell mass in different 

lakes 

 Tissue mass (tons) Live shell (tons) Dead shell (tons) 

 mean SD mean SD mean SD 

Carlos 24.2  8.7  455.0  181.7  355.8  134.0  

Pelican 8.4  8.2  102.2  99.0  2.6  5.0  

Pike 5.8  2.9  140.5  73.4  51.8  33.6  

Round 6.6  3.1  108.0  34.9  75.3  30.9  

Lizzie 4.0  2.1  78.7  40.0  115.9  39.0  

Crystal 0.8  0.6  10.9  8.2  1.3  1.5  

Zumbro 15.1  16.6  121.1  132.5  4815.9  1444.1  

Pepin 175.9  270.0  1627.4  2558.9  23959.6  17072.9  
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Table 14. Average estimated areal biomass of mussel soft tissue, live shell and dead shell 

in different lakes 

 Tissue mass (g/m²) Live shell (g/m²) Dead shell (g/m²) 

 mean SD mean SD mean SD 

Carlos 7.28  2.63  137.1  54.77  107.23  40.4  

Pelican 0.61  0.59  7.4  7.13  0.19  0.4  

Pike 11.54  5.84  278.7  145.66  102.77  66.6  

Round 2.98  1.39  48.5  15.69  33.82  13.9  

Lizzie 1.53  0.80  30.2  15.34  44.44  14.9  

Crystal 0.30  0.23  4.1  3.08  0.49  0.6  

Zumbro 5.57  6.13  44.7  48.92  1778.00  533.2  

Pepin 6.26  9.61  57.9  91.07  852.71  607.6  
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Table 15. Estimated mussel storage of P, N and C in combined soft tissue, live shell and 

dead shell in different lakes with estimate of standard deviation 

Lake Mussel P (tons) Mussel N (tons) Mussel C (tons) 

 mean SD mean SD mean SD 

Carlos 0.69  0.26  4.53  1.14  110.55  33.64  

Pelican 0.25  0.24  1.20  0.90  17.19  8.94  

Pike 0.10  0.05  1.00  0.37  26.20  9.24  

Round 0.13  0.05  1.08  0.36  25.51  8.78  

Lizzie 0.09  0.04  0.87  0.28  24.13  9.02  

Crystal 0.02  0.02  0.10  0.06  1.86  0.76  

Zumbro 0.69  0.42  19.80  10.47  620.32  338.29  

Pepin 5.63  5.73  72.22  43.78  2229.15  1293.50  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

73 

 

Table 16. Lake water column phosphorous (calculated from July water TP samples) and 

percent of water column P stored in mussels (tissue, live shell and dead shell) and 

excreted daily  

Lake 

TP (tons) in water 

column 

%P stored in 

mussels %P daily excreted 

%P daily 

deposited 

Carlos 1.64  42.19  0.36  2.74  

Pelican 3.16  7.90  0.05  0.70  

Pike 0.27  37.88  0.73  8.60  

Round 0.08  167.7  3.72  12.30  

Lizzie 1.73  5.32  0.13  1.70  

Crystal 1.17  2.06  0.01  0.05  

Zumbro 0.73  95.09  0.76  3.27  

Pepin 252.27  2.23  0.02  0.03  
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Table 17. Mussel P and N excretion A) grams per hour B) kilograms per day in different 

lakes 

A) 

Lake excretion P (g/h) excretion N (g/h) 

 mean SD mean SD 

Carlos 220.0  171.5  1301  544.2  

Pelican 62.83  179.0  701.1  722.5  

Pike 74.38  39.00  292.8  147.3  

Round 106.0  74.27  390.0  186.8  

Lizzie 84.11  84.26  403.2  221.9  

Crystal 6.473  36.43  149.5  141.7  

Zumbro 209.7  178.2  481.4  419.6  

Pepin 2310  3184  8008  10948  

 

B) 

Lake excretion P (kg/d) excretion N (kg/d) 

 mean SD mean SD 

Carlos 5.3  4.1  31  13.1  

Pelican 1.51  4.3  16.8  17.3  

Pike 1.79  0.94  7.0  3.5  

Round 2.5  1.78  9.4  4.5  

Lizzie 2.02  2.02  9.7  5.3  

Crystal 0.155  0.87  3.6  3.4  

Zumbro 5.0  4.3  11.6  10.1  

Pepin 55  76  192  263  
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Table 18. Daily total mussel biodeposition rates and biodeposition rates of diffident 

nutrients in study lakes 

Lake Biodeposit P (kg/d) Biodeposit N (kg/d) Biodeposit C (kg/d) 

 mean SD mean SD mean SD 

Carlos 40.8 14.8 79.3 31.2 572.3 218.9  

Pelican 20.0 24.9 8.2 8.1 50.4 49.4  

Pike 21.2 11.6 11.2 5.7 54.9 28.0  

Round 8.4 4.0 22.0 10.3 188.1 87.6  

Lizzie 18.3 11.0 15.3 8.1 90.7 48.6  

Crystal 0.6 0.5 1.0 0.7 6.9 5.3  

Zumbro 21.5 23.9 30.2 39.2 122.3 151.2  

Pepin 76.0 117.3 149.8 232.2 1004.0 1567.0  

 

 

 

 

 

 

 

 

 

 

 



 

 

76 

 

 

Table 19. Comparisons of tissue and shell C, N and P content (mg/g) with literature data 

Source 

Tissue 

C 

(mg/g) 

Tissue 

N 

(mg/g) 

Tissue 

P 

(mg/g) 

Shell C 

(mg/g) 

Shell N 

(mg/g) 

Shell P 

(mg/g) 

 
This study 485 108 22 122 2.5 0.07 

 
Vanderploeg et al., 2017 503 122.9 10.12 - - - 

 
Ozersky et al., 2015 541 124 9.2 118 1.1 0.03 

 
Pennuto et al., 2012 (U.S. sites) - - 3.9 - - 0.588 

 
Pennuto et al., 2012 (Canadian sites) - - 7.4 - - 0.278 

 
Goedkoop et al., 2011 - 100.9 9.3 - - - 

 
Krolak & Zdanowski 2007 - - 6.6 - - 0.24 

 Nalepa et al., 1993 (Table 2: station 3 in 

1990) 447 93 - - - - 
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Table 20. Comparisons of N and P excretion rates (µg gDW⁻¹h⁻¹) in literature data 

Source N (µg gDW⁻¹h⁻¹) P (µg gDW⁻¹h⁻¹) 

This study 66 14 

Vanderploeg et al., (2017) 103 8.6 

Ozersky et al., (2015) 49 11.3 

Ozersky et al., (2013) 92 7.2 

Naddafi et al., (2008) 23-149 2.5-23.8 

Conroy et al., (2005) 54-365 12.8 

James et al., (2001) - 3.08 

Effer et al., (1997) - 5.62 

Arnott & Vanni (1996) 25-147 13.75-31.58 

Quigley et al., (1993) 57.3 - 
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Figure 1. Map of Minnesota showing ecoregions and indicating the ten zebra mussel 

lakes sampled in 2015 and 2016. Barkers is a site in the Duluth Harbor 
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Figure 2. P, N and C content (mg/g) in soft tissues and shells of dreissenids in different 

lakes across all mussel sizes, lakes are in order from left to right in increasing 

productivity 
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Figure 3.  Mussel tissue composition relationship between tissue N:P C:P and C:N
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Figure 4. Mussel NH4
+ and SRP excretion per gram dry soft tissue mass and per mussel in different lakes across mussel sizes, 

lakes are in order from left to right in increasing productivity 
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Figure 5. Mussel NH4

+ and SRP excretion rates per gram of dry soft tissue mass and per 

mussel 
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Figure 6. Biodeposition rate of C, N and P in different lakes by medium sized (12-15 

mm) mussels. Each point is an individual sample and lakes are in order from left to right 

in increasing productivity 
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Figure 7. Mussel tissue phosphorous content (mg/g) as a function of lake chlorophyll-a concentration and mussel size class 

from ten sampled lakes
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Figure 8.  Mussel tissue nitrogen content as a function of tissue carbon content from ten 

sampled lakes
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Figure 9. Mussel tissue carbon content as a function of mussel size from 10 sampled 

lakes
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Figure 10. Mussel NH4

+ excretion rate log transformed as a function of mussel size from 

10 sampled lakes 



 

 

88 

 

 

 
 

 

Figure 11. Mussel phosphorous excretion rate as a function of lake chlorophyll-a concentration and mussel size class from ten 

sampled lakes. 
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Figure 12. Mussel biodeposition rate of C, N and P content as a function of lake 

chlorophyll-a concentration from ten sampled lakes. 
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Figure 13. Mussel soft tissue, live shell, and dead shell mass distribution in 2015 across sampled depths in 8 MN lakes  
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Figure 14. Mussel soft tissue, live shell and dead shell biomass estimate distributions at 

sampled depth intervals of lakes in 2015 
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Figure 15. Comparisons of estimated percent biomass of dead shell, live shell and live 

tissue mass in eight sampled lakes. Lakes are in order from left to right in increasing 

trophic status based on our water sample TP measurements.
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Figure 16. Comparisons of estimated percent soft tissue biomass of small, medium and 

large mussels living in eight sampled lakes. Lakes are in order from left to right in 

increasing percent littoral zone based on Minnesota DNR data. 
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Figure 17. Comparison of dreissenid percent nutrient (Left to right) phosphorus, nitrogen and carbon storage in dead shell, live 

shell and soft tissue for eight Minnesota lakes. Lakes are in order from left to right in increasing trophic status based on our 

water sample TP measurements. 
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Figure 18. Estimated relative importance of biodeposition and excretion in cycling 

phosphorous (top) and nitrogen (bottom) in eight sampled lakes. Lakes are in order from 

left to right in increasing trophic status based on our water sample TP measurements. 
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Figure 19. Comparisons of estimated percent biodeposition of carbon, nitrogen and 

phosphorus in eight sampled lakes. Lakes are in order from left to right in increasing 

trophic status based on our water sample TP measurements. 
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