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ABSTRACT
WHAT DEFINES A REFUGE FOR UNIONIDS FROM DREISSENID MUSSELS
(DREISSENA POLYMORPHA AND D. ROSTRIFORMIS BUGENSIS)
IN GREAT LAKES COASTAL WETLANDS?
by Jessica J. Sherman
Coastal wetland sites around Michigan were studied to locate refuges for native
unionids, whose numbers have declined drastically in the past century, and have
exponentially declined since the introduction of invasive dreissenid mussels (Dreissena
polymorpha and D. rostriformis bugensis) into the Laurentian Great Lakes in the mid1980’s. Physical and chemical parameters, water level fluctuations, and dreissenid
colonization rates were measured in coastal wetlands in Michigan to determine if
relationships exist between refuge populations of native unionids and these factors.
Fouling dreissenids were enumerated on all surveyed unionids and dreissenid
colonization was evaluated in each wetland using artificial substrates. Live unionids were
found in coastal wetlands in the Les Cheneaux Islands in Lake Huron, the Lake St. Clair
delta, and North Maumee Bay in Lake Erie with significant differences in fouling noted
among these regions. Dreissena polymorpha colonization densities were as high as
31,007 m-2 at one site in North Maumee Bay, and 20,231 m-2 in Saginaw Bay but no
colonization occurred in the wetlands of the Beaver Island archipelago, the Les Cheneaux
Islands, or Grand Traverse Bay sites though their presence in the open water of these
regions was noted. Examination with principal components analysis and discriminate
analysis indicated that some physical and chemical parameters are closely related to
dreissenid colonization in coastal wetlands.
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CHAPTER I
INTRODUCTION
Populations of native freshwater mussels (Bivalvia: Unionidae) have declined
sharply since the introduction of dreissenid mussels into the Laurentian Great Lakes and
because of this, species conservation programs for native mussels have become
increasingly crucial. Zebra mussels (Dreissena polymorpha, Bivalvia: Dreissenidae),
native to the Black and Caspian Sea region of eastern Europe, were introduced into the
Great Lakes region in 1986 from the ballast waters of ships traveling from northeastern
Europe (Hebert et al. 1989). They were initially discovered in Lake Erie along the
western basin on well markers and natural gas wellheads in 1987 (Carlton 2008). By the
early 1990’s, a close relative also from the Ponto-Caspian region, the quagga mussel
(Dreissena rostriformis bugensis) began disrupting North American ecosystems along
with zebra mussels (May and Marsden 1992, Mills et al. 1993). Dreissenid mussels, an
efficient competitor, can reduce the fitness and survival of unionids by attaching to the
exterior of the unionid shell, a process referred to as fouling (Ricciardi et al. 1996,
Schloesser and Nalepa 1994, Haag et al. 1993).
Unionid Life History
There are approximately 1000 described species of freshwater mussels (Order:
Unionoida) around the world with roughly 300 species (belonging to two families:
Unionidae and Margaritiferidae) occurring in North America (Williams et al. 1993,
Strayer et al. 2004, Graf and Cummings 2007). The family Unionidae is categorized into
two subfamilies: Ambleminae (which represents approximately 250 species in North
America and consists of the Tribes Lampsilini, Amblemini, Pleurobemini, Quadrulini,
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and Gonideini) and Unioninae (including the Tribes Unionini and Anodontini) (Campbell
et al. 2005, Graf and Cummings 2006, 2007).
Unionids, the colloquial term for members of Unionidae, are considered to be the
most imperiled group of organisms in North America and are critically jeopardized in
other parts of the world (Strayer et al. 2004). Approximately 70% of the freshwater
mussels that live in North America are listed as endangered, threatened, or as species of
special concern (Williams et al. 1993). There are many factors that have contributed to
unionid population declines including overharvesting, habitat loss from dams or
channelization, pollution, loss of host fish species, and the introduction of invasive
species (i.e., dreissenids) (Hallac and Marsden 2001, Strayer et al. 2004, Lydeard et al.
2004,Watters et al. 2009). Downing et al. (2010) lists the three most frequent and cooccurring causes for unionid decline as degradation of water quality, habitat destruction,
and changes in hydrology.
Unionids are typically dioecious (separate male and female individuals), but in
some cases have been known to change sexes or become hermaphroditic (containing both
male and female reproductive organs) (Mackie 1984, Bauer 1987, Downing et al. 1989,
Strayer et al. 2004). Males disperse sperm into the water column as spheres called
spermatozeugmata and fertilization of the eggs occurs on the gill marsupia of the female
(Cummings and Graf 2010). The fertilized eggs develop into larval glochidia and can be
brooded short-term (several weeks) or long-term (several months) depending on the
unionid species (Cummings and Graf 2010). Some females are capable of producing up
to 2,000,000 glochidia, but mortality rates are exceedingly high with only about 1 in
10,000 glochidia surviving to maturity (Ellis 1978). Jansen et al. (2001) reported
2

estimated mortality rates for during glochidial stages as a range between 99.9982 –
99.9999% for some unionid species.
Unionids have a unique life history that involves a parasitic larval glochidia that
attaches to the gill filaments (and sometimes skin or fins) of a host fish while developing
to the juvenile stage (Barnhart et al. 2008). Unionids have evolved elaborate strategies to
transfer their glochidia in either a general manner to many species of fish or to specific
host fish (Zanatta and Murphy 2006, Barnhart et al. 2008). There are five main host
infection strategies identified by Barnhart et al. (2008); broadcasting free larvae,
glochidia contained within conglutinates, reflexive release, mantle lures, and host
trapping. Unionids that utilize the broadcast method are not adapted to attract host fish,
but instead release larvae that are free of an egg membrane (hence the term ‘free larvae’).
Glochidia released within conglutinates (aggregates of eggs) are bonded together by the
egg membranes and appear attractive to host fish as a possible food source. As the fish
attempt to eat the conglutinate, the glochidia are released to attach to the host. This
mechanism may target specific fish species or feeding groups. Unionids that release their
offspring to an array of hosts will create a mucous web that entangles numerous types of
fish and allows glochidia to attach to a host (Strayer et al. 2004). Other unionids will
target specific host fish by creating lures of glochidia that resemble small fish (Haag and
Warren 2000, Haag et al. 1995) or constructing packages of glochidia that mimic
invertebrate larva or fish eggs (Jones and Neves 2002, Haag and Warren 2003). These
strategies target particular host fish by mimicking a fish, worm, insect larva, fish egg or
other diet source specific to the desired host. Glochidia stay encysted on the host fish for
a period of a few days to several weeks depending on the species, water temperature and
3

water chemistry. Glochidia will drop off once they transform into juveniles (Watters et
al. 2009). Specific host attraction mechanisms indicate a close evolutionary development
between certain unionid and fish species (Barnhart et al. 2008, Strayer et al. 2004).
Along with their extraordinary adaptations for attracting host fish with a variety of
strategies, some unionids have incredible life spans and are among the most long-lived
invertebrates (Strayer et al. 2004, Cummings and Graf 2010, Haag and Rypel 2011).
Bauer and Wächtler (2000) reported that some freshwater unionids can live for decades
and have an average age of 50 years, while Haag and Rypel (2011) reported that
longevity can range from 4-190 years depending on the family and Tribe (i.e., family
Margaritiferidae, 28-190 years; family Unionidae, Tribe Lampsilini, 4-50 years). Their
longevity can be problematic in regards to rebuilding unionid numbers after population
declines due to overharvesting, habitat degradation and destruction, or fouling by
introduced species.
As infaunal organisms, unionids live either partially buried in the benthos or at the
water-substrate interface (Mackie 1991, Cummings and Graf 2010). Unionids feed by
collecting food particles from the water column or substrate and assimilate the material
into feces or psuedofeces that are then concentrated and deposited in the benthos. Their
diet consists of dissolved organic matter, phytoplankton, bacteria, protozoans and detritus
(Nichols and Garling 2000, Strayer et al. 2004). Their mechanisms for feeding include
suspension feeding (filter feeding) through their incurrent aperture, pedal feeding (using
their foot to funnel food to the labial palps), and deposit feeding (siphoning food from the
substrate) (Strayer et al. 2004, Cummings and Graf 2010).

4

Unionids are ecologically significant for filtering water, recycling and
redistributing nutrients, and increasing productivity in some systems. Unionids have the
ability to increase organic and inorganic nutrients in the substrate through biodeposits of
feces and pseudofeces (Howard and Cuffey 2006, Vaughn and Hakenkamp 2001). By
concentrating nutrients from the water column and depositing them at the sediment-water
interface of the system, unionids can increase food availability and productivity in some
systems (Howard and Cuffey 2006, Vaughn and Hakenkamp 2001). Burrowing unionids
can also release nutrients from the substrate into the system by their movements through
the sediments. This process, known as bioturbation, releases oxygen and nutrients to help
support epiphytic and epizoic organisms (Vaughn and Hakenkamp 2001). The burrowing
of unionids also oxygenates hypoxic substrates (Levinton 1995) and catalyzes the
metabolism of microbes (Dame 1996).

Dreissenid Life History
Dreissenid mussels are dioecious and a mature female can produce as many as
30,000-40,000 larvae, called veligers, per year (Mackie 1991). Dreissenids reach sexual
maturity between six months and two years and typically have one reproductive period
per year (McMahon and Bogan 2001). In North America, dreissenid spawning can take
place at a minimum temperature of 12°C, but occurs more frequently at temperatures
greater than 17°C (McMahon 1996). Unlike unionids, dreissenid larvae do not require a
host to complete their development and are pelagic in the water column for about four
weeks (Mackie 1991). Lack of a parasitic stage and high fecundity are two factors that
allow dreissenids to successfully compete with unionid mussels (Barnhart et al. 2008).
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Dreissenids, when mature, are epifaunal organisms that attach to hard surfaces
with byssal threads and filter feed from the water column (Mackie 1991). Their diet is
comprised of phytoplankton, bacteria, and inorganic materials (Mackie and Schloesser
1996, Ram and McMahon 1996). The highly efficient filter feeding ability and the
fouling nature of dreissenids generally leads to high competition, starvation, and
subsequent death for native mussels.
As epifaunal organisms, dreissenid mussels live attached to objects and use
strong, proteinaceous byssal threads to append to firm substrates, a behavior referred to
as fouling (Mackie 1991, Haag et al. 1993). When dreissenid mussels attach to unionid
shells, they inhibit feeding, respiration, reproduction, and burrowing, all of which can
ultimately lead to death (Schloesser and Nalepa 1994). Attached dreissenid mussels can
also prevent unionids from closing their shell, which can then subject the unionid to
predation, parasitism, and pathogens (Ricciardi et al. 1996). While high densities of
dreissenids affixed on unionid shells is a frequent cause of death, dreissenids can also
cause reduced unionid body condition (represented by decreased body mass, reduced
fecundity, or malformation of shell) and cause death indirectly by limiting their food
supply (Strayer 1999, Strayer and Smith 1996, Haag et al. 1993).
Unionid shells provide a suitable attachment site for dreissenid mussels
(Burlakova et al. 2000) and are often preferentially colonized over other hard substrates
(Mackie 1990, Ricciardi et al. 1996). In a study conducted by Burlakova et al. (2000)
100% of the native unionids sampled in Lake Naroch, Belarus had D. polymorpha
attached to the shells with an average of 135± 35 D. polymorpha per unionid. Similar
observations have been recorded in the Laurentian Great Lakes (Herbert et al. 1989,
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Griffiths 1993, Gillis and Mackie 1994, Mastellar and Schloesser 1992, Haag et al. 1993).
During the initial introduction of dreissenids to Lake St. Clair, Hebert et al. (1989)
recorded between 47-90% of the unionids sampled at various sites were colonized by
dreissenids. A few years later, Griffiths (1993) and Gillis and Mackie (1994) noted that
colonization of unionids had increased to 100% of the individuals in their studies. The
native mussels of Lake Erie also demonstrated similar dreissenid fouling when surveyed
two – three years post invasion (Mastellar and Schloesser 1992, Haag et al. 1993).
Ricciardi et al. (1995) reported that unionids are fouled at an increasing rate when
dreissenid densities reach 200 m-2 or more and high unionid mortality rates are strongly
correlated with densities greater than 1000 dreissenids/m2. In the same study, the authors
estimate the lethal threshold for unionids to be 100 attached dreissenids per shell (as a
predictive model). A follow up study found that unionid mortality occurred at mean
colonization rates as low as ten dreissenids per unionid, with the negative impact directly
related to the size of the dreissenids (Ricciardi et al. 1996).
Scope of Study
Coastal wetlands are shoreline areas containing emergent, and often submergent,
vegetation and form an important transition between terrestrial and aquatic environments.
Coastal wetlands often contain a wide variety of microhabitats ranging from high-energy
wave swept outer (lake-side) zones to calm or even stagnant and shallow inner
(nearshore) zones. Because of the wetland vegetation, many wetlands have soft and
highly organic substrates supporting much primary and secondary production. Great
Lakes coastal wetlands are classified as having a hydrological connection to the Great
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Lakes and water levels influenced by Great Lake water level fluctuations, nearshore
currents, seiche events, and ice scour (Albert et al. 2003).
Coastal wetlands are critically important to the biology of the Great Lakes basin
and offer numerous physical functions. These areas are utilized as nursery and feeding
habitats by fish, invertebrates, amphibians, reptiles, waterfowl, and mammals
(Herdendorf 1987, Jude and Pappas 1992, Prince et al. 1992, Gathman et al. 1999,
Weeber and Vallianatos 2000). It has been found that coastal wetlands provide the
greatest amount of food and shelter among all habitats in the Great Lakes (Bookout 1989,
Herdendorf, 1987). Nearly all of the fish found in the Great Lakes utilize coastal
wetlands for some part of their life cycle (Whillans 1979). In addition to their benefits to
wildlife, coastal wetlands are also important for physical processes including flood water
storage, shoreline stabilization, groundwater recharge, and improving water quality
(Herdendorf 1987).
Previous research has suggested that coastal wetlands contain several factors that
may allow them to serve as refuges for unionids from dreissenids. Soft benthic sediments
allow unionids to burrow into the substrate, which may remove or suffocate attached
dreissenid mussels (Nichols and Wilcox 1997, Schloesser et al. 1997, Bowers and de
Szalay 2004, Bowers et al. 2005). Dreissenids cannot tolerate hypoxia to the extent that
unionids can, therefore, a burrowed unionid will be able to survive much longer in the
sediments than the attached dreissenids (McMahon 1991). Although the ability to
burrow in soft sediments may benefit unionids populations, Jokela and Ricciardi (2008)
found that fouling intensities on unionids can be greater in soft sediments because the
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unionids are the only available colonizing substrate for the dreissenids in these
conditions.
Fluctuating water levels and shallow water depth in coastal wetlands are also
important factors that may enhance unionid survival in the presence of high dreissenid
densities. Bowers and de Szalay (2005) found that the frequency and duration of low
water levels greatly impacted the survival of adult dreissenids and the colonization of
veligers (the free swimming larval form of dreissenids) and decreased their presence in
wetlands. In an experiment conducted by Bowers and de Szalay (2004), the authors
implanted artificial substrates consisting of three tiers of PVC plates on posts in a Lake
Erie coastal wetland. The tiers were placed 1 cm, 18 cm and 35 cm above the substrate
and measured periodically for dreissenid colonization. The authors discovered that as
little as 1% exposure to open air during water fluctuations greatly decreased the
colonization rates on the 35 cm plate compared to the colonization of the 28 cm and 1 cm
plates. Unionids can endure longer periods of aerial exposure than dreissenids therefore,
unionid populations found in shallow waters or areas that have frequent water level
fluctuations are less likely to be impacted by dreissenids (Bowers and de Szalay 2004).
Low levels of dissolved calcium and low pH can inhibit dreissenid populations
and could also be used to determine if an area is a refuge for unionids. Jokela and
Ricciardi (2008) studied calcium concentrations in lakes and concluded that areas with
very low dissolved calcium (<8 mg·L –1) could sustain native mussels while preventing
the colonization of dreissenids. This is also supported in a study conducted by Hincks
and Mackie (1997) in which the authors correlated a decrease in veliger growth with low
calcium levels (less than 8.5 mg·L–1). The authors also reported that zebra mussels do not
9

grow efficiently in areas with pH less than 8.3, while McMahon (1996) reported that
adult dreissenids require a minimum pH of 6.5 and juvenile dreissenids require a
minimum pH of 7.4.
In several Great Lakes studies, researchers have attributed remnant unionid
populations and refugia sites in part to the presence of soft or fine sand sediments that
allow unionid burrowing, high water level fluctuations, wave action, shallow water
depths, and offshore currents (Nichols and Wilcox 1997, Schloesser et al. 1997,
Schloesser and Masteller 1999, Zanatta et al. 2002, Bowers and de Szalay 2004, 2005,
McGoldrick et al. 2009). Aside from surveys in Lake St. Clair (Zanatta et al. 2002,
McGoldrick et al. 2009), little research has been conducted in Michigan’s coastal
wetlands to determine which sites could be possible refugia for unionid populations.
Using information and strategies from past experiments, the goal of this project is to
determine what constitutes a refuge for unionids from dreissenid mussels and locate if,
and where, these sites exist in Great Lakes coastal wetlands in Michigan.
The word refuge can be interpreted in different contexts. For this study, the term
refuge will be applied to wetlands that support relatively diverse (regionally dependent)
populations of unionids of >2-3 species. Sites with sustainable unionid populations could
be used as natural nurseries to transplant unionids from sites where they are less likely to
survive (due to either fouling by dreissenids or other factors). Bowers and de Szalay
(2004) suggested that identifying the characteristics that enable unionids to exist among
dreissenids will be crucial for protecting unionid populations. If dreissenid populations
ever decrease, as suggested by Hunter and Simons (2004), refuge sites can also be used
for propagating unionids to replace devastated populations throughout the Great Lakes. It
10

is also important to identify wetland habitats with healthy, diverse populations of
unionids that could be of use as future research sites or candidate sites for protection and
conservation programs.
This project also aimed to identify habitats that contained heavily fouled unionids
whose populations need protection. If these areas are identified during this study, future
projects can be designed to conserve the unionids in these wetlands by in situ removal of
dreissenids, as suggested by Hallac and Marsden (2001).
The objectives of this study were to 1) evaluate coastal wetlands for unionid
populations and determine what factors could contribute to their survival in these areas,
2) measure dreissenid colonization in wetlands and identify which physical and chemical
factors could support or restrict dreissenid presence, and 3) determine which coastal
wetlands are potential refuges for unionids in Michigan.
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CHAPTER II
METHODS

Site Selection and Description
Coastal wetland sites were evaluated during the summers of 2009 and 2010.
During the first field season, three regions were sampled including Saginaw Bay (SGB)
and the Les Cheneaux Islands (LCX) in Lake Huron and Beaver Island (BVI) in Lake
Michigan. In 2010, wetland sites in the Lake St. Clair delta (SCL), North Maumee Bay
of Lake Erie (ERI), the Les Cheneaux Islands in Lake Huron and Grand Traverse Bay
(GTB) and Garden Island (GDI) sites in Lake Michigan were sampled. For this study, the
term region applies to sampling areas not directly connected to one another and
consisting of multiple sites (i.e., region = Les Cheneaux Islands, Garden Island, Grand
Traverse Bay). Refer to Figure 1 for an outline of all sampling regions and Appendix 1
for a description of each site.
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Figure 1. Coastal wetland study sites: region 1, Beaver Island Archipelago (BVI); 2, Les
Cheneaux Islands (LCX); 3, Grand Traverse Bay (GTB); 4, Saginaw Bay (SGB); 5, Lake
St. Clair Delta (SCL); and 6, North Maumee Bay (NMB).

Sites were randomly selected for the 2009 field season by first identifying
wetlands using aerial photographs of study regions and assigning numbers to each
potential site. The sites for the 2010 field season were selected based on personal
communication and recommendations from other researchers (Grand Traverse Bay, Lake
St. Clair, Garden Island in the Beaver Island Archipelago, and North Maumee Bay) or to
further investigate possible refugia based on evidence from the prior field season (the Les
Cheneaux Islands).
An inner and an outer wetland were determined at each site by the stem density of
emergent vegetation. Vegetation zones in coastal wetlands are commonly divided into
13

two stem density categories; a sparse (outer) bulrush zone that is subjected to heavier
wave action, and a protected (inner) bulrush zone that receives less wave actions and
contains more vegetation stems per square meter than the outer zone (Burton et al. 1999,
Uzarski et al. 2004). The substrate compilation at each site was visually assessed and
designated as a percentage of one or more of the following types: cobble, gravel, sand,
silt, clay, and detritus. Substrate type was determined from the Wentworth Grain Size
Scale (Allan and Castillo 2008) and by assessing texture. GPS waypoints were marked at
the outer vegetation zone water gauge of each wetland site using a Garmin® GPS 76™.

Unionid Surveys
Unionid searches were based on the technique used by Zanatta et al. (2002). A
minimum 1-person hour search for live unionids was conducted at each site between midJuly and early August. Searches were performed using snorkeling gear and underwater
viewers in clear water and a clam rake or tactile senses in turbid waters. When a live
unionid was found, a 0.9 meter rebar was staked in its spot with a 4.55 m line attached to
it. Using the line as a guide, concentric inward circles around the re-bar were searched to
cover an area of 65 m2. This area could then be used to calculate the average density of
unionids at each site. Any live mussel found during this time was identified to species,
measured for length, photographed, and placed back in correct orientation into the
substrate in the approximate location it was found. Any attached dreissenids on the
unionids were removed, enumerated, and recorded. After the initial circle plot was
completed, subsequent circle plots were searched until unionids were no longer located.
Each unionid search was conducted for a minimum of 30 minutes.
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Due to water clarity limitations from high turbidity, snorkeling surveys could not
be performed in North Maumee Bay, Lake Erie, and an alternative surveying technique
was implemented to survey unionids in this region. A clam rake, manufactured by the
Clam Out™ Equipment Co. (Mohnton, PA), was utilized to survey this region. The clam
rake was constructed with a basket width of 27.9 cm and eight 0.6 cm pressed tines
spaced 2.5 cm apart. To maintain a standard for surveying area, 10 m trawls were
conducted 24 times to encompass an area of 67 m2 . Due to the low visibility in some
areas, the initial visual search to locate unionids could not be conducted. Instead, the
clam rake was haphazardly used to search each site. This method was validated in the
Lake St. Clair region, where unionid densities were known from earlier surveys for this
project to be 0.056 unionids per m2. The clam rake method produced a density of 0.015
unionids per m2 near the same location, 26.6% of the density determined from snorkel
searches.

Dreissenid Colonization
In both the inner and outer wetland of each site, 10 unglazed clay tiles were used
as artificial substrates to measure dreissenid mussel colonization. The clay tiles measured
16 cm by 16 cm by 1 cm and were affixed to a piece of conduit by a U-joint. Prior to
inserting the tiles at each site, they were soaked for a minimum of 72 hours in well water
to obtain a bio-film. Previous studies have shown that dreissenids prefer to colonize
substrates containing bio-films (Bowers and de Szalay 2004, 2005). The tiles were
removed from the well water the morning of placement in the wetlands and were
transported in totes with enough water on the bottom to keep the tiles moist and maintain
the bio-films. The clay tiles were placed in a one meter circle around the water gauges to
15

allow for easier access and locating. The clay tiles were placed 1 cm above the substrate
surface to represent the position of unionids in the habitat.
To measure dreissenid colonization, three tiles were randomly selected at six and
12 weeks during the sampling season. When removed from the site, plates were
designated as either plate 1, 2, or 3. Plates with attached dreissenids were scraped into a
dissecting pan with the contents then being transferred to a Whirl-pak®. All organisms
were immediately preserved in denatured ethyl alcohol. To determine the colonization of
dreissenids at each site, the samples were rinsed with water and placed in a dissecting pan
for review. Dreissenids larger than 7 mm were separated, counted, and identified to the
species level (to differentiate Dreissena polymorpha and D. rostriformis bugensis). All
dreissenids measuring smaller than 7 mm were counted, but not identified to species. The
7 mm cutoff was decided during the initial colonization analysis to be the smallest size
range to comfortably identify the organisms to species level. All processed samples were
transferred to labeled poly-seal vials and stored in ethanol. The unglazed clay tiles
represented 0.0576 m-2 in the habitat which allowed for a calculation of colonization/m-2.
The dreissenid count on each tile was divided by this number to establish the colonization
of dreissenids per square meter for both the inner and outer wetland at each site.

Physical and Chemical Habitat Measurements
All water chemistry procedures were conducted in accordance with those
recommended in Standard Methods for the Examination of Water and Wastewater
(APHA 1992). Chemical parameters of the wetlands were measured using a Multiparameter Water Quality Sonde (Yellow Springs International, model 6600 V2). Three
replicates were documented at both the inner and outer vegetation zone at each site.
16

Using the Sonde, the following parameters were measured: water temperature (°C),
conductivity (µS/cm), specific conductance (temperature compensated conductivity),
dissolved oxygen (both as a percentage and in mg/L), turbidity (NTU), total dissolved
solids (g/L), pH, oxidation reduction potential (ORP), and chlorophyll (µg/L). For the
inner and outer wetland of each site, a water sample was collected in a 1 L acid washed
polyethylene bottle for alkalinity and nutrient (nitrate, ammonium, and soluble reactive
phosphorous) analysis. An unfiltered portion of each water sample was reserved to
measure alkalinity. Each sample for nutrient analysis was vacuum pumped through a 0.45
µm Millipore filter within 24 hours of collection and then frozen until it could be
processed.
Alkalinity was determined by performing a titration on a 100 mL sample with
0.02 N H2SO4 to a pH of 4.5. The results of this titration were multiplied by 10 to provide
alkalinity in the form of milligrams of CaCO3/L of water. An auto-analyzer
(Bran+Luebbe QuAAtro) was used to measure soluble reactive phosphorous (SRP),
ammonium (NH3), and nitrate (NO3) levels in the water samples. Each nutrient analysis
had an associated detection limit, the lowest level that the machine could accurately read.
For any value that was below the detection limit of the machine, the detection limit of
that nutrient analysis was divided by half and this value was used for data analysis. The
detection limit on the Bran+Luebbe QuAAtro for SRP, nitrate, and ammonium was
0.3μg/L, 1.0 μg/L, and 0.5 μg/L, respectively.
Water gauges were constructed to measure the highest and lowest water levels for
the inner and outer vegetation zones at each site (Figure 2). A full description of the
water gauge design and construction can be found in Appendix 2. At each site, water
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depth, organic substrate depth and total depth were measured. A meter stick was placed
directly on top of the substrate to measure the depth of the water column. Then, the meter
stick was pushed into the sediment until it met resistance and the total depth (sediment
depth plus water depth) was recorded. The organic sediment depth was then calculated
by subtracting the water depth from the total depth. This was conducted in replicates of
three for both the inner and outer wetland at each site and this information was used to
assess the feasibility of burrowing behaviors for unionids.

Figure 2. Diagram of the custom made max-min water level gauge.

Data Analysis
Unionid refuges were determined by examining the amount of fouling by
dreissenids on the native mussels found in each region. Pearson correlations were
performed in Minitab version 16 (Minitab Inc., U.S.A.) to analyze dreissenid fouling by
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unionid species and by region. An ANOVA, general linear model (GLM) was conducted
in SAS version 9.1 (SAS Institute Inc., Cary, NC, U.S.A.) with a Tukey’s pairwise
comparison to analyze if fouling was different among unionid species, size classes, or
study regions. Pearson correlations were also used to determine if a relationship existed
between unionid densities and each of the physical and chemical factors measured at each
site.
Dreissenid colonization was measured and compared to all physical and chemical
measurements using Pearson correlations. Colonization was compared among regions
and the inner and outer wetlands of each site using an ANOVA GLM with a Tukey’s
pairwise comparison. Dreissenid colonization and unionid densities were compared to
each other using a Pearson correlation.
Physical and chemical parameters were analyzed using a Principal Components
Analysis (PCA) to determine if any of the measured abiotic and biotic parameters
demonstrated differences among each of the sampling regions. Principal Components
(PCs) were determined using all physical and chemical data, water level fluctuations, and
substrate depth using PC-ORD version 5 (MjM Software, Gleneden Beach, Oregon,
U.S.A.). The most powerful PC axes were then correlated with each of the measured
variables using a Pearson Correlation to determine which had the highest impact among
each wetland. These axes were also correlated with dreissenid colonization and unionid
abundance using a Pearson correlation in Minitab to help determine which parameters
could have the strongest impact on presence or absence for the biota.
A Discriminate Analysis (DA) was also performed in SAS using all of the
chemical and physical data recorded to determine which measurements could be
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associated with either dreissenid presence/absence. Seventy-five percent of the data were
used to develop the discriminant model and evaluate the physical-chemical factors
associated with dreissenid presence/absence, while the remaining 25% of the data was
retained for model validation. The model provided an output of measured factors that
can predict dreissenid presence and absence.
A Discriminate Analysis could not be conducted with unionid presence/absence
data because there were too few sites surveyed that contained unionids. The relatively
low number of sites with unionid presence could not be divided up between a developing
and verification data set while still providing a robust model.
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CHAPTER III
RESULTS

Unionid Surveys
Unionid surveys produced live specimens in three regions; the Les Cheneaux
Islands, the Lake St. Clair delta, and North Maumee Bay in Lake Erie. Diversity varied
greatly among each of the three sites with the Les Cheneaux Islands having only one
species; the Lake St. Clair delta, 10 species; and North Maumee Bay, two species
(Appendix 3, Figure 3). Amid these three sites, 100% of the unionids surveyed in the Les
Cheneaux Islands (n = 6) were fouled by dreissenids, 85% in the Lake St. Clair Delta (n =
66) were fouled, and 50% in North Maumee Bay (n = 4) had attached dreissenids. None
of the unionids observed during this study were state or federally listed.

Figure 3. Live unionid abundance by region.
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Of the six sites surveyed in the Les Cheneaux Island, Sheppard Bay (site 1) and
Government Bay (site 4) contained live unionids; a single species, Elliptio complanata
(Lightfoot, 1786), at an average density of 0.015 mussels m-2 at each site (Figure 4).
Unionids found at site 1 had an average of 22.8 ±8.3 (S.E.M.) attached dreissenids while
the one specimen surveyed at site 4 was fouled by 19 dreissenids, all D. polymorpha.

Figure 4. Unionid densities measured at coastal wetland sites.

Unionids were found at all three sites in the Lake St. Clair delta at varying
densities and species compositions. Big Muscamoot Bay (site 1) had the highest
diversity of unionid species and also had the highest average density of 0.056 m-2 (Figure
4). Of the ten species surveyed at site one, the average fouling density was 12 dreissenids
per unionid with Lasmigona costata (Rafinesque, 1820) having the highest average
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fouling (23 ±2) and Villosa iris (I.Lea, 1829) with the lowest (8 ±2). In Goose Bay (site
2), the surveys found six species of unionids with an average density of 0.022 mussels m2

. The average fouling density on mussels at this site was 6.2 ±2.8 with the highest

fouling rate occurring on Elliptio dilatata (Rafinesque, 1820) (17 attached dreissenids)
and the lowest on Anodontoides ferussacianus (I. Lea, 1834) (0 attached dreissenids),
respectively with only one specimen of each observed at this site. At the third site in the
Lake St. Clair delta, only one unionid was observed, an E. dilatata, harboring one
attached dreissenid. The average unionid density for this site was calculated at 0.015 m-2.
In North Maumee Bay, unionids were found at site 1, along the open shoreline,
and at site 3, within the embayment. At site 1, Leptodea fragilis (Rafinesque, 1820) was
the only species documented and they hosted an average of 1.7 ±1.7 dreissenids per
individual and were calculated at an average density of 0.015 m-2 (Figure 4). Only one
specimen was found at site 3, a Pyganodon grandis (Say, 1829) with one attached
dreissenid. The approximate density at this location was also calculated to be 0.015 m-2.
In addition to each region having different average fouling rates (Figure 5), the
fouling composition was also anecdotally observed to differ on each unionids. Fouling in
the Les Cheneaux Islands was predominately by large adult dreissenids (> 7 mm), while
fouling in the Lake St. Clair delta was by a mix of small adults and juveniles (< 7 mm).
In North Maumee Bay, where fouling was the least, the attached dreissenids were all
young of year.
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Figure 5. Mean dreissenid fouling on unionids for each study region where live unionids
were found. Error bars denote standard error, asterisks represent significantly different
fouling means (p = 0.05).

Unionid densities were positively correlated with pH levels (r = 0.483, p = 0.003)
and nitrate (r = 0.479, p = 0.003) at each site. Sites where unionids occurred had an
average pH measurement of 8.48 ±0.02 (Les Cheneaux Islands), 8.53 ±0.04 (Lake St.
Clair delta), and 8.82 ±0.03 (North Maumee Bay). The average nitrate levels for each of
these sites was 0.084 ±0.007 mg/L (Les Cheneaux Islands), 0.27 ±0.01 mg/L (Lake St.
Clair), and 0.402 ±0.05 mg/L (North Maumee Bay). Unionid densities were not
correlated with dreissenid densities (r = -0.088, p = 0.654). No significant difference was
found between dreissenid fouling and unionid species composition (F = 1.27, p = 0.264)
(Figure 6).
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Figure 6. Mean number of fouling dreissenids on unionid species surveyed during this
study. Error bars represent standard error.

Dreissenid Colonization
Dreissenid colonization occurred on the artificial substrates in Saginaw Bay at an
average density of 2327.4 ±1003.9 m-2 with the highest colonization occurring in the
outer wetland of site two at 12 weeks of colonization time and was 20,741 ±1387.2 m-2
(Table 1). Colonization also occurred in the North Maumee Bay wetlands at an average
density of 5635.9 ±2094.7 m-2. The highest colonization measured in this region
occurred at site 2 in the outer wetland during the 6 week colonization period and was
31,007 ±3513.4 m-2. Within the two regions where colonization occurred, dreissenid
densities were highly variable among each site (Figure 7). Dreissenid densities
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documented in North Maumee Bay during this study (179 – 31,007 m-2) were similar to
those found in Western Lake Erie by Berkman et al. (1998) where densities were
measured between 1500 – 32,500 m-2. Saginaw Bay site 1 had an average of 1289
±1009.3 dreissenids m-2, while site 2 averaged 5668.4 ±2646.9 m-2, and site 3 only had an
average of 24.6 ±8.7 dreissenids m-2. North Maumee Bay site 1 showed no colonization
during the study, while site 2 had an average colonization of 10,724 ±3691.3 m-2, and site
3 had 547 ±118.6 dreissenids m-2.
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Table 1. Mean (SEM) dreissenid colonization throughout the study period.
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Site Name
N. Maumee Bay
Site 2 Inner
Site 2 Outer
Site 3 Inner
Site 3 Outer
Saginaw Bay
Site 1 Inner
Site 1 Outer
Site 2 Inner
Site 2 Outer
Site 3 Inner
Site 3 Outer

6 Week

12 Week

Study Duration

Whole Site

2951.4 (1272.3)
31006.9 (3513.4)
179.4 (57.9)
717.6 (228)

1522 (260)
7419 (1423)
468.8 (177.3)
821.8 (315.8)

2236.7 (662.8)
19213 (5540.2)
324.1 (105.6)
769.7 (175.7)

10724.8 (3691.3)

Regional
5635.9 (2094.7)

546.9 (118.6)
2327.4 (1003.9)

11.6 (11.6)
5.8 (5.8)
509.3 (306.9)
110 (57)
0
5.8 (5.8)

52.1 (10)
5086.8 (3577.3)
1313.7 (540.2)
20740.7 (1387.2)
46.3 (20.9)
46.3 (15.3)

31.8 (11.4)
2546.3 (1962.2)
911.5 (330.9)
10425.3 (4654.8)
23.1 (13.9)
26 (11.6)

1289.1 (1009.3)
5668.4 (2646.9)
24.6 (8.7)

Figure 7. Dreissenid colonization densities on artificial substrates at each sampling
location.

Aside from one individual Dreissena polymorpha documented on one tile in both
the Lake St. Clair delta (site 2, outer wetland, six week colonization period) and on one
tile in Grand Traverse Bay (site 3, outer wetland, 12 week colonization period),
dreissenid colonization did not occur on the artificial substrates at any of the other study
regions. Their presence, however, was noted in the open water regions off all study sites
and within some of the wetlands in the Les Cheneaux islands. For the purpose of this
study, the sole dreissenid attached to one artificial substrate in the Lake St. Clair delta
and Grand Traverse Bay did not constitute true dreissenid colonization in these areas and
were regarded as random colonization.
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Colonization was significantly higher in the outer wetlands than in the inner
wetlands (F = 6.78, p = 0.011) (Figure 8) with the average colonization in the outer
wetland among all regions being 5497.7±1668.7 m-2 and 705.4±207.7 m-2 in the inner
wetlands. Dreissenid colonization was positively correlated to chlorophyll (r = 0.619, p
= <0.001), turbidity (r = 0.424, p = <0.001), conductivity (r = 0.388, p = <0.001), total
dissolved solids (r = 0.363, p = <0.001), water level fluctuation (r = 0.324, p = 0.003),
alkalinity (r = 0.264, p = 0.015), and low water levels (r = 0.226, p = 0.033) and was
negatively correlated to oxidation reduction potential (r = -0.263, p = 0.046).

Figure 8. Dreissenid colonization in wetlands at six and 12 week time periods with the
inner wetland and the outer wetland compared side by side for each site.

Upon review of the average number of dreissenids colonizing the artificial
substrates, species composition and age categories were assessed for each region. The
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dreissenid colonization in Saginaw Bay consisted of 7% (111 individuals) adults and 93%
(1497 individuals) juveniles (measured as < 7 mm). Of the 7% adults, 88% (98
individuals) were Dreissena polymorpha and 12% (13 individuals) were D. rostriformis
bugensis. At the North Maumee Bay sites, 18% (478 individuals) of the colonizing
dreissenids were adults and 82% (2119 individuals) were juveniles. Only D. polymorpha
were identified colonizing North Maumee Bay.

Physical and Chemical Habitat Measurements
The average high and low water levels, along with average fluctuation, were
analyzed with an ANOVA GLM for significant differences among each region studied.
High water levels were not significantly different across the regions (F = 2.13, p =
0.0599), but low water levels differed (F = 6.56, p = <0.001) (Figure 9). North Maumee
Bay sites had the lowest average low water level (0.05 m) and the Lake St. Clair Delta
had the highest average low water level (0.39 m). Water level fluctuation was
significantly different across all regions (F = 2.72, p = 0.0192) (Figure 10). Saginaw
Bay, Garden Island, and North Maumee Bay wetlands displayed the greatest average
fluctuation (0.69 m, 0.68 m, and 0.67 m, respectively), while Grand Traverse Bay and the
Les Cheneaux Islands produced the lowest average water level fluctuations (0.52 m and
0.49 m, respectively).
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Figure 9. Mean high and low water levels for each study region. Error bars denote
standard error.
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Figure 10. Mean water level fluctuations by region. Error bars denote standard error.

From the results of the principal components analysis, PC 1 explained 28% of the
variation among each sampling region and was positively correlated with total dissolved
solids (r = 0.957, p = <0.001), alkalinity (r = 0.905, p = <0.001), conductivity (r = 0.890,
p = <0.001), and ammonium (r = 0.629, p = <0.001), and it was negatively correlated to
pH (r = -0.597, p = <0.001) and water depth (r = -0.197, p = 0.031) (Figure 11). PC 2
explained 18.5% of the variation among each sampling region and was positively
correlated with water depth (r = 0.489, p = <0.001), and ammonium (r = 0.395, p =
<0.001), and negatively correlated with turbidity (r = -0.747, p = <0.001), temperature (r
= -0.693, p = <0.001), pH (r = -0.618, p = <0.001), oxygen (r = -0.370, p = <0.001),
nitrate (r = -0.337, p = <0.001), and conductivity (r = -0.251, p = 0.006). Dreissenid
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colonization positively correlated to PC 1 (r = 0.26, p = 0.022), but negatively correlated
to PC 2 (r = -0.236, p = 0.038). Unionid densities did not correlate significantly to either
axis (PC1 p = 0.064, PC2 p = 0.321).

Figure 11. Principal Components Analysis of physical and chemical variables measured
at each study region. For PC axis 1, the left side of the axis is characterized by high pH
while the right side of the axis is characterized by high conductivity, alkalinity, and total
dissolved solids. The upper portion of PC axis 2 is characterized by high water depth
while the lower portion is characterized by high pH, temperature, and turbidity.

A discriminate analysis was conducted to determine which measured variables
most accurately predicted dreissenid colonization presence or absence in a wetland
(Figure 12). Twenty-fiver percent of the data (20 random data points, 4 sites with
dreissenid presence and 16 where they were absent) were reserved for model validation.
The remaining 75% of the data, or 60 data points, were used to construct the model. The
model designated three parameters that strongly correlated with dreissenid colonization
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presence and absence; conductivity (F = 73.92, p = <0.001), turbidity (F = 18.19, p =
<0.001), and water level fluctuation (F = 13.46, p = <0.001). The validation test
correctly ascribed 19 of the 20 random points to their correct category (95% accuracy).
The North Maumee site 1 (outer wetland) was incorrectly predicted to have dreissenid
presence, and was, in fact, a site without dreissenid colonization (see discussion for
potential explanation).

Figure 12. The distribution of study sites for dreissenid presence and absence as predicted
by the Discriminate Analysis. Dominant factors for this model include conductivity,
turbidity, and water level fluctuation.
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CHAPTER IV
DISCUSSION

Unionid Presence
Live unionids were found in densities of 0.015 – 0.056 m-2 in the Les Cheneaux
Islands in Lake Huron, the Lake St. Clair delta, and North Maumee Bay, Lake Erie. The
densities from this project closely reflect those found in other studies (Zanatta et al. 2002,
McGoldrick et al. 2009, Crail et al. 2011). Previous research in Great Lakes coastal
wetlands described unionid refuge sites containing population densities of 0.09
individuals m-2 in the western basin of Lake Erie (Crail et al. 2011), densities of 0.03 –
0.07 m-2 in the Lake St. Clair delta (Zanatta et al. 2002), and 0.02 – 0.12 m-2 in the same
region of the Lake St. Clair delta documented by McGoldrick et al. (2009). No live
unionids were found in Saginaw Bay, although the area historically hosted 13 species
(Goodrich and van der Schalie 1932). One Potamilus ohiensis (Rafinesque 1820) shell
was recovered in infaunal position in the substrate with little weathering of the
periostracum, and this may suggest that either the species could be present upon further
investigation of the region, or that unionids have only recently been extirpated from the
area.
McMahon and Bogan (2001) described a pH range of 5.6 – 8.3 to be the optimal
range for unionid growth and reproduction, while the average pH levels for sites that
contained unionids in this study were higher than this ascribed range. Unionids were
found at sites that consisted of sand, silt or clay substrates. Previous habitat studies
describe soft benthic substrates as a key to unionid survival because these substrates act
as a mechanism for unionids to avoid or remove fouling dreissenids via burrowing
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(Nichols and Wilcox 1997, Schloesser et al. 1997, Bowers and de Szalay 2004, Bowers et
al. 2005).
Dreissenid fouling was variable among the regions where unionids were located.
The unionids surveyed in North Maumee Bay had the lowest average fouling rate (1.5
dreissenid per unionid compared to 22 in the Les Cheneaux Islands and 11 in the Lake St.
Clair delta) (see Figure 5). Water levels appear to be a driving force in reducing fouling
by dreissenids. While North Maumee Bay did not demonstrate the greatest amount of
fluctuation among the sites, this area did display the lowest average water levels (refer to
Figure 9). This was partly due to site 1, which is an open shoreline site outside of the
embayment area that experienced frequent dewatering from seiche events and/or seasonal
water level declines and was dewatered during the second and third visit to the site. Sites
2 and 3 inside of the embayment did not appear to be as affected by the duration of seiche
events or seasonal water level declines as site 1 and this may be attributed to their
location inside of the embayment and an inflow of water from the Maumee River
draining into this area. The majority of unionids were located at site 1 of North Maumee
Bay and this may be attributed to either higher populations in the area from reduced
fouling or also, in part, because the reduced water levels allowed surveys to be more
successful than in other parts of the bay. The Les Cheneaux Islands experienced the least
amount of water level fluctuation and this is most likely because all of the sites sampled
were protected in the archipelago of islands and received less wave action due to this
protective feature. This also lends explanation as to why 100% of the unionids surveyed
in this area were fouled and why the highest average fouling rate occurred in this area.
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The average number of attached dreissenids documented on individual unionids in
the Lake St. Clair delta was 11, which follows a declining trend of fouling noted in this
region by Zanatta et al. 2002, in which fouling was reduced from 61 to 31 to 17 in 1999,
2000, and 2001, respectively, and down to 15 dreissenids per unionid in 2003 and 2004
(McGoldrick et al. 2009). Based on the results of this study, water levels as well as
chemical variables may be likely explanations for this decline. The Lake St. Clair delta
had average fluctuation compared to the other regions of this study and it also had the
highest low water level. The pelagic veligers of dreissenids rely on water currents to
transport them to settlement areas and if the delta does not provide a high level of water
fluctuations, this could impede the movement of veligers into the delta for colonization.
Lake St. Clair sites, compared with other study sites by the PCA, displayed unrelated and
inverse vectors for conductivity, TDS, alkalinity, and turbidity (Figure 11). The PCA
serves to demonstrate that the St. Clair delta region, while hosting the highest unionid
densities for this project and no dreissenid colonization, has lower levels of disturbance
and possibly productivity, which appear to be important factors for dreissenids
colonization to occur.

Dreissenid Colonization
Dreissenids were present in the open water areas nearby all sites in this study and
on vegetation in the wetlands of the Les Cheneaux Islands, but artificial substrates were
only colonized in Saginaw Bay and North Maumee Bay. Dreissenid colonization was
positively correlated to several physical and chemical parameters measured in the
wetlands and also to parameters demonstrated by the principal components analysis and
discriminate analysis to be accurate predictors of dreissenids presence in coastal
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wetlands. High conductivity and turbidity are strong indicators of disturbance in coastal
wetlands (Uzarski et al. 2005), and the levels of both of these parameters indicates the
presence of disturbance in Saginaw Bay and North Maumee Bay. Dreissenid
colonization also displayed a strong positive correlation to chlorophyll levels and this
indicates that productivity is also an important variable in dreissenid colonization. As
suspension feeders, dreissenids will filter bacteria, algae, and detrital particulates from
the water column (McMahon and Bogan 2001) and adequate amounts of these particles
are necessary to support not only the high levels of colonization, but also the metabolism
for veligers to transform to epifaunal juveniles and to sustain growth to adulthood.
North Maumee Bay sites had the highest documented dreissenid colonization of
this study (31,007 m2 ; at site 2, outer wetland), but this region contained a site that had no
colonization throughout the duration of this project (site 1). This is suspected to have
been caused by the frequent dewatering at this open shoreline site. Low water levels also
explain why the discriminate analysis incorrectly predicted site 1 of North Maumee Bay
to have dreissenid presence when in reality, dreissenids did not colonize this site. The
inner wetland of site 1 was de-watered during the 6 week sampling time period, while the
outer wetland had a water depth of 0.12 cm. During the 12 week sampling period, the
inner wetland at site 1 was again de-watered, while the water depth at the outer wetland
measured 0.10 cm. This suggests that water level fluctuations are a driving factor in
explaining why colonization did not occur at site 1.
The PCA, DA, and physical and chemical correlations suggest that dreissenid
colonization is influenced by productivity, anthropogenic disturbance (indicated by high
conductivity, turbidity, and TDS), and fluctuating water levels. The lack of colonization
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at site 1of North Maumee Bay (the region with the highest colonization) was most likely
due to reduced water levels and aerial exposure of the colonization plates while other
factors like low productivity, disturbance and water flow may have inhibited colonization
in the Lake St. Clair delta, the Les Cheneaux Islands, the Beaver archipelago, and Grand
Traverse Bay.

Determination of Unionid Refugia
Of the three sites with unionid presence, the Lake St. Clair delta had the highest
density of unionids, the greatest species diversity, and medium fouling by dreissenids.
North Maumee Bay surveys contained two species at lower densities than sites in the
delta, but this region had the lowest fouling rates on unionids. The Les Cheneaux region
contained the lowest diversity and density of unionids and had the highest fouling of
dreissenids. Based on the findings of this study and supported by previous research,
(Zanatta et al. 2002, McGoldrick et al. 2009) the Lake St. Clair delta and North Maumee
Bay appear to be true refuges for unionids. Although live unionids were found in the Les
Cheneaux region, the low diversity and density coupled with high dreissenid fouling
indicate this is most likely a remnant population that is functionally extirpated and that
this area does not appear to act as a true refuge.

Conclusion and Management Implications
The low densities of E. complanata found in the Les Cheneaux Islands coupled
with this region having the highest average fouling rate indicate that these organisms are
likely to be extirpated from the region in the near future. Based on these implications,
Les Cheneaux Islands need immediate intervention by either government or private
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conservation organizations to stabilize the populations and prevent extirpation. This area
would also be a prime candidate for in situ removal of dreissenids, a technique suggested
by Hallac and Marsden (2001) to help increase the chance of survival for unionids under
high fouling conditions. Although the Les Cheneaux Islands are in need of conservation
efforts, with the rapid decline of unionids across North America, all wetlands with
remaining populations should be considered for monitoring and conservation efforts.
Based on the result of these surveys, North Maumee Bay in Lake Erie and the
Lake St. Clair delta may be adequate habitats to use as potential nurseries or transplant
sites for unionids. The water level fluctuations and productivity of North Maumee Bay
appear to allow co-existence between unionids and dreissenids, a factor that Bowers and
de Szalay (2004) suggest is an important aspect to identify for unionid conservation
efforts. Although the delta region is very different chemically and physically from North
Maumee Bay, this area may also serve as suitable habitat for co-existence due to the lack
of high flow to carry in dreissenid veligers along with the lower levels of turbidity,
alkalinity, and TDS which are needed to sustain high dreissenid colonization rates.
Michigan’s coastal wetlands have historically received little consideration with
regard to unionid populations, potential refuge habitats, and interactions with invasive
dreissenid mussels. This study highlights that physical (water fluctuations) and chemical
(i.e., turbidity, conductivity, and total dissolved solids) factors influence dreissenid
colonization in coastal wetlands and dreissenid fouling on unionids. With unionid
populations in rapid decline, it is imperative to examine this understudied fauna and
recognize factors that can be used to conserve their habitats and numbers. Additional
studies evaluating coastal wetlands as potential unionid habitat could greatly benefit
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conservation efforts in the Great Lakes basin and this project provides a framework for
future studies to achieve this goal.
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APPENDICES
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Appendix 1 Site Descriptions
Region
Saginaw Bay

Site #
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1- Wildfowl Bay
2- Vanderbilt Park
3- Pinconning Park
Les Cheneaux
1- Sheppard Bay
2- Urie Bay
3- Aldo Leopold Reserve
4- Government Bay
5- Muscallonge Bay
6- Mackinac Bay
Beaver Island
1- North
2- St. James Bay South
3- St. James Bay East
Lakes St. Clair
1- Big Muscamoot Bay
2- Goose Bay
3- Anchor Bay
Lake Erie
1- North Maumee Bay Outer
2- NMB- Inner East
3- NMB- Inner West
Garden Island
1- Garden Harbor North
2- Garden Harbor West
3- Garden Harbor South
Grand Traverse Bay 1- South Elk Rapids
2- North Elk Rapids
3- Acme Roadside stop

Hydrologic System
Lacustrine, open embayment
Lacustrine, open embayment
Lacustrine, protected embayment
Lacustrine, protected embayment
Lacustrine, protected embayment
Lacustrine, protected embayment
Lacustrine, protected embayment
Lacustrine, protected embayment
Lacustrine, protected embayment
Lacustrine, open shoreline
Lacustrine, open embayment
Lacustrine, open embayment
Riverine, delta
Riverine, delta
Riverine, delta
Lacustrine, open shoreline
Riverine, delta
Riverine, delta
Lacustrine, protected embayment
Lacustrine, protected embayment
Lacustrine, protected embayment
Lacustrine, open shoreline
Lacustrine, open shoreline
Lacustrine, open shoreline

Dominant Substrate
Type(s)
Sand
Sand
Silt
Clay
Clay-Detritus
Clay
Sand
Sand-Gravel
Clay-Sand
Cobble
Detritus-Clay
Sand
Sand-Silt
Sand-Silt
Sand-Silt
Silt
Sand-Silt
Sand
Silt
Silt
Cobble
Cobble-Sand
Sand
Sand

Field Season
2009
2009
2009
2009
2009
2009
2010
2010
2010
2009
2009
2009
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010

Appendix 2 Water Gauge Construction
Water gauges were designed using a foam float constructed of 1.9 cm (¾ inch)
housing insulation measuring 27.9 cm (11 inches) in diameter attached to a PVC pipe
measuring 5.9 cm (2 inches) in diameter and 152 cm (5 feet) in length. The foam float
had male and female pipe adaptors in the center of it that allowed the float to move freely
up and down the PVC pipe. Pipe insulation for the PVC pipe, cut into 5.9 cm (2 inches)
long sections, was affixed above and below the float to serve as the high and low water
level markers. Cable ties were used to keep the pipe insulation held together as
prolonged exposure to water and ultra-violet light caused the adhesive to break down and
some of the water level markers to fall off during the initial sampling periods.
To add weight to the float so it could push down the low marker, a mass of 239.4
grams was added to the female adapter using 12, half inch stainless steel hex nuts. This
allowed enough mass to surpass the friction of the low marker and push it down while
still allowing the float to maintain buoyancy in the water. The PVC pipe was topped with
a pipe cap adhered with PVC cement with a hole drilled through the center. A 91.4 cm (3
feet) piece of re-bar was hammered into the substrate to anchor the water gauge. The high
and low markers were set directly above and below the float at the water level of each
site to begin sampling. Measurements were obtained at six and 12 weeks during the
sampling season. When the water gauges were checked, the top of the low marker was
measured to the sediment line on the PVC pipe to determine the lowest water depth
during the six week period. The bottom of the high marker was measured to the sediment
line to determine the highest water level reached during the time period. The water gauge
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was reset with each marker directly above and below the float to begin the next sampling
interval.
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Appendix 3 Unionid Diversity
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Site

Date

Species

N

Percent
Dominance

Mean Length
in mm (SEM)

Mean
Fouling
(SEM)

Les Cheneaux, site 1
Les Cheneaux, site 2
St. Clair Delta, site 1
St. Clair Delta, site 1
St. Clair Delta, site 1
St. Clair Delta, site 1
St. Clair Delta, site 1
St. Clair Delta, site 1
St. Clair Delta, site 1
St. Clair Delta, site 2
St. Clair Delta, site 2
St. Clair Delta, site 2
St. Clair Delta, site 2
St. Clair Delta, site 2
St. Clair Delta, site 2
St. Clair Delta, site 3
St. Clair Delta, site 1
N. Maumee Bay, site 1
N. Maumee Bay, site 3

20-Jul-09
17-Aug-10
12-Jul-10
12-Jul-10
12-Jul-10
12-Jul-10
12-Jul-10
12-Jul-10
12-Jul-10
13-Jul-10
13-Jul-10
13-Jul-10
13-Jul-10
13-Jul-10
13-Jul-10
13-Jul-10
21-Aug-10
20-Jul-10
21-Jul-10

Elliptio complanata
Elliptio complanata
Fusconaia flava
Lampsilis cardium
Lasmigona costata
Lampsilis siliquoidea
Pyganodon grandis
Strophitus undulatus
Villosa iris
Anodontoides ferussacianus
Elliptio dilatata
Fusconaia flava
Lampsilis siliquoidea
Potamilus alatus
Strophitus undulatus
Elliptio dilatata
Lampsilis siliquoidea
Leptodea fragilis
Pyganodon grandis

5
1
8
4
2
27
1
7
2
1
1
2
7
2
1
1
1
3
1

100
100
15.7
7.8
3.9
52.9
2.0
13.7
3.9
7.1
7.1
14.3
50.0
14.3
7.1
100
100
100
100

91 (2)
79.0
30.9 (2.3)
76.3 (2.7)
64.8 (14.8)
52.3 (1.3)
59.0
41.6 (1.7)
53.5 (6.5)
40.0
59.0
43.8 (8)
54.6 (4)
63 (7)
39.0
60.0
48.0
72 (4.6)
96.0

22.8 (8.3)
19.0
11.9 (3.3)
8.5 (3.3)
23 (2)
12.4 (2.3)
20.0
9.6 (3.6)
8 (2)
0.0
17.0
4.5 (3.5)
12.9 (4.1)
4 (4)
6.0
1.0
0.0
1.6 (1.7)
1.0
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Fouling
Range
3-49
0-28
3-18
21-25
0-39
0-25
6-10

1-8
1-35
0-8

0-5
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