
 
Managing the Exotic Mussels Dreissena 

polymorpha, Dreissena bugensis, Limnoperna 
fortunei and Mytilopsis leucophaeata  

in SFPUC’s Reservoirs 
 

Final Report 
 
 
 
 
 
 

A Report for the 
San Francisco Public Utilities Commission 

 
 
 
 
 

Andrew N. Cohen 
 

Center for Research on Aquatic Bioinvasions,  
Richmond, California 

 

and 
 

San Francisco Estuary Institute 
Oakland, California 

 
 
 
 
 
 
 
 

August 2009 
 



Acknowledgments 
 
This report was produced as one in a set of three (one focusing on each agency) 
funded by the San Francisco Public Utilities Commission, East Bay Municipal Utility 
District and Santa Clara Valley Water District. There was a substantial amount of cross-
fertilization between reports, which thus benefited from discussions with and reviews by 
the staffs of all three agencies. I particularly want to note the contributions of James 
Salerno (SFPUC), Rodney Jung (EBMUD) and Peter Zhou (SCVWD), the project 
managers for the respective agencies, and of Jason Bielski and Mike Horvath at 
SFPUC, Jae Abel at SCVWD, and Rodney Jung and Richard Sykes at EBMUD, who 
served as my principal points of contact for much of the necessary data and who 
tirelessly tracked down the answers to my innumerable questions. Robert McMahon 
(University of Texas at Arlington) and Gerald Mackie (University of Guelph) provided 
thoughtful and detailed reviews of some parts of these reports, correcting many minor 
errors and a few embarassing ones. David Briggs, Scott Chenue, Mike Horvath, Brian 
Sak and Sarah Blain (all at SFPUC) and Richard Sakaji (at EBMUD) provided additional 
review comments. Richard Sakaji and Ron Hunsinger at EBMUD developed and 
negotiated the scope of work.



 
Contents 
 
 

Chapter 1. Literature Review .....................................................................................................................1 
Introduction ....................................................................................................................................... 1 
Generalized Invasive Mussel Life History and Dispersal Mechanisms ............................................. 1 
Background Comments on Some Environmental Parameters.......................................................... 4 

Salinity, Chlorinity, Conductance and Total Dissolved Solids.................................................4 
Temperature ...........................................................................................................................6 
Dissolved Oxygen ...................................................................................................................7 
Calcium, Alkalinity and Hardness ...........................................................................................7 
pH .........................................................................................................................................13 
General Patterns of Variation................................................................................................13 

Dreissena polymorpha .................................................................................................................... 14 
Life History ............................................................................................................................14 
Distribution, Dispersal and Invasion History .........................................................................17 
Salinity ..................................................................................................................................20 
Temperature .........................................................................................................................23 
Dissolved Oxygen .................................................................................................................27 
Calcium, Alkalinity and/or Total Hardness ............................................................................28 
pH .........................................................................................................................................42 
Substrate...............................................................................................................................43 

Dreissena bugensis......................................................................................................................... 44 
Life History ............................................................................................................................44 
Distribution, Dispersal and Invasion History .........................................................................44 
Salinity ..................................................................................................................................49 
Temperature .........................................................................................................................50 
Dissolved Oxygen .................................................................................................................52 
Calcium, Alkalinity and/or Total Hardness ............................................................................52 
pH .........................................................................................................................................54 
Substrate...............................................................................................................................54 

Limnoperna fortunei ........................................................................................................................ 55 
Life History ............................................................................................................................55 
Distribution, Dispersal and Invasion History .........................................................................56 
Salinity ..................................................................................................................................58 
Temperature .........................................................................................................................58 
Dissolved Oxygen .................................................................................................................59 
Calcium, Alkalinity and/or Total Hardness ............................................................................59 
pH .........................................................................................................................................59 
Substrate...............................................................................................................................59 

Mytilopsis leucophaeata .................................................................................................................. 60 
Life History ............................................................................................................................60 
Distribution, Dispersal and Invasion History .........................................................................60 
Salinity ..................................................................................................................................61 
Temperature .........................................................................................................................63 
Dissolved Oxygen .................................................................................................................63 
Calcium, Alkalinity and/or Total Hardness ............................................................................63 
pH .........................................................................................................................................63 
Substrate...............................................................................................................................63 

 

 



Chapter 2. Gap Analysis ..........................................................................................................................64 
Introduction ..................................................................................................................................... 64 
Life History Characteristics ............................................................................................................. 64 

Zebra Mussel Dreissena polymorpha ...................................................................................64 
Quagga Mussel Dreissena bugensis ....................................................................................65 
Golden Mussel Limnoperna fortunei .....................................................................................66 
Dark False Mussel Mytilopsis leucophaeata.........................................................................67 

Environmental Requirements .......................................................................................................... 67 
Zebra Mussel Dreissena polymorpha ...................................................................................67 

Calcium...................................................................................................................... 67 
Other Environmental Parameters .............................................................................. 70 

Quagga Mussel Dreissena bugensis ....................................................................................71 
Calcium...................................................................................................................... 71 
Other Environmental Parameters .............................................................................. 72 

Golden Mussel Limnoperna fortunei .....................................................................................72 
Dark False Mussel Mytilopsis leucophaeata.........................................................................73 

Additional Gaps Noted Regarding Detection Monitoring, Containment and Control....................... 73 
Early Detection Monitoring....................................................................................................73 
Containment..........................................................................................................................74 
Control and Eradication ........................................................................................................75 

Chapter 3. Vulnerability Assessment .....................................................................................................76 
Introduction ..................................................................................................................................... 76 
SFPUC Data ................................................................................................................................... 76 
Zebra Mussel Dreissena polymorpha ............................................................................................. 79 

Salinity ..................................................................................................................................79 
Temperature .........................................................................................................................80 
Dissolved Oxygen .................................................................................................................82 
Calcium .................................................................................................................................82 
pH .........................................................................................................................................84 
Data Analysis ........................................................................................................................84 
Summary.............................................................................................................................101 

Quagga Mussel Dreissena bugensis ............................................................................................ 102 
Salinity ................................................................................................................................103 
Temperature .......................................................................................................................103 
Dissolved Oxygen ...............................................................................................................104 
Calcium ...............................................................................................................................104 
pH .......................................................................................................................................105 
Data Analysis ......................................................................................................................105 
Summary.............................................................................................................................107 

Golden Mussel Limnoperna fortunei ............................................................................................. 107 
Salinity ................................................................................................................................107 
Temperature .......................................................................................................................108 
Dissolved Oxygen ...............................................................................................................108 
Calcium ...............................................................................................................................109 
pH .......................................................................................................................................109 
Data Analysis ......................................................................................................................109 
Summary.............................................................................................................................112 

Dark False Mussel Mytilopsis leucophaeata ................................................................................. 112 
Salinity ................................................................................................................................112 
Temperature .......................................................................................................................113 
Dissolved Oxygen ...............................................................................................................113 
Calcium ...............................................................................................................................114 
pH .......................................................................................................................................114 
Data Analysis ......................................................................................................................114 
Summary.............................................................................................................................115 



Chapter 4. Vector Control ......................................................................................................................117 
Introduction ................................................................................................................................... 117 
Data Sources ................................................................................................................................ 117 
SFPUC's Existing Vector Management Program.......................................................................... 117 
Reservoir Vulnerability .................................................................................................................. 120 
Recreational Activities ................................................................................................................... 121 
Fish Stocking................................................................................................................................. 122 
Use of Live Bait ............................................................................................................................. 122 
Monitoring, Research, Construction, Maintenance and Other Activities ....................................... 122 
Vector Control Priorities ................................................................................................................ 123 

Recreational Activities.........................................................................................................123 
Fish Stocking ......................................................................................................................129 
Live Bait ..............................................................................................................................130 
Research, Monitoring, Construction, Maintenance and Other Activities.............................131 
Migratory Birds and other Animals......................................................................................135 
Political Actions...................................................................................................................135 

Summary ....................................................................................................................................... 135 

Chapter 5. Response Plan .....................................................................................................................139 
Introduction ................................................................................................................................... 139 
Data Sources ................................................................................................................................ 139 
Relative Invasion Risk at SFPUC Reservoirs ............................................................................... 139 
Purpose of Response Plan ........................................................................................................... 144 
1. Describe the General Steps to be Taken in Response ............................................................. 145 

(1) Administrative Activities.................................................................................................145 
(2) Operational Activities.....................................................................................................148 

Phase 1: Verification................................................................................................ 149 
Phase 2: Emergency Measures .............................................................................. 154 
Phase 3: Eradication ............................................................................................... 167 
Phase 4: Long-term Measures if Eradication is Unsuccessful or Not Attempted .... 168 
Phase 5: Long-term Measures if Eradication is Successful .................................... 168 

2. Describe the Specific Technical Actions to be Taken in Response .......................................... 169 
3. Conduct Analyses and Assemble Information to Support the Response.................................. 169 
4. Identify and Prioritize Other Actions to be Taken in Advance ................................................... 170 
Summary ....................................................................................................................................... 171 

Chapter 6. Monitoring Review ...............................................................................................................172 
Introduction ................................................................................................................................... 172 
SFPUC's Existing Monitoring Program ......................................................................................... 172 
General Considerations in Monitoring for Exotic Freshwater Mussels.......................................... 172 

Diver/ROV Surveys.............................................................................................................175 
Benthic Sampling Devices ..................................................................................................175 
Surface Surveys..................................................................................................................176 
Artificial Substrate Collectors ..............................................................................................176 
Plankton Sampling ..............................................................................................................187 
Identification of Settled Mussels .........................................................................................188 
Identification of Mussel Larvae ...........................................................................................189 
Comparison of General Sampling Methods ........................................................................194 

Evaluation of SFPUC’s Existing Monitoring Program ................................................................... 197 
General Considerations ......................................................................................................198 
Surface Surveys..................................................................................................................199 
Artificial Substrate Collectors ..............................................................................................199 
Plankton Sampling ..............................................................................................................203 

Summary ....................................................................................................................................... 205 



Literature Cited .......................................................................................................................................207 

Personal Communications ....................................................................................................................229 

Attachment 1. Metal Box Scraper .........................................................................................................230 

 



Exotic Freshwater Mussels - Chapter 1. Literature Review  1 
 

Chapter 1. Literature Review 
 
 
 
Introduction 
 
This report covers the distribution, biological characteristics, ecological requirements 
and invasion dynamics of four species of mussels that are exotic to the western United 
States. Both peer-reviewed and gray literature were consulted and are summarized in 
the narratives below. 
 
The word "mussel" has both a specific scientific meaning and a different common 
usage. In malacological terms, “mussel” refers to bivalves that have a heteromyarian 
form (described below), with a typically epibenthic or partially epibenthic habit and adult 
secretion of byssal threads used in most cases to attach to objects. In contrast, in some 
parts of the world “mussel” is commonly used to refer to all freshwater bivalves, 
regardless of shape, epibenthic or infaunal habit, and presence or lack of byssal 
threads. In this report mussel is used in the former sense, to refer to heteromyarian 
bivalves that typically secrete byssal threads as adults and have at least a partially 
epibenthic habit. 
 
 
Generalized Invasive Mussel Life History and Dispersal Mechanisms 
 
Since all four mussels treated in this review—the zebra mussel Dreissena polymorpha, 
the quagga mussel D. bugensis, the golden mussel Limnoperna fortunei and the dark 
false mussel, also called Conrad's false mussel and platform mussel, Mytilopsis 
leucophaeata—share some anatomical and life history characteristics and dispersal 
mechanisms, it will be useful to summarize these at the outset. References are provided 
mainly in the more detailed descriptions given under each species. 
 
All four mussels are dioecious (that is, there are separate male and female mussels, 
though a small percentage of hermaphrodites may also occur) broadcast spawners. 
Abundant sperm and large numbers of eggs (up to millions of eggs by a single 
spawning female in some of the species) are released into the water column, where 
fertilization occurs. There is a brief embryonic stage (typically hours to a few days long), 
followed by a trochophore larval stage lasting up to a few days, followed by a veliger 
larval stage (characterized by a ciliated swimming organ called a velum, and the 
development of a shell), and at the very end of the larval period, a brief pediveliger 
stage (characterized by the development of a foot). All these stages are planktonic, that 
is, they drift in the water column with only weak swimming ability relative to typical water 
currents. The planktonic larval stage usually lasts between one and four weeks, typically 
being briefer in warmer and more productive waters. The veliger is initially lecithotrophic 
(nourished by its internal yolk), and then planktotrophic (feeding on phytoplankton) (see 
Morton 1973; Siddall 1980; Sprung 1993; Ackerman et al. 1994; Darrigran 2002; and 
the descriptions below for more details on the larval lives of these mussels). 
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Following the planktonic larval stage, the pediveliger settles to and attaches to the 
bottom with byssal threads (where it is called a postveliger or plantigrade mussel) and 
then metamorphoses into a juvenile mussel, characterized by loss of the velum and 
growth of the siphons, gills, mouth and foot. Later, with the development of gonads, it 
becomes a sexually mature, adult mussel. Both juvenile and adult mussels are 
characterized by their use of tough threads, called byssal threads, to attach themselves 
to substrates, and by possession of a heteromyarian form, that is with the anterior 
adductor muscle much smaller than the posterior adductor muscle, and with the anterior 
portion of the shell narrowed conically, so that the lateral outline of the shell is roughly 
triangular with the most acute angle at the anterior end (Yonge & Campbell 1968; 
Morton 1970, 1973, 1979, 1993; Yonge 1976). In contrast most bivalves that live buried 
in sediment are isomyarian, with the anterior and posterior adductor muscles roughtly 
equal in size, while oysters and scallops are monomyarian, with the anterior adductor 
mussel absent and the posterior adductor mussel correspondingly enlarged. In both 
these cases, the shell is roughly symmetrical relative to a plane perpendicular to the 
hinge, while mussel shells are not. 
 
All four mussels are epibenthic, that is they are typically not buried in sediments. The 
juvenile and adult mussels attach to hard surfaces (though sometimes these may be as 
small as sand grains, or as soft as compacted silt-clay) by a set of a byssal threads. 
Both juveniles and adults can release these threads, relocate and reattach in a new 
location, but this is apparently more common in younger mussels (Yonge & Campbell 
1968; Koch 1989; Iwasaki 1997). Some seasonal depth migration, migration between 
substrate types or depths at different ages, or migration in response to changes in 
current velocities may occur regularly. 
 
In freshwater systems, rapid downstream dispersal can result from currents carrying 
drifting larvae, carrying juveniles or adults attached to floating vegetation or debris 
(wood, styrofoam, plastic, detached floats or buoys, etc.), carrying juveniles 
resuspended by turbulence, or in at least some of the species, carrying juveniles 
hanging from byssal threads used as drag lines (Martel 1993; Carlton 1993). However, 
under natural conditions, significant upstream dispersal in fresh waters outside of tidal 
areas and dispersal overland between freshwater drainages is challenging. Upstream 
dispersal over very short distances may occur by crawling mussels (up to 7 cm/night; 
Ackerman et al. 1994), by larval or older mussels carried upstream in eddy currents, or 
by adults or juveniles attached to floating objects blown upstream by the wind against 
weak downstream currents. Mussels may also be transported upstream if they attach to 
the hard parts of live mobile aquatic animals (e.g. crayfish, or possibly turtles); if they 
attach to objects that are transported by animals (e.g. sticks carried by beavers); if they 
are consumed and later defecated or regurgitated whole and alive by aquatic animals 
(e.g. fish, turtles, otter, beaver, muskrat, etc.), birds or terrestrial mammals; or if they 
adhere to or are entangled in the skin, feathers or fur of birds or terrestrial mammals 
(Carlton 1993; Johnson & Carlton 1996). Some of these mechanisms could also 
account for short distance transport between drainages, including attachment to turtles, 
attachment to sticks carried by beavers or nest-building birds, adherance or 
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entanglement and transport by birds or terrestrial animals, and consumption and live 
deposition by birds or terrestrial animals (Carlton 1993; Johnson & Carlton 1996). 
Carlton (1993) discusses a number of additional, but apparently less likely, scenarios for 
moving mussels between water bodies (e.g. transport by tornados; the capture, 
transport and subsequent dropping of a mussel-eating fish by a fish-eating bird; a 
mussel eating bird attacked and torn apart by bird of prey). Only transport by migratory 
birds appears to be even theoretically capable of transporting mussels long distances 
between drainages; evidence that this in fact occurs, however, is lacking (Carlton 1993; 
Johnson & Carlton 1996). 
 
All four mussels may be transported by a variety of anthropogenic vectors, which have 
been described in the greatest detail for zebra mussels (e.g. Carlton 1993). Most or all 
of these mussels have been transported across oceans or along sea coasts in ballast 
water; and for Mytilopsis leucophaeata, possibly attached to vessel hulls (Hebert et al. 
1989; Griffiths et al. 1991; Oliver et al. 1998; Darrigran & Ezcurra de Drago 2000; Souza 
et al. 2005; Laine et al. 2006). Attachment of dreissenid mussels to anchors and anchor 
chains has also been observed (Carlton 1993; McMahon 1996; Robert McMahon pers. 
comm. 2009). Transport in timber shipments, presumably on logs that had been rafted 
down or held in rivers, was reportedly an important mechanisms for spreading zebra 
mussels in Europe (Van der Velde 2002). Limnoperna fortunei may have been 
accidentally transported across seas or oceans attached to live freshwater clams 
carried for food (Kimura and Tabe 1997; and see below in the section on this mussel's 
dispersal). Transport in ballast water or hull fouling may also have helped spread zebra 
and quagga mussels through the Great Lakes. In Europe and eastern North America, 
commercial barge and other vessel traffic has helped to spread attached zebra and 
quagga mussels both downstream and upstream, and via canals, between watersheds 
(Stanczykowska & Lewandowski 1993; Johnson & Padilla 1996; Mills et al. 1996; 
Karatayev et al. 1997). Commercial vessel traffic has probably also spread Limnoperna 
fortunei upstream through the Rio Plata watershed in Argentina, Paraguay and Brazil 
(Darrigran 2002; Karatayev et al. 2007b). Recreational vessels also transport mussels 
through waterways; in addition to the hull, attachment sites include the "inside of 
outboard and inboard motor systems, outdrive units, trim tabs and plates, hydraulic 
cylinders, trolling plates, prop guards and transducers; pumping systems (including 
waste and bilge); anchors and hausepipes; and on rudders, propellors, shafts, and 
centerboards" (Carlton 1993). 
 
Over the last several decades, the overland transport of recreational and other boats on 
trailers has become a major mechanism for moving zebra and quagga mussels 
between watersheds both in North America (Griffiths et al. 1991) and Europe (Walz 
1989). In the former Soviet Union transport on the boats or equipment of the subsidized 
inland fishing industry was more important than transport on recreational boats 
(Karatayev et al. 2007b). The mussels travel as adults attached to boat hulls or anchors, 
on vegetation snagged on anchors or trailers, or as larvae in transported water 
(Johnson & Carlton 1996). One study in Michigan found zebra or quagga mussel 
veligers in most of the water samples taken from boating and fishing equipment 
including live wells, bait buckets, bilge water and engine water, sometimes in 
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concentrations over 25 veligers/liter (Johnson & Carlton 1993); and found that snagged 
vegetation and live wells were the most frequent mechanisms transporting mussels 
(Johnson & Carlton 1996). Zebra mussel larvae have been found to survive up to at 
least 8 days in live wells (Johnson & Padilla 1996). However, overland introductions 
between unconnected water bodies are rare compared to the rapid dispersal that often 
occurs within connected waters (Johnson & Carlton 1996; Johnson & Padilla 1996). 
 
Zebra mussels, quagga mussels and L. fortunei have been transported substantial 
distances in raw water aqueduct systems (Morton 1973, 1975; Lvova 2004). Mussel 
larvae can also be inadvertently transported in the water used to transport fish or 
aquatic plants. For example, at least one commercial baitfish dealer transports fish to 
California from the Oklahoma River, which has zebra mussels (Jeff Janik pers. comm. 
1997), and the three largest dealers of plants for aquariums and ornamental ponds are 
based in Ohio, where zebra mussels are common (Susan Nichols pers. comm. 1997). 
Zebra mussels apparently were accidentally introduced into some water bodies in the 
former Soviet Union with fish transplants, and in some cases were deliberately planted 
in new waters to provide food for fish or to improve water quality (Karatayev et al. 
2007b). In the Netherlands, zebra mussels were introduced into two small ponds as an 
experiment in the control of eutrophication (Reeders et al. 1993), and in the U.S., scuba 
divers have apparently introduced zebra mussels into a few quarry ponds to improve 
water clarity. Other potential mechanisms include the transfer of mussels on 
construction, research, fishing or other equipment moved between water bodies; the 
accidental transport of mussel larvae on divers' wet suits (Johnson & Padilla 1996); the 
transport of mussel larvae in the water in bait buckets, of adult mussels attached to 
crayfish used as bait, and of the mussels themselves used as bait (Carlton 1993); the 
transport of larvae in water used for fire fighting; the release of adults or larvae from 
aquariums; and so forth (Carlton 1993). 
 
 
Background Comments on Some Environmental Parameters 
 
Salinity, Chlorinity, Conductance and Total Dissolved Solids 
 
Salinity was traditionally defined as the sum of all noncarbonate salts in solution, and 
usually expressed in parts per thousand (ppt) in marine and estuarine waters and in 
mg/l in fresh waters where concentrations are generally much lower. Sodium and 
chloride make up about 91% of all salt ions in sea water, but usually constitute a smaller 
portion of the salt in fresh water, where calcium is often the dominant salt ion. Wetzel 
(1975) suggested that the salinity of fresh waters is best expressed as the sum of the 
eight major ions, Ca2+, Mg2+, Na+, K+, HCO3

-, CO3
2-, SO4

2- and Cl-. The Practical Salinity 
Scale of 1978 formally redefined salinity based on the ratio of the specific conductance 
of a sample to the specific conductance of a standard potassium chloride solution at 
15°C and standard atmospheric pressure, with a ratio of 1 yielding a salinity of 35 
practical salinity units (psu). For most practical environmental purposes, salinity 
reported in psu by the new definition is essentially the same as salinity reported in ppt 
by the older definition. 
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Since the salt ions in sea water are generally present in constant ratios, salinity can 
theoretically be calculated from measurements of the concentration of any single ion, 
though errors will be minimized by using one of the more abundant ions. This has often 
been done using chloride, the most abundant anion in sea water. Salinity in seawater (in 
ppt) is approximately equal to 0.0018 times the chlorinity or chloride concentration (in 
mg/l) (Sverdrup et al. 1942). Chloride generally makes up a much smaller part of the 
ionic composition of inland fresh waters than of sea water, and across a variety of fresh 
waters salinity (in ppt) is usually between 0.005 and 0.03 times chlorinity (in mg/l)1. 
 
Electrical conductance is the ability of a particular body to conduct an electrical current. 
It is the inverse of resistance. "Specific conductance" is the conductance of a body of 
unit length and unit cross-section, and for a solution is calculated as the product of the 
measured conductance and the electrode cell constant d/A, where A = the area of the 
electrodes and d = the distance between them. The specific conductance of a solution 
increases with its temperature; most meters with fixed temperature compensation that 
are used for aquatic measurements assume about a 2% increase in specific 
conductance with each 1°C increase in temperature. 
 
Conductance is measured in Siemens (S) (equivalent to an older unit, the mho), and for 
aquatic measurements is usually reported in µS. The corresponding specific 
conductance is usually calculated as µS/cm normalized to 25°C, though it is sometimes 
reported in shorthand as µS (thus compounding the common confusion between 
conductance and specific conductance).2 Since ions in a solution increase its capacity 
to conduct electricity, the specific conductance of a water sample is an indirect measure 
of the concentration of inorganic dissolved solids it contains, including calcium, iron, 
magnesium, sodium, chloride, nitrate, sulfate and phosphate. As noted above, salinity is 
now defined in terms of specific conductance, and salinity can be derived from specific 
conductance values by various formulae (e.g. Schemel 2001) or internet calculators 
(e.g. http://gaea.es.flinders.edu.au/~mattom/Utilities/salcon.html). Table 1 shows the 
specific conductance values (calculated at two temperatures) for a range of salinity 
values. 
 
The specific conductance of the water in a water body can be raised by rocks or 
sediments in the watershed containing calcareous minerals (and is generally lower in 
drainages containing quartz-rich granite or other igneous rocks), mine drainage (which 
can contribute iron, sulfate, copper, cadmium or arsenic), agricultural runoff (which can 
contain high concentrations of phosphate and nitrate) and road runoff (which can 
contain ions from automobile fluids, brake linings, and in some areas, sodium and 
magnesium salts used for deicing) (Murphy & Waterman 2000). 
 
                                                
1 Calculated from data on the ionic composition of various surface waters given in Sverdrup et al. 1942, 
Cole 1975, Wetzel 1975 and Goldman & Horne 1983. 
2 Although it is often stated that specific conductance is conductance normalized to 25°C, this is incorrect; 
"specific" refers to the electrode cell geometry rather than the temperature (Schemel 2001). A further 
source of confusion is that the term conductivity is often used as a synonym for specific conductance (e.g. 
America Society for Testing and Materials 1964), but sometimes is used as a synonym for conductance. 
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 Table 1. Relationship between salinity and specific conductance. 
 

Salinity  Specific Conductance (µS/cm) 
(ppt)  at 15°C  at 25°C 

0.5  800  1,000 
1.0  1,600  2,000 
2.0  3,000  3,800 
3.0  4,500  5,600 
4.0  5,900  7,300 
5.0  7,200  9,000 
6.0  8,500  10,600 
7.0  9,800  12,300 
8.0  11,100  13,800 
9.0  12,400  15,500 

10.0  13,700  17,000 
 
 
Total Dissolved Solids (TDS) are defined as the material left after a water sample is 
passed through a filter, evaporated and dried, and includes both organic and inorganic 
ions. It is thus related to, though not the same as salinity. In some waters there is a 
consistent linear relation between TDS and specific conductance, and TDS (in mg/l) can 
often be estimated by multiplying specific conductance (in µS/cm) by a factor between 
0.55 and 0.75. The factors that increase conductance also increase TDS, which is 
additionally raised by sources of dissolved organic particles including marsh drainage 
and forest soil erosion. Water with high TDS is often hard (see hardness, below) (Hem 
1985); Murphy & Waterman 2000).  
 
Temperature 
 
During the summer, heat from the sun can produce a warmer and therefore lighter layer 
of water at the surface of a deep lake or reservoir, which floats on the colder and denser 
water below. In a typical thermally-stratified water body the upper layer of water, called 
the epilimnion, is relatively well-mixed and has a relatively uniform warm temperature; 
below that is a layer called the thermocline where the temperature declines rapidly with 
depth; and below the thermocline is a cold and often large bottom layer called the 
hypolimnion where the temperature declines slowly with depth. Then, as the 
atmosphere cools in the late fall or winter, the surface layer of water is cooled, the 
thermal stratification breaks down and the water body "overturns." The surface and 
deep waters mix so that the temperature is uniform throughout the water column (Cole 
1975; Wetzel 1975; Goldman & Horne 1983; Hem 1985). 
 
In southern regions where summer surface waters can become too warm for some 
mussel species, cooler hypolimnetic water in a lake or reservoir may provide a seasonal 
refuge. However, these hypolimnetic waters may also become depleted in oxygen (see 
below). Whether a particular water body provides sufficiently cool yet sufficiently 
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oxygenated water at some depth to serve as such a refuge will depend on its specific 
limnological characteristics. 
 
Dissolved Oxygen 
 
Dissolved oxygen is reported either as a concentration (mg/l) or as percent saturation, 
that is, the percentage of the maximum concentration of oxygen that can be dissolved in 
water at a specific temperature, in the absence of other factors. Saturation 
concentrations are higher in colder water. Unpolluted surface waters and fast-running 
waters are usually saturated with oxygen, because of diffusion of oxygen into the water 
from the air. Deeper, stagnant or slow moving waters can be lower in dissolved oxygen 
due to various factors. Photosynthesis releases oxygen into the water and respiration 
removes oxygen from the water, so if phytoplankton and submerged vegetation are 
abundant, oxygen levels can reach supersaturation during the day (when sunlight 
promotes photosynthesis) and decline at night (due to plants' respiration). The biological 
decomposition of algae and organic waste uses up oxygen, some inorganic wastes also 
deplete oxygen, and groundwater entering surface waters through springs may be low 
low in oxygen.  
 
In deep lakes and reservoirs, the development of a thermocline during the warm part of 
the year insulates the deeper hypolimnion from direct contact with atmospheric oxygen. 
This can lead to declining levels of oxygen in the hypolimnion due to biological 
decomposition or pollution, sometimes approaching or reaching anoxic levels. The 
epilimnion retains higher levels of oxygen due to replenishment through contact with the 
atmosphere. With the turnover of water that accompanies cooler weather in the late fall 
or winter, oxygen is again mixed throughout the water column (Hem 1985; Murphy & 
Waterman 2000). 
 
In general then, lower levels of oxygen may be found in the deeper waters of eutrophic 
or polluted lakes or ponds during the warmer months when a thermocline has 
developed, while surface waters, running waters, and oligotrophic, unpolluted waters 
will typically have higher oxygen concentrations. 
 
Calcium, Alkalinity and Hardness 
 
Calcium occurs in solution in fresh water as the free ion (Ca++), as calcium carbonate 
(CaCO3) and in colloidal complex with sediments and organic matter. Standard 
analytical methods define "dissolved calcium" as the calcium measured in a sample 
after filtration through a 0.45 µm membrane filter, and "total calcium" as the calcium 
measured in an unfiltered sample after vigorous digestion (US EPA 1983; Eaton et al. 
1995). In practice these measurements are likely to be similar unless total calcium 
levels are quite high, and in some cases the same data have been reported both as 
dissolved and as total calcium3 (Eric Pederson pers. comm. 1998; James Kirschner 
pers. comm. 1998). Calcium concentrations are sometimes expressed as calcium 
                                                
3 For example, we found several examples in the US EPA's STORET database of the same 
measurements reported as dissolved calcium by one agency and as total calcium by another agency. 
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hardness as CaCO3 (with 1 mg/l of calcium = 2.497 mg/l of calcium hardness as 
CaCO3) (Johnson et al. 2000). 
 
Alkalinity is a measure of a solution's acid neutralizing capacity, and is equal to the 
stoichiometric sum of the bases in solution.4 In the natural environment carbonate 
alkalinity usually accounts for most of the alkalinity, and since the dissolution of rocks 
containing carbonate minerals such as calcite and aragonite (calcium carbonate 
CaCO3), dolomite (calcium magnesium carbonate CaMg(CO3)2) and magnesite 
(magnesium carbonate MgCO3) is the source of much natural carbonate alkalinity, 
alkalinity is strongly related to the concentrations of calcium and magnesium (Hem 
1985); Murphy & Waterman 2000). Alkalinity in fresh water is usually expressed in units 
of mg/l of CaCO3 (i.e. the concentration of CaCO3 that would produce an equivalent 
alkalinity), or as microequivalents per liter (µeq/l).5 
 
Hardness is a characteristic of water caused by the salts of calcium, magnesium, iron or 
other multivalent cations (ions with a charge greater than +1) that causes curdling of 
soap and the formation of scale. Total hardness is defined as the sum of the multivalent 
cations in solution. Calcium and magnesium are the most common multivalent cations, 
resulting from the dissolution of rocks containing calcium and magnesium carbonate 
minerals (primarily limestone, chalk and dolomite) that contribute to temporary hardness 
(which can be removed by boiling), or calcium sulfate minerals (e.g. gypsum 
CaS04(2H2O) and anhydrite CaSO4) that contribute to permanent hardness (the 
remaining hardness after temporary hardness is removed). Calcium and magnesium 
usually account for most of the total hardness, with calcium on average contributing 
about two-thirds and magnesium contributing about one-third. Iron, manganese and 
other ions usually contribute only minor amounts (Cole 1975; Murphy & Waterman 
2000; Johnson et al. 2000). Total hardness in fresh water is usually expressed in units 
of mg/l of CaCO3, or sometimes as grains per gallon (1 grain/gallon = 17.12 mg/l of 
CaCO3). Although the concept of hardness is in almost universal use in the analysis of 
fresh surface waters, the property of hardness is difficult to define and several different 
systems for categorizing hardness are in common use (Hem 1985). Table 2 shows 
some of the classification systems found in publications and on websites. 
 
Correlations between calcium, alkalinity and total hardness are to be expected among 
water bodies with similar types of water chemistry (Cole 1975). Baker et al. (1990, cited 
in Whittier et al. 1995), Whittier et al. (1995) and Kozlowski et al. (2002) reported linear 
relationships between calcium and alkalinity in fresh surface waters, and Claudi and 
Mackie (1994) and Hincks and Mackie (1997) reported correlations between calcium,  
 

                                                
4 Mainly bicarbonate (HCO3

-), and carbonate (CO3
2-) ions, except in waters with pH>9.5 or with unusual 

chemical compositions. Minor contributors can include hydroxide ions (OH-), borates, silicates, 
phosphates, nitrate, ammonium, sulfides and organic ligands (Hem 1985); Murphy & Waterman 2000; 
Johnson et al. 2000). 
5 More formally called "microequivalent weight." The equivalent weight—also called the combining 
weight—of a compound is its formula weight divided by the charge of its ionic form. Thus one µeq/l of 
alkalinity ≈ 100 µg ÷ 2 = 0.05 mg/l of alkalinity as CaCO3 (Hem 1985). 
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Table 2.  Examples of different hardness classification systems reported in publications and on 
the internet. Hardness ranges are in mg/l of CaO3. 
 

 —     —     —     —     —     Reference     —     —     —     —     — 

Hardness Category 1 2 3 4 5 6 7 

Very soft – – – – – – 0-70 
Soft 0-20 0-50 0-17.1 0-60 0-75 0-50 70-140 
Moderately soft 20-40 – – – – 50-100 – 
Slightly or medium hard – – 17.1-60 – – 100-150 140-210 
Moderately or fairly or 
somewhat hard 40-80 50-100 60-120 60-120 75-150 150-200 210-320 

Hard 80-120 100-150 120-180 120-180 150-300 200-300 320-530 
Very Hard >120 >150 >180 >180 >300 >300 – 
Ref. 1: Johnson et al. 2000. 
Ref. 2: http://www.des.state.nh.us/factsheets/ws/ws-3-6.htm (used by the water conditioning industry). 
Ref. 3: http://www.water-research.net/hardness.htm (system used by U.S. Department of the Interior and 
the Water Quality Association); http://www.ext.vt.edu/pubs/housing/356-490/356-490.html; 
http://www.fcwa.org/water/hardness.htm; http://www.lanfaxlabs.com.au/hardness.htm. 
Ref. 4: Durfor & Becker 1964; Briggs & Ficke 1977; Hem 1985; Murphy & Waterman 2000; 
http://capp.water.usgs.gov/GIP/gw_gip/quality.html. 
Ref. 5: http://kywater.org/ww/ramp/rmhard.htm; http://www.ext.colostate.edu/pubs/crops/00513.html; 
http://www.des.state.nh.us/factsheets/ws/ws-3-6.htm (used by sanitary engineers). 
Ref. 6: http://en.wikipedia.org/wiki/Hard_water (converted from mg/l of Ca). 
Ref. 7: http://www.thekrib.com/Plants/CO2/khgh.html. 
 
 
alkalinity and total hardness (Figure 1, Table 3). However, the regressions reported by 
them or derived from their data differ (Table 3), so different correlations may apply to 
different regions. In Alabama and Mississippi, Boyd and Walley (1975) found good 
nonlinear correlations between calcium, alkalinity and total hardness in most 
physiographic regions, but the regressions differed between regions and between 
ponds and streams. On the other hand, there is a strong linear relation between the 
means for calcium and total hardness, and a weaker correlation with alkalinity, across 
regions, ponds and streams in these states (Figure 2), and a strong linear relation 
between the means for calcium and total hardness across a selection of rivers in the US 
(Table 3, Figure 3). 
 
Calcium concentration, alkalinity and hardness all tend to be higher in drainages with 
calcareous rocks and sediments and lower in drainages with igneous rocks (Murphy & 
Waterman 2000). Mine drainage and industrial and municipal wastewater effluent can 
raise calcium and magnesium concentrations and hardness, and municipal wastewater 
effluent can raise alkalinity (Murphy & Waterman 2000). Mellina and Rasmussen (1994, 
citing Wetzel 1975) note that significant seasonal fluctuations in calcium tend to occur in 
hardwater systems, while fluctuations are minor in softwater systems.  
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Figure 1.  Relationships between mean calcium concentration and mean alkalinity and total 
hardness for 16 Ontario lakes. Data from Hincks & Mackie 1997, graphed and analyzed here. 
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Table 3.  Estimated relationships of calcium to alkalinity (in µeq/l) or total hardness (in mg 
CaCO3/l). The relationships shown between calcium and total hardness may not be valid in very hard 
water (>200 mg/l of hardness as CaCO3), where the ratio of calcium to magnesium may vary greatly 
(Claudi & Mackie 1994). 
 

Formula for Calcium (in mg/l) r2 Basis Reference 

= -2.75 + 0.0162 x Alkalinitya 0.561 8 southeastern US regions Boyd & Walley 1975 
= 0.0002 + 0.0143 x Alkalinity  2,500-3,950 Ontario lakes Claudi & Mackie 1994 
= 0.8 + 0.0176 x Alkalinityb 0.95 344 northeastern US lakes Whittier et al. 1995 
= 0.587 + 0.0211 x Alkalinityc 0.956 16 Ontario lakes Hincks & Mackie 1997 
= -4.54 + 0.0244 x Alkalinityd 0.638 18 South Carolina lakes Kozlowski et al. 2002 
= -2.38 + 0.346 x Total Hardnesse 0.894 8 southeastern US regions Boyd & Walley 1975 
= 1.08 + 0.272 x Total Hardness  2,500-3,950 Ontario lakes Claudi & Mackie 1994 
= -2.01 + 0.337 x Total Hardnessc 0.976 16 Ontario lakes Hincks & Mackie 1997 
= -0.247 + 0.273 x Total Hardnesse 0.990 10 US rivers Johnson et al. 2000 
= 0.267 x Total Hardnessf   Johnson et al. 2000 
a Linear regressions on data in Boyd & Walley 1975, Table 1. 
b Derived from line drawn by hand through graphed data points in Whittier et al. 1995, Fig. 2a. 
c Linear regressions on data in Hincks & Mackie 1997, Table 1. 
d Derived from regression line in Kozlowski et al. 2002, Fig. 6, back-calculated from estimated calcium 

to measured alkalinity with the equation given on Kozlowski et al. 2002, page 4. 
e Linear regressions on data in Johnson et al. 2000, Table 1, page 13-2. 
f Derived from assumption that 2/3 of hardness is contributed by calcium and 1/3 by magnesium. 
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Figure 2.  Relationships between mean calcium concentration and mean alkalinity and total 
hardness for 8 physiographic regions in Alabama and Mississippi. Data from Boyd and Walley 1975, 
graphed and analyzed here. Filled circles are ponds, open circles are streams. 
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Figure 3.  Relationship between mean calcium concentration and mean total hardness for 10 
major rivers in the continental United States. Data from Johnson et al. 2000, graphed and analyzed 
here. 
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pH 
 
The parameter pH expresses the hydrogen ion concentration in water on a negative 
base-10 logarithm scale (i.e. each unit increase in pH represents a 10-fold reduction in 
hydrogen ion concentration), with 7 being neutral, values less than 7 being acidic, and 
values greater than 7 being basic. The pH of most natural waters is typically between 6 
and 9, but pH may be lowered significantly by acid precipitation or mine drainage. Other 
influences include unpolluted rain (which can be as acidic as 5.6 due to absorption of 
CO2 from the atmosphere, which dissolves to form a weak acid), photosynthesis and 
respiration by aquatic plants (respectively uptaking and releasing CO2 in the water, 
thereby raising and lowering pH), rocks or soil in the watershed that contain carbonate 
minerals (which raise the pH) or sulfide minerals (which lower the pH), and drainage 
from marshes or forests (which can contain organic acids from decaying vegetation) 
(Hem 1985; Murphy & Waterman 2000). 
 
General Patterns of Variation 
 
Spartial and temporal variation in environmental parameters can complicate 
assessments of the suitability of waters for mussel colonization. However an 
understanding of recognized patterns of variation can help us to avoid misinterpretation 
of the data. 
 
Water temperature varies in a roughly predictable way with season, latitude and 
elevation. In very shallow waters there may also be signficant diurnal variation. As 
discussed above, substantial variation with depth may also occur in lakes or reservoirs 
that stratify during the warmer months. Spring-fed waters and rivers that receive water 
from the hypolimnion of a stratified water body may be markedly cooler than regional 
temperature patterns would suggest. 
 
Constituents or characteristics of water that derive in large part from soils or rocks tend 
to be present at lower concentrations during high flow periods than in low flow periods. 
Oxygen concentrations, pH and some other chemical characteristics can vary diurnally 
and seasonally with photosynthetic activity, and with depth in thermally stratified waters. 
For ions affected by oxidation and reduction, the reduced species are often present at 
higher concentrations in deeper stratified waters (Hem 1985). 
 
Some of the greatest spatial and temporal variation within water bodies can occur in 
waters that receive inflows from two chemically distinct sources. Thus the St. Lawrence 
River receives high calcium water from its headwaters in Lake Ontario, and low calcium 
water from the Ottawa River which enters the St. Lawrence just upstream of Montreal. 
For 180 km below the junction, the softer Ottawa River water flows along the north 
shore of the St. Lawrence, while the harder Lake Ontario water flows along the south 
shore (Mellina & Rasmussen 1994). Another striking example is the Susquehanna River 
at Harrisburg, PA. The eastern side of the river receives acidic, high sulfate drainage 
from a large anthracite-mining region, while the western tributaries carry relatively 
alkaline, low-sulfate water, and several aspects of the river's chemistry vary accordingly 
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from bank to bank (Hem 1985). This sort of situation can also produce substantial 
temporal variation, if the flows from chemically distinct sources vary out of synchrony 
with each other. Similarly, local variations in chemistry can occur where wastewater 
effluent, urban runoff or springs enter larger water bodies. 
 
 
Dreissena polymorpha 
 
Life History 
 
Gametogenesis generally begins in the fall or winter, with spawning (release of eggs) 
starting in the spring when water temperatures rise above 12°C, although most 
spawning occurs above 17-18°C (Mackie et al. 1989; Sprung 1993; Mackie & 
Schloesser 1996; Nichols 1996; McMahon 1996). The seasonal timing of 
gametogenesis and spawning can vary greatly in different locations and years. A 
histological and biochemical analysis of zebra mussels from an Erie Canal site in 1992 
found that gamete synthesis peaked in May, gametes matured in June and July, and 
spawning began in August (Wang et al. 1993). In the following year, when mussels 
overwintered in better condition, DNA concentrations increased more slowly through the 
spring and peaked later (Wang et al. 1994). The spawning period can be prolonged, 
continuing in pulses through late summer or early fall.  
 
Eggs and sperm are released into the water column where fertilization occurs, with a 
single spawning female capable of releasing tens of thousands to millions of eggs 
(Mackie et al. 1989; Sprung 1993; Mackie & Schloesser 1996; Nichols 1996). The 
embryos develop into swimming trochophore larvae in 6 to 96 hours after fertilization 
(Mackie et al. 1989; Sprung 1993; Ackerman et al. 1994). After a lecithotrophic phase 
which last up to 2-9 days after fertilization, the larvae develop intestines and a feeding 
and swimming organ known as the velum, beginning the planktotrophic phase (Table 4). 
By this time they will also have developed D-shaped (straight-hinged) shells about 70-
100 µm long (Sprung 1993; Ackerman et al. 1994). Once the velum appears the larvae 
are called veligers, and they develop progressively through the D-shell stage, a 
veliconcha stage with a more rounded and ornamented shell (also called the umbonal 
stage), and a pediveliger stage with the initial development of a foot (Mackie et al. 1989; 
Sprung 1993; Ackerman et al. 1994; Mackie & Schloesser 1996). Embryonic and larval 
development times are usually longer in colder water and with poorer food availability. 
Larvae produced in the fall may sometimes overwinter as larvae, delaying development 
for several months (Nichols 1996; McMahon 1996). Larval growth rates ranging from 1 
to 24 µm per day have been measured in the laboratory or estimated from field data 
(Mackie et al. 1989; Sprung 1993; Neumann et al. 1993; Ackerman et al. 1994; Mackie 
& Schloesser 1996; Nichols 1996). 
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Table 4.  Estimated planktonic periods for zebra mussel eggs, embryos and larvae. For some 
studies, the periods' initial and end points have been inferred from the context. 
 

Phase Temperature Duration Reference 

Spawning to 
fertilization 

24°C 
12°C 

≤ 2.5 hr 
≤ 5 hr 

Sprung 1993 (delay in fertilization while retaining 50% 
of initial success) 

Fertilization to 
swimming larva 

24°C 
12°C 

6 hr 
20 hr 

Sprung 1993; Sprung 1989, cited in Ackerman et al. 
1994 

 20-24°C 48-72 hr Nichols unpubl., cited in Ackerman et al. 1994 
 17-24°C 48-96 hr Leitch & McLeod 1993, cited in Ackerman et al. 1994 

 17-24°C 6-96 hr Ackerman et al. 1994 (based on review) 
Fertilization to  
D-shell 

24°C 
21°C 
18°C 
15°C 
12°C 

1.3 d 
1.5 d 
1.9 d 
3.2 d 
3.8 d 

Sprung 1987, 1993; Sprung 1989, cited in Ackerman  
et al. 1994 

 20-24°C 3-5 d Nichols unpubl., cited in Ackerman et al. 1994 

 17-24°C 7-9 d Leitch & McLeod 1993, cited in Ackerman et al. 1994 

 17-24°C 2-9 d Ackerman et al. 1994 (based on review) 

Fertilization to  ? 8-10 d Stoeckel & Garton 1993 
veliconcha 17-24°C 7-9 d Leitch & McLeod 1993, cited in Ackerman et al. 1994 

 20-24°C 8 d Nichols unpubl., cited in Ackerman et al. 1994 

 17-24°C 7-9 d Ackerman et al. 1994 (based on review) 

Fertilization to 20-24°C 10 d Nichols unpubl., cited in Ackerman et al. 1994 
pediveliger 17-24°C 10 d Ackerman et al. 1994 (based on review) 

Fertilization to 22°C 21 d Vanderploeg et al. 1994 
settlement 20-24°C 35 d Nichols unpubl., cited in Ackerman et al. 1994 
 20°C 18-37 d Sprung 1989, cited in Ackerman et al. 1994 
 ? 90 d Morton 1969 cited in Ackerman et al. 1994 
 17-24°C 18-90 d Ackerman et al. 1994 (based on review) 
D-shell through 
veliconcha 

≈ 16-24°C 23-27d De Lafontaine & Cusson 1997 (based on period of 
occurrence in the Richelieu River) 

D-shell to 
settlement 

18-21°C 17 d Borcherding & van Steveninck 1992 (estimated from 
growth rates in the Rhine River) 

 ≈ 21°C 14-21 d Baldwin 1994 
 21°C 

14°C 
30 d 

100 d 
Sprung 1993 (estimated from growth rates) 
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Table 4 continued.  Estimated planktonic periods for zebra mussel eggs, embryos and larvae. 
 

Phase Temperature Duration Reference 

"Planktonic phase" ? ≈ 8 d Korschelt 1892 
 ? 8 d Katchanova 1961, cited in Sprung 1993 
 ? usu. 8-10 

d 
Mackie et al. 1989, citing various authors 

 ? 10 d Lewandowski 1982, cited in Haag & Garton 1992 
 ? 8-12 d Hillbricht-Ilkowska & Stanczykowska 1969, cited in 

Neumann et al. 1993 
 ? ≥ 14 d Neumann et al. 1993 
 ? 5-16 d Griffiths et al. 1991, citing Kornobis 1977, 

Stanczykowska 1977 and Lewandowski 1982 
 ? 12-16 d Kirpichenko 1964, cited in Mackie et al. 1989 and in 

Nichols 1996 
 ? 21 d Nichols 1993, cited in Nichols 1996 
 ≈16-24°C 20-25 d Cusson & De Lafontaine 1997 (in the Richelieu River) 
 ? 5-26 d Shevtsova 1968, cited in Sprung 1993 
 16-24°C 

15-20°C 
18 d 
28 d 

Neumann et al. 1993, based on data from Sprung 
1987,1989 

 20°C ? 18-33 d Sprung 1989, cited in Sprung 1993 
 ? ≈ 35 d Walz 1973, 1975, 1978, cited in Sprung 1993, 

Ackerman et al. 1994 and Nichols 1996 
 ? 3-90 d Nichols 1993, citing Stanczykowska 1977, Sprung 

1987 and Mackie et al. 1989 
 over winter 180 d Nichols & Kovalak 1995, cited in Nichols 1996 
 over winter 240 d Kirpichenko 1964, cited in Nichols 1996 

 
 
Veligers settle to the bottom after 1-4 weeks of growth, or sometimes substantially 
longer (Table 4), typically at shell lengths of around 200-240 µm (Mackie et al. 1989; 
Sprung 1993; Ackerman et al. 1994; Mackie & Schloesser 1996). The settled larvae, 
called postveliger or plantigrade mussels, attach by byssal threads to rocks, shells or 
submersed plants, though they sometimes attach directly to sand grains (Mellina & 
Rasmussen 1994; Nichols 1996; Berkman et al. 1998). They then metamorphose into 
juveniles by losing the velum and forming, enlarging and reorienting the characteristic 
adult body structures, including siphons, gills, a mouth, a larger foot, and a more 
rhomboidal shell (Ackerman et al. 1994; Nichols 1996). Zebra mussels reach sexual 
maturity at 1-2 years and shell lengths of 5-12 mm (Mackie et al. 1989; Smirnova & 
Vinogradov 1990; Mackie & Schloesser 1996; Nichols 1996). They live for 2-9 years, 
attaining maximum shell lengths of over 40 mm (Mackie et al. 1989; Smirnova & 
Vinogradov 1990; Mackie 1993; Mackie & Schloesser 1996). 
 
Though primarily sedentary, zebra mussels, especially juveniles, may release their 
byssal threads and move to new attachment sites (Korschelt 1892; Oldham 1930; 
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Martel 1993; Ackerman et al. 1994; Mackie & Schloesser 1996). Zebra mussels have 
been reported to migrate between shallower water in the summer and deeper water in 
the winter (Korschelt 1892; Mackie et al. 1989; Mackie & Schloesser 1996). Juveniles 
and adults may move short distances by crawling (Korschelt 1892; Oldham 1930; Martel 
1993; Ackerman et al. 1994), sometimes using byssal threads to assist them (Griffiths et 
al. 1991), and can be carried longer distances when attached to floating vegetation or 
debris (Mackie et al. 1989; Martel 1993; Mackie & Schloesser 1996; Johnson & Carlton 
1996). Ackerman et al. (1994), note that pediveligers may recruit preferentially to 
aquatic plants and later migrate to other substrates by transport on floating plant 
material. Small juveniles may also travel long distances by drifting in currents, remaining 
above the bottom with the aid of trailing threads acting as drag lines, or with the threads 
in contact with the water surface from which the mussel hangs (Oldham 1930; 
Ackerman et al. 1994; Mackie & Schloesser 1996; Griffiths et al. 1991 and Carlton 1993 
refer to this as "bysso-pelagic transport;" Martel 1993 and Ackerman et al. 1994 both 
note that the threads used for drifting are morphologically distinct from typical byssal 
threads). Small juveniles have also been reported crawling on the underside of the air-
water surface (Oldham 1930; Ackerman et al. 1994). Martel (1993) reported large 
numbers of juveniles drifting in Lake Erie aftre resuspension during periods of storms 
and strong waves. If juvenile drift is initiated by the presence of strong currents, it could 
be an important form of transport in river systems. Occasional transport by crayfish, 
turtles, birds, muskrats or other organisms may also be possible (Carlton 1993; Mackie 
& Schloesser 1996; Johnson & Carlton 1996). 
 
Distribution, Dispersal and Invasion History 
 
Zebra mussels are native to the estuaries and lower reaches of rivers draining into the 
Caspian, Black and Azov seas in Eastern Europe, the northern Caspian Sea, and the 
coastal shallows of the middle and south Caspian Sea (Therriault et al. 2004)6. Shipping 
canals constructed in the late 18th and 19th centuries connected these to other 
watersheds, and zebra mussels quickly spread into the Baltic Sea basin, and from there 
began to spread westward across northern Europe and eastward through the western 
half of the Soviet Union (Stanczykowska & Lewandowski 1993; Karatayev et al. 1997, 
2007b; Wolff 2005). They arrived in London by 1824, in Amsterdam by 1826 and in 
Germany by 1838, having reportedly travelled from port to port and across the English 
Channel attached to shipments of Baltic timber, though dispersal also occurred on boats 
and barges through a network of canals that connected the Dneiper, Vistula, Oder, Elbe 
and Rhine rivers (Van der Velde 2002), and may have occurred in solid ballast. Zebra 
mussels spread across Great Britain in the 19th century, facilitated by the construction 
of waterways (Kerney & Morton 1970; Morton 1973,1979; Wolff 2005). By 1840 the 
mussels had reached Germany, Denmark, the Netherlands, Belgium and France 
(Karatayev et al. 2007b). They continue to spread in Europe, reaching Ireland by 1997 
and Spain by 2001 (Karatayev et al. 2007b). 

                                                
6 In addition, two reported subspecies, D. polymorpha aralensis and D. polymorpha obtusecarinata, are 
reported to be indigenous to the Aral Sea, now extinct there due to increasing use of the sea's freshwater 
inflows and a dramatic rise in the sea's salinity (Strayer & Smith 1993). It's not clear whether these should 
be considered subspecies or separate species from D. polymorpha. 
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Zebra mussels were discovered in North America in Lake St. Clair, between Lake Huron 
and Lake Erie in the Great Lakes chain, in 1988 (Hebert et al. 1989; Griffiths et al. 
1991). They had probably been introduced earlier in the decade in the ballast water of 
cargo vessels arriving from freshwater ports in northern Europe—possibly introduced 
from the Soviet Union as a result of a boom in Canadian and American wheat exports to 
that country (Karatayev et al. 2007b). McMahon (1996) has also suggested that zebra 
mussels could have been introduced into the Great Lakes as adults attached to anchors 
or anchor chains, though this seems less likely. By 1990 zebra mussels had spread to 
all five Great Lakes, by 1991 they had spread east along the Erie Canal and into the 
Hudson River and west into the Illinois River watershed (a tributary of the Mississippi 
River) via the Chicago Sanitary and Ship Canal7, and by 1992 had entered the Upper 
Mississippi River and the Illinois, Tennessee and Arkansas rivers. By the end of 1993, 
zebra mussels had spread down the Mississippi River to New Orleans, westward up the 
Arkansas River to Oklahoma, and northeastward to Lake Champlain in Vermont. By 
1995 they had invaded waters in 19 states and two Canadian provinces . They entered 
the northeastern corner of Connecticut in 1998, Virginia in 2002, and Kansas and 
Nebraska in 2003.8 In November 2007 zebra mussels were found in Pueblo Reservoir 
on the Arkansas River, in southeastern Colorado, the westernmost population east of 
the continental divide9; and in January 2008 zebra mussels were found in San Justo 
Reservoir in San Benito County in California, the first record of an established 
population west of the continental divide (Ram & McMahon 1996). 
 
Several mechanisms, both natural and anthropogenic, contributed to this dispersal. 
Dispersal within the Great Lakes was probably accomplished by a combination of 
advective transport of larvae and drifting juveniles, ballast water transport by cargo 
vessels (most likely including their introduction to Duluth Harbor at the western end of 
Lake Superior), and transport on the hulls of commercial and recreational vessels. 
Within other navigable waterways, transport on the hulls of commercial barges was 
probably important, particularly for dispersal upstream (Keevin et al. 1992; Keevin & 
Miller 1992; Johnson & Carlton 1996), along with transport on recreation vessels. 
 
Overland transport into unconnected water bodies has been slow compared to the rapid 
dispersal that often occurs within connected waters (Johnson & Carlton 1996; Johnson 
& Padilla 1996). The main mechanism for overland introductions has almost certainly 
been transport with recreational boats hauled on trailers, including adult mussels 
attached to hulls or other components and equipment, transport of adults on snagged 
vegetation, and transport of larvae in live wells, bait wells, engine cooling water or other 

                                                
7 The canal connects the Chicago and Calumet Rivers, which drain into Lake Michigan, with the Des 
Plaines River, which flows into the Kanakee River and thence into the Illinois and Mississippi Rivers. 
8 Maps of zebra mussels' spread in North America can be found at  
http://nas.er.usgs.gov/taxgroup/mollusks/zebramussel/ and 
http://nationalatlas.gov/dynamic/dyn_zm.html#. 
9 This collection consisted of 2 adults, 1 juvenile and 1 veliger, identified by DNA analysis, according to 
the USGS' NAS website (http://nas.er.usgs.gov/queries/specimenviewer.asp?SpecimenID=242589), with 
apparently no further collections of zebra mussel adults or veligers since then despite significant search 
effort. Thus, it is not yet clear if there is an established population of zebra mussels in Colorado. 
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small reservoirs of water (Carlton 1993; Johnson & Carlton 1996). Scuba divers may 
have intentionally introduced zebra mussels into a few isolated waters, including 
Millbrook Quarry in Virginia, a quarry near Bethlehem, Pennsylvania, and Base Lake on 
Offut Airforce Base in Nebraska. Commercial shipments of baitfish and plantings of 
hatchery-bred gamefish could also contribute to the mussel's dispersal (Kastner et al. 
1997; Edwards et al. 2002). 
 
Overland dispersal is facilitated by the zebra mussel's ability to survive out of the water 
for significant periods of time. In laboratory experiments, these periods are greater at 
higher humidity and lower temperature, with larger mussels surviving longer than small 
mussels (Table 5). Based on these data, McMahon et al. (1993) concluded that zebra 
mussels could survive up to 4-5 days out of the water at temperatures of 25°C or above 
but could survive 10 or more days at temperatures below 15°C, while Ricciardi et al. 
(1995) concluded that they could survive 3-5 days of overland transport.  
 
 
Table 5.  Zebra mussels' maximum survival times (in days) for aerial exposure in laboratory 
experiments. 
 

—     —     —     —     —     —     Temperature     —     —     —     —     —     — Relative 
Humidity 5°C 10°C 15°C 20°C 25°C 30°C 35°C 

≤5% 
11a 
13c 

– 
5a,b 
6c 

– 
2a 
3c 

– 1.25c 

10% – 3-5d 
5-10e – 3-5d 

3-5e – 1d 
1-3e – 

33% 9c  
5b 
6c 

 3c  1.25c 

50-53% 
17a 

13c 
5-10d 
5-10e 

7.5a 

13b 
8c 

3-5d 
5-7e 

3a 

3c 
1d 

1-3e 1c 

75% 18c – 
9b 
8c 

– 4c – 1c 

≥95% 
27a 
48c 

5-10d 
10-15e 

12a 
22b 

15c 

5-6d 
5-7e 

5a 
4c 

1-3d 
3-5e 0.6c 

a Time to 100% mortality from multiple regression based on laboratory experiments: ln(survival time, in 
hours) = 5.917 - (0.082 x temperature) + (0.010 x relative humidity) (Payne et al. 1992). 
b Time to 100% sample mortality in 15-27 mm long mussels from Lake Erie (Ussery & McMahon 1994, 
1995). 
c 11-30 mm long mussels (McMahon et al. 1993; estimated from graphs). 
d 10-18 mm long mussels from the St. Lawrence River (Ricciardi et al. 1995). 
e 21-28 mm long mussels from the St. Lawrence River (Ricciardi et al. 1995). 
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Salinity 
 
The upper salinity limit for zebra mussels depends not only on the salt concentration, 
but also on whether the concentration is relatively stable or rapidly changing, and on the 
composition of the salt. If salinity is changing rapidly (e.g. in an estuary) zebra mussels 
can tolerate low levels of salinity, but can handle higher levels if the change is slow (e.g. 
in a terminal lake). Laboratory studies reflect this, showing greater tolerance to higher 
salinity levels when the rate of increase is gradual (Strayer & Smith 1993). For example, 
Karpevich (1947, cited in Strayer & Smith 1993) found that respiration rates dropped 
when salinity was changed abruptly, but that there was no depression in respiration 
when salinity was changed at a slower rate of 2 ppt every 2 days up to a final salinity of 
17 ppt. 
 
Strayer and Smith (1993, citing Mordukhai-Boltovski 1964 and Zhadin 1965) have 
suggested that zebra mussels may be able to tolerate higher salinity in waters that 
contain higher proportions of divalent ions (Ca++ and Mg++) and sulfates relative to 
monovalent ions (Na+ and Cl –), and that chloride content rather than overall salinity 
may actually be the critical factor. Temperature could also affect salinity tolerance (with 
higher tolerance in colder water), and there may be genetic differences in salinity 
responses in different populations (e.g. Baker et al. 1993a). For example, in the Volga 
River the zebra mussels at the most downstream locations can tolerate exposures to 
high salinities better than the mussels from upstream locations can; and this is mirrored 
by their response at the cellular level (Smirnova & Vinogradov 1990; Smirnova et al. 
1993). 
 
In estuaries, zebra mussels have been found in salinities up to a mean of 0.6 ppt in The 
Netherlands, up to <1 ppt in the eastern Gulf of Riga, and up to <2 ppt in the extreme 
eastern Gulf of Finland and along the Black Sea (Wolff 1969; Strayer & Smith 1993). 
Populations of stunted mussels have been observed in the Vistula estuary and lagoon 
at up to 4.8 ppt, and in the Kiel Canal at 3.8-6.2 ppt (Strayer & Smith 1993). In the 
Hudson River estuary zebra mussels were found at high densities at sites with 
maximum salinities up to 3 ppt, and at low densities at maximum salinities up to 5 ppt 
(Carlton 1992; Walton 1993). Extreme salinity records from estuaries could represent 
sink populations, that is, populations made up of mussels that spawned in lower salinity 
water upstream and that cannot reproduce in the higher salinity waters where they have 
been reported. 
 
Zebra mussels occur in more stable salinities at up to 4 ppt in ponds in the Netherlands 
delta region (Wolff 1969). They are abundant at salinities of 6-9 ppt in the northern 
Caspian Sea, but are absent from the main body of the sea at 13 ppt (Strayer & Smith 
1993). In the Aral Sea they were abundant at up to 10 ppt; as water diversions raised 
the salinity, the populations began to decline at around 12 ppt and had virtually 
disappeared by the time salinities reached 14 ppt (Stayer & Smith 1993). 
 
Laboratory experiments have produced disparate results (Table 6). Barber (1992) 
reported 100% mortality of adult mussels in 15°C water when salinity was raised from 0  
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Table 6.  Zebra mussel's upper salinity limit as indicated by different studies. 
 

Limit Basis Reference 

0.4-2 ppt Estimated upper limit in tidal estuaries Strayer & Smith 1993 

0.6 ppt Upper limit of mean salinity where zebra mussels are 
present in estuaries in the Netherlands delta region Wolff 1969 

0.6 ppt Upper limit for adult growth, based on literature review Baker et al. 1993a 

1 ppt Upper limit for areas likely to support high densities of 
zebra mussels, based on literature review Baker et al. 1993a 

1-6 ppt Incipient mortality from 2 week exposure in different 
Volga River populations 

Smirnova et al. 1990, based on 
Antonov & Shkorbatov 1983 

0.9-2.0 ppt Maximum salinity tolerated Wolff 1969 

2 ppt Upper limit for sustaining large populations, based on 
literature review Baker & Baker 1993 

2 ppt 
Value dividing "low-to-no" from "moderate" potential 
distribution in waters with fluctuating salinities in 
analysis in California 

Cohen & Weinstein 1998 

2.6 ppt Maximum salinity tolerated Jansen et al. 1967, cited by 
MacNeill 1991 

2.7 ppt Upper limit for survival of acclimated adults at 15°C in 
laboratory 

Barber 1992, cited by Baker et 
al. 1993a 

3 ppt Maximum salinity tolerance Morton 1979 

3 ppt 
Maximum salinity at sites in the Hudson River estuary 
with high densities (>1,000/m2) of zebra mussels 

Walton 1996 

4 ppt Upper limit where present in ponds in the Netherlands 
delta region Wolff 1969 

4.7 ppt Maximum salinity tolerated Jaeckel 1962, cited by MacNeill 
1991 

>5 ppt 100% mortality from 18-day exposure Spidle 1994 

5 ppt Maximum salinity at which zebra mussels have been 
found in the Hudson River Walton 1996 

6 ppt Maximum salinity at which zebra mussels have been 
found in the Kiel Canal Strayer & Smith 1993 

6 ppt Estimated upper limit in nontidal lagoons or other waters 
with relatively stable salinities Strayer & Smith 1993 

6 ppt Upper salinity limit in waters with stable salinities in 
analysis in California Cohen 2007 

6 ppt Upper salinity limit of the subspecies that invaded North 
America, based on literature review Karatayev et al. 2007b 

9 ppt Maximum value where mussels occur in the Caspian 
Sea  Strayer & Smith 1993 

6.5-9 ppt Mortality above ≈10% from 2 week exposure in different 
Volga River populations 

Smirnova et al. 1990, based on 
Antonov & Shkorbatov 1983 
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Table 6 continued.  Zebra mussel's upper salinity limit as indicated by different studies. 
 

Limit Basis Reference 

7.6 ppt 
LC50 for 4 d exposure of unacclimated adults at 19°C in 
laboratory 

Mackie & Kilgour 1992 

7.6 ppt Maximum salinity at which zebra mussels have been 
found in the Dnieper-Bug estuary Mills et al. 1996 

8 ppt 85% survival of acclimated adults at 4° and 10°C in 
laboratory Mackie & Kilgour 1992 

10 ppt Upper limit for long-term survival of acclimated mussels Strayer & Smith 1993 citing 
Karpevich 1947 

10 ppt Value dividing "unlikely" from "maybe" potential 
distribution in analysis in North Carolina Doll 1997 

10 ppt 
Value dividing "low-to-no" from "moderate" potential 
distribution in waters with stable salinities in analysis in 
California 

Cohen & Weinstein 1998 

10-14 ppt Estimated upper limit in sulfate-rich brackish lakes Strayer & Smith 1993 

12-14 ppt 

Values at which the subspecies D. p. aralensis and D. p. 
obtusecarinata disappeared from the Aral Sea as 
salinities increased (see previous footnote regarding 
these subspecies)  

Strayer & Smith 1993 

12 ppt Maximum salinity tolerated Van Benthem Jutting 1943, 
cited by MacNeill 1991 

12 ppt Upper limit for adult survival, based on literature review Baker et al. 1993a 

15 ppt Index of 0 (perfectly unsuitable, or lethal) on the Habitat 
Suitability Index curve Hayward & Estevez 1997 

18 ppt Upper limit for the most salinity-tolerant subspecies Karatayev et al. 2007b 

 
 
to 2.7 ppt over 52 days. In contrast, Mackie & Kilgour (1992) reported 85% survival of 
adult mussels in 4°C and 10°C water that were acclimated to 8 ppt salinity over 42 days. 
Vinogradov et al. (1993) referenced one study that reported 100% mortality after 168 
days in 5 ppt (Smirnova 1973), another that reported the lethal concentration to be 5-7 
ppt (Karpevich 1955), and a third that reported the lethal concentration using stepwise 
acclimation to be 10-12 ppt (Karpevich 1955). Strayer and Smith (1993, citing Karpevich 
1947) noted earlier studies that reported 10 ppt as the limit for long-term survival of 
gradually acclimated mussels. Studies assessing potential distribution have used limits 
of 2-15 ppt (Doll 1997; Hayward & Estevez 1997; Cohen & Weinstein 1998; Cohen 
2007; Table 6), in part depending on whether salinities are fluctuating or relatively 
stable, but also reflecting the wide range of limits reported from experiments and field 
observations. 
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Temperature 
 
Freezing kills zebra mussels (Karatayev 1995; McMahon 1996), but even where 
temperatures are not extreme enough to kill them outright, temperatures that don't 
support reproduction or adequate growth will prevent the mussels' establishment 
(Strayer 1991). Strayer (1991) found that zebra mussels were less common in Europe 
where mean annual air temperatures were below 3-6°C, and where the lowest mean 
monthly air temperature was below 6°C (Table 7). Several studies in Europe and North 
America have reported that the lower water temperature limits for adult growth are 
around 10-12°C (Morton 1969; Stanczykowska 1977; Baker et al. 1993a), but Bij de 
Vaate (1989) reported adult growth down to 6°C (Table 8). Most studies report that 
zebra mussels start to spawn when water temperatures reach 12°C (Borcherding 1991; 
Neumann et al. 1992; McMahon 1996), but limited spawning has been reported at 10°C 
in the Great Lakes and Europe (Sprung 1993; Nichols 1996; McMahon 1996). In 
addition, Mills et al. (1993) reported the presence of zebra mussels at depths in Lake 
Ontario where temperatures rarely exceed 5°C, and noted reported observations of 
spawning at temperatures down to 2.5°C. Spawning peaks at about 12-18°C, which is 
roughly the optimum temperature for larval development (Sprung 1993). Various studies 
have used mean summer water temperatures in the range of 9-15°C as the lower 
limiting values for potential distribution (e.g. Sorba & Williamson 1997; Doll 1997; Cohen 
& Weinstein 1998; Cohen 2007, Table 8). 
 
In Europe, Strayer (1991) found that zebra mussels were absent where mean annual air 
temperatures were above 18°C or where the highest mean monthly air temperatures 
were above 27°C (based, however, on only a few stations) (Table 7). Baker et al. 
(1993b) commented that the mussel's distribution in Europe may not be indicative of its 
upper temperature limits, since the Mediterranean Sea serves as a southern geographic 
barrier. Various observations and experiments suggest that water temperatures above 
24-30°C are unsuitable for reproduction, spawning or larval growth (Baker et al. (1993a), 
and that water temperatures above 26-36°C can be lethal (Table 9). Baker et al. 
 
 
Table 7.  Zebra mussel's distribution in Europe relative to air temperature. Data are from Strayer 
1991 and refer to records of zebra mussels within 100 km of weather stations. 
 

 Zebra Mussel Occurrence 
 
Parameter 

Common (at 
>40% of stations) 

Uncommon (at 
≤40% of stations) 

 
Absent 

Mean Annual Air Temperature 3°–12°C (n=71) -1°–3°C (n=9) or 
12°–18°C (n=28) 18°–19°C (n=2) 

Highest Monthly Mean Air 
Temperature 15°–26°C (n=101) 13°–15°C (n=5) 27°–28°C (n=4) 

Lowest Monthly Mean Air 
Temperature -15°–6°C (n=97) 6°–9°C (n=13) — 

Number of Months with Mean Air 
Temperature ≥10°C 4–7 (n=85) 3 (n=7) or 

8–12 (n=14) — 

Mean Annual Air Temperature 
(lake records) 6°–15°C (n=70) 3°–6°C (n=4) — 
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Table 8.  Zebra mussel's lower temperature limits as indicated by different studies. 
 

Limit Basis Reference 

-2°C No survival below this value Claudi & Mackie 1994 
0°C Lower limit for adult survival, based on literature review Baker et al. 1993a 
0°C Lower limit for poor growth Claudi & Mackie 1994 
0°C Does not survive freezing McMahon 1996 
0°C Usual lower limit of distribution Boelman et al. 1997 

0°C Index of 0 (perfectly unsuitable, or lethal) on their Habitat 
Suitability Index curve Hayward & Estevez 1997 

0°C Lower limit, based on literature review. Karatayev et al. 2007b 

2-4°C Lower limit for gametogenesis Borcherding 1991 
3°C Lower limit of favorable conditions Smirnova & Vinogradov 1990 
6°C Lower limit for adult growth, based on literature review Bij de Vaate 1989  
6°C Lower limit for occurrence in Europe McMahon 1996 
9°C Value dividing poor from moderate growth Claudi & Mackie 1994 

9°C Mean summer value dividing "very low" from "low" potential 
distribution in analysis in Manitoba Sorba & Williamson 1997 

10°C  Minimum needed for growth and reproduction Karatayev 1995 
10°C Lower limit for limited spawning in Great Lakes Nichols 1996 

10°C Maximum annual value dividing "low-to-no" from "moderate" 
potential distribution in analysis in California Cohen & Weinstein 1998 

10°C Lower limit for mean summer value in analysis in California  Cohen 2007 

10-11°C Lower limit for growth or reproduction, based on literature 
review (but also cites lower limit of 12-15°C for reproduction) Karatayev et al. 2007b 

10-12°C Lower limit for adult growth in the Great Lakes Baker et al. 1993a  
10-12°C Lower limit for spawning, based on literature review McMahon 1996 
11-12°C Lower limit for adult growth in European lakes Stanczykowska 1977  

12°C Lower limit for spawning and larval growth, based on 
literature review Baker et al. 1993a 

12°C Lower limit for maximum summer value in analysis in 
California  Cohen 2007 

≈12°C Lower limit for juvenile and adult growth, based on literature 
review McMahon 1996 

15°C Lower limit for spawning Karatayev 1995 

15°C Mean summer value dividing "unlikely" from "definite" 
potential distribution in analysis in North Carolina Doll 1997 

 
 
(1993a) argue that in temperate regions seasonal temperature fluctuations will usually 
result in some period each year with temperatures that allow successful reproduction, 
so that adult temperature tolerances are probably more critical in setting range limits. 
Stanczykowska (1977, cited by Baker et al. 1993a) reports that adult growth ceases 
above 26-33°C. Strayer (1991, citing McMahon & Tsou 1990) noted that temperatures 
greater than 26-32°C can kill larvae or adults, and further noted (citing Walz 1978) that 
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at high temperatures respiratory costs can exceed assimilation rates resulting in loss of 
body weight, which could prevent the establishment of zebra mussels without killing 
them outright. Aldridge et al. (1994) found experimentally that between 20° and 32°C an 
increase in water temperature results in an increase in zebra mussels' energetic costs 
and a decrease in their feeding rate, and concluded that energy losses start to exceed 
intake between 24° and 28°C. In southern U.S. waters, zebra mussels have been 
reported at temperatures up to about 30°C (Spidle 1994), with die-offs occurring at 
31°C. Shkorbatov (1986, shown in Smirnova et al. 1993) found that zebra mussel 
populations in Volga River reservoirs began dying at temperatures around 31°C and 
reached 100% mortality at 33-36°C. In the Zaporozhskoe Resevoir in the Ukraine, zebra 
mussels survive in water temperatures up to 33°C (Karatayev et al. 2007b). Several 
authors have reported 30°C as the upper limit for feeding and growth, and 31-33°C as 
the upper limit for short-term survival (e.g. 100% mortality with 1 wk exposure to 31°C, 
100 hr exposure to 32°C, or 24 hr exposure to 35°C—Spidle et al. 1995; McMahon 
1996; Elderkin & Klerks 2005; see also Table 9). Various studies have used mean 
summer temperatures in the range of 30-32°C and maximum temperatures of 31°C as 
the upper limiting values for potential distribution (Sorba & Williamson 1997; Doll 1997; 
Cohen & Weinstein 1998; Table 9). 
 
Shkorbatov (1986, cited by Smirnova et al. 1993) and Smirnova and Vinogradov (1990) 
noted that Volga River populations of zebra mussels varied in their heat tolerance 
(possibly due to genetic differences), with the southernmost population and a population 
living in waters heated by power plant discharges showing the greatest tolerance for 
high temperatures. Thorp et al. (1998) came to similar conclusions, finding that zebra 
mussels from the Ohio River were more tolerant of high temperatures than zebra 
mussels from Lake Erie, and suggesting that this is an evolved, post-invasion difference 
that would increase over time. 
 
Table 9.  Zebra mussel's upper temperature limits as indicated by different studies. Temperatures 
are water temperatures unless otherwise indicated. 
 

Limit Basis Reference 

18°C Absent within 100 km of weather stations with higher mean 
annual air temperatures (n= 2 of 110) Strayer 1991 

24°C Zygote mortality in laboratory study Sprung 1987 
24°C Upper limit for larval growth, based on literature review Baker et al. 1993a 
24-28°C Energy costs exceed intake in experiments Aldridge et al. 1994 
25°C Usual upper limit of distribution Boelman et al. 1997 
26°C Loss of sperm motility in laboratory study Sprung 1987 
26-30°C Maximum temperature during spawning in Lake Erie Haag & Garton 1992 
26-32°C Temperatures that can kill adults or larvae McMahon & Tsou 1990 
26-33°C Upper limit for adult growth Stanczykowska 1977  

27°C Absent within 100 km of weather stations with higher 
highest mean monthly air temperatures (n= 4 of 110) Strayer 1991 

30°C Upper limit for regular feeding Smirnova & Vinogradov 1990 
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Table 9 continued.  Zebra mussel's upper temperature limits as indicated by different studies. 
 

Limit Basis Reference 

30°C Upper incipient lethal temperature. Iwanyzki & McCauley 1993 
30°C Upper limit for adult growth, based on literature review Baker et al. 1993a 
30°C Upper limit for poor growth Claudi & Mackie 1994 

≈30°C Upper limit for juvenile and adult growth, based on 
literature review McMahon 1996 

30°C Mean summer value dividing "low" from "very low" potential 
distribution in analysis in Manitoba Sorba & Williamson 1997 

30-31°C Abundant in southern US waters where temperatures often 
reach 30°C, but massive die-offs occur at 31°C McMahon 1996 

30-32°C Upper limit of tolerance, in several studies Karatayev 1995 

30-35°C No mortality at 30°C, 100% mortality at 35°C, in 14-day 
exposure of Lake Erie and Lake Ontario zebra mussels Spidle 1994 

31°C Upper incipient lethal temperature with mean tolerated 
exposure of 52-292 hours depending on acclimatization Armistead 1995 

31°C Upper limit for larvae and adults, based on literature review McMahon 1996 

31°C Maximum annual value dividing "moderate" from "low-to-
no" potential distribution in analysis in California 

Cohen & Weinstein 1998; 
Cohen 2007 

<32°C Upper limit indicated by experiment without acclimation Domm et al. 1993 

32°C Above this temperature, mass deaths occur Karatayev 1995 

32°C Mean summer value dividing "maybe" from "unlikely" 
potential distribution in analysis in North Carolina Doll 1997 

32-33°C Upper temperature limit Smirnova & Vinogradov 1990 
33°C Upper limit for adult survival, based on literature review Baker et al. 1993a 

33°C Upper limit (100% mortality) for long-term exposure, based 
on review of northern European data McMahon & Ussery 1993 

33°C Upper limit, based on literature review Karatayev et al. 2007b 

33-36°C 100% mortality in different Volga River populations Shkorbatov 1986, in 
Smirnova et al. 1993 

34°C Maximum summer temperature with predicted 5-15% 
survival for Lake Erie and Ohio River zebra mussels Thorp et al. 1998 

35-36.5°C 
Predicted upper limit (100% mortality) for long-term 
exposure, based on experimental data on mussels from the 
Niagara River acclimated to 5-15°C 

McMahon & Ussery 1993 

37°C Upper limit indicated by experiment in rapidly rising 
temperatures Domm et al. 1993 

38.8°C Predicted 100% mortality of North American mussels 
acclimated to 15°C with temperature rising at 1°C/min Spidle 1994 

39°C Index of 0 (perfectly unsuitable, or lethal) on their Habitat 
Suitability Index curve Hayward & Estevez 1997 

40°C No survival above this value Claudi & Mackie 1994 

40.3°C Predicted 100% mortality of North American mussels 
acclimated to 20°C with temperature rising at 1°C/min Spidle 1994 
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Dissolved Oxygen 
 
Boelman et al. (1997) report that zebra mussels are usually found where dissolved 
oxygen is over 90% of saturation, which is 5.9-10.2 mg/l at 10-25°C in surface waters 
between 0-6,000' elevation, and become stressed at levels of 40-50% of saturation (2.6-
5.7 mg/l at 10-25°C and 0-6,000'). Smirnova and Vinogradov (1990) reported 80-85% 
oxygen saturation (5.3-9.6 mg/l at 10-25°C and 0-6,000') as optimal. Oxygen 
concentrations levels as low as 3.2 ppm have been found in parts of the Illinois River 
where zebra mussels are abundant (Kraft 1994; Table 10). Sprung (1987) concluded 
that zebra mussel larvae can survive for a short time at 18°C with oxygen at 20% of 
saturation (1.5-1.9 mg/l at 0-6,000'), and Karatayev et al. (1998) reported adult mussels 
need 25% saturation (1.7-2.8 mg/l at 10°-25°C and 0-6,000'). Under anoxic conditions, 
all zebra mussels die within 6 days at 17-18°C and within 3 days at 23-24°C (Baker et 
al. 1993a, citing Mikheev 1968). Most studies have used a limit of around 4 mg/l to 
assess zebra mussels' potential distribution (Doll 1997; Sorba & Williamson 1997; 
Cohen & Weinstein 1998; Cohen 2007). 
 
 
Table 10.  Zebra mussel's minimum dissolved oxygen requirement, as indicated by different 
studies. 
 

Limit Basis Reference 

1.5 mg/l Index of 0 (perfectly unsuitable, or lethal) on the Habitat 
Suitability Index curve Hayward & Estevez 1997 

1.5-1.9 mg/l Only short survival of larvae Sprung 1987 

1.7-2.8 mg/l Minimum for adults (=25% saturation for 10-25°C and 0-
6,000 feet elevation) 

Karatayev 1995; Karatayev et 
al. 1998 

1.8-2.4 mg/l Lower limit at 20°C, based on literature review. Karatayev et al. 2007b 

3.2 mg/l Lowest concentration where mussels were abundant Kraft 1994 
4 mg/l Lethal lower limit for adults at 18° C Sprung 1987; McMahon 1996 

4 mg/l Value dividing "unlikely" from "maybe" potential 
distribution in analysis in North Carolina Doll 1997 

4 mg/l Value dividing "very low" from "low" potential distribution 
in analysis in Manitoba Sorba & Williamson 1997 

4 mg/l Maximum annual value dividing "low-to-no" from 
"moderate" potential distribution in analysis in California 

Cohen & Weinstein 1998; 
Cohen 2007 

 
 
Low oxygen requirements in cold water may allow mussels to survive winters under ice. 
However, severe pollution accompanied by low oxygen levels reportedly eradicated 
zebra mussels from much of the Rhine River during the 1970s (Neumann et al. 1993), 
and low oxygen may in part account for their poor success in eutrophic lakes 
(Stanczykowska & Lewandowski 1993; McMahon 1996). 
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Calcium, Alkalinity and/or Total Hardness 
 
Of the three related parameters of calcium, alkalinity and hardness, experimental and 
field studies have most often focused on calcium concentrations (see below), and most 
studies of potential zebra mussel colonization in North America have included calcium 
concentration as a key factor (Table 11; and reviewed by Cohen & Weinstein 2001 and 
Cohen 2005). However, studies relying on European versus North American data have 
general reported different calcium thresholds needed for establishing zebra mussel 
populations. Studies of European lakes concluded that zebra mussel needed 25-28 mg/l 
of calcium to become established (Ramcharan et al. 1992; Karatayev 1995; Padilla 
1997). In contrast, zebra mussels have been reported from several sites in North 
America with calcium concentrations between 4 and 28 mg/l (Mellina & Rasmussen 
1994; Strayer et al. 1996; Balcer 1996a; De Lafontaine & Cusson 1997; Eliopoulos & 
Stangel 1999; Michael Hauser pers. comm. 1997; Sandra Nierzwicki-Bauer pers. 
comm. 2001; Cohen & Weinstein 2001; Drake & Bossenbroek 2004; Jones & Ricciardi 
2005; see discussion below), where they have often been assumed to represent 
established, reproducing populations. Models based on North American data have 
estimated calcium thresholds as low as 8.5 mg/l (Hincks & Mackie 1997), and 
assessments of potential distribution in North America have used thresholds as low as 9 
mg/l (Kozlowski 2002). 
 
Cohen and Weinstein (2001) noted that three hypotheses could explain the 
discrepancies between the North American and European data: 
 

1. European and North American zebra mussels may be genetically distinct (due, for 
example, to founder effect in the establishment of the North American population), 
with the North American mussels having a lower calcium threshold. 

 
2. In the regions examined by the European studies, zebra mussels may be limited to 

waters with greater than 25-28 mg/l of calcium by some undetermined, co-varying 
environmental factor, rather than by calcium. 

 
3. Zebra mussels found at sites in North America with less than 25-28 mg/l of calcium 

may be non-reproducing "sink" populations resulting either from larvae drifting in 
from reproducing populations established at upstream sites with higher calcium 
levels, or from mussels repeatedly introduced by anthropogenic transport. The 
apparent North American calcium threshold would thus represent the concentration 
needed for settlement and growth, with the apparent European threshold 
representing the concentration needed for successful gonad development, 
gametogenesis, fertilization, or embryonic or early larval development. 

 
Cohen and Weinstein (2001) concluded that the third hypothesis was most likely 
correct, that sink populations had been assumed to be reproducing populations, 
probably combined with some noise in the data resulting from the paucity of calcium 
measurements, spatial and temporal variation in calcium variation within water bodies at 
some sites, and possibly some mis-identification of mussels at some inland sites with 
few records (especially where the records were of veligers). 
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Table 11.  Studies of the potential distribution of zebra mussels in North America 
 

Region Analyzed Environmental Parameters Utilized Reference 

North America air temperature Strayer 1991 

Ontario calcium, pH Neary & Leach 1992 

Connecticut calcium Murray et al. 1993 

Virginia calcium, pH Baker et al. 1993b 

Hudson River estuary salinity Strayer & Smith 1993 

Wisconsin calcium, pH, nitrate, phosphate Koutnik & Padilla 1994 

southern Green Bay temperature, depth, substrate Ignacio & Miller 1994 

Maryland calcium, pH, salinity, temperature Chaillou & Christmas 1994 

Mississippi River temperature Armistead 1995 

Northeastern US calcium, alkalinity Whittier et al. 1995 

Rhode Island calcium, pH Tammi et al. 1995a, b 

Mid-Atlantic region calcium, pH, conductivity, oxygen Bochenek 1995 

North & South Carolina calcium, pH, turbidity, Corbicula abundance Duke Power 1995 

North Carolina calcium, pH, temperature, salinity, oxygen Doll 1997 

California calcium, pH, temperature Janik 1997 

Manitoba calcium, total hardness, pH, temperature, 
conductivity, oxygen, turbidity Sorba & Williamson 1997 

Florida calcium, pH, temperature, salinity, oxygen, 
turbidity, sediment size Hayward & Estevez 1997 

California calcium, pH, temperature, salinity, oxygen Cohen & Weinstein 1998; 
Cohen 2007 

United States alkalinity, pH, temperature, oxygen Ashby et al. 1998 

South Carolina calcium, pH, temperature, salinity, oxygen Kozlowski et al. 2002 

United States 
air temperature, frost frequency, precipitation, 
solar radiation, elevation, slope, catchment 
area, geology 

Drake & Bossenbroek 2004 

United States calcium Whittier et al. 2008 

 
 

Numerous laboratory and field studies have directly or indirectly examined aspects of 
zebra mussels' calcium needs. Sprung (1987) induced zebra mussels to spawn and 
exposed the earliest developmental phase (eggs to 3-day-old larvae) to water with 
calcium carbonate added to produce various estimated calcium concentrations ranging 
from 12 to 106 mg/l along with a standard mix of other salts.10 After three days, Sprung 
found that solutions with no calcium produced no larvae, while solutions with at least 40-

                                                
10 Nichols (1996) noted that since calcium was not measured directly in these experiments, the reported 
calcium concentrations may not be accurate. 
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60 mg/l of calcium had roughly similiar rearing success. Below 40 mg/l, rearing success 
declined and the proportion of crippled larvae increased (Figure 4). At 12 mg/l virtually 
no larvae were produced, and about 90% of the few that were produced were crippled. 
 
 
Figure 4.  Zebra mussel larval production at different calcium levels. Larval production is 
the number of healthy larvae produced after 3 days, indexed to the number produced at 
calcium concentrations of 59 mg/l. Calculated from graphs in Fig. 3 of Sprung (1987). 
 

  
 
 
Vinogradov et al. (1987) examined the calcium flux between the tissues of three species 
of freshwater bivalves and ambient water at calcium concentrations ranging from near 
zero to about 22 mg/l; zebra mussels were the most sensitive of the three species to 
low calcium levels, losing calcium when ambient concentrations were below 13-14 mg/l. 
In a second study, Vinogradov et al. (1993) tested the effect on calcium metabolism of 
acclimatizing mussels in very low salt waters (with calcium levels of 0.8-1.5 mg/l), and 
found that unacclimatized zebra mussels lost calcium when calcium levels dropped 
below 14 mg/l, while acclimatized mussels lost calcium when ambient calcium dropped 
below 22 mg/l, and lost it at a faster rate.  
 
Ram and Walker (1993) found that 70% of adult zebra mussels died within 14 days in 
deionized water, with small mussels dying quicker than large ones. However, since all 
mussels survived when NaCl or MgSO4 was added to the deionized water, they 
concluded that the lethal effect was due to osmotic stress rather than a lack of calcium. 
Based on reported increases in blood calcium in a freshwater bivalve exposed to 
deionized water, they suggested that zebra mussels and other freshwater bivalves may 
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be able to draw on calcium reserves in shell or tissue to maintain osmolality when 
stressed, and that larger animals, having larger reserves, may fare better. Dietz et al. 
(1994) similarly found that zebra mussels died within five days in deionized water, but 
could survive over 51 days in water that had minimal concentrations of NaCl, potassium 
and magnesium but no calcium. Like Ram and Walker (1993), they concluded that the 
mussels survived by mobilizing calcium from their shells in order to maintain necessary 
levels of calcium in their blood. 
 
McCauley and Kott (1993) excised the gills from adult zebra mussels collected from 
Lake Erie, and placed them in solutions with a range of calcium concentrations, at a pH 
of 7.4. Ciliary activity ceased after 24-hour exposures to calcium concentrations below 8 
mg/l. 
 
Hincks and Mackie (1993, 1994) placed adult and juvenile zebra mussels from Lake 
Erie in flow-through aquariums with 15 levels of calcium (0-35 mg/l), 15 levels of 
alkalinity (2.5-80 mg/l as CaCO3), and 15 combinations, and found that survival and 
growth rates (measured by shell length) increased with increasing calcium and 
alkalinity. Gonads matured normally at all alkalinity levels, but males released sperm 
only if calcium levels were above 15 mg/l. They also placed juvenile mussels in flow-
through bio-boxes in three Ontario lakes. In the two lakes with the highest calcium 
concentrations (25 and 44 mg/l), growth rates were similar to rates observed in the 
Great Lakes, but in a lake with 7 mg/l of calcium growth rates were only 9-14% of the 
Great Lakes' rate and mortality was higher. Hincks and Mackie (1997) later reared adult 
and newly-settled juvenile zebra mussels from Lake St. Clair in water from 16 Ontario 
Lakes (Table 12). Six of these lakes had mean calcium levels of 2.4-8.3 mg/l and mean 
pH values of 6.4-8.4. In these low calcium and lower pH waters all adults died within 35 
days, juvenile growth rates were near zero or negative, and no veligers were produced. 
The other lakes all had mean calcium levels of 20-48 mg/l and mean pH values of 8.2-
9.3. In these waters adult survival was 52-100%, juvenile growth rates ranged from 3 to 
29 µm/day (low compared to field measurements of up to 125 µm/day in Lake St. Clair), 
and almost no veligers were produced (0 to 7 veligers from an initial population of 21 
adults in each treatment).They found that the best fit model of adult mortality was a 
logistic regression on calcium and pH, with mortality decreasing with increasing calcium 
for pH between 6.0 and 8.5, and mortality increasing with increasing calcium at higher 
pH values. They found significant curvilinear relationships between juvenile growth rates 
and each of the variables calcium, alkalinity and total hardness, which were themselves 
correlated (see Figure 1). The best fit regression for calcium showed negative growth 
below 8.5 mg/l, maximum growth at 32 mg/l, and declining growth rate at higher calcium 
levels. They found no significant relationship between the number of veligers produced 
and any of the environmental variables.  
 
Balcer (1996a) collected zebra mussels ≤20 mm long from Lake Erie and the 
Mississippi River and mussels 25-30 mm long from Duluth-Superior Harbor, and placed 
them in cages in Duluth-Superior Harbor where reported calcium concentrations range 
from 13-23 mg/l. All sizes survived well and grew during summers but there was high 
mortality during winters, especially for smaller mussels (80-95% mortality for 7-12 mm  
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Table 12.  Zebra mussel survival, growth and reproduction in water from 16 Ontario lakes. From 
Hincks & Mackie 1997. 
 

Water Source 

Mean 
Calcium 

(mg/l) 

 
Mean 

pH 

% Adult 
Survival 

at 35 days 

Mean Juvenile 
Growth Rate 

(µm/day) 

Production of 
Veligers over 

70 days 

Dickie Lake 2.4 6.4 0 0 0 
Lake of Bays 3.0 7.4 0 -12 0 
St. Nora Lake 3.4 7.1 0 -7 0 
Lake Muskoka 6.0 8.4 0 0 0 
Beech Lake 7.8 8.0 0 -5 0 
Big Clear Lake 8.3 8.1 0 -12 0 
Balsam Lake 19.9 8.7 90 5 1 
Buckhorn Lake 25.7 9.3 95 22 3 
Devil Lake 26.7 8.6 81 24 1 
Lake St. Clair 32.9 8.7 81 3 0 
Big Rideau Lake 34.3 8.2 67 29 1 
Upper Rideau Lake 35.4 8.7 81 13 2 
Lake Erie 35.7 8.5 71 24 0 
Lake Ontario 39.2 8.2 76 20 0 
Lake Scugog 44.5 8.5 100 6 7 
Lake Simcoe 47.6 8.4 52 9 2 

 
 
mussels, 54-97% mortality for 15-20 mm mussels, and 12-46% mortality for 25-30 mm 
mussels). The shells of many of the surviving and most of the dead mussels were thin 
and eroded, with holes in many of the smaller mussels. Balcer (1996b) collected zebra 
mussels from Lake Erie, the Mississippi River and Duluth-Superior Harbor and reared 
them in the laboratory in water with 15, 30, 35, 45 and 60 mg/l of calcium, and in two 
treatments with calcium concentrations that varied in the 15-35 mg/l range. Water 
temperatures were increased from 10 to 20°C over 11 weeks, and then varied between 
20 and 23°C for 7 weeks. Survival was good in all treatments until temperatures 
reached 20°C; thereafter mortality rose and reached 80% by week 17. Mussels in all 
treatments released sperm and eggs after temperatures reached 21°C. 
 
Baldwin et al. (1997; Brad Baldwin pers. comm. 1998) placed zebra mussels from the 
St. Lawrence River in water from the St. Lawrence with 30 mg/l of calcium and in water 
from four uncolonized sites in northern New York with 3-22 mg/l of calcium (Table 13). 
Juvenile (5 mm shell length) and adult (15 mm shell length) mussels had comparable 
survivorship over 5 weeks with ≥4 mg/l of calcium, although mussels in 4 mg/l of 
calcium rapidly lost weight. Embryonic development and veliger survival over 14 days 
was comparably successful in 22 and 30 mg/l of calcium, but unsuccessful in 3-4 mg/l. 
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Table 13.  Zebra mussel survival and early development in waters from northern New York. From 
Baldwin et al. 1997; Brad Baldwin pers. comm. 1998. 
 

 
 
 
Water Source 

 
Calcium 

(mg/l) 

Juvenile 
and Adult 
Survival 

after 35 d 

Juvenile 
and Adult 

Growth 
over 35 d 

Development 
of Embryo to 

Shelled 
Veliger Stage 

 
Veliger 

Survival 
after 14 d 

Raquette River 3 low negative failed 0 % 
Upper St. Regis Lake 4 high negative failed 0 % 
Upper Saranac Lake 4 high negative failed 0 % 
Black Lake 22 high positive successful ≈60 % 
St. Lawrence River 30 high positive successful ≈60 % 
 
 
Hansen et al. (1998) placed newly-settled and adult zebra mussels from the Hudson 
River in water from the Hudson River (with 17 mg/l of calcium) and Lake George (with 
calcium declining from 12-14 mg/l to 10-11 mg/l over the course of the study). Mussels 
survived in both waters for 19 weeks, but mussels in Hudson River water were 11% 
longer and had 25%-40% more dry tissue mass than those in Lake George water; the 
latter also showed some dissolution of the shell (Hansen et al. 1998; Andrew Hansen 
pers. comm. 1998; Sandra Nierzwicki-Bauer pers. comm. 2001). In another experiment, 
veligers from Lake Champlain placed in Lake George water (with 11 mg/l of calcium and 
pH of 7.5) did not survive, but survived longer when either calcium or pH was raised to 
Lake Champlain levels (16.5 mg/l of calcium and pH of 7.8), and survived best (nearly 
as well as controls reared in Lake Champlain water) when both calcium and pH were 
raised to Lake Champlain levels (Sandra Nierzwicki-Bauer pers. comm. 2001). 
 
Lynn (John Lynn pers. comm. 1998) placed adult zebra mussels in water with 12-15 
mg/l of calcium and artificially spawned them. He reported that the eggs had over 50% 
success in completing first cleavage at 4-8 mg/l of calcium, with dramatically declining 
success below 4 mg/l. However, there was a high degree of variability, with success 
rates ranging from 10 to 90% in tests using the same conditions.  
 
In general, we might expect that larger adult mussels would be less sensitive to 
environmental extremes, including low ambient calcium concentrations, than smaller 
adult and juvenile mussels, that these would be less sensitive than larvae, and that the 
earliest developmental stages (gametes, embryos or small veligers) or perhaps the 
processes of gonads and gametes development and fertilization, would be the most 
sensitive of all. Among the experimental work on this issue in juveniles and adults 
(Table 14), Vinogradov et al. (1987, 1993) found that adults experienced a net loss of 
calcium when held in ambient calcium concentrations of 13-22 mg/l, depending on the 
specific treatment; while in contrast, Hincks and Mackie (1997) calculated that 8.5 mg/l 
of calcium is the limiting value for juvenile growth, and Baldwin et al. (1998) found 
normal survival of juveniles and adults for up to 35 days in 4 mg/l of calcium (Table 13). 
At the veliger stage, various researchers found that later stage veligers did very poorly 
at calcium levels between 4 and 11 mg/l, but did better or had normal success at levels 
between 16.5 and 22 mg/l (Table 14). Sprung (1987) tested very early development  
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Table 14.  Summary of experimental studies relative to zebra mussel's possible calcium 
thresholds. The indicated calcium level is the minimum concentration needed to satisy the endpoint, as 
indicated by data or analyses in the cited sources.  
 

 
Endpoint 

Indicated Calcium 
Threshold (mg/l) 

 
Reference 

Fertilization/Embryonic Development   

Release of sperm 15 Hincks & Mackie 1994 
Normal success in egg fertilization between 4 and 22 Baldwin et al. 1998 
≥50% mean success in completing first cleavage 4 J. Lynn pers. comm. 1998 

Larval Development   

Development of some larvae, 0-3 days between 0 and 12 Sprung 1987 
Significant numbers of healthy larvae, 0-3 days between 12 and 24 Sprung 1987 
Some veliger production  between 8 and 20 Hincks & Mackie 1997 
Normal success in development from fertilization 
to D-shell veliger between 4 and 22 Baldwin et al. 1998 

Normal success in development from D-shell 
veliger to juvenile between 4 and 22 Baldwin et al. 1998 

Veliger survival between 11 and 16.5 S. Nierzwicki-Bauer, pers. 
comm. 2001 

Juvenile Stage   

Normal juvenile (5 mm shell) survival for 35 days between 3 and 4 Baldwin et al. 1998 
Normal juvenile growth rate between 7 and 24 Hincks & Mackie 1993 
Juvenile growth (based directly on data) between 8 and 20 Hincks & Mackie 1997 
Juvenile growth (based on regression) 8.5 Hincks & Mackie 1997 

Adult Stage   

Normal adult (15 mm length) survival for 35 days between 3 and 4 Baldwin et al. 1998 
Maintenance of tissue weight for 35 days between 4 and 22 Baldwin et al. 1998 
Activity of gill cilia 8 McCauley & Kott 1993 
Some adult (10-15 mm shell) survival for 35 days  
(based directly on data) between 8 and 20 Hincks & Mackie 1997 

Nonnegative calcium flux in unacclimatized adults 13-14  Vinogradov et al. 1987 
Nonnegative calcium flux in unacclimatized adults 14  Vinogradov et al. 1993 

Nonnegative calcium flux in acclimatized adults1 22 Vinogradov et al. 1993 

Some adult (10-15 mm shell) survival for 35 days  
(based on regression)2 

0-25 at pH of 7.5-8.3, 
≈30 at pH≤7.4 Hincks & Mackie 1997 

1 Acclimatized for 28 days in diluted artesian water with 0.8-1.5 mg/l of calcium. 
2 Threshold calculated from multiple logistic regression model, for adult survival of ≤5%. By the same 

model, calcium levels must be below 50 mg/l for adult survival at pH≥9.1. 
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stages (eggs to early stage veligers) and found that their rate of sucessful development 
declined below 40 mg/l and approached zero at around 12 mg/l (Figure 4). Hincks and 
Mackie (1994) reported that females exposed to calcium concentrations of <7.5 mg/l for 
10 weeks appeared to have either spawned or reabsorbed their gonads (based on 
histological examination), but that males did not release sperm unless calcium 
concentrations were above 15 mg/l. 
 
Information regarding zebra mussels' calcium needs also comes from observations and 
analyses of their distribution in Europe and North America. European data suggest a 
threshold in the vicinity of 25-28 mg/l of calcium. In 76 lakes in parts of Europe that had 
been occupied by zebra mussels for more than 50 years, zebra mussels were found 
only in waters with at least 28.3 mg/l of calcium (Ramcharan et al. 1992; Padilla 1997). 
In 527 lakes in Belarus, zebra mussels were found only in lakes with more than 25.4 
mg/l of calcium (Karatayev 1995). 
 
As noted earlier, however, several studies have described zebra mussel populations in 
North American waters with reported calcium concentrations below 28 mg/l. Mellina and 
Rasmussen (1994) collected zebra mussels in the Hudson River estuary from Catskill to 
New Hamburg where they measured calcium concentrations at 24-26.4 mg/l. Strayer 
(1996) reported on the collection of zebra mussels throughout the freshwater portion of 
the Hudson River estuary since 1991, noting that calcium concentrations in this reach 
ranged from 22-30 mg/l.Strayer (1996) and Cohen and Weinstein (2001) examined the 
data on the spread and growth of this population and concluded that zebra mussels had 
probably reproduced within this reach, at least in some years. Additional data revealed 
a calcium range in this reach of 12-38 mg/l (US EPA's STORET database). This wide a 
range is not surprising, since this reach receives water from two or possibly three 
sources with distinct calcium concentrations: from the upper Hudson River with calcium 
levels of 4-25 mg/l and from the Mohawk River with calcium levels of 12-60 mg/l, and 
possibly also some slight mixing with seawater, which has a typical calcium 
concentration of 410 mg/l (Hem 1985; the data in STORET, which shows a gradual rise 
in the calcium range downstream from 12-30 mg/l at Green Island to 16-38 mg/l at 
Poughkeepsie, supports this). 
 
Just upstream from Montreal the Ottawa River, with low calcium water and no zebra or 
quagga mussels, enters the higher calcium water of the St. Lawrence River, derived 
from the zebra-and-quagga-mussel-infested Lake Ontario. In 1991-92, Mellina and 
Rasmussen (1994) collected zebra mussels downstream of Montreal as far as Ile 
d'Orléans near Quebec. They found mussels at all sampled sites on the south bank of 
the river, where calcium levels ranged from 16 to 38 mg/l, and no zebra mussels at 11 
north bank sites, where calcium levels ranged from 8 to 14 mg/l. They concluded that 15 
mg/l is the calcium threshold for zebra mussels. In 2003, Jones and Ricciardi (2005) 
sampled for zebra mussels in the St. Lawrence River down to around Montreal, 
including several sites at and just below the confluence with the Ottawa River. Zebra 
mussels were found at 19 sites where calcium concentrations on that day measured 8-
30 mg/L, but absent from one site where the calcium concentration measured 8-30 
mg/L. Cohen and Weinstein (2001) and Cohen (2007) concluded that the zebra 
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mussels in the river below the confluence with the Ottawa River are almost certainly 
recruited from upstream sites and not the result of local reproduction, so their 
distribution in this reach cannot be used as an indicator of appropriate conditions for 
reproduction. Their presence on the south bank and absence from the north bank in 
1991-92 could be due to differences in veliger supply (the veliger-rich water derived 
from Lake Ontario and the upper St. Lawrence dominating the flows along the south 
bank, while water from the zebra-mussel-free Ottawa River dominated the north bank) 
rather than differences in calcium or other environmental parameters at the sampling 
sites. The sites sampled by Jones and Ricciardi would also represent recruitment from 
upstream sites and are probably sink populations,11 and the sites at and below the 
confluence with the Ottawa River may be subject to substantial fluctuations in calcium 
levels with changes in the relative flows from the two tributaries, so any correlations 
between calcium measurements taken on a single day and the presence or absence of 
mussels at these sites on that day are further suspect. 
 
Calcium concentrations range from 12-15 mg/l throughout most of Lake Superior 
(Beeton & Chandler 1963; Goldman & Horne 1983; Balcer, 1996a; STORET database), 
where there are at least ten reports of zebra mussels, all of which appear to be one-time 
occurrences rather than established populations (Table 15). However, zebra mussels 
have been collected in Duluth-Superior Harbor at the western tip of the lake since 1989 
(Balcer 1994), and became markedly more abundant starting in 1998 (Douglas Jensen 
pers. comm. 2001). Reported calcium concentrations range from 13-23 mg/l in the 
harbor (based on relatively few measurements), where the St. Louis River provides an 
inflow of higher calcium water (Balcer 1996a; Douglas Jensen pers. comm. 2001). The 
large numbers present since 1998 suggest local reproduction, though this may be 
substantially augmented by the continuous release of very large numbers of larvae in 
ballast water arriving from the lower Great Lakes12, as well as adults attached to ships' 
hulls or in seachests13. In Duluth-Superior Harbor, where the water is a mix of higher 
calcium St. Louis River water and lower calcium Lake Superior water, there could be 
substantial spatial and temporal variaiton in calcium concentrations with changes in 
flows. Studies that relate the reproductive success of the zebra mussels at locations in 
the harbor to the calcium levels at those locations have not been conducted. 
 
 

                                                
11 Anthony Ricciardi agrees with that assessment, pers. comm. 2008. 
12 For example, in 1995 Lake Superior received 62% of the total amount of ballast water discharged into 
the Great Lakes, with 81% coming from the lower lakes (Aquatic Sciences 1996). 
13 In 1990, zebra mussels 2-3 cm long were found on the rudder gearbox and in the seachest of a ship 
arriving in Duluth-Superior Harbor, and on a boat or barge hull in Thunder Bay on Lake Superior (Cohen 
& Weinstein 2001). The seachest is the compartment on a ship where ballast water first enters from 
outside the hull, whence it is pumped to the ballast tanks. 
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Table 15.  Zebra mussel records in Lake Superior outside of Duluth-Superior Harbor. Records from 
Cohen & Weinstein 2001 and USGS NAS website 
(http://nas.er.usgs.gov/taxgroup/mollusks/zebramussel/zebramusseldistribution.asp). 
 

Site Date Notes (NAS record number) 

Thunder Bay, ON 1990 one 13 mm adult, on a boat or barge hull (NAS116121) 
Batchawana Bay, ON 1991  
Cape Gargantua, ON 1991  
Marquette, MI Oct 1992 one 1-mm juvenile on sampler at power plant (NAS116680) 
Two Harbors, MN Apr 1993 small cluster in shipping channel near ore dock (NAS 117074) 
Ontonagan River, MI Oct 1997 1 or 6 (?) adults; discarded (NAS117925) 
Chequamegon Bay, WI Aug 1998 near ore dock (NAS118237) 
Whitefish Bay, MI Nov 1999 3-4 (?) adults, 1 cm long (NAS118433) 
EPA Sampling Station Aug 2002 veliger, in central part of lake (NAS252642) 

Marquette, MI May 2004 one 12 mm adult in upper harbor, may have fallen off a barge 
(NAS159150) 

 
 
Lake Champlain is a long narrow lake oriented north-south along the border between 
New York and Vermont. Water flows north through the lake, which drains from its north 
end through the Richelieu River into the St. Lawrence River at Quebec. Calcium 
concentrations generally decline northwards, from average values of 25-31 mg/l (with a 
range of 13-60 mg/l) at the south end of the lake, to 14-20 mg/l (range of 8-47 mg/l) in 
the central and northern parts, and a range of 16-18 mg/l in the Richelieu River 
(Vermont DEC 1996-1998; De Lafontaine & Cusson 1997). Zebra mussels were first 
found in the lake in 1993 at its extreme southern end (Eliopoulos & Stangel 1997), 
possibly introduced by boats from the Great Lakes, the Erie Canal or the lower Hudson 
River reaching the lake via the Champlain Canal, or by boats trailered overland. The 
mussels spread northward and by the summer of 1996 veligers or adults were found 
throughout most of the lake. They are generally most abundant in the southern end of 
the lake, are common in many parts of the lake where calcium concentrations are at 
least 18 mg/l, and have been found at two sites with median calcium concentrations of 
13-14 mg/l in the northeast arm of the lake (Michael Hauser pers. comm. 1997; Vermont 
DEC 1998; Eliopoulos & Stangel 1997, 1998, 1999, 2000). Veligers were observed in 
the Richelieu River starting in 1996 (De Lafontaine & Cusson 1997), and juveniles and 
adults starting in 1997, primarily in the upper (southern) part of the river (Cusson & De 
Lafontaine 1998). Flow velocities and retention times in the lake are not well understood 
(Michael Hauser pers. comm. 2001). Larval production in the southern part of the lake is 
high (Eliopoulos & Stangel 1997-2000; Michael Hauser pers. comm. 2001), and some 
observations suggest that larvae are carried northward in pulses from the southern end. 
A high proportion of the larvae collected at upstream sites in the Richelieu River were 
late-stage veligers, suggesting that they were not spawned locally (De Lafontaine & 
Cusson 1997). An order of magnitude decline in veliger densities from the southern to 
the northern part of the lake, and a futher order of magnitude decline to the northern 
part of the Richelieu River, also suggests that reproduction occurs only in the southern, 
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higher calcium portions of the system. However, Eliopoulos & Stangel (1998) argue that 
peak veliger densities at a northern lake site that are higher than densities at central 
lake sites may indicate local reproduction in the northern lake. Recruitment in northern 
sites could also be augmented by drifting juveniles or adults attached to boat hulls. 
 
Lake George has a mean calcium concentration of 11 mg/l (Hansen et al. 1998), and in 
laboratory experiments veligers reared in Lake George water died (Sandra Nierzwicki-
Bauer pers. comm. 2001). However, since 1999 over 20,000 adult mussels have been 
collected in a 1,500 m2 area at the southern end of the lake. Since no veligers or newly 
settled juveniles have been collected, and since the number of mussels collected in an 
ongoing removal effort has progressively declined and the mean size of the mussels 
has progressively increased, the population is apparently not reproducing and is dying 
out (Sandra Nierzwicki-Bauer pers. comm. 2007). A concrete boardwalk was 
constructed along the shore of this area in 1998, and a culvert emptying into the area 
carries groundwater and stormwater runoff with calcium levels that are reportedly four 
times ambient lake levels (i.e. 40-50 mg/l of calcium). The presence of a substantial 
population of apparently non-reproducing adult mussels in this small area could have 
resulted from (1) large numbers of adult mussels in spawning condition brought into the 
lake attached to the equipment used to construct the boardwalk, and/or (2) a temporary, 
local increase in calcium levels caused by calcium inputs from the boardwalk 
construction or discharge from the culvert, augmented by the impoundment of water 
behind a silt curtain deployed during construction (Sandra Nierzwicki-Bauer pers. 
comm. 2001). 
 
Zebra mussels have been reported from twelve other inland lakes with mean reported 
calcium concentrations below 28 mg/l (Cohen & Weinstein 2001; Table 15). The 
calcium concentrations in four of these are between 25 and 27 mg/l, in three are 
between 20 and 25 mg/l, in two are 18 mg/l, and in three are between 4 and 11 mg/l. 
Three lakes in Ontario (Buckhorn, Opinicon and Balsam lakes) with calcium levels 
between 20 and 26 mg/l are on the Rideau or the Trent-Severn waterways. Both of 
these are popular boating routes that connect with waters with established zebra 
mussel populations, and thus may serve as pathways for frequent reintroductions of 
mussels. In Connecticut, West Twin Lake receives the downstream flow from East Twin 
Lake, which has higher calcium levels and an established zebra mussel population, and 
thus may be the spawning site for the veligers and settled adults observed in West Twin 
Lake.  
 
Of the twelve inland lakes with zebra mussel records and low levels of reported calcium, 
adults have been reported in six of the lakes, only veligers have been reported in five 
lakes, and in one lake the basis of the record is not given. Records based only on visual 
identification of veligers, especially if based on few specimens, can easily involve 
misidentification (Ladd Johnson pers. comm. 2001), and several of these records 
predate the widespread use of cross-polarized light microscopy to identify possible 
dreissenid larvae, which occurred after 1995. The records in all three lakes with 
reported calcium levels below 18 mg/l are of veligers only. Subsequent annual sampling 
in one of these, Lake Dunmore, yielded no further observations of zebra mussels and 
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suggests that they are not established there (Eliopoulos & Stangel 2001-2003; Stangel 
2004; Stangel & Shambaugh 2005). The mean calcium values for four of the lakes are 
based on a total of 15 samples, while the values for the other eight lakes are based on 4 
or fewer samples, or on an unknown number of samples. With so few samples, it's 
unclear whether the range of calcium concentrations in these lakes might substantially 
exceed the reported values. When these three issues (connections to higher calcium 
waters with established zebra mussel populations, records based on few zebra mussel 
observations or observations of veligers only, and reported mean calcium values based 
on very few samples) are considered together (Table 16), none of these lakes 
represents a compelling case for an established zebra mussel population reproducing in 
low calcium waters. While Lake Bomoseen apparently does have a well-established 
population of zebra mussels (Eliopoulos & Stangel 2000-2003; Stangel 2004; Stangel & 
Shambaugh 2005), its reported mean calcium concentration of 18 mg/l is based on only 
two measurements, leaving significant uncertainty regarding what range of 
concentrations the mussels may be exposed to during critical life history stages. 
 
 
Table 16.  Zebra mussel records in inland waters with calcium concentrations <28 mg/l. Asterisked 
lakes are connected by channels or waterways to higher calcium waters with established zebra mussel 
populations. 
 

Water Body Records and life 
stages collected 

Mean calcium  
 mg/l n Reference 

Devil Lake, ON 1994: one veliger  27 15 Kraft 1995; Hincks & Mackie 1997; A. 
Dextrase pers. comm. 1998 

Buckhorn Lake, ON* 1996  26 15 Hincks & Mackie 1997; A. Dextrase 
pers. comm. 1998 

Dogwood Lake, IN 1998: veligers  26 4 Indiana DNR 1998; Indiana CLP 1998 

Lake Opinicon, ON* 1991-94: veligers &/or 
adults  25 ? 

A. Dextrase pers. comm. 1998; 
http://www.rideau-
info.com/local/zebra.html 

West Twin Lake, CT* 1999-2007: adults &/or 
veligers  21 1 Murray et al. 1993; N. Balcom pers. 

comm. 2001 
Houghton Lake, MI 1993: veligers  20 1 Benson 1998; STORET data 

Balsam Lake, ON* 1991: veligers & adults  20 15 
 25 ? 

Hincks & Mackie 1993, 1997; A. 
Dextrase pers. comm. 1998 

Lake St. Helen, MI 1994: adults  18 1 Benson 1998; STORET data 

Lake Bomoseen, VT 1999-2004: adults &/or 
veligers  18 2 

Eliopoulos & Stangel 2000-2003; 
Stangel 2004; Stangel & Shambaugh 
2005; M. Hauser pers. comm. 2001 

Crotch Lake, ON 1995: veligers  11 ? A. Dextrase pers. comm. 1998 

Lake Muskoka, ON 1991: one veliger 
 5 ? 
 6 15 
 7 ? 

Hincks & Mackie 1993, 1997; Kraft 
1994; A. Dextrase pers. comm. 1998 

Lake Dunmore, VT 1999: veligers  4 4 
Eliopoulos & Stangel 2000-2003; 
Stangel 2004; Stangel & Shambaugh 
2005; M. Hauser pers. comm. 2001 
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The Tennessee River may be another site where zebra mussels might be found in low 
calcium water. Zebra mussels were first reported in both the lower Ohio River and the 
lower Tennessee River (a tributary of the Ohio) in the fall of 1991. Over the next few 
years, large numbers of adults and veligers were observed in the Ohio River but only a 
few adults and no veligers were seen in the Tennessee River. Sickel and Leek (1994) 
suggested that zebra mussels might have failed to establish in the Tennessee River due 
to low calcium concentrations, which they said averaged around 20 mg/l in the 
Tennessee River compared to about 40 mg/l in the lower Ohio River. However, zebra 
mussels were soon present throughout the length of the Tennessee River, with veligers 
detected at nearly all power plants on the river (Kerley 1998, 1999), though presence 
and abundance have remained highly variable from year to year (Whittier et al. 2008). 
Whittier et al. (2008) noted that the river drains areas with very different calcium 
concentrations, which they mapped as highly variable or high in calcium in the upper 
watershed and high or low in calcium in the lower watershed. Calcium levels in the 
reservoirs and tributaries of the Tennessee River range from a low of around 1 mg/l to a 
high of around 37 mg/l, with a median value below 20 mg/l at its mouth (Whittier et al. 
2008). It's possible that any zebra mussels settled in low calcium portions of the river 
result from spawning in upstream, higher calcium reaches, but the data needed to 
assess that are not yet available. 
 
As described earlier, the various assessments conducted of zebra mussels' calcium 
requirements have come to a range of different conclusions (Table 17). A few studies 
have also stated limits in terms of alkalinity or hardness. Claudi and Mackie (1994), for 
example, give the limiting value for alkalinity that divides poor growth from no survival 
as 18 mg/l as CaCO3, (=360 µeq/l) and the limiting vaue for total hardness as 23 mg/l as 
CaCO3. Whittier et al. (1995) used a limit of 400 µeq/l of alkalinity. 
 
One difficulty in both estimating zebra mussels' calcium requirements and in using the 
resulting estimates for predictions is that the mussels' calcium needs probably vary to 
some degree with changes in other environmental factors. Several studies have 
concluded that zebra mussels' calcium threshold varies with pH, usually declining with 
increasing pH (Ramcharan et al. 1992; Hincks & Mackie 1997; Sandra Nierzwicki-Bauer 
pers. comm. 2001). Vinogradov et al. (1993) found that lowering the pH below about 7 
increased the rate of calcium loss in waters with low calcium levels. Zebra mussels' 
better survival in natural waters with higher calcium concentrations could in part be due 
to the presence of magnesium in those waters (Susan Nichols pers. comm. 2001). 
Zebra mussels may also obtain some calcium from their diet: mollusks typically meet 
70-80% of their calcium needs by absorbing calcium ions from the ambient water, and 
the rest through food (Vinogradov et al. 1993). Zebra mussels may also be able to 
resorb some calcium from their shells in order to meet metabolic requirements. One 
additional complexity is that calcium uptake by rapidly growing zebra or quagga mussel 
populations can reduce calcium concentrations and alkalinity (e.g. 4-5 mg/l reductions in 
calcium in offshore waters of Lake Ontario; Barbiero et al. 2006). 
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Table 17. Zebra mussel's minimum ambient calcium concentration, as indicated by different 
studies. 
 

Limit Basis Reference 

2 mg/l Value apparently dividing "unlikely" from "possible" potential 
distribution in analysis in North & South Carolina Duke Power 1995 

7 mg/l Value dividing "no survival" from "low survival" in analysis in 
Rhode Island Tammi et al. 1995b 

8 mg/l Minimum to maintain ciliary activity in excised gills McCauley & Kott 1993 
8.5 mg/l Lower limit for growth, from regression model Hincks & Mackie 1997 

9 mg/l Value dividing "unlikely" from "maybe" potential distribution 
in analysis in North Carolina Doll 1997 

9 mg/l Value dividing "very low" from "low" potential distribution in 
analysis in Manitoba Sorba & Williamson 1997 

10 mg/l Value dividing "no survival" from "poor growth". Claudi & Mackie 1994 

10 mg/l Value dividing "low survival" from "poor to moderate growth" 
in analysis in Rhode Island Tammi et al. 1995b 

10 mg/l Lower limit of distribution Boelman et al. 1997; Miller et 
al. 1992 

10-14 mg/l Minimum value for maintaining metabolic equilibrium in 
laboratory trials Vinogradov et al. 1987, 1993 

12 mg/l Value producing <5% of the normal healthy larvae after 
exposing egg to 3-day-old veligers Sprung 1987 

12 mg/l Value dividing "unlikely" from "possible" potential distribution 
in analyses in Ontario, Connecticut and Rhode Island 

Neary & Leach 1991; Murray 
et al. 1993; Tammi et al. 1995a 

12 mg/l Lower limit for larval growth, based on literature review Baker et al. 1993a 

12 mg/l Lower limit for sustaining large populations, based on 
literature review Baker & Baker 1993 

12-15 mg/l Lower limit for adults based on literature review McMahon 1996 

12-28 mg/l Range of lower limiting values used to prioritize risk in 
analysis in California Cohen 2007 

15 mg/l Minimum concentration needed for sperm release Hincks & Mackie 1993 
15 mg/l Lower limit for establishment Mellina & Rasmusen 1994 
15 mg/l Lower limit for larvae based on literature review McMahon 1996 

15 mg/l Value dividing "low-to-no" from "moderate" potential 
distribution in analysis in California Cohen & Weinstein 1998 

20 mg/l Value dividing "low" from "moderate" potential distribution in 
analysis in Manitoba Sorba & Williamson 1997 

25-28 mg/l Lower limit, based on literature review. Karatayev et al. 2007b 

25.4 mg/l Lower limit for occurrence in 527 lakes in Belarus Karatayev 1995 
28.3 mg/l Lower limit for occurrence in 76 lakes in Europe Ramcharan et al. 1992 
34.5 mg/l Lower limit for large populations in 76 lakes in Europe Ramcharan et al. 1992 
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pH 
 
Ramcharan et al. (1992) analyzed 76 European lakes and found that zebra mussels 
were absent from those with pH below 7.3. In laboratory experiments, Vinogradov et al. 
(1993) found that zebra mussels suffer a net loss of sodium and calcium at pH levels 
below 6.8-6.9, and that zebra mussels are generally more vulnerable than other 
freshwater bivalves to disruption of their ion metabolism from low pH. Sprung (1993) 
reported that veligers develop properly in the laboratory only at a pH between 7.4 and 
9.4, with peak success at around pH 8.4 in 18-20°C. McCauley and Kott (1993) found 
that ciliary activity ceased in gills excised from adult Lake Erie zebra mussels and 
placed them in solutions with a pH at or below 6.3-6.8. Baker and Baker (1993a) found 
that pH levels below about 7.0 will not sustain large zebra mussel populations based on 
the "preponderance of evidence." Overall, researchers have generally concluded that 
zebra mussels' pH range is between 6.5-7.5 (Table 18) and 9.0-9.5 (Table 19). 
 
 
Table 18. Lower pH Limit for Zebra Mussels as Indicated by Different Studies 
 

Limit Basis Reference 

6.3-6.8 Minimum to maintain ciliary activity in excised gills McCauley & Kott 1993 
6.5 Lower limit for adults based on literature review McMahon 1996 
6.5 Value dividing "very low" from "low" potential distribution in 

analysis in Manitoba 
Sorba & Williamson 1997 

6.5 Index of 0 (perfectly unsuitable, or lethal) on the Habitat 
Suitability Index curve 

Hayward & Estevez 1997 

6.8 No survival below this value Claudi & Mackie 1994 
6.8 Value dividing "unlikely" from "maybe" potential 

distribution in analysis in North Carolina 
Doll 1997 

6.8-6.9 Lower limit below which there is net loss of calcium and 
sodium 

Vinogradov et al. 1993 

7.0 Lower limit for adult survival, based on literature review Baker et al. 1993a 
7.0 Lower limit for sustaining large populations, based on 

literature review 
Baker & Baker 1993 

7.3 Lower limit of occurrence in 76 lakes in Europe Ramcharan et al. 1992 
7.3 Value dividing "low-to-no" from "moderate" potential 

distribution in analysis in California 
Cohen & Weinstein 1998; Cohen 
2007 

7.3-7.4 Lower limit for larvae based on literature review McMahon 1996 
7.3-7.5 Lower limit, based on literature review. Karatayev et al. 2007b 

7.4 Value dividing "unlikely" from "possible" potential 
distribution in analyses in Ontario and Rhode Island 

Neary & Leach 1991; Tammi et 
al. 1995 

7.4 Lower limit for veliger development in laboratory trials Sprung 1993 
7.4 Lower limit for larval growth, based on literature review Baker et al. 1993a 
7.4 Lower limit for establishment Karatayev 1995 
7.5 Value dividing poor from moderate growth Claudi & Mackie 1994 
7.5 Lower limit for adult growth, based on literature review Baker et al. 1993a 
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Table 19. Upper pH Limit for Zebra Mussels as Indicated by Different Studies 
 

Limit Basis Reference 

9.0 Value dividing "low" from "moderate" potential distribution in 
analysis in Manitoba 

Sorba & Williamson 1997 

9.0 Value dividing "low-to-no" from "moderate" potential distribution in 
analysis in California 

Cohen & Weinstein 1998 

9.4 Upper limit for veliger development in laboratory trials Sprung 1993 
9.4 Upper limit for larval growth, based on literature review Baker et al. 1993a 
9.4 Upper limit for vulnerable waters in analysis in California Cohen 2007 
9.5 Value dividing "unlikely" from "maybe" potential distribution in 

analysis in North Carolina 
Doll 1997 

9.5 Index of 0 (perfectly unsuitable, or lethal) on the Habitat 
Suitability Index curve 

Hayward & Estevez 1997 

 
 
Substrate 
 
Zebra mussel larvae generally need hard substrates (rocks, artificial structures, 
vegetation, debris, etc.) to settle on. Mean weighted particle size explained 38-91% of 
the variation in the density of zebra mussels in the Hudson and St. Lawrence rivers and 
Oneida Lake, and explained 75% of the variation in zebra mussel density in 72 other 
lake sites described in the literature, with the mussels being more abundant in coarser 
substrate (Mellina & Rasmussen 1994). However, in lakes with little hard substrate, 
zebra mussels may initially settle on sticks, logs, shells or plants, or sometimes attach 
directly to sand grains, and later settle onto each other, eventually forming large 
aggregations (Ramcharan et al. 1992; Mellina & Rasmussen 1994; Nichols 1996; 
Berkman et al. 1998; Jones & Ricciardi 2005). The value of substrate size as a predictor 
of mussel density may thus decline over time; in a study in the St. Lawrence River in 
2003, substrate size was found to account for only 20% of the variation in zebra mussel 
biomass, and up to 900 g/m2 of zebra mussel biomass was found on sands and silts 
(Jones & Ricciardi 2005). In waters where quagga mussels have become more 
abundant than zebra mussels, zebra mussels remain the dominant species attached to 
aquatic vegetation (Karatayev et al. 2007b). 
 
Zebra mussels prefer to settle initially on filamentous substrates such as some aquatic 
plants, or on the underside of artficial substrates (Ackerman et al. 1994), and later move 
to other substrates. Post-settlment relocation occurs all year, but peaks in the spring 
(Ackerman et al. 1994). 
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Dreissena bugensis 
 
Life History 
 
Quagga mussels' life cycle appears to be similar to that of zebra mussels as described 
above. They are dioecious broadcast spawners, fertilization occurs in the water column, 
and the larvae develop through a planktonic larval stage before settling to the bottom. I 
found no data indicating any significant differences in fecundity or larval development 
times. Quagga mussels appear to be more capable of settling and growing on soft 
sediments and on fine sediments than zebra mussels; factors that contribute to this 
include shell shape, with the zebra mussel's flat ventral surface being an adaptation for 
attaching tightly to a hard surface, and the quagga mussel's rounded shell being more 
adapted to a life in sediment (Mills et al. 1993; Morton 1993; Dermott & Munawar 1993). 
Quagga mussels living in deep water have very fragile shells (Roe & MacIsaac 1997), 
suggesting that they allocate a greater part of their energy to soft tissue and less to shell 
growth than do quagga or zebra mussels that are closer to the surface. This may be an 
adaptation to waters where both food availability and predation pressure are less. 
 
The quagga mussels found in North America have been reported to occur in two 
morphologically distinct forms, one that occurs in some deep sections of Lakes Erie and 
Ontario ("profunda") and one that is more common in shallow water (Dermott & 
Munawar 1993; Spidle 1994; Claxton & Mackie 1998). Some small differences in the 
timing of gametogenesis and spawning have been observed (Claxton & Mackie 1998). 
Genetic studies suggest that the two forms are phenotypic variants rather than 
genetically distinct taxa (Spidle 1994; Spidle et al. 2005), but further analysis using 
faster evolving genes may yet show genetic differences (Claxton & Mackie 1998). 
 
Quagga mussels have a much wider depth distribution than zebra mussels, abundantly 
colonizing deep waters as well as shallow waters (Roe & MacIsaac 1997). Physiological 
and ecological characteristics that may account for this include quagga mussels' ability 
to spawn in colder waters (Roe & MacIsaac 1997), their greater ability to colonize soft 
sediments, and possibly a greater ability to grow where in waters with poor food 
resources (Baldwin et al. 2002). 
 
Distribution, Dispersal and Invasion History 
 
Quagga mussels are native to the Dnieper-Bug Liman, a large coastal lake connected 
to the northern Black Sea, and the lower Bug and Inguletz rivers, which drain into the 
liman (Therriault et al. 2004; Karatayev 2007b). Quagga mussels spread to the nearby 
Dneiper and Dneister rivers starting in the 1940s, the Don and Volga rivers in the early 
1980s, the Moscow River in 2002, the Danube River in 2004 and the Rhine River in 
2006 (Mills et al. 1996; Lvova 2004; Orlova et al. 204; Zhulidov et al. 2005; Popa & 
Popa 2006; Karatayev 2007b; Nalepa 2008). This spread was facilitated by ship 
transport through canals and by the construction of reservoirs that provided suitable 
habitat (Mills et al. 1996). 
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Quagga mussels were first collected in North America in eastern Lake Erie in 1989 
(Mills et al. 1993, 1996, 1999), though they were not recognized as a distinct species 
from zebra mussels until one was detected in 1991 in a genetic screening for a study of 
zebra mussel genetic diversity, and later identified as Dreissena bugensis (May & 
Marsden 1992; Spidle 1994; Spidle et al. 1994).14 By 1992 they were about as abundant 
as zebra mussels in Lake Ontario (in collections quagga mussels were 37-52% of 
dreissenids), though rare in neighboring waters (in the Erie Canal, Niagara River and 
the outlet to Onondaga Lake quagga mussels were <1-2% of dreissenids) (May & 
Marsden 1992). By 1993 they ranged from Lake St. Clair (between lakes Huron and 
Erie) to the St. Lawrence River at Quebec (Mills et al. 1999). In 1994 they were found in 
Lakes Cayuga and Seneca, in the Great Lakes Basin (Mills et al. 1996). In 1997 they 
were collected in the Straits of Mackinac, between lakes Huron and Michigan, and in 
western Lake Huron (Nalepa et al. 2001; USGS NAS website). They were collected in 
Lake Michigan starting in 2000, and by 2005 reached densities >1,000/m2 over much of 
the lake and replaced zebra mussels as the dominant benthic species (Nalepa et al. 
2001; Nalepa 2008; see Table 21). Quagga mussels were collected in Duluth-Superior 
Harbor at the western end of Lake Superior in 2005, where they appear to be 
established (Grigorovich et al. 2008). 
 
Ouside of the Great Lakes Basin they were reported in the Mississippi River near St. 
Louis in 1995 (Mills et al. 1996), and the USGS NAS website15 reports a few additional 
specimens collected in the upper Mississipi River in 2004-2006 and in the Ohio River in 
2004-2005. In 2000 they were collected in Dutch Springs Reservoir, and in 2007 in 
Clover Creek Quarry, both of them in Pennsylvania, and both possibly the result of 
introductions by scuba divers (USGS NAS website). In 2005 they were collected in the 
Mohawk River at Crescent, New York (USGS NAS website). It's unclear which of these 
may represent established populations.  
 
In January 2007, quagga mussels were discovered in the western basin of Lake Mead, 
in Lake Mojave, in Lake Havasu, at a few intermediate points on the Colorado River, 
and in Gene Wash Reservoir on the Colorado River Aqueduct (CRA), which takes water 
from Lake Havasu. By August of 2007 they had been discovered in 16 additional 
reservoirs on the CRA system, in Riverside, Orange and San Diego Counties, and in 
the central and eastern basins of Lake Mead, a little further upstream in the Colorado 
River system (Figure 5). A single adult was found in August 2007 near Phoeniz, Arizona 
in the Central Arizona Project (CAP), which also takes water from Lake Havasu, and in 
December 2007 quagga mussels were discovered, apparently established, in a marina 
in Lake Pleasant, a reservoir northwest of Phoenix that receives water from the CAP. All 
of these records on both aqueduct systems could have resulted from veligers carried 
from Lake Havasu or further upstream in the Colorado River system. The Lake Pleasant 
marina population could clearly also have resulted from overland transport on a trailered 
boat: in February 2007, a 55-foot houseboat arriving from Lake Mead with abundant live 

                                                
14 Debate continues in the taxonomic community as to whether the quagga mussel is a separate species, 
D. bugensis, or a subspecies, D. rostriformis bugensis. Without taking a position on this question, for 
simplicity I use the name D. bugensis in the present work. 
15 At http://nas.er.usgs.gov/. 
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Figure 5.  The spread of quagga mussels in the southwestern U.S. Cohen/SFEI map. 
 

 
 
 
quagga mussels on its hull was intercepted and quarantined at the same marina. In 
February 2008, quagga mussels were collected in shallow ponds near Imperial Dam 
that received water from the Colorado River. However, during the summer the water in 
these ponds apparently gets too hot for quagga mussels, and no further observatins 
were reported at this site (Cohen unpublished data). 
 
There have been a few less certain and perhaps less reliable reports of quagga 
mussels in the West. In July 2007, federal agencies reported the detection of three 
quagga mussel veligers in Lake Powell, upstream of Lake Mead on the Colorado River. 
These were detected by microscopic examination of plankton samples and confirmed 
by genetic testing. However, no further observations of dreissenid veligers or adults 
have been made in the lake. In July 2008, quagga mussel larvae were reported in Lake 
Granby in Colorado, just west of the continental divide. Initial detection was again by 
microscopic examination of plankton samples, and coirmed by genetic analysis by two 
independent laboratories. However, the calcium levels in Lake Granby and surrounding 
waters appear to be too low to support dreissenid mussels, and several researchers 
(including myself) have expressed skepticism about their establishment, and perhaps 
even their presence, in the lake. No further specimens of veligers or adults have been 
observed. Just recently, in September 2008, there was a report of dreissenid mussels 
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detected in two water bodies in Utah (Pelican Lake and Red Fleet Reservoir); genetic 
analysis of these samples has not yet been completed. 
 
As with zebra mussels, quagga mussels' introduction to North America may have been 
facilitated by a boom in Canadian and American wheat exports to the Soviet Union in 
the early 1980s, with the mussels arriving in the U.S. in the ballast tanks of returning 
ships (Karatayev et al. 2007b). Dispersal in the eastern U.S. was probably 
accomplished by a combination of larval drift, possibly some transport in ballast water 
within the Great Lakes, and transport attached to boats moving through the water or 
trailered over land.Scuba divers may have intentionally or perhaps accidentaly 
introduced quagga mussels into Clover Creek Quarry (also known as Blue Hole Quarry) 
and Dutch Springs Reservoir in Pennsylvania. Overland transport on a trailered boat is 
the likeliest method for quagga mussels to have reached Lake Mead. Subsequent 
spread in the southwestern U.S. was accomplished by veligers drifting downstream and 
transported through water supply aqueducts, though a few sites (such as Lake Pleasant 
in Arizona) may be the result of overland transport on boats. There have been several 
incidents of boats from lakes Mead, Mojave or Havasu intercepted with quagga mussels 
on their hulls at California border check stations.  
 
Overland dispersal is facilitated by the quagga mussel's ability to survive out of the 
water for significant periods of time. In laboratory experiments, these periods are 
greater at higher humidity and lower temperature, with larger mussels surviving longer 
than small mussels (Table 20). Based on these data, Ricciardi et al. (1995) concluded 
that quagga mussels could survive 3-5 days of overland transport, the same as for 
zebra mussels although their survival in the laboratory experiments was slightly less. 
 
In many reservoirs and canals in the Ukraine and Volga River basin, in the lower Great 
Lakes, and in some other water bodies where zebra mussels arrived first, quagga 
mussels have replaced zebra mussels as the dominant bivalve in 5-10 years, especially  
 
 
Table 20.  Quagga mussels' maximum survival times (in days) for aerial exposure in laboratory 
experiments. 
 

Temperature Relative 
Humidity 10°C 15°C 20°C 

<5% – 5a – 
10% – – 1-3b 
33% – 5a – 

50-53% – 6a 1-3b 
75% – 7a – 
≥95% <10b; 10-15c 13a 3-5b 

a Time to 100% sample mortality in 14-30 mm long mussels from Lake Erie 
(Ussery & McMahon 1994, 1995). 
b 12-18 mm long mussels from the St. Lawrence River (Ricciardi et al. 1995). 
c 21-24 mm long mussels from the St. Lawrence River (Ricciardi et al. 1995). 
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but not exclusively in deep waters (Mills et al. 1996, 1999; Ricciardi & Whoriskey 2004; 
Zhulidov et al. 2004; Orlova et al. 2004; Wilson et al. 2006; Karatayev et al. 2007b; 
Nalepa 2008; Table 21). In the Don River, quagga mussels initially became more 
abundant than zebra mussels, but subsequently declined (Zhulidov et al. 2006). Where 
quagga mussels have largely replaced zebra mussels, one cause may be declines in 
phytoplankton stocks resulting from zebra and quagga mussel feeding, with quagga 
mussels apparently being better adapted to waters with low food resources (Baldwin et 
al. 2002). Quagga mussels have also become abundant in deep waters in the Great 
Lakes where zebra mussels were rare or absent, and have been found down to 55 m in 
eastern Lake Erie (Roe & MacIsaac 1997) and down to 130 m in Lake Ontario (Mills et 
al. 1993, 1996, 1999). As noted above, causes may include a greater ability to spawn in 
cold waters, to colonize soft sediments, or to grow where food levels are low. 
 
Table 21.  Displacement of zebra mussels by quagga mussels. 
 

Water Body Date Quagga Mussel 
Abundance 

Zebra Mussel 
Abundance Reference 

1953-70 not present 1st record 
1971 1st record — 
1975 4,952 g/m2 2,797 g/m2 

1976-77 9,330 g/m2 59 g/m2 

Dneiper River: Kiev 
Reservoir  

1978 10,900 g/m2 18 g/m2 

Mills et al. 1996 

1964 7% 93% 
1966 15% 85% 

Dneiper River: 
hydropower intake 
structures 1973 98% 2% 

Mills et al. 1996 

1992-93 10-54% 46-90% Volga River: 
Kuybyshev Reservoir 2001 83-100% 0-17% 

Orlova et al. 2004 

1992 <1-4 96-99% Volga River: Saratov 
Reservoir 1998 55-100 0-45% 

Orlova et al. 2004 

1993 0% 100% 
1994 4% 96% 
1995 24% 76% 
1996 32% 68% 

Volga delta 

2000 96% 4% 

Orlova et al. 2004 

1993 ≤100/m2 50-17,000/m2 Lake Ontario: 
Canadian shore 2003 93-100% 0-7% 

Wilson et al. 2006 

1991 0% 100% 
1992-95 <4% >96% 

Soulanges Canal, on 
the St. Lawrence 
River 2002 79% 21% 

Ricciardi & Whoriskey 2004 

1999 0/m2 2,100/m2 Southern Lake 
Michigan: 0-30 m 2006 ≈11,500/m2 ≈0/m2 

Nalepa 2008 

1999 0/m2 ≈1,500/m2 Southern Lake 
Michigan: 30-50 m 2006 ≈12,500/m2 ≈0/m2 

Nalepa 2008 
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Salinity 
 
In the Dnieper-Bug estuary, quagga mussels have been found at a maximum salinity of 
4.0 ppt, compared to 7.6 ppt for zebra mussels (Mills et al. 1996). In 40-day laboratory 
trials of Ukrainian mussels, quagga mussels also showed lower salinity tolerance, with 
high survival rates at up to 4 ppt at 18-21°C (compared to 6 ppt for zebra mussels), and 
high survival at up to 5 ppt at 7-15°C (compared to 8 ppt for zebra mussels) (Mills et al. 
1996). Quagga mussel embryos and larvae were also found to be less salinity tolerant 
than zebra mussels (Wright et al. 1996). In another experiment, however, adult quagga 
and zebra mussels from the Great Lakes showed no differences in their response to 
salinity, with neither species surviving 18-day exposures to 5 ppt (Spidle et al. 1995), 
and Mills et al. (1996) concluded that in North America, there is no evidence that the 
salinity tolerance of the quagga mussel is any greater than that of the zebra mussel." 
For both species, survival time at elevated salinities is shorter at higher temperatures 
(Spidle 1994; Mills et al. 1996). Therriault et al. (2004) report quagga mussels' salinity 
range as up to 3 ppt in its native geographic range and up to 2 ppt in its introduced 
range. Karatayev et al. (2007b) concluded, based on a literature review, that quagga 
mussels' upper salinity limit is 3.5 ppt. For an analysis of potential distribution in 
California, Cohen (2007) used an upper limit of 4 ppt in waters with relatively stable 
salinities. The published estimates and information on quagga mussels' salinity limit are 
summarized in Table 22. 
 
 
Table 22.  Quagga mussel's upper salinity limit as indicated by different studies. 
 

Limit Basis Reference 

2 ppt Range limit in introduced areas Therriault et al. 2004 

3 ppt Range limit in native area Therriault et al. 2004 

3.5 ppt Upper limit, based on literature review Karatayev et al. 2007b 

4 ppt Maximum salinity at which quagga mussels have been 
found in the Dnieper-Bug estuary Mills et al. 1996 

4 ppt Upper salinity limit in waters with stable salinities in 
analysis in California Cohen 2007 

4-5 ppt Upper salinity limit for Ukrainian quagga mussels at 18-
21°C after acclimation over 40 days Mills et al. 1996 

>5 ppt 100% mortality from 18-day exposure Spidle 1994 

5 ppt Upper limit, based on literature review Karatayev 1995 

5 ppt 68% survival of Ukrainian quagga mussels at 7-15°C 
after acclimation over 40 days Mills et al. 1996 
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Temperature 
 
Karatayev et al. (2007b) reported that quagga mussels' lower temperature limit for adult 
survival is 0°C, though they are also found in the upper Volga River which freezes in the 
winter. In Lake Erie, quagga mussels spawned at 9°C at a depth of 23 m in 1994 and at 
9-11°C in 1995, based on a histologic examination of their tissues (Claxton & Mackie 
1998). Quagga mussels collected from the lake at 55 m depth in 1996 also showed 
evidence of spawning: 80% of the females had at least some mature eggs and 20% had 
spent gonads. The temperature at the time of collection was 4.8°C (Roe & MacIsaac 
1997). Quagga mussels are also reported to begin spawning in the deep waters of Lake 
Michigan when water temperatures reach 6°C. Karatayev et al. (2007b) reported that 
quagga mussels need water temperatures of 5-7°C to spawn. For an analysis of 
potential distribution in California, Cohen (2007) used lower limits of 5°C for mean 
summer temperature and at least 6°C for maximum summer temperature, based on a 
literature review of spawning requirements. All of these figures are lower than the 
reported minimum spawning temperatures for zebra mussels, which are usually 
reported as 10° or 12°C. The fact that quagga mussels are typically more abundant than 
zebra mussels at greater depths (Mills et al. 1993, 1996; Roe & MacIsaac 1997; 
Ricciardi & Whoriskey 2004) does suggest that quagga mussels are a more cold-
tolerant species than zebra mussels, although other factors may be at work (i.e. finer 
substrates, lower oxygen concentrations and less food availability at depths). 
 
Several studies have compared quagga and zebra mussels' upper temperature limits. A 
study that exposed these mussels to various combinations of temperature and turbidity 
concluded that zebra mussels survived high temperatures better than quagga mussels 
(Thorp et al. 1998), but that result is clouded by the use of mussels collected at different 
latitudes. Quagga mussels acclimated to 20°C and then exposed to water temperatures 
rising at the rate of 0.3°C/min gaped open and did not respond to prodding at 36.4°C 
while zebra mussels only did so at 37.0°C (Domm et al. 1993). When moved directly 
from 20°C to 32°C water, quagga mussels lasted an average of 75 minutes before 
gaping and not responding, while zebra mussels lasted 275 minutes (Domm et al. 
1993). Quagga mussels acclimated to 5°, 15° and 20°C and transferred to 30°C water 
suffered high mortality rates within 11-14 days, while all zebra mussels subjected to the 
same conditions survived these exposures (Spidle 1994; Spidle et al. 1995). Most 
quagga mussels died and all zebra mussels survived in two attempts to acclimate them 
to 25°C (Spidle et al. 1995). These data have led most researchers to conclude that the 
upper temperature limit is lower for quagga than for zebra mussels (e.g. Mills et al. 
1996, Thorp et al. 1998; Karatayev et al. 2007b), perhaps as low as 25°C for quagga 
mussels compared to over 30°C for zebra mussels (Spidle et al. 1995). 
However, there are some confounding data. In the Dneiper River, quagga mussels 
tolerate about one degree higher temperatures than do zebra mussels (Table 23). And 
in 12 trials of exposures to temperatures that rose from three acclimation temperatures 
(5°, 15° and 20°C) at 4 rates (1°C rise each 5, 15, 30 or 60 minutes), the temperature 
which caused 50% mortality (LT50) for quagga mussels was estimated in a logit model 
to be significantly lower than the LT50 for zebra mussels in all but one trial, while the 
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LT100 (the temperature producing 100% mortality) was significantly lower only in one 
trial (Spidle 1994; Spidle et al. 1995).16 These latter results suggest that while zebra 
mussel populations may have a greater average tolerance to high temperatures than 
quagga mussel populations, the tolerance of the most high-temperature tolerant 
individuals within populations may not differ between the species. If so, then a quagga 
mussel population introduced to waters that experience periodic high temperatures 
could suffer initially high mortalities of the more high-temperature-sensitive individuals, 
leaving a population that is as tolerant of high temperatures as are zebra mussels. For 
an analysis of potential distribution in California, Cohen (2007) used the same upper 
temperature limit for both quagga and zebra mussels. 
 
 
Table 23.  Effects of high temperatures on Dreissenid populations in the Dneiper River, Ukraine. 
From Mills et al. 1996, citing Antonov & Skorbatov 1990. 
 

 Zebra mussels Quagga mussels 

Onset of mortality 27-27.3°C 28.1°C 
50% mortality 28.2-28.4°C 29.3°C 
First fully open, non-responsive shells 28.6°C 29.7°C 
 
 
Field observations suggest an upper limit for some populations of quagga mussels of at 
least 30°C. In January 2007, quagga mussels that appeared to be at least 1-2 years old 
were found in surface waters around the shallow margins of Lake Mead, where summer 
temperatures routinely reach 30°C (James LaBounty & Thomas Burke pers. comm. 
2007). In the Zaporozhskoe Resevoir in the Ukraine, quagga mussels survive in water 
temperatures up to 30.5°C (Karatayev et al. 2007b). Karatayev et al. (2007b) concluded 
that quagga mussels' upper limit is 31°C, and Cohen (2007) used that value for an 
analysis of potential distribution in California. The published estimates and information 
on quagga mussels' upper temperature limit are summarized in Table 24. 
 
 

                                                
16 These results are consistent with those of Thorp et al. 1998, who found that while zebra mussels were 
significantly more tolerant of higher summer temperatures, there was high survival (>50%) of quagga 
mussels at 30°C in many of their experiments even though the predicted survival curve peaked near 
25°C. They concluded that the temperature response of a quagga mussel population is more variable 
than the response of a zebra mussel population, implying a greater genetic variability. The data of Spidle 
(1994) and Spidle et al. (1995) and the data and conclusions of Thorp et al. (1998) are inconsistent with 
those of Domm et al. (1993) who found that the range of responses to high temperatures was much wider 
for a sample of zebra mussels than for a sample of quagga mussels, and thus if the LT100s were the same 
the LT50s should be lower for zebra mussels than for quagga mussels. Domm et al.'s results (from 
experiments on Lake Erie mussels) do seem more consistent with findings that in North America the 
genetic diversity of quagga mussels is lower than that of zebra mussels (e.g. May & Marsden 1992; 
Spidle 1994). 
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Table 24.  Quagga mussel's upper temperature limit as indicated by different studies. 
 

Limit Basis Reference 

25°C Upper limit indicated by experiment on Lake Erie and 
Lake Ontario zebra mussels, with acclimation Spidle 1994; Spidle et al. 1995 

29.7°C Upper limit for Dnieper River quaaga mussels Mills et al. 1996, citing Antonov 
& Skorbatov 1990 

30°C Estimated limit for more than a few days' exposure Spidle 1994 

30°C Apparent temperature where distributed in Lake Mead J. LaBounty & T. Burke pers. 
comm. 2007 

30.5°C Temperature where distrbuted in Ukraine Karatayev et al. 2007b 

31°C Upper limit based on literature review Karatayev et al. 2007b 

31°C Upper limit based on literature review Cohen 2007 

<32°C Upper limit indicated by experiment, without acclimation Domm et al. 1993 

34.3°C Predicted 100% mortality of North American mussels 
acclimated to 15°C with temperature rising at 1°C/min Spidle 1994 

34°C Maximum summer temperature with predicted survival 
of <10% for Lake Erie quagga mussels Thorp et al. 1998 

35.3°C Predicted 100% mortality of North American mussels 
acclimated to 20°C with temperature rising at 1°C/min Spidle 1994 

36.4°C Upper limit indicated by experiment in rapidly rising 
temperatures Domm et al. 1993 

 
 
Dissolved Oxygen 
 
Karatayev et al. (2007b) reported that quagga mussels' require 1.5 mg/l of oxygen at 
20°C. McMahon (1996) speculated that quagga mussels might be more tolerant of 
hypoxic conditions than zebra mussels, based on their more effective colonization of 
hypolimnetic waters, but their ability to spawn at lower temperatures and their greater 
ability to colonize soft sediments could also explain this. For an analysis of potential 
distribution in California, Cohen (2007) used the same lower limit of 4 mg/l for quagga 
and zebra mussels, based on a literature review of zebra mussels' requirements.  
 
Calcium, Alkalinity and/or Total Hardness 
 
I found no published experimental studies that addressed quagga mussels' calcium 
limit, and probably because their spread in Europe and North America has been 
relatively limited, only two papers that suggested that their distribution shed light on this 
question. In 2003, Jones and Ricciardi (2005) sampled for quagga and zebra mussels in 
the St. Lawrence River down to around Montreal, including several sites at and just 
below the confluence with the Ottawa River. They found quagga mussels at 16 sites 
where calcium concentrations measured 12.4-30.0 mg/L on the day of sampling, but 
absent from four sites below the Ottawa River confluence where calcium measured 7.6-
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10.0 mg/L. In contrast, they found zebra mussels at sites with calcium measurements 
down to 8.0 mg/l, which these authors suggest indicates that quagga mussels have a 
higher calcium threshold than zebra mussels, at least for settlement and growth. The 
populations below the Ottawa River confluence are almost certainly sink populations, 
that is, populations resulting from the spawning of mussels in higher calcium water 
upstream in the upper St. Lawrence River or in Lake Ontario with subsequent 
downstream drift and settlement in lower calcium sites where mussels cannot reproduce 
(Cohen 2007; Anthony Ricciardi pers. comm. 2008). In addition, the sites below the 
confluence with the Ottawa River may be subject to substantial fluctuations in calcium 
levels with changes in the relative flows from the two rivers, so strong conclusions 
cannot be drawn based on correlations between calcium measurements taken on a 
single day and the presence or absence of mussels at these sites on that day.  
 
In the other study, Zhulidov et al. (2004) reported that in the Don River system in Russia 
quagga mussels dominated at sites with higher calcium concentrations (apparently over 
100 mg/L), while zebra mussels dominated at sites with lower calcium concentrations 
(45-78 mg/L), suggesting a higher calcium requirement for quagga mussels. Since the 
sites of quagga mussel dominance are geographically separated from the sites of zebra 
mussel dominance (in the Manych River, a tributary of the Don River, versus the 
mainstem of the Don), other factors could be at work. In any event, for both species the 
reported calcium concentrations are too high to indicate a threshold for establishing a 
population, and both species were present at all sampled sites. 
 
There have been recent news reports claiming that a not-yet-published laboratory study 
has produced new and surprising evidence that quagga mussels may be able to 
become established in Lake Tahoe, despite the lake’s low calcium levels (mean 
concentrations of around 10 mg/l), which are below the concentration that had generally 
been thought necessary to support a zebra or quagga mussel population (mean 
concentrations of at least 12-28 mg/l). It appears from a conference presentation 
(Chandra & Wittmann 2009) and news reports (Associated Press 2009; DeLong 2009; 
Flanzraich 2009) that the study exposed a very small number of quagga mussels from 
Lake Mead to Lake Tahoe water for 51-52 days; most of the adults survived and when 
their tissues were examined at the end of the experiment several appeared to have had 
normal gonad and gamete development and one appeared to have spawned (Chandra 
& Wittmann 2009). In the news reports the researchers called these results surprising, 
but in fact, as discussed in the zebra mussel section, similar results had been shown for 
zebra mussels over a decade ago. In different experimental studies, zebra mussels 
survived at least 28 days in water with <1.5 mg/l of calcium (though dissolution of the 
mussels’ shells may have increased ambient calcium concentrations in the test water 
during the course of this experiment), at least 35 days in water with 4 mg/l of calcium, 
over 51 days in “calcium-deficent water” (deionized water with selected other ions but 
no calcium added back in; the researchers speculated that survival in these media could 
have been due to mobilization of calcium from the shell), at least 70 days in water with 
<7.5 mg/l of calcium, and at least 133 days in water with 10-14 mg/l of calcium 
(Vinogradov et al. 1993; Dietz et al. 1994; Hincks & Mackie 1994; Baldwin et al. 1997; 
Hansen et al. 1998). In addition, Hincks and Mackie (1994) reported that female zebra 
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mussels appeared to have spawned after 70 days in water with <7.5 mg/l of calcium, 
but noted that they couldn’t be sure that they hadn’t simply reabsorbed their gonads. 
For both zebra mussels and quagga mussels, it is important that laboratory studies 
examine minimum calcium requirements for the entire reproductive/larval development 
cycle, starting with gonad development and continuing through to the development of 
viable late-stage larvae, or preferably, through to settlement and metamorphosis; 
studies that cover only part of this cycle can produce misleading results. 
 
For an analysis of potential distribution in California, Cohen (2007) used the same range 
of values for the lower calcium threshold (12-28 mg/l) to prioritize colonization risk for 
both quagga and zebra mussels, these values being derived from an analysis of the 
available data on zebra mussels' calcium requirements.  
 
pH 
 
I found no studies or information on quagga mussels' pH limits, and no distributional 
data suggesting any difference from zebra mussels. For an analysis of potential 
distribution in California, Cohen (2007) used the same pH range of 7.3-9.4 for both 
quagga and zebra mussels, based on a literature review of zebra mussels' 
requirements. 
 
Substrate 
 
Quagga mussels colonize soft substrates more readily than zebra mussels do, and it 
has been suggested that they in fact prefer soft substrates (Jones & Ricciardi 2005). In 
the Dneiper-Bug estuary and in Ukrainian reservoirs, zebra mussels are more abundant 
on larger sediments (sands and silty sands) and quagga mussels are more abundant on 
finer sediments (silty-sands and silts) (Mills et al. 1996). However in a study in the St. 
Lawrence River in 2003, quagga mussel biomass was greater on larger substrate sizes 
(cobbles or boulders rather than sand, silt or mud), and substrate size explained 11% of 
the variation in quagga mussel biomass (Jones & Ricciardi 2005). In the Great Lakes, 
quagga mussels colonize sand and sandy silt between 10 and 30 m depth, and silty 
substrated below 40 m depth (Mills et al. 1996). In many locations, quagga mussels 
have displaced zebra mussels on hard substrates (Ricciardi & Whoriskey 2004; Jones & 
Ricciardi 2005), but not on aquatic vegetation (Karatayev et al. 2007b). 
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Limnoperna fortunei 
 
Life History 
 
Generally less is known about the life history characteristics and environmental 
requirements of Limnoperna fortunei (hereafter just Limnoperna) than is know for the 
two dreissenid species, largely because of its restriction until relatively recently to 
waters in China and Southeast Asia. Morton noted in 1973, when there was already a 
substantial and rapidly growing European zebra mussel literature, that Limnoperna had 
"roused little interest. There is a dearth of information on this animal, most records being 
found in obscure and ancient journals." Like zebra and quagga mussels, Limnoperna is 
dioecious, with males and females releasing sperm and eggs into the water to fertilize, 
and the embryos develop into free-swimming larvae. Limnoperna is, however, smaller 
(Tyicallength 20-30 mm, maximum lengths normally 30-40 mm), and has a thinner shell 
and probably a briefer lifespan (2-3 years, but see below for longer records) (Morton 
1975, 1979; Iwasaki 1997; Iwasaki & Uryu 1998; Karatayev et al. 2007a). Ricciardi 
(1998) suggested that the planktonic larval stage is likely to fall within the range of other 
mytilids, that is, 30-70 days (citing Ackerman et al. 1994). However, the larval stage was 
estimated to last 15-20 days in both Korea and Argentina (Darrigran 2002). 
 
In the Uji River in Japan, gonads began to develop in May and matured in June, 
spawning occurred in July-September and the gonads degenerated in both sexes in 
October. Young mussels, 2-8 mm long, appeared during the spawning period, grew to 
an average length of 20 mm by the following summer and reproduced. Mussels up to 35 
mm in length were seen during spring and summer, but no mussels over 26 mm were 
found after September (Iwasaki & Uryu 1998). Morton (1975) reported nearly the same 
annual growth pattern in Hong Kong, but with different spawning periods. Morton (1975, 
1977) initially reported a single long annual breeding season from January-March to 
September, with spawning occurring in 2 or 3 sessions, but later (Morton 1982) reported 
two distinct spawning seasons, with gametogenesis starting in March and September, 
ripe gonads in May-June and November-December, and spawning in June-July and 
December-February. He noted that spawning takes place during high temperatures and 
low dissolved oxygen in the summer, and low temperatures and high dissolved oxgen in 
the winter. In Río de la Plata, generally two main spawning periods per year were 
observed, a stronger one in the austral fall (sometime between February and July), and 
a weaker one in the spring or summer (between September and January), though this 
was not consistent in the earlier years of the invasion; there was also one weak winter 
spawning reported (July-August) (Darrigran et al. 1999, 2003). 
 
Individuals of Limnoperna fortunei reach maturity in 3-4 months (Karatayev et al. 
2007a), at about 6 mm length in Argentina (Darrigran et al. 1999). Maximum reported 
sizes are 32 mm in Hong Kong, 35 mm in the Uji River in Japan, and 60 mm in Korea 
(Morton 1975; Iwasaki & Uryu 1998), and Karatayev et al. (2007a) report the maximum 
length to be 42 mm. L. fortunei's life span is reported to be 2 years in the Uji River in 
Japan, 2 or occasionally 3 years in Plover Cove Reservoir in Hong Kong, 2-3 years in 
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South America, 4-5 years in Korea, and over 10 years in central China (Morton 1975, 
1977, 1982; Iwasaki & Uryu 1998; Darrigran 2002). Karatayev et al. (2007a) report the 
typical life span to be 3 years. 
 
Distribution, Dispersal and Invasion History 
 
Limnoperna fortunei is native to China and probably Korea, and possibly Thailand 
(where it has been reported in the Kwai River, and possibly at Sopa Falls in 
Pisanuloke), the Mekong River in Laos and Cambodia; Vietnam; and Indonesia) 
(Morton 1975, 1982; Darrigran 1997; Iwasaki 1997; Ricciardi 1998; Kimura et al. 1999; 
De Oliveira et al. 2006). On the other hand, the Southeast Asia records may represent 
one or more separate, tropical species. Morton (1982) reported L. fortunei's distribution 
in China as the Pearl River and, under a probably synonymous name (Limnoperna 
lacustris), the Changjiang (Yangtze) River and lakes Huama and Dongting to the north 
and south. Limnoperna fortunei's initial appearance in the Hong Kong water supply 
system in 1966 and subsequent spread through the system's reservoirs, tunnels, 
culverts and pipelines suggests that it was probably introduced in raw water imports 
from the East River in China, which began in 1965 (Morton 1973, 1975)17. It was first 
found in Japan in the Kiso River drainage (in the Ibi, Nagara and Kiso rivers) in 1990, 
and spread to Lake Biwa by 1992 and to the Uji and Yodo rivers downstream from the 
lake by 1995 (Kimura & Tabe 1997; Iwasaki 1997; Kimura et al. 1999. According to 
Kimura and Tabe (1997), it was accidentally introduced into Japan with live imports of 
the edible clam Corbicula sp. from China. Various authors report that it invaded Taiwan 
in the 1990s (Ricciardi 1998; Darrigran (2002); Orensanz et al. 2002; De Oliveira et al. 
2006), but Iwasaki (1997) described it as native to Taiwan, Korea and China. It has 
been regarded as a pest in China, Taiwan, Hong Kong and Korea because it clogs 
water systems and affects water quality (Kimura & Tabe 1997; Iwasaki 1997; Goto 
2002), though Morton (1975, 1982) reported that it was not a serious pest in Hong Kong 
where its impacts consisted of minor reductions in flow; and as a pest in the Pearl River 
in China because it fouls boats and jetties (Morton 1975). 
 
Literature in the 1980s and 1990s reported the subspecies L. fortunei kikuchii as being 
present in bays and estuarine/brackish waters through much of southern Japan, either 
as an introduction or an endemic species. L. fortunei kikuchii was distinguished from L. 
fortunei fortunei in Japan's fresh waters by shell shape and color, muscle scars and 
salinity tolerance. In the late 1990s, a series of studies documented significant 
chromosomal and DNA differences between these two taxa even where they nearly co-
occurred in the same river, and L. fortunei kikuchii was ultimately identified as 
Xenostrobus securis, a species introduced from Australia or New Zealand (Abdel-Razek 
et al. 1993; Ieyama 1996; Kimura & Sekiguchi 1996; Kimura & Tabe 1997; Kimura et al. 
1999). 
 

                                                
17 Morton (1973) reports raw water imports from the East River starting in 1967 and the first record in 
Hong Kong in 1968, while Orensanz et al. (2002) report the first record in Hong Kong as 1965. I rely here 
on the more detailed treatment of Morton (1975).  
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In 1991, L. fortunei was discovered at Bagliardi Beach in Argentina in the upper part of 
the Río de la Plata estuary (Pastorino et al. 1993; Darrigran & Pastorino 1993, 1995). It 
increased from initial densities of 4-5/m2 to around 30,000/m2 in 1992, 80,000/m2 in 
1993 and 150,000/m2 in 1998, then declined and apparently stabilized at around 
40,000/m2 (Darrigran & Pastorino 1995; Darrigran 1997; Darrigran et al. 1999, 2003; 
Darrigran & Ezcurra de Drago 2000). It spread upstream to the Río Paraná by 1995, the 
Río Uruguay by 1997, the Río Paraguay by 2000 and the Río Pilcomayo by 2002 
(covering an average distance of 240 km/year); to Lago Guaíba by 1998 and Lagoa de 
Patos by 2000, in the Brazil coast region; and to the Río Tercero Reservoir by 2000 
(Darrigran 1997, 2002; Darrigran & Ezcurra de Drago 2000; Orensanz et al. 2002; 
Mansur et al. 2003; Karatayev et al. 2007b). Its rapid advance upstream in the Plata, 
Paraná and Paraguay rivers was apparently the result of transport on commercial and 
recreational vessels (Darrigran 2002; De Oliveira et al. 2006; Karatayev et al. 2007b), 
its introduction to Lago Guaíba and Lagoa de Patos may have been by ballast water 
(De Oliveira et al. 2006), and its introduction to the Río Tercero was probably 
accomplished on trailered boats (Karatayev et al. 2007b). Fouling problems have been 
reported in water treatment plants, power-generating plants and industrial facilities in 
Argentina (Darrigran & Ezcurra de Drago 2000; Darrigran 2002) and in boat engines in 
Brazil (De Oliveira et al. 2006); environmental effects include the displacement or 
smothering of native mollusks and other species and enhancement of habitat for some 
benthic organisms, especially oligochetes and leeches (Darrigran & Ezcurra de Drago 
2000; Darrigran 2002). 
 
Darrigran and Pastorino (1995) and Darrigran (1997) concluded that because L. fortunei 
had not been collected previously it arrived in the Río de la Plata estuary in 1991.18 
Three major commercial harbors—Buenos Aires, Montevideo and La Plata—are located 
in the estuary. Noting a dramatic increase in imports in 1989-91 (on the order of a 50x 
increase in the value of the imports) from Hong Kong and to a lesser degree from 
Korea, Darrigran and Pastorino (1993, 1995) and Darrigran (1997) further concluded 
that the mussel was probably introduced in "tanks containing untreated fresh water" that 
were emptied into Argentine port waters and that Hong Kong was the source. Later 
these authors clarified that they were referring to transport in ballast water tanks 
(Darrigran & Ezcurra de Drago 2000; Darrigran 2002).19  
 

                                                
18 This is not compelling; data on other invasions suggest that introduction could easily have occurred 
earlier—and thus via some mechanism unrelated to the 1989-91 rise in imports and hence from a source 
other than Hong Kong—and gone undetected for some years. 
19 However, Morton (1987) reported that L. fortunei had not yet spread into natural watercourses in Hong 
Kong, and it's unclear whether Hong Kong has a freshwater or low salinity port where L. fortunei could 
have been loaded into a ballast tank. Alternatively, introduction via ballast water could have occurred from 
another site, such as a freshwater port on one of China's large rivers. Also, Kimura and Tabe (1997) 
stated that L. fortunei was introduced from China to Japan attached to Corbicula sp. imported for 
consumption, and Darrigran (1997) noted that the Asian clam Corbicula fluminea arrived in the Río de la 
Plata between 1965 and 1975, possibly introduced by ships' crews who brought it with them for 
consumption; so another possibility is that L. fortunei entered the Río de la Plata when empty Corbicula 
shells were discarded into the estuary by ships' crews from Asia. 
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Overland dispersal is facilitated by L. fortunei's ability to survive out of the water for 
periods of time. Iwasaki (1997) found that small L. fortunei (5-10 mm) exposed to air at 
26-30°C and 72-81% humidity lived up to 4 days, 10-15 mm mussels lived up to 8 days, 
and mussels over 15 mm long lived up to 9 days in the laboratory. 
 
Salinity 
 
In the Río de la Plata estuary, L. fortunei has been collected at salinities as high as 14 
ppt at the time of collecting (Karatayev et al. 2007a, b), and is normally found there at 
up to 3 ppt (Darrigran 2002; Orensanz et al. 2002). Further upstream in the watershed, 
it has been collected in the Correntoso River where salinities range from 0.06-0.35 ppt 
and in the Salado del Norte River where salinities range from 0.5-4.0 ppt (Darrigran & 
Ezcurra de Drago 2000). Japanese populations reportedly tolerate up to 3 ppt 
(Darrigran 2002, citing Kimura et al. 1995). In Hong Kong, L. fortunei was first observed 
in Plover Cove Reservoir in the late spring of 1969, a few years after the reservoir was 
constructed from a tidal cove and shortly after its salinity had dropped rapidly from initial 
levels of 1.4-2.3 ppt to 0.5-0.6 ppt20 (Morton 1977). Ricciardi (1998) reports L. fortunei's 
salinity range as 0-12 ppt, and Karatayev et al. (2007a) reported its upper salinity limit to 
be 15 ppt. 
 
Temperature 
 
Limnoperna fortunei occurs in Hong Kong waters at a temperature range of 14-31°C 
(Morton 1975, 1977), in Lake Huama in northern China at a range of 8-30°C (Morton 
1982), in a water intake that draws from the Yodo River in Japan at a range of 5-31°C, 
and in the Uji River in Japan where winter water temperatures reach 7-9°C (Iwasaki & 
Uryu 1998; Goto 2002). In South America it has invaded temperate areas where the 
range of water temperatures is 14-24°C and subtropical areas where the range is 15-
33°C, according to Darrigran (2002); while Karatayev et al. (2007b) gives the 
temperature range for the temperate areas as 10-29°C and for the subtropical areas up 
to 32-33°C. Karatayev et al. (2007a, b) reported L. fortunei in waters in Japan with 
winter temperatures of 5-6°C, and in Paldang Reservoir in Korea with winter surface 
temperatures down to 0°C. Ricciardi (1998) states that adults occur in temperatures of 
8-35°C, and that larvae develop between 11° and 33°C. Karatayev et al. (2007a, b) 
report that L. fortunei's overall temperature limits are 0-35°C. 
 
Limnoperna fortunei reproduces in the Uji River in Japan when water temperature 
reaches 21-27°C, in central China at 16-21°C, and in Korea at 23-28°C (Morton 1982; 
Iwasaki & Uryu 1998; Ricciardi 1998). In the Plover Cove Reservoir in Hong Kong, there 
are two spawning peaks, one in summer during the annual temperature maximum of 
27-28°C, and one in winter at or just after the annual temperature minimum of 16-17°C, 
a distinct and unusual spawning pattern (Morton 1982). Karatayev et al. (2007a, b) 
report that L. fortunei needs a minimum water temperature of 17°C in order to spawn. At 
the Yacyretá Hydroelectric Plant on the Paraná River, veligers were present only when 
water temperatures were at least 18-19°C (Darrigran et al. 2007). 
                                                
20 Converted from chorinity values by multiplying by 0.0018 (Sverdrup et al. 1942). 
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Dissolved Oxygen 
 
Limnoperna fortunei has been collected at Punta Lara in Argentina, where dissolved 
oxygen has been measured at 1.7 mg/l (Darrigran & Pastorino 1995). In the Paraná 
River in Brazil, L. fortunei died in large numbers when dissolved oxygen concentrations 
dropped from 7.0 to around 0.3 mg/l for two months at the start of the flood season (De 
Oliveira et al. 2006). Karatayev et al. (2007a, b) state that L. fortunei needs a minimum 
of 0.5 mg/l of oxygen at 20°C. 
 
Calcium, Alkalinity and/or Total Hardness 
 
In Hong Kong, L. fortunei is found in a calcium range of 2.4-4.8 mg/l, an alkalinity range 
of 10-16 mg/l as CaCO3, and a range for total hardness of 8-17 mg/l as CaCO3 (Morton 
1975). In the Paraguay River in Argentina it has been collected in a calcium range of 4-
25 mg/l and at 0-11 °dH of hardness, and is abundant at 10 mg/l of calcium and 0-4 °dH 
of hardness (Ezcurra de Drago et al. 2004). Ricciardi (1998) and Karatayev et al. 
(2007a, b) state that L. fortunei's lower calcium limit is 3 mg/l of calcium, and note that it 
can be found in high densities in the middle Paraná River where calcium concentrations 
are 3-4 mg/l. 
 
pH 
 
Limnoperna fortunei has been collected in Hong Kong at a pH range of 6.4-7.0 (Morton 
1975), and in Argentina in rivers where pH ranges from 7.2 to as high as 8.7 (Darrigran 
& Ezcurra de Drago 2000). In the Paraguay River it is found at 7.0-8.2, and is abundant 
at 7.6-7.7 (Ezcurra de Drago et al. 2004). Darrigran (2002) gave its pH range as 6.2-7.4, 
and Karatayev et al. (2007a)creported that its lower pH limit is 5.5. 
 
Substrate 
 
Limnoperna fortunei attaches to hard substrates, both natural (rocks, roots, trunks and 
stems of aquatic plants, driftwood, other bivalves including other L. fortunei, gastropods 
and crabs; compacted silt-sand (caliche) and silt-clay bottoms) and artificial substrates 
(docks, pipes, concrete walls, etc.) (Darrigran & Pastorino 1995; Darrigran & Ezcurra de 
Drago 2000; Darrigran 2002; Orensanz et al. 2002; Karatayev et al. 2007a). It is 
occasionally found on silt or mud (Karatayev et al. 2007a). In the Uji River in Japan, 
Iwasaki & Uryu (1998) found L. fortunei mainly on the undersides of boulders. In Plover 
Cover reservoir in Hong Kong, Morton (1975, 1977) found that L. fortunei preferrentially 
settled at depths of 20-30 feet, settling mainly in crevices, on shaded horizontal 
surfaces if in shallow water, and on illuminated vertical surfaces if in deeper water. 
When juveniles or adults move or are disturbed, they prefer to resettle in crevices and 
on dark substrates. Juveniles in particular tend to move upward along vertical walls and 
resettle just below the air-water interface (Iwasaki 1997). 
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Mytilopsis leucophaeata 
 
Life History 
 
Marelli and Gray (1983) stated that "the biology and natural history of M. leucophaeata 
are largely unknown," and Rajagopal et al. (2005b) noted that "M. leucophaeata...is a 
poorly studied animal." As with the other three mussels in this report, it is a dioecious 
broadcast spawner, with fertilization occurring in the water, a planktonic larval stage, 
and a byssally-attached, epibenthic adult stage. Jenner and Janssen-Mommem (1993) 
report that "it is currently thought" that M. leucophaeata reaches sexual maturity at a 
size of about 11 mm, but Bamber and Taylor (2002) state that it is potentially mature at 
2.4 mm, and the mean size at maturity is >7 mm at about 2 months of age. In the 
Netherlands M. leucophaeata grows to 13-14 mm in the first year, and reaches 24-27 
mm in three years (Bamber & Taylor 2002), and in Finland it grows to a maximum 
length of 17 mm in its first growing season (Laine et al. 2006). In Antwerp Harbor in 
Belgium, however, it only grows 3-6 mm/yr, and based on the size of the largest 
individuals its maximum lifespan is estimated to be at least 5 years (Verween et al. 
2006). Its maximum reported length is 22 mm in North America and 27 mm in Europe 
(Verween et al. 2006).  
 
Temperatures above 13°C are reportedly needed for gamete maturation (Laine et al. 
2006). In the Netherlands, spawning starts when temperatures rise above 15°C (Jenner 
& Janssen-Mommem 1993). In a Florida bay, spawning occurred when late spring rains 
caused a sudden drop in salinity, with water temperatures at around 26°C (Siddall 
1980). In the Noordzeekanal in the Netherlands, spawning occurred in June-September 
when water temperatures were at least 20°C (Bamber & Taylor 2002). Verween et al. 
(2007a) mention 15°C and 20°C as the temperatures at which different studies found 
spawning starts. In the laboratory, larvae held at 26°C develop into a D-shell veliger 
about 2 days after fertilization, into a veliconcha by around 6 days after fertilization, and 
settle and metamorphose by 6-8 days after fertilization, at a mean shell length of 210 
µm (Siddall 1980; Ackerman et al. 1994). 
 
Distribution, Dispersal and Invasion History 
 
Mytilopsis leucophaeata is native to the Gulf of Mexico from Tampico, Mexico to Florida, 
and the Atlantic Seaboard from Florida probably as far north as Chesapeake Bay. It was 
reported from the Hudson River in 1937 (Rehder 1937) and in 1952 (Jacobson 1953), 
where it is now well established in the estuary up to around Beacon (at river mile 63) 
(MacNeill 1991), and reported in southern New England by the 1980s (Marelli & Gray 
1983, 1985; Carlton 1992; Therriault et al. 2004). Records north of Chesapeake Bay 
probably represent introductions by ballast water or ship fouling (Jacobson 1953, 
arguing that the 1952 collection was a separate introduction from the 1937 record, with 
the mussel absent in the interim; MacNeill 1991; Carlton 1992), though some authors 
have reported the Hudson River as part of its native range (Bamber & Taylor 2002). In 
1988, two live M. leucophaeata were collected in the Mississippi River two miles above 
the confluence with the Missouri River. The location is used as a barge fleeting area, 
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primarily by oil companies, and it's likely that the mussels arrived from the Gulf Coast 
attached to a barge (Koch 1989). In 1992 it was collected in Kentucky Lock on the 
inland waterway system and has been regularly collected in Kentucky Lake (Miller et al. 
1993). In the U.S., Felder (1994) reported that M. leucophaeata "is not a biofouler and 
will not cause problems in freshwater systems." 
 
Mytilopsis leucophaeata was collected in Belgium in the Port of Antwerp in 1835, 
presumably introduced via shipping, possibly in solid ballast (Marelli & Gray 1983). This 
population disappeared, but M. leucophaeata was next found in a canal near Brussels 
in 1886 (Gerald Mackie pers. comm. 2009), then in the Netherlands in 1895, in France 
in 1898 and in Germany in 1932 (Bamber & Taylor 2002; Rajagopal et al. 2005a, b; 
Verween et al. 2006). Ship movements presumably accounted for some or perhaps 
much of this spread, though construction equipment moved from the Netherlands to the 
Kiel Canal in the early decades of the 20th century may have been responsible for M. 
leucophaeata's arrival in Germany (Gollasch & Rosenthal 2006). Sometime prior to 
1962 M. leucophaeata was also reported near Kaliningrad in the southern Baltic Sea, 
but it is apparently not established there (Laine et al. 2006).  
 
Mytilopsis leucophaeata's spread in Europe accelerated in the past decade, and was 
probably due to transport as hull fouling or in ballast water (Bamber & Taylor 2002; 
Verween et al. 2006; Laine et al. 2006). It was collected in Britain in 1998 at Cardiff 
Docks and in the Cliffe Fort Lagoon at the mouth of the Thames (Bamber & Taylor 
2002), and was discovered, by genetic analysis, as a cryptic invader collected in the 
Dneister Liman on the Black Sea in 2002 (Therriault et al. 2004). It appeared in Spain 
and Finland in 2003 (Escot et al. 2003; Laine et al. 2006; Verween et al. 2006). It has 
caused significant fouling problems at power stations in the Netherlands, Belgium and 
Finland (Bamber & Taylor 2002; Verween et al. 2006). 
 
In 2004 M. leucophaeata was reported from a third continent, in estuarine waters near 
the Port of Recife in Brazil, at maximum densities of 177,000/m2 (Souza et al. 2005). It 
may have arrived in ballast water (Souza et al. 2005) or as hull fouling. In 2004-2006, 
Farrapeira et al. (2007) found M. leucophaeata to be common on the hulls of several 
cargo ships, fishing boats and other vessels operating out of the Port of Recife. 
 
Salinity 
 
Mytilopsis leucophaeata has been collected in the Chesapeake Bay area in salinities up 
to 12 ppt (Castagna & Chanley 1973), in a Florida embayment at 8-22 ppt (Siddall 
1980), in Cliffe Fort Lagoon in England at 6-15 ppt (Bamber & Taylor 2002), in the 
Noordzeecanal in The Netherlands at 1-15 ppt (Rajogopal et al. 2005a), in Belgium near 
Antwerp at 0.1-12 ppt (Verween et al. 2007b), and on the German Baltic Sea coast at 
0.3-8 ppt (Laine et al. 2006). It commonly occurs in The Netherlands between 2.0 and 
2.5-3.0 ppt salinity, and is uncommon below 0.4 ppt (MacNeil 1991, citing Wolff 1969). It 
is found in the Rhine River at ≈0.2-0.6 ppt21 (Rajagopal et al. 2005b), and in the Hudson 
River commonly occurs upstream to a salinity range of 2-6 ppt, and occasionally up to a 
                                                
21 Converted from chorinity values by multiplying by 0.0018 (Sverdrup et al. 1942). 
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salinity range of 0-3 ppt (Deaton et al. 1989; MacNeill 1991; Walton 1996). MacNeil 
(1991) cites various sources that report a maximum tolerated salinity of 26 ppt, and 
normal ranges with minimum salinities of 0.1-1.9 ppt and maximum salinities of 3-18 
ppt. Verween et al. (2006) report it as tolerating 1-18 ppt, and Laine et al. (2006) give its 
salinity range as fresh water to well over 20 ppt. Deaton et al. (1989) reported 100% 
mortality after 80 days in 0 ppt (deionized water), and 50% mortality after 80 days in 
fresh water (5-10 mOsm). Miller et al. (1993) stated that M. leucophaeata cannot 
reproduce in fresh water and is carried from brackish to inland waters on the hulls of 
commercial and recreational vessels. Verween et al. (2007a) reported that adult M. 
leucophaeata can survive in salinities from 0.1-31 ppt and stated that both fresh water 
and sea water "are outside the range for survival of M. leucophaeata." 
 
In experiments conducted by Castagna and Chanley (1973), M. leucophaeata 
demonstrated a remarkable ability to survive sudden large changes in salinity (up to 30 
ppt in either direction), and to survive for weeks at salinities from 0 to 30 ppt (Table 25). 
 
In another experiment, M. leucophaeata larvae reared at 10, 24 and 32 ppt all 
developed and metamorphosed normally, with all treatments growing at the same rate 
and to the same size (Siddall 1980). Verween et al. (2007a) conducted a series of 
salinity and temperature tolerance tests on 4-hour-old embryos and 2-day-old larvae, 
using 48 hour exposures. The larvae survived well over the entire salinity test range of 
5-25 ppt and over the temperature range of 5-25°C, with only 14% mortality in the most 
stressful combination of temperature and salinity. For the embryos, survival was 
generally good over a temperature range of 15-24°C and a salinity range of 3-22 ppt. 
Only at the extremes of the tested values (10 and 30°C, and 0 and 25 ppt) were the 
mortality rates high. Embryos were more tolerant of low salinities at high temperatures 
than at low temperatures, thus the mussels may be more likely to become established 
in low salinity or fresh water in tropical regions than in temperate ones. 
 
Marelli and Gray (1983) suggested that M. leucophaeata's upstream limits could be 
controlled by the physiological tolerances of the larvae, or by a lack of salinity pulses 
that may be needed to trigger spawning (i.e. Siddall 1980 reported that spawning in a 
Florida bay followed a sudden drop in salinity in the spring). 
 
 
Table 25.  Response of Mytilopsis leucophaeata to sudden experimental salinity changes and 
exposures to salinity extremes. From Castagna & Chanley 1973; the mussels, 5.5-16.5 mm long, were 
collected from a salt pond near Chesapeake Bay. 
 

Salinity at 
Collection 

Site 

1st 
transfer 

to: 

Number (%) 
Surviving 

after 2 weeks 

2nd 
transfer 

to: 

Number (%) 
Surviving 

after 2 weeks  

3rd 
transfer 

to: 

Number (%) 
Surviving 

after 2 weeks 

7 ppt 17.5 ppt 20 (100%) 0 ppt 17 (85%) 30.0 ppt 11 (65%) 
7 ppt 17.5 ppt 20 (100%) 2.5 ppt 19 (95%) 27.5 ppt 19 (100%) 
7 ppt 17.5 ppt 20 (100%) 27.5 ppt 16 (80%) 2.5 ppt 16 (100%) 
7 ppt 17.5 ppt 20 (100%) 30.0 ppt 19 (95%) 0 ppt 2 (11%) 
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Temperature 
 
Mytilopsis leucophaeata has been collected in Florida in an embayment where 
temperatures ranged from 13-30°C (Siddall 1980), in the Noordzeecanal in the 
Netherlands where temperatures ranged from 5-20°C (Rajogopal et al. 2005a), and 
near Antwerp in the Westerscheldt River where temperatures ranged from 7-26°C 
(Verween et al. 2007b). In Finland it is most abundant in a bay that is warmed by 
cooling waters from a power plant, where temperatures range annually from around 5°C 
to over 25°C; it also occurs in areas outside of this bay where the water is ice-covered 
in the winter and near 0°C, but it is not clear if it reproduces in these waters (Laine et al. 
2006). With temperatures of 13-15°C apparently needed for gamete maturation and 
spawning (Jenner & Janssen-Mommem 1993; Verween et al. 2005), it may be that 
heating of the water by a power plant is what allows this warmwater species to establish 
in these northern waters (Laine et al. 2006). 
 
In laboratory experiments, M. leucophaeta was more tolerant of exposure to high 
temperatures (36-41°C) than were zebra mussels (Rajogopal et al. 2005a, b). As noted 
above, Verween et al. (2007a) found good survival of embryos exposed to temperatures 
from 15°C to 24°C for 48 hours at a range of salinities, and observed high ates of 
mortality only at the extreme test temperatures of 10°C and 30°C. Two-day-old larvae 
survived well over the entire test range from 5-25°C, at a range of salinities.  
 
Dissolved Oxygen 
 
Mytilopsis leucophaeata was collected in the Westerscheldt River near Antwerp where 
oxygen levels were 0.8-12 mg/l (Verween et al. 2007b). I found no other information 
bearing on Mytilopsis leucophaeata's minimum oxygen requirement. 
 
Calcium, Alkalinity and/or Total Hardness 
 
Mytilopsis leucophaeata was collected in 12-56 mg/l of calcium (Deaton et al. 1989). I 
found no other information bearing on Mytilopsis leucophaeata's calcium threshold. 
 
pH 
 
I found no information on Mytilopsis leucophaeata's pH limit. 
 
Substrate 
 
Like the other mussels, M. leucophaeata settles preferentially on natural or artificial hard 
surfaces. Up to 100% coverage of stones and boulders was reported in Finnish waters, 
where it also attached to a fucoid seaweed (Laine et al. 2006). Koch (1989) reported 
finding M. leucophaeta attached to a freshwater clam in the Mississippi River, and the 
original description of the species was of a specimen attached to an oyster shell (Marelli 
& Gray 1983). 



Exotic Freshwater Mussels - Chapter 2. Gap Analysis  64 
 

Chapter 2. Gap Analysis 
 
 
 
Introduction 
 
This report focuses on questions regarding the ecology, physiology and behavior of four 
species of mussels, which could affect the assessment of system vulnerability or 
choices about risk management options, and which are not sufficiently addressed or 
answered in the literature. This gap analysis is based on the preceding literature review, 
and therefore focuses substantially on life history characteristics and environmental 
requirements of these mussels. Some additional information gaps noted during the 
assessments of detection monitoring, containment and control plans are also described 
here.  
 
 
Life History Characteristics 
 
Zebra Mussel Dreissena polymorpha 
 
Zebra mussels are the most intensively studied of the four mussels covered in this 
report, and have the longest, most detailed and most geographically extensive history of 
invasion and spread. As a result, there is generally more information on them than on 
the other three mussel species.  
 
Better knowledge of certain aspects of zebra mussel life history may help with the 
design of some management actions. For example, the seasonal pattern of spawning 
and settlement and mussel growth rates may affect the design and schedule for 
detection monitoring (see the Monitoring Review chapter) and for infrastructure 
inspection and protection activities (Claudi & Mackie 1994). Duration of planktonic 
stages may affect predictions of spread. Life span may affect certain eradication 
approaches (see the Response Plan chapter). 
 
Zebra mussels' life history has been well-studied in northern Europe, in the Great Lakes 
basin and in some other waters in New York state. As a result, the general outlines of its 
life cycle are well known. However, different studies have sometimes reported 
substantial differences in the timing and duration of gonad development and 
gametogenesis, spawning, larval development and duration of the planktonic larval 
stages, minimum size and age at maturity, and life span (see the Literature Review 
chapter, Table 4 and accompanying text), suggesting that these may vary significantly 
between regions or water bodies. Within any individual laboratory study, warmer water 
temperatures tend to produce faster growth and development. 
 
There has been less study of zebra mussels' life history in North American waters south 
of the Great Lakes and New York state, and little is known (and nothing published) on 
their life cycle in their one known occurrence in California, in San Justo Reservoir in San 
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Benito County. Extrapolations from studies in areas with lower winter temperatures, 
inferences from observations of quagga mussels in waters in the southwestern U.S., 
and some very limited information from San Justo Reservoir suggest the possibility of 
year-round spawning in some California waters and possibly other differences from the 
published accounts of developmental timing and durations. These differences in life 
history characteristics could affect expectations about population dynamics in California 
waters as well as treatment and control procedures. Further insight into probable 
developmental timing and the length of developmental stages could potentially be 
gleaned from studies of the San Justo Reservoir population; from studies of more 
southern populations of zebra mussels east of the continental divide; possibly from 
studies of the quagga mussel populations in the southwestern U.S. and comparisons 
with quagga mussels in more northern areas; and possibly from a more systematic 
analysis of the data that does exist on zebra mussels' life history characteristics in a 
range of water bodies and climate (water temperature) regimes and the development of 
a predictive model of development times and durations relative to climate parameters. 
 
It is also possible that some of the observed geographic differences in life history 
characteristics could be due to environmental factors that are not directly related to 
climate, such as food availability (which is indirectly related to water temperature and 
climate; in general, we would expect reductions in the available food to result in slower 
growth and development) or chemical concentrations. Any modeling effort should 
assess these factors as well. 
 
On the other hand, it is possible that observed geographic variations in life history 
characteristics are due to genetic differences between the populations in different sites, 
rather than to differences in environmental factors. Organisms can vary genetically in 
different parts of their native range, and may vary further in parts of their invaded range 
due to genetic bottlenecks associated with the introduction (this has been demonstrated 
for several species); due to mixing of distant, genetically distinct populations where 
there have been multiple introductions; or in some older invasions possibly as a result of 
evolution in response to novel or extreme selection pressures, especially when acting 
on an initially small founding population. With different genetic compositions, the 
developmental patterns of these different populations, their developmental triggers, or 
their rates of growth and development in response to variations in environmental factors 
may also vary. There has been little study of genetic variation between populations of 
zebra mussels or how this variation may relate to between-population differences in life 
history characteristics. 
 
Quagga Mussel Dreissena bugensis 
 
Better knowledge of certain aspects of quagga mussel life history may help with some 
management actions. The seasonal pattern of spawning and settlement, the duration of 
planktonic stages, growth rates and the mussels’ life span may affect the timing or 
design of detection monitoring, infrastructure inspection and protection activities, 
predictions of spread and/or certain eradication approaches (see the Response Plan 
and Monitoring Review chapters). 
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There has been considerably less research done on quagga mussels than on zebra 
mussels, and I found less information on quagga mussels' developmental parameters 
and no information on differences between populations of quagga mussels. In part this 
is because of the more restricted spread of quagga mussels until 2007, and thus fewer 
distinct population groups available to study. In the absence of quagga-specific studies, 
quagga mussels' developmental parameters are generally assumed to be similar to 
those of zebra mussels. As with zebra mussels, it's unclear what the timing and duration 
of their gonad development and gametogenesis, spawning and larval development, 
their minimum size and age at maturity, and their mean and maximum life span will be 
in various western waters. In Lake Mead, for example, the population apparently 
spawns year round, a phenomenon not seen in the colder waters in the eastern U.S. 
and European to which quagga mussels had previously been restricted. Studies of the 
life history characteristics in quagga mussel populations in the southwestern U.S. would 
enable better modeling of quagga mussels' likely life history characteristics in central 
California. In general, studies that assess variation in response to different climate 
variables could provide a reasonable basis for modeling expected life history 
characteristics in central California. 
 
There has also been little investigation of genetic differences between populations. At 
least the potential for differences between European, eastern North American and 
western North American populations due to founder effects should be considered in any 
assessment of potential invasion in central California. The profunda and non-profunda 
forms described from the Great Lakes may possibly represent genetically distinct 
populations—the evidence on this is mixed—and further efforts should be made to 
determine whether there is a valid genetic distinction and which occurs in the western 
U.S., as this could affect vulnerability assessments, the design of detection monitoring 
programs, impact predictions and management approaches. 
 
Golden Mussel Limnoperna fortunei 
 
There has been less research on Limnoperna fortunei than on the zebra mussel, though 
the general outlines of its life history are known. The number and timing of spawning 
periods each year, life spans and maximal sizes appear to vary with location. As there 
are no North American populations, we have only a general sense of what to expect for 
these and other life history parameters if these mussels were to invade California. 
However, further study of Asian and South American populations, especially studies 
that assess variation in response to different climate variables, could provide a 
reasonable basis for modeling expected life history characteristics in California. As with 
zebra and quagga mussels, better knowledge of certain aspects of Limnoperna’s life 
history could help with some management actions. The seasonal pattern of spawning 
and settlement and the duration of planktonic stages could affect the timing or design of 
detection monitoring, infrastructure inspection and protection activities, and predictions 
of spread. 
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Dark False Mussel Mytilopsis leucophaeata 
 
While the general outlines are known, there appears to be even less information on the 
life history details for Mytilopsis leucophaeata than for the other mussels discussed 
here. As with the other mussels, studies that assess variation in response to different 
climate variables could provide a basis for modeling expected life history characteristics 
in suitable waters in central California, although as discussed in the Vulnerability 
Assessment, these are likely to be saltier waters than are found in any of SFPUC’s 
reservoirs. 
 
 
Environmental Requirements 
 
Zebra Mussel Dreissena polymorpha 
 
Calcium 
 
Based on the expected range of values in SFPUC’s reservoirs, it appears that calcium 
concentrations (or alternately, hardness or alkalinity levels which tend to vary with 
calcium) are likely to be the most significant constraint on the ability of zebra mussels to 
colonize SFPUC waters (see the Vulnerability Assessment chapter). Most studies and 
reviews have found that the minimum concentration of ambient calcium needed to 
support zebra mussels is between 12 and 28 mg/l (a few studies suggest that the 
threshold may be as low as around 8 mg/l or even lower), though there is much 
disagreement over where in this range the threshold actually lies. In a previous study, I 
found that 34% of the water bodies in California, including 60% of the water bodies in 
the San Francisco Bay Area and 16% of the water bodies in the Sierra Nevada, have 
mean calcium levels that lie within this uncertainty range of 12-28 mg/l (Table 1; Cohen 
2007). Thus for these water bodies, a more precise understanding of zebra mussels' 
calcium requirements would substantially improve our ability to assess their 
vulnerability. It would also improve SFPUC’S ability to assess the potential for 
eradicating an invasion from some of its Bay Area reservoirs by manipulating the 
relative proportions of local and Sierran water, and thus the calcium concentrations, 
within these reservoirs (see the Response Plan chapter). Finally, there would be a 
general benefit to all western water agencies—a clearer and more precise 
understanding of calcium requirements and the specific vulnerabilities of western waters 
would allow a more efficient allocation of the overall containment effort (detection 
monitoring, boat inspections, public outreach, etc.) in locations where it will make the 
most difference, thereby reducing the risk and/or rate of spread throughout the West.  
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Table 1. Proportion of water bodies that fall within the ranges of uncertainty of various 
environmental thresholds for zebra mussels. Based primarily on 1980-1995 surface water quality data 
for 160 water bodies in California, as analyzed in Cohen (2007). 
 

Portion of Water Bodies Whose Values 
Fall within this Range in... 

Environmental Limit 

Range of 
Uncertainty in 
the Literature ...California ...the S.F. 

Bay Area 
...the Sierra 

Nevada 

Maximum salinitya,b 4-14 ppt 0.7% 0% 0% 
Minimum temperature for spawninga 10-12°C 6.6% 0% 14.6% 
Maximum temperaturec 30-37°C 8.1% 0% 2.4% 
Minimum dissolved oxygena 2-4 mg/l 0% 0% 0% 
Minimum calciuma 12-28 mg/l 34.4% 60.0% 15.9% 
Minimum pHa 6.5-7.5 17.3% 0% 45.5% 
Maximum pHa 9.4-9.5 0% 0% 0% 
a Percentages based on mean June-September values. 
b California data is for water bodies with relatively stable salinities (i.e. non-tidal). 
c Percentages based on maximum annual values. 
 
 
As discussed in detail in Cohen and Weinstein (2001), the wide range in assessments 
of zebra mussels' minimum calcium threshold are due to a combination of (1) laboratory 
studies that did not assess calcium needs over the mussels' entire reproductive and 
larval development cycle, but rather tested only a part of the cycle or tested juvenile or 
adult survival or growth, which may be less sensitive to calcium levels; (2) field 
observations of non-reproducing sink populations mistakenly reported as if they were 
established, reproducing populations; and (3) possibly a few erroneous reports of zebra 
mussel presence (primarily reports of veligers only) or erroneous or misrepresentative 
reports of low calcium concentrations. A more precise and accurate understanding of 
the mussels' calcium threshold would be achieved by (1) laboratory studies that 
assessed the ability of zebra mussels to complete the entire reproductive and larval 
development cycles over a range of calcium concentrations from 12 to 28 mg/l; (2) field 
assessments of reproductive development and spawning, by histologic examination or 
other techniques, in zebra mussel populations occurring in reportedly low calcium 
waters (e.g. Duluth Harbor, St. Lawrence River, Hudson River, Lake Champlain, 
Tennessee River, Lake George in New York and Lake Bomoseen in Vermont); and (3) 
re-examination of records of zebra mussels in isolated low calcium waters (see the 
Literature Review chapter for a review of such records) to assess whether these truly 
represent established populations in low calcium waters. It is important that laboratory 
studies examine calcium requirements for the entire reproductive/larval development 
cycle—additional studies that address only a part of this cycle at a time may continue to 
produce results that are suggestive but ultimately misleading. 
 
As noted above for life history characteristics, calcium requirements might also vary 
between populations due to genetic differences, which could arise between invading 
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and native populations and among invading populations through several mechanisms. 
There has been no investigation of whether there are between-population differences in 
calcium requirements 
 
If calcium is a common determining factor for whether a water body is vulnerable to 
zebra mussel colonization, one important issue that is not well-addressed in the 
limnological literature is how much spatial and temporal (seasonal and inter-annual) 
variation in calcium concentrations is to be expected within a single water body, such as 
a lake or reservoir, that has calcium measurements that are frequently below 28 mg/l.22 
If wide variations are to be expected, then vulnerability assessments based on calcium 
concentrations will be more uncertain. I made a start on investigating this question for 
the California Department of Fish and Game23 by compiling calcium records from 
different water bodies that have generally low calcium concentrations (i.e. most 
measurements ≤25 mg/l) and a large number of calcium measurements taken at 
different depths, locations, seasons and years. The initial results suggest that the range 
of variation is generally small, with most measurements falling within a few mg/l, and the 
entire range in a water body generally being no more than 5-10 mg/l. A research group 
at Lake Tahoe, where the mean calcium concentration is around 8 mg/l, is also 
investigating this by looking for local areas of higher calcium concentrations near storm 
discharges, in Corbicula shell beds, and at other sites of interest within the lake 
(Chandra & Wittmann 2009). Preliminary reports indicate that while calcium 
concentrations can be considerably elevated in the pore water in shell beds, this doesn’t 
appear to affect the calcium concentration in the water column above the shell beds, 
which is the relevant factor for zebra mussel colonization. 
 
Researchers and resource managers sometimes suggest that large concrete structures 
can raise the ambient calcium concentrations in the water surrounding them. I hope to 
complete an investigation of this for the California Department of Fish and Game24 that 
includes interviewing chemists in the cement industry, conducting some bench-top 
experiments to determine if concrete structures can leach significant amounts of 
concrete into the water, and measuring calcium levels adjacent to and distant from large 
concrete structures located in low calcium waters. Researchers and resource managers 
also sometimes suggest that zebra or quagga mussels growing on concrete structures 
can extract calcium from the structure. I have found no studies addressing this, but it 
seems unlikely given that the mussels' method of attachment means that only the ends 
of byssal threads and the shell normally come into contract with the substrate, and not 
the mantle or other soft tissues that might conceivably play a role in absorbing calcium. 
 
There has been little study of how zebra mussels' calcium requirements might vary with 
variation in other environmental factors. Ramcharan et al. (1992) and Hincks and 
                                                
22 There is, for example, some literature on calcium variation induced by algal growth in waters with very 
high concentrations of calcium, and also on reductions in ambient calcium caused by massive invasions 
of quagga and zebra mussels in some waters with moderately high calcium concentrations. However, 
these are effects that occur in relatively high calcium waters and are not relevant to the question of 
variation in low calcium waters that is of concern here. 
23 The study is currently on hold because of state budget issues. 
24 Along with the study of calcium variation, this study is currently on hold because of state budget issues. 
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Mackie (1997) found that zebra mussels' minimum calcium threshold was higher at low 
pH levels—that is, that stressfully low levels of calcium and pH have an additive effect. 
Since temperature affects overall metabolic rates, it is likely that variation in temperature 
has an effect on the requirements and tolerances for many chemical compounds, 
possibly including calcium. Once the calcium threshold for zebra mussels is more 
precisely determined, there may be further value in exploring interactions with other 
environmental factors. 
 
Other Environmental Parameters 
 
In general, zebra mussels’ environmental limits for parameters other than calcium are 
well enough understood that further study will not significantly improve our ability to 
assess the vulnerability of central California waters (or most western U.S. waters) to 
colonization. While the pH values in a large number of Sierra Nevada water bodies do 
fall with the range of uncertainty for the minimum pH needed to support zebra mussels 
(Table 1), all of these water bodies have mean calcium concentrations between 1 and 9 
mg/l and thus clearly too low to support zebra mussels, so that further refinement of our 
understanding of the mussels' minimum pH requirements would not change our 
assessment of their ability to colonize these waters. In the San Francisco Bay Area 
water bodies that were assessed, only calcium concentration fell within the range of 
uncertainty (Table 1). 
 
We know enough about zebra mussels' salinity requirements to be sure that it is low 
enough in SFPUC’s reservoirs to support zebra mussels. A better understanding of 
zebra mussels’ salinity limits might, however, allow us to better assess the risk of the 
mussels colonizing parts of the Delta, which might be of value. Dissolved oxygen is 
unlikely to be low enough in any of SFPUC’s reservoirs (or most California waters) to 
prevent the occurrence of zebra mussels, although it may be low enough in some 
bottom waters at some times to prevent them from settling at the lower depths. None of 
the water bodies assessed in either the San Francisco Bay Area or the Sierra Nevada 
have either mean salinity or mean dissolved oxygen concentrations near the surface 
that are within the ranges of uncertainty for zebra mussels' threshold requirements 
(Table 1). Similarly, our understanding of zebra mussel's utilization of substrate also 
appears to be adequate; more detailed knowledge of their substrate utilization is 
unlikely to alter our assessments of zebra mussel's potential colonization or abundance 
in SFPUC’s reservoirs. 
 
None of the San Francisco Bay Area water bodies that we assessed have temperatures 
that fall within the ranges of uncertainty for minimum or maximum temperatures for 
zebra mussels (Table 1). Some Sierra Nevada water bodies do have temperatures that 
fall within these ranges (Table 1), but each of these water bodies also has mean 
calcium concentrations between 2 and 10 mg/l (Cohen 2007), which renders them 
unsuitable for zebra mussels whether or not temperature poses a limit. Thus, a better 
understanding of zebra mussels' temperature requirements is unlikely to change our 
assessment of the vulnerability of the SFPUC’s reservoirs or generally of other central 
California waters. 



Exotic Freshwater Mussels - Chapter 2. Gap Analysis  71 
 

 
Quagga Mussel Dreissena bugensis 
 
Calcium 
 
In general, because of limited data, quagga mussels’ calcium requirements have been 
assumed to be similar to those for zebra mussels. Thus for a substantial portion of the 
water bodies in California, and especially in the San Francisco Bay Area, calcium 
concentrations fall within the assumed range of uncertainty for quagga mussels’ calcium 
threshold, more so than for other environmental parameters thought to commonly limit 
dreissenid mussel distribution (Table 2). As is true for zebra mussels, calcium is also 
the environmental parameter that is most likely to limit quagga mussel colonization of 
many of SFPUC’s reservoirs, and more precise knowledge of the quagga mussel’s 
calcium requirements would substantially improve our ability to assess both the 
vulnerability of these reservoirs and the potential for eradicating an invasion by 
manipulating calcium concentrations in some of these reservoirs (see the Vulnerability 
Assessment and Response Plan chapters); and would also provide general benefits 
through more efficiently allocated containment efforts and reductions in the risk and/or 
rate of spread in the western U.S.  
 
 
Table 2. Proportion of water bodies that fall within the ranges of uncertainty of various 
environmental thresholds for quagga mussels. Based primarily on 1980-1995 surface water quality 
data for 160 water bodies in California, as analyzed in Cohen (2007). There are little or no data on 
quagga mussels’ calcium and pH thresholds, which are usually assumed to be similar to zebra mussels’; 
the ranges of uncertainty for these parameters given here are those for zebra mussels. 
 

Portion of Water Bodies Whose Values 
Fall within this Range in... 

Environmental Limit 

Range of 
Uncertainty in 
the Literature ...California ...the S.F. 

Bay Area 
...the Sierra 

Nevada 

Maximum salinitya,b 2-5 ppt 0.7% 0% 0% 
Minimum temperature for spawninga 5-9°C 0.7% 0% 2.4% 
Maximum temperaturec 28-36°C 14.1% 0% 7.3% 
Minimum dissolved oxygena 1.5-4 mg/l 0% 0% 0% 
Minimum calciuma 12-28 mg/l 34.4% 60.0% 15.9% 
Minimum pHa 6.5-7.5 17.3% 0% 45.5% 
Maximum pHa 9.4-9.5 0% 0% 0% 
a Percentages based on mean June-September values. 
b California data is for water bodies with relatively stable salinities (i.e. non-tidal). 
c Percentages based on maximum annual values. 
 
 
For quagga mussels, there is little field evidence available and there are no published 
laboratory studies on their calcium requirements. Recent news reports on a not-yet-
published laboratory study (described in a conference presentation, Chandra & 
Wittmann 2009) suggest that quagga mussels are capable of becoming established in 
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the low calcium waters of Lake Tahoe. However, as discussed in the Literature Review, 
the study apparently doesn’t address the mussel’s full reproductive/larval development 
cycle, and thus is simply inadequate to assess the calcium concentration needed for 
establishment. Furthermore, it doesn’t appear to demonstrate any capacity in quagga 
mussels that wasn’t shown in zebra mussels years ago. As with zebra mussels, the type 
of study and analysis needed to address this question must assess the minimum 
calcium requirement for quagga mussels over the entire reproductive/larval 
development cycle. 
 
Once that basic study has been done, there would be some benefit from investigations 
of any differences in the calcium requirements of different quagga mussel populations 
(at the broadest level, between quagga mussels in Europe, in the Great Lakes, and in 
the lower Colorado River/southern California), and whether there are interactions 
between quagga mussels’ calcium requirements and other environmental variables. 
 
Other Environmental Parameters 
 
As with zebra mussels, a more precise understanding of quagga mussels' requirements 
regarding the other main environmental parameters is not likely to improve our ability to 
assess the vulnerability of SFPUC’s reservoirs. In these reservoirs, neither salinities nor 
high temperatures are high enough, nor low temperatures low enough, to limit the 
occurrence of quagga mussels; and low temperatures will have little if any effect on 
quagga mussels’ depth distribution since these mussels can spawn at lower 
temperatures than zebra mussels. Dissolved oxygen concentrations or pH may limit the 
depth distributions of quagga mussels in some of these reservoirs, at least in some 
seasons, but will not prevent colonization. A substantial number of water bodies in the 
Sierra Nevada have pH values that fall within the assumed range of uncertainty for 
quagga mussels (Table 2). However, each of these water bodies has a mean reported 
calcium concentration below 10 mg/l, which is too low for quagga mussels, and thus a 
more precise understanding of quagga mussel’s pH requirements would not alter our 
assessment of these water bodies’ vulnerability. 
 
Golden Mussel Limnoperna fortunei 
 
Although there is generally less information on the environmental requirements of 
Limnoperna than there is for zebra and quagga mussels, enough is known to make it 
clear that SFPUC’s reservoirs are vulnerable to colonization, with the possible exception 
of some of the Sierran reservoirs (see the Vulnerability Assessment chapter). Calcium 
levels in at least some of SFPUC’s Sierran reservoirs are below the 3 mg/l threshold 
used in the Vulnerability Assessment; however this threshold is uncertain and might 
actually be lower (as discussed in the Literature Review), which could be tested by 
appropriate laboratory experiments. Depth distribution in some SFPUC reservoirs may 
be limited by low dissolved oxygen, and the depth and season of spawning may be 
limited by cold temperatures. Both of these thresholds could be more precisely 
determined by appropriate studies. 
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Dark False Mussel Mytilopsis leucophaeata 
 
SFPUC’s reservoirs are apparently too fresh to support populations of Mytilopsis 
leucophaeata (see the Vulnerability Assessment chapter). Although the evidence seems 
clear that M. leucophaeata cannot become established in fresh water, there are a few 
records of its occurrence in Europe in estuarine waters with salinities as low as 0.1-0.3 
ppt (which may represent the upstream settlement limits of larvae spawned in saltier 
waters, or mussels transported in hull fouling), and in North America there are a few 
records in inland freshwater sites that are navigably connected to coastal waters and 
that receive considerable barge traffic (which probably were mussels transported in hull 
fouling). Appropriate experiments could determine M. leucophaeata’s lower salinity 
limits more precisely and reliably if this is deemed necessary. 
 
 
Additional Gaps Noted Regarding Detection Monitoring, Containment and Control 
 
Though not a focus of the literature review, there are several issues related to the 
monitoring, containment and control of dreissenid mussels in particular that have 
become apparent in the course of my work on this issue during the current studies and 
over the previous years. Some aspects of these may also be relevant to the other two 
mussel species. 
 
Early Detection Monitoring 
 
As discussed in the Monitoring Review chapter, there has been little work done on 
determining the optimal design for an effective early detection program for dreissenid 
mussels. Some key needs are: 
 
Optimal design for artificial substrate collectors. While there has been some work done 
on determining the materials and conditions that increase or reduce the density of 
dreissenid mussel settlement, little or none of this has been oriented toward optimizing 
the design of collectors for use in early detection. Remarkably, there appear to have 
been no tests comparing the different substrate collectors in common use in terms of 
their effectiveness at capturing dreissenid mussels. Such tests are sorely needed, and 
should be conducted in locations where dreissenid larval density is very low. Other 
critical factors that should be amenable to experimental investigation are the optimal 
spatial density, frequency of inspection and method of inspection, and the time needed 
to develop an effective biofilm. Other questions warranting study are discussed in the 
Monitoring Review chapter. 
 
Reliability of dreissenid larvae identifications. Both cross-polarized light microscopy and 
molecular genetic analysis using PCR, the two methods in common use for detecting 
dreissenid larvae in plankton samples, can generate false positives and false negatives. 
Recent records in western states suggest that a not insignificant number of false 
positives may have in fact occurred (as discussed in the Monitoring Review chapter). 
These records should be compiled along with detailed information on precisely how the 
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samples were collected, processed and identified, and these data examined for any 
pattern that could suggest a mechanism that would produce false positives. Other 
studies should test the consistency and reliability of the different techniques being used 
to identify dreissenid larvae; some work of this type is apparently underway 
(Anonymous 2009). 
 
Comparing plankton sampling and substrate collectors. Studies should be conducted on 
the effectiveness of plankton sampling and identification versus sampling with substrate 
collectors, when dreissenid larval density is small and both methods are implemented 
with the same level of effort or cost. The closest study I could find was that of Kraft 
(1993). However this 16-year-old study did not use the types of substrate collectors nor 
the larval identification methods that are in common use today, and apparently did not 
attempt to implement the two methods at the same level of effort or cost.  
 
Containment 
 
Wash water temperature. The Vector Control chapter notes that the scientific basis for 
the commonly recommended wash temperatures of 40°C (104°F) or 60°C (140°F) for 
killing dreissenid mussels is unclear, suggests that the lower temperature is probably 
not effective and that the higher temperature might not be; and recommends 
experimental investigation of what wash temperature is needed to kill all dreissenid 
mussels. A study published since the Vector Control chapter was completed did indeed 
find that 60°C wash water is ineffective even if applied for up to 5 seconds, and killed all 
mussels in laboratory tests only when applied for at least 10 seconds, and that even 
80°C will not kill all mussels when applied for 1 second (Morse 2009). The author 
recommended drying boats for a sufficient period of time to kill all mussels rather than 
washing them down. If SFPUC intends to use the washing of boats or equipment as an 
effective method for controlling the transport of mussels, either to intercept mussels 
before they are released into a reservoir or to contain them after they’ve become 
established in one, some further experiments to verify and extend Morse’s results would 
be useful, including testing the effectiveness in “real life” conditions and testing the 
effectiveness against newly-settled mussels (which may be a more feasible application). 
 
Inspection effectiveness. Boat inspection programs should be tested by occasionally 
sending through a boat with dreissenid mussel shells attached in an inconspicuous 
location.  
 
Other possibly infested waters. The hatcheries that supplied fish for stocking in San 
Justo Reservoir in the last 5-10 years, and the water bodies that are the water sources 
for those hatcheries, should be identified and thoroughly inspected for zebra mussels. 
Water bodies that shared significant boat traffic with San Justo Reservoir before 2008 
should be identified and inspected for zebra mussels. 
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Control and Eradication 
 
Genetically different populations. Mussel populations may vary genetically in different 
parts of their native range, and may vary further in parts of their invaded range due to 
genetic bottlenecks associated with the introduction; due to the mixing of distant, 
genetically distinct populations where there have been multiple introductions; or in some 
older invasions possibly due to evolution in response to novel or extreme selection 
pressures, especially when acting on an initially small founding population. With 
different genetic compositions, the responses of these different populations to 
environmental manipulations, biocide applications or other control approaches may also 
vary. There has been a dearth of studies comparing responses to control approaches 
among different intra-specific populations: in most studies controls are tested on a 
single population of an invading mussel, usually either the population affecting or 
immediately threatening the funding agency, or the population that is most conveniently 
located relative to the researcher's laboratory. Limited funding, and legal and 
administrative restraints on the transport of live dreissenid mussels, have tended to limit 
testing on multiple populations. 
 
Possibly inadequate recovery periods: Some biocides initially stun bivalves and then 
eventually kill them with a long enough exposure. The tests usually employed to assess 
mortality (gaping or closed? responds to prodding with a blunt probe?) cannot 
effectively distinguish between dead and stunned bivalves. For this reason, many 
toxicity studies on bivalves employ a recovery period, placing the bivalves in clean 
water for 24 or 48 hours after they've been exposed to the biocide, and then testing (or 
retesting) them for mortality. However, at least one study has shown significant recovery 
of stunned dreissenid mussels up to and possibly beyond 96 hours (Wildridge et al. 
1998). Thus, studies using no recovery period, 24-hr recovery or 48-hr recovery periods 
can overstate the effectiveness of the treatment, and may need to be re-tested with a 
longer recovery period.  
 
Independent assessment of innovative technologies: There are some promising 
technologies that have recently become available or that may soon become available. 
These include BioBullets (which encapsulate biocides in an edible particle that can be 
ingested by bivalves, thereby improving the effectiveness and specificity of delivery and 
reducing the time to mortality) which are currently manufactured in Europe, and a toxin 
derived from a strain of Pseudomonas bacteria which might (or might not) become 
available as a commercial product in a few years, and which holds promise of being 
very specifically toxic to zebra or quagga mussels. Little or nothing has been published 
on these technologies in the peer-reviewed scientific literature, and there has yet been 
little or no independent testing (outside of the developers and manufacturers) of their 
effectiveness or their impacts on non-target organisms. Such independent and peer-
reviewed testing will be needed before either of these innovative technologies can be 
relied on as a primary method of infrastructure protection (for which they are most 
suited); or as an eradication method, if the technology’s cost and the specific 
circumstances of the eradication make its use feasible.  
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Chapter 3. Vulnerability Assessment 
 
 
 
Introduction 
 
This report describes the vulnerability of SFPUC’s reservoirs to invasion and 
colonization by four species of freshwater mussels. This work builds on previous 
statewide vulnerability assessments conducted for CalFED and the California 
Department of Fish and Game (CDFG) (Cohen & Weinstein 1998; Cohen 2007), and 
the literature review prepared for this study. 
 
 
SFPUC Data  
 
In November and December 2008, SFPUC provided a set of files with data on water 
chemistry, temperature and other water quality parameters by depth in SFPUC's five 
primary reservoirs, along with a small number of surface measurements of calcium for 
four of the reservoirs. Additional data was provided for the secondary reservoirs San 
Antonio and Pilarcitos, and for one reservoir not listed in the scope of work, Lake 
Merced. Because of time and funding limitations, these additional data were not 
analyzed. Summary statistics of some of the key data are shown in Table 1, statistics on 
some proxy data for salinity and calcium are shown in Table 2, and the reservoirs' 
volume and the depths at which measurements were taken are shown in Table 3. 
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Table 1. 1998-2008 summary statistics for some key water quality parameters in SFPUC 
reservoirs.  
 

Reservoir Statistic 
Temper-

ature 
(°C) 

Oxygen 
(mg/l) 

Calcium 
(mg/l) pH Nitrate* 

(mg/l) 
Phos-

phate* 
(mg/l) 

Mean 10.4 8.6 1.3 6.7 0.022 0.016 
Minimum 6.1 0 0.7 5.6 0.01 0.01 
Maximum 23.9 11.4 3.0 8.0 0.09 0.05 

Hetch Hetchy 

n 1,721 1,670 14 1,738 1,185 1,236 
Mean 9.7 8.6 – 6.7 0.025 0.019 
Minimum 4.9 0.03 – 5.6 0.001 0.01 
Maximum 26.3 11.9 – 8.9 0.3 0.73 

Cherry 

n 821 819 – 805 571 584 
Mean 12.9 7.1 28.3 7.6 0.10 0.032 
Minimum 7.6 0 21 6.4 0.001 0.001 
Maximum 26.8 15.7 34.0 9.1 0.38 0.51 

Calaveras 

n 1,421 1,411 14 1,421 709 679 
Mean 13.7 6.6 13.2 7.5 0.10 0.03 
Minimum 9.7 0.1 8.4 6.3 0.01 0.01 
Maximum 25.2 11.3 16.0 9.7 0.34 0.32 

Lower Crystal 
Springs 

n 1,441 1,429 15 1,417 790 784 
Mean 15.4 8.7 13.8 7.9 0.025 0.023 
Minimum 9.2 1.2 10.4 6.7 0.009 0.01 
Maximum 24.8 13.2 16.0 8.9 0.29 0.1 

San Andreas 

n 1,570 1,570 14 1,550 596 586 
 

* Nitrate and phosphate statistics were calculated by assuming that all non-detect measurements were 
equal to the detection limit. 
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Table 2. 1998-2008 summary statistics for water quality parameters analyzed as proxies for 
salinity and calcium in SFPUC reservoirs.  
 

Reservoir Statistic Conductivity 
µS/cm 

Chlorinity* 
mg/l 

TDS 
mg/l 

Hardness 
mg/l CaCO3 

Alkalinity 
µeq/l 

Mean 10.6 0.9 6.8 3.0 77 
Minimum 3.5 0.6 2.2 1.5 40 
Maximum 106 1.0 67.8 10.6 322 

Hetch Hetchy 

n 1,749 105 1,646 1,235 1,235 
Mean 7.8 0.9 5.0 2.3 64 
Minimum 2.9 0.6 1.8 1.6 46 
Maximum 41.4 1.0 27 5.2 246 

Cherry 

n 818 49 818 587 587 
Mean 248 9.0 154 105 1,930 
Minimum 132 3 0 66 1,200 
Maximum 311 16 199 131 2,720 

Calaveras 

n 1,421 687 1421 700 700 
Mean 151 11.6 98.9 54.7 902 
Minimum 103 8 66 34 520 
Maximum 210 15 376 78 1,360 

Lower Crystal 
Springs 

n 1,439 766 1,440 769 773 
Mean 160 12.9 102 57.3 951 
Minimum 121 10 17 42 640 
Maximum 216 16 138 76 1,200 

San Andreas 

n 1,550 566 1,524 576 576 
 

* Chlorinity statistics were calculated by assuming that all non-detect measurements were equal to the 
detection limit. 

 
 
Table 3. Volume and sampling depths in SFPUC reservoirs. 
 

Reservoir Volume 
(acre-feet) 

Depth of Deepest 
Measurement 

(feet) 

Mean Depth of 
Measurements 

(feet) 

Hetch Hetchy 360,000 342 147 
Cherry 268,000 282 120 
Calaveras 97,000 141 54 
Lower Crystal Springs 58,000 116 54 
San Andreas 19,000 61 29 
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Zebra Mussel Dreissena polymorpha  
 
A recent statewide vulnerability assessment (Cohen 2007) determined the minimum 
and maximum limits, where applicable, for water temperature, salinity, dissolved oxygen 
concentration, calcium concentration and pH that would permit zebra mussels to 
become established (Table 4). The literature review conducted as the first phase of the 
present studies supports the pH limit used in that study; supports with some 
qualifications the salinity limit used in that study; and suggests modifications to the 
temperature, oxygen and calcium limits used in that study. These are discussed in the 
sections below, which compare these limits to the data provided by SFPUC on its 
reservoirs' temperature and water chemistry. 
 
 
Table 4. Environmental limits used in the recent California vulnerability assessment (Cohen 2007).  
 

Parameter Zebra Mussels Quagga Mussels 

Salinity mean≤6 ppt mean ≤4 ppt 
Temperature (survival) maximum ≤31°C maximum ≤31°C 

Temperature (spawning) 
summer mean ≥10°C 

maximum >12°C 
summer mean ≥5°C 

maximum >6°C 
Dissolved oxygen mean ≥4 mg/l mean ≥4 mg/l 
Calcium mean ≥12-28 mg/l mean ≥12-28 mg/l 
pH 7.3-9.4 7.3-9.4 
 
 
Salinity 
 
The California vulnerability assessment (Cohen 2007) used an upper salinity limit of a 
mean of 6 ppt (parts per thousand) for non-tidal waters. Table 6 in the Literature Review 
chapter reports a wide range of different salinity limits. Those most pertinent to a 6 ppt 
limit include Walton's (1996) report of 5 ppt as the maximum salinity where zebra 
mussels have been found in the Hudson River estuary; Strayer and Smith's (1993) 
estimate of 6 ppt as the limit for establishment in non-tidal lagoons and other waters 
with relatively stable salinities based primarily on European data, and report of the 
mussels occurring in the Kiel Canal at up to 6.2 ppt; and Karatayev et al.'s (2007b) 
estimate of 6 ppt as the upper limit for the zebra mussels that invaded North America. 
The literature review notes reports of limits both higher and lower than this: upper limits 
of 2-3 ppt reported by various authors, the basis of which is not always clear; limits up to 
4 ppt in ponds in the delta region of The Netherlands (Wolff 1969), a limit of 6-9 ppt in 
the northern Caspian Sea (Strayer & Smith 1993), and a limit of 10-14 ppt in the Aral 
Sea (Strayer & Smith 1993). 
 
It seems likely that the high salinity limits reported in the Aral Sea refer to a genetically 
distinct population—some studies have suggested that one or more separate 
subspecies or species of Dreissena were present in the Aral Sea, and other studies 
have suggested that genetic differences may account for some of the variation in 
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reports of salinity tolerances (Smirnova & Vinogradov 1990; Smirnova et al. 1993; Baker 
et al. 1993a). The potential for genetic differences to affect salinity limits makes the 
relevance of European data to assessing the salinity limits of North American 
populations highly uncertain. Within North America, zebra mussels have not been 
reported from any non-freshwater inland water bodies, i.e. from any waters with 
salinities above 0.5 ppt. Records in estuarine waters with higher salinities (such as the 
Hudson River estuary) cannot be taken as evidence of their ability to establish a 
reproducing population in such waters, since the veligers that settled those sites could 
have been spawned in lower salinity waters upstream in the estuary or river. Indeed, 
since adult mussels are typically tolerant of a wider range of environmental conditions 
than are their embryos or larvae, it is likely that the furthest downstream populations in 
an estuary are non-reproducing, sink populations. 
 
Thus, it is likely that the actual salinity limit for North American zebra mussels is lower 
than the 6 ppt limit used in the California vulnerability assessment. However, the very 
wide range of values reported in Europe and the disparate results from laboratory 
experiments (suggesting limits from ≈3 ppt to 10-12 ppt, reviewed in Cohen 2008) 
creates some uncertainty, and caution about assuming a low limit is supported by 
Strayer and Smith's (1993) argument that zebra mussels may tolerate higher salinity in 
inland waters enriched in calcium, magnesium and sulfate relative to sodium and 
chloride, and that chloride concentration may actually be the limiting factor rather than 
salinity per se. These uncertainties about zebra mussels' salinity limit will not be 
resolved until appropriate laboratory studies are conducted over the mussels' full life 
cycle, or until established zebra mussel populations are found in inland waters with 
elevated salinities.  
 
All of SFPUC's reservoirs are fully freshwater with expected salinities below 0.5 ppt (this 
is explored below in the Data Analysis section through examination of proxy data), so 
even revising the salinity limit downward to 2-3 ppt would probably have no effect on the 
results. For want of any better support for any other standard, this study continues to 
use 6 ppt as the salinity limit, though noting that the uncertainty in the evidence is such 
that the true limit could lie between 2 and 12 ppt, and is more likely to be in the lower 
than the higher part of this range. 
 
Temperature 
 
The California vulnerability assessment (Cohen 2007) used a lower temperature limit 
based on a requirement of 10-12°C for spawning (requiring a mean temperature of at 
least 10°C during the warmer months, and maximum temperature of at least 12°C), and 
an upper limit based on a short-term (i.e. days to weeks) lethal temperature above 31°C 
(requiring a maximum temperature of no more than 31°C). The literature review 
generally supports these limits. Numerous authors have reported that spawning starts 
only after temperatures reach 10-12°C (Baker et al. 1993a; Karatayev 1995; McMahon 
1996; Nichols 1996; Karatayev et al. 2007b), although a few studies cite higher limits 
(e.g. 15°C—Karatayev 1995). In addition, some studies report that larvae, juveniles or 
adults require temperatures of 10-12°C for growth (Stanczykowska 1977; Baker et al. 
1993a; Karatayev 1995; McMahon 1996; Karatayev et al. 2007b).  
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While some laboratory studies and reviews of distributional data have suggested 
various upper temperature limits between 24°C and 36.5°C (see Table 9 in the 
Literature Review chapter), reports of abundant populations in southern U.S. waters 
where temperatures often reach 30°C, but with high mortality when temperatures reach 
31°C (McMahon 1996), support an upper limit of 31°C. Note that this limit applies to a 
reservoir only if this temperature is reached throughout the water column; in water 
bodies that are thermally stratified in the summer, cooler water below the thermocline 
may provide suitable habitat for zebra mussels even while surface temperatures are too 
warm.25 There is also some uncertainty in this limit, and several studies suggest that the 
true limit might be as high as 32° or 33°C (e.g. Smirnova & Vinogradov 1990; McMahon 
& Ussery 1993; Baker et al. 1993a; Karatayev 1995; McMahon 1996; Karatayev et al. 
2007b; some difference in heat tolerance may be due to genetic differences between 
populations, e.g. Smirnova & Vinogradov 1990; Smirnova et al. 1993; Thorp et al. 
1998). For this particular limit, a small error in assessing the limit may have large 
consequences, since zebra mussels appear to do better—grow faster, spawn more 
frequently, and increase in population more rapidly—with increases in temperature 
nearly up to the lethal temperature (e.g. McMahon 1996), so that underestimating the 
limit by a degree or two could easily lead to classifying as invulnerable a water body that 
is actually capable of supporting a large and vigorous population.26 This is less likely to 
occur for the other environmental variables under consideration, since zebra mussel 
performance appears to decline progressively as the limit is approached. 
 
A temperature limit supported by the literature review but not used in the California 
vulnerability assessment (because the data analyzed in that assessment was all 
summer data) is a lower lethal limit of 0°C (Karatayev 1995; McMahon 1996), though 
that temperature would have to be reached throughout the water column (i.e. not just 
freezing at the surface) for zebra mussels to be excluded from the water body. It’s 
possible that even this is insufficient to exclude them; according to McMahon, zebra 
mussels can tolerate 0°C for extended periods as long as the water does not freeze, 
and do so during the winter in shallow northern waters in North America and Europe 
(Robert McMahon pers. comm. 2009). 
 
The present study uses the following limits: (1) for winter survival, the typical minimum 
annual temperature that applies throughout the water column remains above 0°C; (2) 
                                                
25 Something like this occurred in Lake Havasu, where mean surface temperatures in the summer were 
reported as 32.4°, but quagga mussels colonized depths between 20 and 90 feet. Note that mussels 
could be excluded from a water body where summer temperatures were above their upper temperature 
limit above the thermocline, and within their upper temperature limit but below their lower oxygen limit 
below the thermocline. 
26 Robert McMahon comments: “Increase in dreissenid mussel growth rate up to the maximum tolerated 
temperature of 30°C is not necessarily an accurate statement.  In fact, in a good laboratory study (Waltz 
1978) and in some field studies, maximum growth rate for at least zebra mussels appears to occur at 
20°C and declines as temperature rise above 20°C.  This effect is increasingly more pronounced with 
increasing mussels size.  Because adult mussels are in negative energy balance above 25°C (Waltz 
1978), it is highly unlikely that mussel populations will thrive in water bodies where water temperatures 
remain near the minimum upper lethal limit of 31°C for long periods” (Robert McMahon pers. comm. 
2009) 
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for spawning, the highest annual mean monthly temperature is at least 10°C; and (3) for 
summer survival, the maximum annual temperature that applies throughout the water 
column is no more than 31°C. The maximum and minimum temperatures in SFPUC's 
reservoirs in 1998-2008 are 26.8°C (in Calaveras Reservoir) and 4.9°C (in Cherry 
Reservoir) (Table 1), so the only temperature limit that might prevent colonization by 
zebra mussels is the 10°C lower limit for spawning. This is examined in the Data 
Analysis section below. 
 
Dissolved Oxygen 
 
The California vulnerability assessment used a dissolved oxygen limit of a mean of at 
least 4 mg/l (Cohen 2007). Some of the studies noted in the literature review reported a 
lower limit of 4 mg/l (Sprung 1987; McMahon 1996), but others suggested a limit 
between about 2 and 3 mg/l (Karatayev 1995; Karatayev et al. 1998, Karatayev et al. 
2007b). Kraft (1994) reported oxygen concentrations as low as 3.2 mg/l in sections of 
the Illinois River where zebra mussels were abundant, though it's unclear how often 
concentrations fell below 4 mg/l and how long they remained low. The present study 
uses a mean of 3 mg/l of dissolved oxygen as the lower limit for zebra mussel 
establishment. 
 
Mean dissolved oxygen concentrations in SFPUC's reservoirs in 1998-2008 range from 
6.6 to 8.7; while minimum concentrations are 1.2 mg/l for San Andreas Reservoir and 0-
0.1 mg/l for the other reservoirs (Table 1). Even in reservoirs where mean oxygen 
concentrations are above the limit used in this study, some parts of the reservoir may be 
resistant to colonization (such as deeper bottom waters during periods of thermal 
stratification, when decomposition and isolation from the atmosphere can deplete 
oxygen levels), thereby potentially limiting the abundance or impacts of an invasion. The 
seasonal and depth distribution of oxygen concentrations in SFPUC reservoirs is 
examined in the Data Analysis section below, 
 
Calcium 
 
Studies of zebra mussel distributions have varied greatly in their estimates of the 
minimum calcium concentrations at which populations may become established 
(discussed in Cohen & Weinstein 2001; Cohen 2005), with values in the range of 25-28 
mg/l being typical of the major European studies (Ramcharan et al. 1992; Karatayev 
1995; Padilla 1997), and values of 8-16 mg/l being typical of most North American 
studies (Miller et al. 1992; Mellina & Rasmussen 1994; Claudi & Mackie 1994; 
McMahon 1996; Hincks & Mackie 1997; Boelman et al. 1997; Eliopoulos & Stangel 
1999; Jones & Ricciardi 2005)27. Assessments of potential distribution in North America 
have typically used minimum values between 7 and 15 mg/l (Neary & Leach 1991; 
Murray et al. 1993; Tammi et al. 1995a, b; Whittier et al. 1995, 2008; Doll 1997; Sorba & 
Williamson 1997; Cohen & Weinstein 1998; Kozlowski 2002). The limits suggested by 

                                                
27 Gerald Mackie comments that some of the discrepancies in reported calcium requirements could be 
due to differences in the anlytical methods used to measure calcium; and that calcium in the form of 
bicarbonate may be the only calcium that is available to mussels (Gerald Mackie pers. comm. 2009). 
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the limited experimental studies that have been done also vary widely (see Table 14 in 
the Literature Review chapter). Cohen and Weinstein (2001) and Cohen (2005) argued 
that much of the difference between analyses of European versus North American 
distributions is probably due to several non-reproducing sink populations in low calcium 
waters in North America being reported as if they were established, reproducing 
populations, and that the true minimum concentration is probably at least 20 mg/l. 
 
The California vulnerability assessment used a range of 12 to 28 mg/l as the minimum 
concentration of calcium needed for establishing a reproducing population of zebra 
mussels (Cohen 2007). A water body's probability of vulnerability to colonization and its 
priority for management were assigned based on where its mean concentration fell 
within or relative to this range. The 28 mg/l limit was based on an analysis of 76 
European lakes that had been occupied by zebra mussels for more than 50 years, 
which found that mussels were only present in lakes with mean calcium concentrations 
above 28.3 mg/l (Ramcharan et al. 1992). However a larger study, of 527 Belarusian 
lakes, found zebra mussels present where mean calcium concentrations were above 
25.4 mg/l (Karatayev 1995). The present study therefore uses a range of 12-25 mg/l as 
the minimum concentration, assigning a probability of vulnerability based on the water 
body's calcium concentration relative to this range. 
 
Some researchers have suggested that within otherwise low calcium water bodies, 
calcium concentrations may sometimes be substantially higher in certain locations with 
shell deposits, storm-water discharges or runoff from roads where salts have been 
applied to reduce ice formation in winter. There have been some recent statements that 
this is the case in parts of Lake Tahoe, but I have not yet seen data to review. The 
literature review describes a case of an apparent temporary increase in calcium 
concentration at a specific location within a low-calcium water body which allowed a 
sizeable population of zebra mussels to become established at that particular site; 
subsequently, with calcium concentrations no longer elevated, the population is 
apparently not reproducing and is dying out (see the discussion of Lake George in the 
Literature Review chapter). Mine drainage and industrial and municipal wastewater 
effluent can also raise calcium concentrations (Murphy & Waterman 2000; in the 1990s, 
treatment of an abandoned mine resulted in temporary, high calcium discharges into 
Camanche Reservoir (Rodney Jung pers. comm. 2008)). Other potentially confounding 
factors include the possibility that zebra mussels' calcium requirements may vary with 
changes in pH and magnesium concentrations (Vinogradov et al. 1993; Ramcharan et 
al. 1992; Hincks & Mackie 1997). Finally, large zebra mussel populations can 
sometimes reduce the calcium concentration in the water by up to several milligrams 
per liter (Barbiero et al. 2006), suggesting the intriguing possibility of a negative 
feedback mechanism in waters with calcium concentrations that are marginally 
sufficient: growth of zebra mussel populations would reduce calcium levels which would 
limit further growth.  
 
The mean calcium concentration in Hetch Hetchy Reservoir is 1.3 mg/l, with a maximum 
of 3.0 mg/l. There are no calcium measurements for Cherry Reservoir, but 
concentrations are likely to be similar. For the two Peninsula reservoirs (Lower Crystal 
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Springs and San Andreas), mean calcium is between 13.2-13.8 mg/l and maximum 
concentrations are 16 mg/l. For Calaveras Reservoir in the East Bay, the mean is 28.3 
mg/l and the minimum is 21 mg/l (Table 1). Based on these data, low calcium 
concentrations would prevent colonization of the Sierra Nevada reservoirs, might be low 
enough to prevent colonization in the Peninsula reservoirs, and are suitable for zebra 
mussels in Calaveras Reservoir. These assessments are examined in more detail in the 
Data Analysis section below, including the use of proxy data (total hardness and total 
alkalinity) for which there are many more measurements (Table 2), which also allow 
some assessment of seasonal and depth distribution. 
 
pH 
 
The California vulnerability assessment (Cohen 2007) used a lower pH limit of a mean 
of ≥7.3 and an upper pH limit of a mean of ≤9.4. The lower limit was based on the 
distribution of zebra mussels in 76 European lakes (Ramcharan et al. 1992) and 
literature reviews (Mahon 1996; Karatayev et al. 2007b). The Literature Review chapter 
discusses a few other studies that supported slightly higher lower limits of 7.4 or 7.5 
(Sprung 1993; Baker et al. 1993a; Karatayev 1995). A couple of laboratory experiments 
show problems arising at pH levels of 6.8-6.9 (net loss of calcium and sodium) and 6.3-
6.8 (cessation of ciliary movement in excised gills) that would limit distribution, though it 
is unclear how these findings translate to whole organisms or organisms in the 
environment. Overall, the distributional analysis seems the most reliable guide, and 7.3 
is used as the lower pH limit in the present study. The upper limit of 9.4 was based on a 
laboratory study showing that larval growth ceases at higher pH (Sprung 1993). I found 
no studies or reviews supporting a different limit, and 9.4 is used in the present study. 
 
The mean pH value in both of the Sierra Nevada reservoirs (Hetch Hetchy and Cherry) 
is 6.7 mg/l, and the minimum in both is 5.6 mg/l. Mean pH values in the Bay Area 
reservoirs (Calaveras, Lower Crystal Springs and San Andreas) are 7.5-7.9 mg/l, with 
minimums of 6.3-6.7 mg/l (Table 1). Based on these data, low pH would prevent 
colonization of the Sierra Nevada reservoirs but would be generally suitable in the Bay 
Area reservoirs, though it might be limiting at some seasons and depths. This is 
examined in more detail in the Data Analysis section below. Some studies have 
suggested that moderately low pH and calcium may act together to prevent 
colonization, and this is also examined. 
 
Data Analysis 
 
The general environmental limits used in this analysis are summarized in Table 5. The 
analysis was first performed on the salinity, oxygen, calcium and pH means and the 
temperature maximums and minimums for the period of record (Table 1), and on the 
mean monthly temperature over the period of record for the warmest month (Table 6) 
for the spawning temperature limit. In reservoirs where limits are exceeded part of the 
time, the analysis then looked in more detail at the spatial and temporal distributions of 
the relevant environmental parameters within those reservoirs; in general, for an 
environmental limit to be effective in preventing colonization it must apply throughout  
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Table 5. Environmental limits used in the present study.  
 

Parameter 
Zebra Mussels 

Dreissena 
polymorpha 

Quagga Mussels 
Dreissena 
bugensis 

Golden Mussels 
Limnoperna 

fortunei 

Dark False Mussels 
Mytilopsis 

leucophaeata 

Salinity Mean ≤6 ppt mean ≤4 ppt mean ≤2 ppt 0.5 ≤ mean ≤ 20 ppt 

Temperature 
(survival) 

minimum >0°C 
maximum ≤31°C 

minimum >0°C 
maximum ≤31°C 

minimum >5°C 
maximum ≤33°C 

minimum >5°C 
maximum ≤30°C 

Temperature 
(spawning) 

mean monthly* 
≥10°C 

mean monthly* 
≥5°C 

mean monthly* 
≥16°C 

mean monthly* 
≥13°C 

Dissolved 
oxygen mean ≥3 mg/l mean ≥2 mg/l mean ≥0.5 mg/l – 

Calcium mean ≥12-25 mg/l mean ≥12-25 mg/l mean ≥3 mg/l – 
pH 7.3 ≤ mean ≤ 9.4 – – – 
 

* Mean monthly temperature during the warmest month. 
 
 
Table 6. 1998-2008 mean monthly temperatures (°C) in SFPUC reservoirs. 
 

Reservoir Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Hetch Hetchy 8.5 7.4 7.0 7.7 8.7 10.2 12.6 12.9 13.0 12.7 11.7 10.6 
Cherry 8.6 5.9 6.3 6.9 7.8 8.8 10.7 11.6 11.5 10.7 10.1 9.0 
Calaveras 9.9 9.7 10.7 11.6 12.9 14.3 15.1 15.5 15.5 14.7 13.7 11.7 
Lower Crystal Springs 11.2 10.9 11.6 12.7 13.8 14.8 15.5 16.0 16.1 15.1 14.2 13.0 
San Andreas 10.5 10.8 12.3 13.5 15.7 17.4 19.3 19.9 19.7 17.9 15.2 12.2 
 
 
the water column, leaving no areas that are suitable for colonization. The analysis also 
considers various other models reported in the scientific literature that address 
synergies between environmental parameters and predictions of the occurrence and 
potential density of mussels. 
 
As noted earlier, all of SFPUC's reservoirs are freshwater with expected salinities below 
0.5 ppt. Chlorinity, conductivity (also called specific conductance) and total dissolved 
solids (TDS) data are reported for all of SFPUC's reservoirs, and these can all be 
converted into approximate salinity ranges, as discussed in the literature review. This 
has been done in Table 7, using the following relationships:  
 

Chlorinity: Across a variety of fresh waters, salinity values (in ppt) are typically 
between 0.005 and 0.03 times chlorinity (in mg/l) (see the Literature Review chapter).  
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Conductivity: Salinity ranges were estimated from conductivity and temperature 
values with an internet calculator28, using the minimum and maximum temperature at 
each reservoir applied to the mean, minimum and maximum conductivity values.  
 
TDS: TDS has a rough relationship to conductivity. TDS (in mg/l) is typically 
estimated by multiplying conductivity (in µS/cm) by a factor between 0.55 and 0.75 
(see the Literature Review chapter). Mean, minimum and maximum conductivity 
values derived from TDS measurements using this relationship were converted to 
salinities as described above. 

 
None of the resulting ranges exceeded 0.5 ppt, though the highest upper bound 
estimates based on chlorinity in the East Bay reservoirs and based on TDS in Lower 
Crystal Spring Reservoir approach this value (Table 7). Salinities in the reservoirs are 
thus always well below the maximum limit of 6 ppt, and are suitable for zebra mussels.  
 
 
Table 7. Salinity in SFPUC reservoirs estimated from chlorinity, conductivity and total dissolved 
solids measurements in 1998-2008. See text for explanation. 
 

Reservoir Statistic 
Chlor-

inity 
mg/l 

Estimated 
Salinity 

ppt 

Conduc-
tivity 
µS/cm 

Estimated 
Salinity 

ppt 

TDS 
mg/l 

Estimated 
Salinity 

ppt 
Mean 0.9 0.005-0.03 10.6 0.009-0.014 6.8 0.008-0.015 
Minimum 0.6 0.003-0.02 3.5 0.004-0.012 2.2 0.004-0.012 
Maximum 1.0 0.005-0.03 105.9 0.06-0.08 67.8 0.05-0.09 

Hetch Hetchy 

n 105 – 1,749 – 1,646 – 
Mean 0.9 0.005-0.03 7.8 0.006-0.014 5.0 0.006-0.014 
Minimum 0.6 0.003-0.02 2.9 0.003-0.012 1.8 0.003-0.012 
Maximum 1.0 0.005-0.03 41.4 0.026-0.031 27 0.02-0.04 

Cherry 

n 49 – 818 – 818 – 
Mean 9.0 0.04-0.27 248 0.12-0.18 159.8 0.1-0.2 
Minimum 3 0.02-0.09 132 0.06-0.09 85 0.06-0.11 
Maximum 16 0.08-0.48 311 0.14-0.22 199 0.12-0.26 

Calaveras 

n 687 – 1,421 – 1,369 – 
Mean 11.6 0.06-0.35 151.3 0.08-0.10 98.9 0.07-0.12 
Minimum 8 0.04-0.24 103 0.05-0.07 66 0.05-0.08 
Maximum 15 0.08-0.45 210 0.10-0.14 376 0.24-0.48 

Lower Crystal 
Springs 

n 766 – 1,439 – 1,440 – 
Mean 12.9 0.06-0.39 160.1 0.08-0.11 101.9 0.07-0.13 
Minimum 10 0.05-0.3 121 0.06-0.08 17 0.017-0.022 
Maximum 16 0.08-0.48 216 0.11-0.15 138 0.09-0.17 

San Andreas 

n 566 – 1,550 – 1,524 – 

                                                
28 At http://gaea.es.flinders.edu.au/~mattom/Utilities/salcon.html, using a pressure of one standard 
atmosphere = 101.3 kPa.  
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Alternately, at a temperature of 12.5°C (approximately the mean temperature for 
SFPUC's reservoirs), the upper salinity limit of 6 ppt for zebra mussels corresponds to a 
chlorinity of 200-1,200 mg/l, a conductivity of 8,035 µS/cm, and a TDS value of 4,400-
6,000 mg/l. None of the reported values of these parameters in SFPUC's reservoirs 
(Table 2) are anywhere near this (maximum reported values are 16 mg/l for chlorinity (in 
Calaveras and San Andreas reservoirs), 311 µS/cm for conductivity (in Calaveras 
Reservoir) and 376 mg/l for TDS (in Lower Crystal Springs Reservoir) (Tables 2 and 7). 
 
For temperature, oxygen and pH there are between approximately 800-1,700 
measurements of each parameter in each reservoir over 1998-2008, but there are very 
few calcium measurements, ranging from none in Cherry Reservoir to 14-15 
measurements in each of the other four reservoirs (Table 1). However, in each reservoir 
there are at least 500 measurements each of total hardness and total alkalinity, which 
can be used to estimate calcium concentrations. In Tables 8 and 9 the mean, minimum 
and maximum values for these parameters are converted to approximate calcium 
values using formulae given by various studies or using regressions on data provided in 
various studies (see Table 3 in the Literature Review chapter), and compared to the 
corresponding statistics for measured calcium. The estimated calcium values are very 
close to the measured values in Hetch Hetchy and Calaveras reservoirs. The estimated 
values for Cherry Reservoir are close to but generally a little lower than those for Hetch 
Hetchy; the similarity makes sense given the proximity of these two reservoirs and the 
similar calcium values reported for nearby waters in the Sierra Nevada (Cohen 2007). 
These estimated mean calcium values for Cherry Reservoir are used in the initial 
analysis for zebra mussels, and for the other three mussel species below. 
 
In the two Peninsula reservoirs the mean, minimum and maximum calcium values 
estimated from total hardness data are all higher than the statistics derived from calcium 
measurements; the mean and minimum values estimated from total alkalinity data are 
about the same as the measured statistics, while the estimated maximum values are 
higher. Overall, the estimates derived from the hardness and alkalinity data (based on 
the mean of the five estimates) both suggest a mean calcium concentration about 2.5 
mg/l higher than the mean of the calcium measurements, thus about 15.6 mg/l (rather 
than 13.2 mg/l) in Lower Crystal Springs Reservoir and about 16.5 mg/l (rather than 
13.8 mg/l) in San Andreas Reservoir. For these two reservoirs, the means of the 
calcium measurements as well as nearly all the estimated means derived from 
hardness and alkalinity measurements lie between 12 and 25 mg/l,29 and so produce 
the same categorical result as the initial analysis; however, the estimated calcium 
means suggest a slightly higher level of vulnerability. 
 
 

                                                
29 One of the five estimated means for Lower Crystal Springs Reservoir derived from alkalinity 
measurements is 11.9 mg/l; the other 9 estimated means derived from alkalinity or hardness 
measurements are all above 12 mg/l (Tables 8 and 9). 
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Table 8. Comparison of measured calcium to calcium values estimated from measured total 
hardness. Equations given in Table 3 in the Literature Review chapter. 
 

 Estimated calcium based on equations derived from: 

Reservoir 
 

 Total 
Hardness 

(mg/l of 
CaCO3) 

Boyd & 
Walley 

1975* 
(mg/l) 

Claudi & 
Mackie 

1994 
(mg/l) 

Hincks & 
Mackie 

1997* 
(mg/l) 

Johnson 
et al. 

2000, #1 
(mg/l) 

Johnson 
et al. 

2000, #2 
(mg/l) 

Measured 
Calcium 

(mg/l) 

Mean 3.0 0 1.9 0 0.6 0.8 1.3 
Min 1.5 0 1.5 0 0.2 0.4 0.7 
Max 10.6 1.3 4.0 1.6 2.6 2.8 3.0 

Hetch 
Hetchy 

n 1,235 – – – – – 14 
Mean 2.3 0 1.7 0 0.4 0.6 – 
Min 1.6 0 1.5 0 0.2 0.4 – 
Max 5.2 0 2.5 0 1.2 1.4 – 

Cherry 

n 587 – – – – – – 
Mean 105 34.1 29.7 33.5 28.5 28.1 28.3 
Min 66 20.5 19.0 20.2 17.8 17.6 21 
Max 131 42.9 36.7 42.1 35.5 35.0 34.0 

Calaveras 

n 700 – – – – – 14 
Mean 54.7 16.5 16.0 16.4 14.7 14.6 13.2 
Min 34 9.4 10.3 9.4 9.0 9.1 8.4 
Max 78 24.6 22.3 24.3 21.0 20.8 16.0 

Lower 
Crystal 
Springs 

n 769 – – – – – 15 
Mean 57.3 17.4 16.7 17.3 15.4 15.3 13.8 
Min 42 12.2 12.5 12.1 11.2 11.2 10.4 
Max 76 23.9 21.8 23.6 20.5 20.3 16.0 

San 
Andreas 

n 576 – – – – – 14 
 

* The equations in Boyd and Walley (1975) and Hincks and Mackie (1997) converted some low hardness 
values in Hetch Hetchy and Cherry reservoirs to negative calcium concentrations; these are listed in the 
table as zero concentrations. 
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Table 9. Comparison of measured calcium to calcium values estimated from measured total 
alkalinity. Equations given in Table 3 in the Literature Review chapter. 
 

 Estimated calcium based on equations derived from: 

Reservoir 
 

Total 
Alkalinity 

(µeq/l) 

Boyd & 
Walley 

1975 
(mg/l) 

Claudi & 
Mackie 

1994 
(mg/l) 

Whittier 
et al. 
1995 

(mg/l) 

Hincks & 
Mackie 

1997 
(mg/l) 

Kozlowski 
et al. 
2002 

(mg/l) 

Measured 
Calcium 

(mg/l) 

Mean 77 0 1.1 2.2 2.2 0 1.3 
Min 40 0 0.6 1.5 1.4 0 0.7 
Max 322 2.5 4.6 6.5 7.4 3.3 3.0 

Hetch 
Hetchy 

n 1,235 – – – – – 14 
Mean 64 0 0.9 1.9 1.9 0 – 
Min 46 0 0.7 1.6 1.6 0 – 
Max 246 1.2 3.5 5.1 5.8 1.5 – 

Cherry 

n 587 – – – – – – 
Mean 1,930 28.5 27.6 34.8 41.3 42.6 28.3 
Min 1,200 16.7 17.1 21.9 25.9 24.7 21 
Max 2,720 41.3 38.9 48.6 57.9 61.8 34.0 

Calaveras 

n 700 – – – – – 14 
Mean 902 11.9 12.9 16.7 19.6 17.5 13.2 
Min 520 5.7 7.4 9.9 11.6 8.1 8.4 
Max 1,360 19.3 19.4 24.7 29.3 28.6 16.0 

Lower 
Crystal 
Springs 

n 773 – – – – – 15 
Mean 951 12.7 13.6 17.5 20.7 18.7 13.8 
Min 640 7.6 9.1 12.1 14.1 11.1 10.4 
Max 1,200 16.7 17.1 21.9 25.9 24.7 16.0 

San 
Andreas 

n 576 – – – – – 14 
 

* The equations in Boyd and Walley (1975) and Kozlowski et al. (2002) converted some low alkalinity 
values in Hetch Hetchy and Cherry reservoirs to negative calcium concentrations; these are listed in the 
table as zero concentrations. 

 
 
The initial analysis is shown in Table 10. A reservoir's overall classification is Not 
Vulnerable if any parameter other than calcium indicates that the habitat is not suitable 
for colonization based on the listed limits, or if mean calcium is less than 12 mg/l; 
Possibly Vulnerable if all parameters other than calcium indicate that the habitat is 
suitable for colonization, and mean calcium is between 12 and 25 mg/l; and Vulnerable 
if other parameters are suitable and calcium is over 25 mg/l. The difference between 
Possibly Vulnerable and Vulnerable can be thought of as a statement of our uncertainty 
about zebra mussel's actual calcium requirements: Possibly Vulnerable means that the 
reservoir's calcium concentrations fall within our range of uncertainty about the 
minimum calcium concentrations needed to support a reproducing population. In this 
analysis, the two Sierra Nevada reservoirs are judged to be Not Vulnerable to  
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Table 10. Vulnerability analysis for zebra mussels (Dreissena polymorpha) based on 1998-2008 
SFPUC reservoir data. 1 = suitable for colonization based on this parameter, 0 = not suitable for 
colonization based on this parameter. 
 

Environmental Parameter Limit 
Hetch 

Hetchy 
Reservoir 

Cherry 
Reservoir 

Calaveras 
Reservoir 

Lower 
Crystal 
Springs 

Reservoir 

San 
Andreas 

Reservoir 

Mean salinity (ppt)1 ≤6 1 1 1 1 1 
Minimum temperature (°C)1 >0 1 1 1 1 1 
Maximum temperature (°C)1 ≤31 1 1 1 1 1 
Spawning temperature (°C)2 ≥10 1 1 1 1 1 
Mean oxygen (mg/l)1 ≥3 1 1 1 1 1 
Mean calcium (mg/l)1 ≥12 0 0 1 1 1 
Mean calcium (mg/l)1 ≥25 0 0 1 0 0 
Mean pH1 ≥7.3 0 0 1 1 1 
Mean pH1 ≤9.4 1 1 1 1 1 

Vulnerability  Not 
Vulnerable 

Not 
Vulnerable Vulnerable Possibly 

Vulnerable 
Possibly 

Vulnerable 
 
1 Based on mean value for the period of record. 
2 Based on mean monthly temperature during the warmest month, averaged over the period of record. 
 
 
colonization (due to both low calcium and low pH), the Peninsula reservoirs are Possibly 
Vulnerable, and Calaveras Reservoir in the East Bay is Vulnerable. 
 
The preliminary discussion suggested that low summer temperatures, low dissolved 
oxygen, low calcium or low pH could constrain zebra mussel colonization or abundance 
in some parts of the reservoirs at some times. These factors are examined further by 
calculating the frequency of low values for each reservoir relative to the limiting values 
estimated from the literature review, by season and depth. The results are presented in 
Tables 11-30.  
 
Temperature: All of the SFPUC reservoirs report some temperature measurements 
below the minimum zebra mussel spawning temperature of 10°C (Table 1), but mean 
monthly temperatures in these reservoirs are above 10°C for at least 5 months (Table 6; 
monthly means are above 10°C for 5-7 months in the two Sierran reservoirs, for 10 
months in Calaveras Reservoir in the East Bay, and for all 12 months in the two 
Peninsula reservoirs). Thus the temperatures overall are considered suitable for zebra 
mussels. 
 
In the Sierra reservoirs around 60-70% percent of the temperature measurements are 
below 10°C, about 20% in Calaveras reservoir, and less than 5% in the Peninsula 
reservoirs (Table 11). In the coldest reservoirs, Cherry and Hetch Hetchy, 92% and 
88%, respectively, of the temperatures below 10°C occurred at depths below 50', so 
that even in these reservoirs surface water temperatures are suitable for zebra mussel  



Exotic Freshwater Mussels - Chapter 3. Vulnerability Assessment  91 
 

Table 11. Temperature (°C) statistics for SFPUC reservoirs relative to temperatures needed for 
spawning by invasive mussels. See text for explanation. 
 

Reservoir n Mean Minimum Maximum <16°C <13°C <10°C <5°C 

Hetch Hetchy 1,721 10.4 6.1 24.0 90.9% 84.3% 59.3% 0% 
Cherry 821 9.7 4.9 26.0 89.2% 83.6% 69.4% 0.6% 
Calaveras 1,421 12.9 7.6 27.0 80.6% 70.7% 19.4% 0% 
Lower Crystal Springs 1,441 13.7 9.7 25.0 79.0% 63.6% 1.5% 0% 
San Andreas 1,570 15.4 9.2 25.0 55.6% 32.7% 4.1% 0% 

 
 
Table 12. Mean monthly temperatures (°C) by depth in Hetch Hetchy Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0-10' 8.8 7.7 7.8 9.4 12.5 16.6 21.7 22.4 20.8 17.7 14.0 11.4 
10-25' 8.7 7.5 7.3 8.8 10.9 14.8 21.2 22.4 20.5 17.5 14.0 11.3 
25-50' 8.7 7.4 7.3 8.7 10.3 13.2 18.1 21.3 20.4 17.5 13.9 11.3 
50-100' 8.7 7.4 7.1 8.1 8.9 11.1 13.5 14.0 14.8 15.2 13.7 11.3 
100-200' 8.5 7.3 6.8 7.1 7.9 9.5 10.8 11.1 11.6 11.8 12.0 11.2 
>200' 8.2 7.3 6.8 7.0 7.5 8.2 8.9 9.1 9.3 9.3 9.2 9.2 

 
 
Table 13. Mean monthly temperatures (°C) by depth in Cherry Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0-10' 9.6 6.8 8.0 10.2 13.2 18.2 23.0 23.4 22.2 17.5 12.6 10.5 
10-25' 9.4 6.3 6.9 8.5 11.3 13.3 22.0 21.7 21.4 17.4 12.6 10.4 
25-50' 9.4 6.2 6.4 7.3 9.1 10.8 15.3 16.5 18.3 17.3 12.4 10.3 
50-100' 9.4 5.8 6.0 6.4 7.4 9.1 11.4 11.4 11.8 12.1 11.6 10.2 
100-200' 8.3 5.7 5.9 6.0 6.3 7.0 7.6 7.8 7.8 7.8 8.0 8.4 
>200' 7.4 5.7 6.5 6.1 6.1 6.5 6.7 6.9 6.7 6.9 7.2 7.3 

  
 
spawning for a substantial part of the year. Mean monthly temperatures in these two 
reservoirs warm to over 10°C in the top 50 feet between April and June, and stay there 
through December; and for five months of the year are above 10°C down to 100' in 
Cherry Reservoir and down to 200' in Hetch Hetchy Reservoir (Tables 12 and 13).30 
 
Temperatures are more favorable for zebra mussel spawning in the other three 
reservoirs. In Calaveras Reservoir, over 99% of the temperature measurements below 
10°C were taken between January and August and 89% were taken at depths below 
25'; in Lower Crystal Springs Reservoir, all of the temperature measurements below 
10°C were taken in February, and in San Andreas Reservoir, all were taken in January 
                                                
30 Despite suitable water temperatures these reservoirs are, as discussed, limited by low calcium and pH. 
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or February. In Calaveras Reservoir, mean monthly temperatures are above 10°C in the 
lowest depth zones for 9 months of the year, and at depths above 25' throughout the 
year (Table 14). In Lower Crystal Springs and San Andreas reservoirs, mean monthly 
temperatures are above 10°C in all depth zones throughout the year (Tables 15 and 
16). Overall, temperatures appear to be suitable for zebra mussels in the Sierran 
reservoirs, and excellent in the Bay Area reservoirs. 
 
 
Table 14. Mean monthly temperatures (°C) by depth in Calaveras Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0-10' 10.2 10.5 13.4 16.1 19.3 22.4 24.5 23.9 21.8 18.5 15.8 11.9 
10-25' 10.0 10.0 11.5 14.1 17.1 20.6 22.9 23.3 21.2 18.2 15.6 11.8 
25-50' 9.9 9.5 10.4 11.1 12.2 12.9 13.8 15.0 15.5 15.3 14.6 11.8 
50-100' 9.8 9.3 9.8 10.2 10.5 10.9 11.0 11.2 11.8 12.5 12.3 11.7 
>100' 9.9 9.7 9.6 10.0 10.1 10.0 10.2 10.2 10.6 10.4 10.5 10.5 

 
Table 15. Mean monthly temperatures (°C) by depth in Lower Crystal Springs Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0-10' 11.4 11.5 13.6 15.8 18.1 20.8 21.9 22.0 21.3 18.2 15.5 13.2 
10-25' 11.2 11.0 12.2 14.9 17.1 19.9 20.9 21.4 21.0 18.1 15.4 13.2 
25-50' 11.2 10.9 11.3 12.7 14.0 15.2 15.8 17.1 17.5 16.5 15.1 13.1 
50-100' 11.1 10.8 11.0 11.4 11.7 12.0 12.1 12.2 12.4 12.6 13.1 12.8 
>100' 11.3 10.7 10.9 11.3 11.6 11.8 12.0 12.0 12.1 12.2 12.1 12.3 

 
 
Table 16. Mean monthly temperatures (°C) by depth in San Andreas Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0-10' 10.6 11.1 13.0 13.9 16.3 18.3 20.6 20.8 20.3 18.1 15.3 12.2 
10-25' 10.5 10.9 12.6 13.7 15.9 17.5 19.6 20.3 19.9 17.9 15.2 12.2 
25-50' 10.5 10.7 11.9 13.3 15.4 17.0 18.7 19.6 19.5 17.8 15.2 12.1 
>50' 10.5 10.6 11.4 12.9 15.0 16.7 18.1 18.9 19.2 17.6 15.0 12.1 

 
 
Dissolved Oxygen: All of the SFPUC reservoirs report some dissolved oxygen 
measurements below the 3 mg/l minimum concentration needed to support zebra 
mussels (Table 1). Thirteen to seventeen percent of the dissolved oxygen 
measurements are below this limit in Calaveras and Lower Crystal Springs reservoirs, 
6.4% are below the limit in Hetch Hetchy Reservoir and about 2% or less are below the 
limit in Cherry and San Andreas reservoirs (Table 17). All the oxygen measurements 
below 3 mg/l are from depths below 25 feet, and thus would not prevent the 
establishment of zebra mussels in waters nearer the surface, and occur primarily in 
summer-to-early winter months. The lower oxygen concentrations in deeper waters are 
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presumably related to thermal stratification, which can be seen in the temperature data 
(Tables 12 to 16). Monthly mean oxygen concentrations in different depth zones are 
shown in Tables 18 and 19 for the two reservoirs with the largest number of low oxygen 
measurements. These mean monthly values drop below the 3 mg/l limit only during five 
months of the year, and only in the lower depths (below 100' in Calaveras Reservoir, 
and below 50' in Lower Crystal Springs Reservoir). Even in these two reservoirs, 
oxygen concentrations are suitable for zebra mussels except for deeper waters during 
late summer-to-early winter months. 
 
 
Table 17. Dissolved oxygen (mg/l) statistics for SFPUC reservoirs relative to concentrations 
needed to support invasive mussels. See text for explanation. 
 

Reservoir n Mean Minimum Maximum <3 mg/l <2 mg/l <0.5 mg/l 

Hetch Hetchy 1,670 8.6 0.0 11.4 6.4% 5.4% 3.5% 
Cherry 819 8.6 0.03 11.9 1.6% 1.2% 1.0% 
Calaveras 1,411 7.1 0.0 15.7 13.5% 10.3% 6.0% 
Lower Crystal Springs 1,429 6.6 0.08 11.3 17.1% 13.0% 7.2% 
San Andreas 1,570 8.7 1.2 13.2 0.3% 0.1% 0.0% 

 
 
Table 18. Mean monthly dissolved oxygen concentrations (mg/l) by depth in Calaveras Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0-10' 9.6 10.3 9.9 9.9 8.8 8.3 8.3 8.2 8.2 8.3 8.2 9.0 
10-25' 9.5 10.1 9.5 9.1 8.0 7.9 7.5 8.0 7.8 7.9 8.1 8.8 
25-50' 9.4 9.9 9.0 7.9 7.0 5.7 5.4 5.0 5.2 6.0 6.0 8.7 
50-100' 9.0 9.6 8.4 7.1 6.0 5.2 5.4 4.8 4.1 4.6 3.2 8.2 
>100' 8.5 9.1 8.3 7.2 5.8 4.5 4.1 2.4 1.9 1.1 0.7 2.4 

 
 
Table 19. Mean monthly dissolved oxygen concentrations (mg/l) by depth in Lower Crystal 
Springs Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

0-10' 9.0 9.8 10.1 9.5 9.1 8.3 8.3 8.2 8.1 8.2 8.0 7.8 
10-25' 8.8 9.6 9.7 9.3 8.9 8.3 8.2 8.1 8.0 8.1 7.8 7.7 
25-50' 8.7 9.5 9.3 8.5 7.8 6.6 5.9 5.1 4.8 5.5 7.0 7.6 
50-100' 8.5 9.2 8.9 7.6 6.4 5.0 3.9 2.2 1.4 1.0 1.9 5.4 
>100' 8.4 9.0 8.4 7.1 5.6 4.1 3.0 0.6 0.5 0.4 0.4 2.3 
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Calcium: All of the few calcium measurements in Hetch Hetchy are below the lower 12 
mg/l threshold needed to support zebra mussels, and as discussed above, the much 
larger number of total hardness and total alkalinity measurements for both Hetch Hetchy 
and Cherry Reservoir also indicate calcium levels below this threshold. The calcium 
concentrations in the Sierran reservoirs are thus judged to be clearly too low for zebra 
mussels, and are not discussed further here.  
 
In the two Peninsula reservoirs, between 21% and 27% of the calcium measurements 
are below the lower threshold of 12 mg/l, and all are below the upper threshold of 25 
mg/l (Table 20). As discussed above, the larger number of total hardness and total 
alkalinity measurements suggest a slightly higher range of calcium concentrations, 
about 2.4 mg/l higher for Lower Crystal Springs Reservoir and about 2.7 mg/l higher for 
San Andreas Reservoir. With these adjustments, calcium levels appear a bit more 
favorable for zebra mussels, with the percentage of measurements below the 12 mg/l 
threshold dropping to 13% for Lower Crystal Springs Reservoir and to zero for San 
Andreas Reservoir. 
 
 
Table 20. Calcium (mg/l) statistics for SFPUC's reservoirs relative to concentrations needed to 
support invasive mussels. See text for explanation. 
 

Reservoir n Mean Minimum Maximum <25 mg/l <12 mg/l <3 mg/l 

Hetch Hetchy 14 1.3 0.7 3.0 100% 100% 87% 
Cherry 0 – – – – – – 
Calaveras 14 28.3 21.0 34.0 7.1% 0% 0% 
Lower Crystal Springs 15 13.2 8.4 16.0 100% 26.7% 0% 
San Andreas 14 13.8 10.4 16.0 100% 21.4% 0% 

 
 
In Lower Crystal Springs Reservoir, mean monthly total hardness and total alkalinity 
show some seasonal and spatial structure. The highest values occur in deeper waters 
in October to December, and the lowest values occur in surface waters at about the 
same time, in October or November to January (Tables 21 and 22). At this time the 
mean values below 100' are about 10-13 mg/l higher in hardness or 220-250 µeq/l 
higher in alkalinity than the means for surface waters, which corresponds to a difference 
in calcium concentration of about 4-5 mg/l. The mean taken over all depths is lowest at 
this time. The differences between depths disappear in late spring, and the highest 
values averaged over all depths occur in the summer. Averaged over the entire year, 
the greater hardness and alkalinity in deeper waters corresponds to a difference in 
calcium concentration of about 1-2 mg/l. The hardness and alkalinity data thus suggest 
that the lower depths in Lower Crystal Springs Reservoir may be slightly more favorable 
for the establishment of zebra mussels than the surface waters. 
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Table 21. Mean monthly and mean annual total hardness (mg/l as CaCO3) by depth in Lower 
Crystal Springs Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

0-10' 49.6 51.7 53.7 55.1 55.3 56.0 56.4 55.4 52.7 51.1 49.4 49.9 53.0 
10-25' 49.3 51.5 53.5 54.0 55.6 56.0 56.1 55.9 52.8 51.9 50.0 49.5 53.0 
25-50' 49.7 51.3 53.5 55.9 56.3 56.2 58.1 55.7 54.1 52.7 51.4 50.9 53.8 
50-100' 50.5 52.9 54.1 55.2 56.5 57.4 57.7 55.3 57.9 58.8 58.4 54.4 55.7 
>100' 52.9 54.2 55.2 54.3 55.0 59.0 58.7 57.3 59.8 61.8 62.7 60.8 57.6 
All depths 50.4 52.5 54.0 55.0 56.0 57.0 57.4 55.6 55.8 55.7 55.1 53.1 54.8 

 
 
Table 22. Mean monthly and mean annual total alkalinity (µeq/l) by depth in Lower Crystal Springs 
Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

0-10' 809 821 838 873 908 946 935 915 853 807 802 814 860 
10-25' 818 832 856 901 925 939 925 908 848 853 809 817 869 
25-50' 825 850 887 905 934 913 919 928 886 871 834 842 883 
50-100' 850 870 911 915 915 938 949 966 974 985 944 908 927 
>100' 859 890 916 915 927 942 976 967 974 1,024 1,054 1,046 958 
All depths 836 858 889 905 920 936 942 943 920 920 897 886 904 

 
 
In San Andreas Reservoir, seasonal and spatial variation in total hardness and total 
alkalinity shows some similarity to Lower Crystal Springs Reservoir. The highest values 
averaged over all depths again occur in the summer, and the annual means are greater 
in deeper waters (Tables 23 and 24). However, the differences between surface and 
deep waters are smaller, corresponding to only about a 0.5 mg/l difference in calcium 
concentrations when averaged over the year. 
 
 
Table 23. Mean monthly and mean annual total hardness (mg/l as CaCO3) by depth in San Andreas 
Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

0-10' 57.4 54.0 54.0 54.4 56.3 58.2 59.5 57.9 57.8 56.8 56.3 55.5 56.5 
10-25' 56.8 54.8 55.7 54.3 56.6 58.5 59.2 58.7 59.0 55.6 57.2 57.0 56.9 
25-50' 57.3 56.1 55.8 55.0 56.2 58.5 59.8 59.9 60.2 56.3 57.4 56.1 57.4 
>50' 58.9 57.3 59.3 55.8 55.9 58.1 59.3 59.0 60.8 57.7 57.0 58.3 58.1 
All depths 57.4 55.6 56.1 54.9 56.3 58.4 59.5 59.1 59.6 56.7 57.1 56.5 57.3 
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Table 24. Mean monthly and mean annual total alkalinity (mg/l as CaCO3) by depth in San Andreas 
Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

0-10' 915 924 901 899 956 933 1,013 973 975 944 975 913 944 
10-25' 942 917 919 898 950 923 995 989 955 907 965 917 940 
25-50' 953 944 943 888 936 936 1,032 1,020 997 925 936 924 953 
>50' 977 967 942 919 943 962 1,006 1,019 997 962 941 959 966 
All depths 947 938 930 897 944 938 1,016 1,004 984 935 951 926 951 

 
 
All of the calcium measurements in Calaveras Reservoir were at least 21 mg/l and 93% 
were above the upper threshold of 25 mg/l. and all (Table 20). As discussed above, the 
larger number of total hardness and total alkalinity measurements were consistent with 
these calcium measurements. The pattern of seasonal and spatial variation was very 
different from that in the Peninsula reservoirs. The highest values, averaged over all 
depths, were in the fall and the lowest values in the spring, and values were lower in 
deeper waters than in surface waters throughout the year (Tables 25 and 26). The 
differences between surface and deep waters correspond to about a 4-5 mg/l difference 
in calcium concentrations when averaged over the year. Thus calcium concentrations in 
Calaveras Reservoir appear to be generally suitable for zebra mussels, but may 
sometimes be a little low in the lower depths, especially in the early spring. 
 
 
Table 25. Mean monthly and mean annual total hardness (mg/l as CaCO3) by depth in Calaveras 
Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

0-10' 109 106 103 105 106 114 116 115 118 114 120 115 112 
10-25' 110 107 104 103 107 114 114 116 118 113 121 114 112 
25-50' 110 107 102 100 102 108 105 107 112 109 117 113 108 
50-100' 106 104 100 98 99 105 102 102 107 103 108 112 104 
>100' 103 78 91 93 92 98 95 95 98 95 97 98 94 
All depths 108 102 100 99 101 108 105 106 110 106 112 111 106 

 
 
Table 26. Mean monthly and mean annual total alkalinity (µeq/l) by depth in Calaveras Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 
0-10' 1,990 1,899 1,871 1,861 1,941 2,087 2,076 2,152 2,136 2,178 2,181 1,990 2,030 
10-25' 2,011 1,913 1,864 1,839 1,927 2,099 2,054 2,152 2,145 2,148 2,176 2,001 2,027 
25-50' 2,004 1,917 1,866 1,791 1,831 1,974 1,910 1,985 2,039 2,075 2,178 1,994 1,964 
50-100' 1,966 1,874 1,839 1,753 1,854 1,940 1,850 1,916 1,960 1,970 2,016 1,976 1,910 
>100' 2,084 1,488 1,725 1,670 1,779 1,955 1,807 1,822 1,889 1,807 1,799 1,669 1,791 

All depths 1,990 1,849 1,838 1,776 1,866 1,995 1,918 1,990 2,023 2,024 2,070 1,959 1,941 
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pH: All of the SFPUC reservoirs report some pH values below 7.3, the lower limit to 
support zebra mussels. The highest proportion of low pH measurements (91% and 
89%) are from Hetch Hetchy and Cherry reservoirs (Table 27). The mean pH is also 
below this limit, and these reservoirs would be judged unsuitable for zebra mussels 
based on pH levels alone. Since the calcium concentrations in these reservoirs are also 
low enough to prevent zebra mussels from colonizing, this is an additional, major 
obstacle. The pH levels in these two reservoirs are not discussed further here. 
 
 
Table 27. pH statistics for SFPUC reservoirs relative to values needed to support invasive 
mussels. See text for explanation. 
 

Reservoir n Mean Minimum Maximum < 7.3 

Hetch Hetchy 1,738 6.7 5.6 8.0 90.6% 
Cherry 805 6.7 5.6 8.9 88.6% 
Calaveras 1,421 7.6 6.4 9.1 26.6% 
Lower Crystal Springs 1,417 7.5 6.3 9.7 37.8% 
San Andreas 5,550 7.9 6.7 8.9 5.9% 

 
 
In Calaveras and Lower Crystal Springs reservoirs, 27% and 38% of the pH 
measurements, respectively, are below 7.3 (Table 17). Nearly all the pH measurements 
below 7.3 are from depths below 25 feet—99.7% in Calaveras Reservoir and over 96% 
in Lower Crystal Springs Reservoir—and occur primarily between late spring and early 
winter (Tables 28 and 29). Thus low pH would not prevent the establishment of zebra 
mussels in waters nearer the surface, although it may limit colonization or abundance in 
deeper waters. As with dissolved oxygen, the lower values of pH in deeper waters may 
be related to the thermal stratification that occurs in summer and fall, which can be seen 
in the temperature data (Tables 14 and 15). 
 
 
Table 28. Mean monthly and mean annual pH by depth in Calaveras Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

0-10' 7.9 8.0 8.0 8.3 8.3 8.4 8.4 8.5 8.4 8.2 7.9 7.8 8.2 
10-25' 7.9 7.9 7.9 8.0 8.0 8.3 8.3 8.4 8.3 8.2 7.9 7.8 8.1 
25-50' 7.8 7.9 7.8 7.6 7.5 7.3 7.3 7.4 7.5 7.5 7.6 7.8 7.6 
50-100' 7.8 7.8 7.7 7.5 7.4 7.2 7.1 7.1 7.1 7.2 7.1 7.8 7.4 
>100' 7.8 7.9 7.8 7.5 7.3 7.1 7.0 7.2 7.1 7.1 7.0 7.3 7.3 
All depths 7.8 7.9 7.8 7.7 7.6 7.5 7.5 7.6 7.6 7.5 7.5 7.8 7.6 
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Table 29. Mean monthly and mean annual pH by depth in Lower Crystal Springs Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

0-10' 7.6 7.7 8.0 8.2 8.1 8.2 8.2 8.1 7.9 7.8 7.6 7.5 7.9 
10-25' 7.6 7.6 7.7 8.1 8.0 8.2 8.1 8.0 7.9 7.8 7.5 7.5 7.8 
25-50' 7.5 7.6 7.6 7.7 7.4 7.5 7.3 7.3 7.3 7.3 7.4 7.5 7.5 
50-100' 7.5 7.5 7.6 7.5 7.2 7.2 7.1 7.0 7.0 7.0 7.1 7.3 7.2 
>100' 7.4 7.5 7.6 7.4 7.1 7.2 7.3 7.0 7.1 7.2 7.1 7.3 7.3 
All depths 7.5 7.6 7.7 7.7 7.5 7.5 7.5 7.3 7.3 7.3 7.3 7.4 7.5 

 
 
In San Andreas Reservoir, only 6% of the pH measurements were below the lower 
limiting value of 7.3 (Table 27). Although pH generally decreases with depth, mean 
monthly pH is always well above the limit even in the lowest depth zones (Table 30). 
Thus, pH is not likely to restrict zebra mussel colonization or growth in San Andreas 
Reservoir. 
 
 
Table 30. Mean monthly and mean annual pH by depth in San Andreas Reservoir. 
 

Depth Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Year 

0-10' 7.8 8.0 8.0 7.9 8.0 8.1 8.2 8.2 8.1 7.9 7.7 7.8 8.0 
10-25' 7.8 7.9 7.9 7.9 7.9 8.1 8.1 8.1 8.0 7.9 7.7 7.8 7.9 
25-50' 7.8 7.8 7.8 7.9 7.8 8.0 7.8 7.9 7.8 7.8 7.7 7.8 7.8 
>50' 7.8 7.7 7.8 7.8 7.7 7.9 7.6 7.6 7.6 7.6 7.6 7.7 7.7 
All depths 7.8 7.9 7.9 7.9 7.9 8.0 8.0 8.0 7.9 7.8 7.7 7.8 7.9 

 
 
Other Models: Two studies have produced models of the interaction between calcium 
and pH on zebra mussels, and in Table 31 these are applied to the mean calcium and 
pH values from Table 1. For the first model, Ramcharan et al. (1992) applied a 
discriminant function analysis to 76 European lakes with and without zebra mussels to 
develop and occurrence model. To develop the second model, Hincks and Mackie 
(1997) placed zebra mussels in aquaria containing water from 16 Ontario lakes with a 
range of calcium and pH values and monitored their survival for 35 days. Both these 
models found that all four reservoirs for which data are available are not vulnerable to 
colonization (Table 31) which disagrees with this study's assessment that Calaveras 
Reservoir is vulnerable, and that Lower Crystal Springs and San Andreas reservoirs are 
possibly vulnerable. 
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Table 31. Two models of calcium and pH interaction, applied to mean calcium and pH in SFPUC 
reservoirs. The Ramcharan et al. (1992) model assesses the vulnerability of water bodies to colonization 
by zebra mussels. The Hincks and Mackie (1997) model estimates the probable mortality of adult zebra 
mussels after 35 days exposure. 
 

Sampling Location Mean Calcium 
(mg/L) Mean pH Ramcharan et 

al. 1992 
Hincks & Mackie 

1997 

Hetch Hetchy 1.3 6.7 Not Vulnerable 100% 
Cherry – 6.7 – – 
Calaveras 28.3 7.6 Not Vulnerable 96.6% 
Lower Crystal Springs 13.2 7.5 Not Vulnerable 99.9% 
San Andreas 13.8 7.9 Not Vulnerable 99.7% 

 
 
The pH data for SFPUC reservoirs used to calculate the mean pH for input to these 
models in Table 31 came from a range of depths, and as we saw earlier mean pH tends 
to decrease with depth in these reservoirs (e.g. Tables 28 and 29). Table 32 shows the 
model results using mean pH for the top 10 feet of the water column. This changes the 
results for Calaveras Reservoir, with Ramcharan et al.'s (1992) model now showing it to 
be vulnerable to colonization, and Hincks and Mackie's (1997) model showing a 
reduced but still very high adult mortality of 76%. 
  
 
Table 32. Two models of calcium and pH interaction, applied to mean calcium and mean near-
surface (top 10') pH in SFPUC reservoirs. The Ramcharan et al. (1992) model assesses the 
vulnerability of water bodies to colonization by zebra mussels. The Hincks and Mackie (1997) model 
estimates the probable mortality of adult zebra mussels after 35 days exposure. 
 

Sampling Location Mean Calcium 
(mg/L) 

Mean Near-
surface pH 

Ramcharan et 
al. 1992 

Hincks & Mackie 
1997 

Hetch Hetchy 1.3 6.9 Not Vulnerable 100% 
Cherry – 6.9 – – 
Calaveras 28.3 8.2 Vulnerable 75.7% 
Lower Crystal Springs 13.2 7.9 Not Vulnerable 99.8% 
San Andreas 13.8 8.0 Not Vulnerable 99.3% 

 
 
Both of the models used in Tables 31 and 32 have some apparent issues, with, for 
example, mortality increasing with higher calcium concentrations at moderately high pH 
values in the Hincks and Mackie (1997) model. The limited data sets used to develop 
these models also constrain the reliability of the results. Among Ramcharan et al.'s 76 
lakes, zebra mussels were absent from all lakes with calcium concentrations below 
28.33 mg/l, and this may account for their model's tendency to find that all of SFPUC's 
reservoirs are not vulnerable. All but one of Hincks and Mackie's 16 lakes had calcium 
concentrations either below 8.3 mg/l (all of which had no surviving zebra mussels), or 
above 25.7 mg/l (which had survival rates ranging from 52% to 100%). The remaining 
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lake had a calcium concentration of 20 mg/l and a 90% survival rate. Without more 
lakes with intermediate calcium concentrations, and without a larger data set generally, 
the model's predictions for water bodies within the range of calcium concentrations 
reported in SFPUC's Bay Area reservoirs (13.2-28.3 mg/l) must have significant 
uncertainty. This present study's assessment was based on all available data, and in 
particular on the judgment that our current understanding of zebra mussels' response to 
calcium concentrations between around 12 and around 25 mg/l is highly uncertain. 
 
Ramcharan et al. (1992) also developed a set of models predicting zebra mussel 
density where colonization is possible, based on population densities in 76 European 
lakes. These models were applied using the mean values over the period of record 
(1998-2008) for calcium, pH, phosphate and nitrate concentrations (Table 1). Mean 
values for nitrate and phosphate were estimated by assuming that reported non-detect 
entries are equal to the detection limit. The results for a model derived from a 
discriminant function analysis using all four parameters are presented in Table 33. 
Table 34 presents results from two models derived by regression analysis.  
 
No calcium data were available for Cherry Reservoir, but hardness and alkalinity data 
indicate that its calcium concentrations are probably a little lower than Hetch Hetchy's 
(Tables 8 and 9). Since pH, nitrate and phosphate levels are similar (Tables 1 and 33), 
Ramcharan et al.'s (1992) discriminant function model would likely produce the same 
prediction for Cherry Reservoir as for Hetch Hetchy Reservoir, that is, zebra mussels 
Absent. Similarly, each regression model calculated similar predicted negative densities 
for these two reservoirs, presumably indicating that they are not vulnerable to 
colonization. Thus, for the two Sierran reservoirs, the results of these models are 
consistent with the results from the models previously discussed and with the analysis 
in the present study: the water chemistry in these reservoirs indicates that they are not 
vulnerable to colonization. 
 
For the Bay Area reservoirs, Ramcharan et al.'s (1992) discriminant function model 
predicts that these reservoirs could support a high density of zebra mussels (over 3,000 
mussels/m2; Table 33), while their regression models predict lower densities, with the 
lowest densities predicted for Lower Crystal Springs Reservoir and the highest densities 
 
Table 33. A zebra mussel density model derived by discriminant function analysis (Ramcharan et 
al. 1992), applied to SFPUC reservoirs. The model is based on calcium, pH, phosphate and nitrate 
concentration, and uses a phase diagram to sort results into categories of Absent, Low Density (≤3,000 
mussels/m2) and High Density (>3,000 mussels/m2). 
 

Calcium pH Phosphate Nitrate Reservoir 
n mg/l n  n mg/l n mg/l 

Density 

Hetch Hetchy 14 1.3 1738  6.70  1236 0.016 1185 0.022 Absent 
Cherry 0 – 805  6.70  584 0.019 571 0.025 – 
Calaveras 14 28.3 1421  7.60  679 0.032 709 0.101 High 
Lower Crystal Springs 15 13.2 1417  7.50  784 0.030 790 0.102 High 
San Andreas 14 13.8 1550  7.90  586 0.023 596 0.025 High 
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for San Andreas Reservoir (Table 34). In contrast, Ramcharan et al.'s (1992) 
occurrence model and Hincks and Mackie's (1992) mortality model, discussed earlier, 
found that none of these reservoirs are vulnerable to colonization when mean pH is 
used, and that only Calaveras Reservoir is vulnerable when near-surface pH is used. 
The present study found that Calaveras Reservoir is vulnerable, and the Lower Crystal 
Springs and San Andreas are possibly vulnerable. The earlier comments on data 
limitations in the development of Ramcharan et al.'s occurrence model also apply to 
their density models. 
 
 
Table 34. Two zebra mussel density models derived by regression analysis (Ramcharan et al. 
1992), applied to SFPUC reservoirs. Model 1 is based on calcium and phosphate concentrations (r2 = 
0.594, p<0.0005), and Model 2 is based on calcium, phosphate and nitrate concentrations (r2 = 0.598, 
p<0.0005). Calculated densities of less than zero presumably indicate an inability to become established. 
 

Reservoir Density from Model 1 
(zebra mussels/m2) 

Density from Model 2 
(zebra mussels/m2) 

Hetch Hetchy -1,268 -1,872 
Cherry -1,295 -1,896 
Calaveras 808 556 
Lower Crystal Springs 580 288 
San Andreas 1,631 1,474 

 
 
Summary 
 
Based on the above analyses, Hetch Hetchy and Cherry reservoirs are not vulnerable to 
colonization by zebra mussels, primarily because of low calcium concentrations but also 
because of low pH. There are no calcium measurements above 3.0 mg/l (n=14) in 
Hetch Hetchy Reservoir, compared to an estimated threshold requirement of at least 
12-20 mg/l. Total hardness and total alkalinity data (n=1,235 for each) support this 
conclusion, indicating maximum calcium concentrations of 7.4 mg/l or less (Tables 8 
and 9). Calcium data are not available for Cherry Reservoir, but the hardness and 
alkalinity data (n=587 for each) suggest that calcium concentrations are probably a little 
lower than in Hetch Hetchy Reservoir, indicating a maximum calcium concentration of 
5.8 mg/l or less. Mean pH for both reservoirs is 6.7, compared to a minimum required 
pH of 7.3. In each reservoir, only about 10% of pH values are above this limit. 
 
Lower Crystal Springs and San Andreas reservoirs are judged to be possibly vulnerable 
to colonization, with calcium concentration being the critical factor. Mean calcium 
concentrations are 13.2 and 13.8 mg/l, respectively, between the lower possible 
threshold value of 12 mg/l and the higher possible threshold value of 25 mg/l. The 
maximum calcium measurements in the two reservoirs, 15 and 16 mg/l respectively, are 
both well below the higher possible threshold value of 25 mg/l, so if this turns out to be 
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the true threshold needed to support zebra mussels, either of these reservoirs would 
qualify. Total hardness and total alkalinity values suggest that the actual mean and 
maximum calcium values should be about 2.5 mg/l higher than the measured values 
indicate, suggesting a slightly higher degree of vulnerability but not changing the 
categorical assessment of these reservoirs as being possibly vulnerable. Published 
models based on calcium and pH indicate that these reservoirs would not be vulnerable 
to colonization (Tables 31 and 32), but these models are based on relatively small data 
sets and their results should be interpreted accordingly. Mean monthly dissolved 
oxygen concentrations drop below the minimum required threshold of 3 mg/l at depths 
below 50' for five months of the year (August-December) in Lower Crystal Springs 
reservoir (Table 19), and mean monthly pH drops below the minimum threshold of 7.3 
at these depths for a substantial portion of eight months out of the year (May-
December; Table 29); while these conditions could limit the depth distribution or 
abundance of mussels they would not prevent colonization. Oxygen and pH both 
appear to be fine for zebra mussels throughout San Andreas Reservoir at virtually all 
times, and temperatures in both reservoirs are perfectly suitable (Tables 15 and 16).  
 
Calaveras Reservoir is judged to be vulnerable to colonization. Its mean calcium 
concentration is 28.3 mg/l, above the higher possible threshold value of 25 mg/l. 
Published models based on calcium and pH indicate that Calaveras Reservoir would 
not be vulnerable to colonization when pH averaged over the entire depth of the 
reservoir is used as the model input (Table 31), but would be vulnerable if near-surface 
pH is used (Table 32). These models are based on relatively small data sets and their 
results should be interpreted accordingly. Monthly mean temperatures are above the 
10°C minimum needed for spawning for the entire year at depths above 25' and for 9 
months of the year at lower depths (Table 14). Mean monthly dissolved oxygen 
concentrations drop below the minimum required threshold of 3 mg/l at depths below 
100' for five months of the year (August-December; Table 18), and mean monthly pH 
drops below the minimum threshold of 7.3 at depths below 50' for six months out of the 
year (June-November; Table 28); while these conditions could limit the depth 
distribution or abundance of mussels they would not prevent colonization. 
 
 
Quagga Mussel Dreissena bugensis 
 
The California vulnerability assessment (Cohen 2007) also determined water 
temperature, salinity, dissolved oxygen, calcium and pH limits for quagga mussels 
(Table 1). The literature review (1) supports the temperature limits used in that study, 
(2) supports with qualification the salinity limit, and (3) suggests modifications to the 
dissolved oxygen and calcium limits. In additon, the lack of information found by the 
literature review excludes pH as a criterion. These issues are discussed in the sections 
below. 
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Salinity 
 
The California vulnerability assessment used an upper salinity limit of a mean of 4 ppt 
for non-tidal waters (Cohen 2007). The literature review lists studies that report salinity 
limits between 2 and 5 ppt (see Table 22 in the Literature Review chapter). Therriault et 
al. (2004) reported that quagga mussels' range limits are 3 ppt in their native region and 
2 ppt in introduced regions. The highest salinity in which quagga mussels have been 
reported is 4 ppt, in a Ukrainian estuary (Mills et al. 1996). Spidle (1994) found that 18 
day's exposure to 5 ppt or higher salinity killed all quagga mussels tested. Some studies 
and observations suggest that quagga mussels are less tolerant of salinity than zebra 
mussels (Mills et al. 1996; Wright et al. 1996), although one study found no difference in 
their salinity response (Spidle et al. 1995).  
 
As discussed above for zebra mussels, records of quagga mussels at any particular 
salinity in estuarine waters (i.e., at 4 ppt in the Dneiper-Bug estuary) cannot be taken as 
evidence that they can establish a reproducing population there, since the veligers that 
settled those sites could have been spawned upstream in lower salinity waters. Lacking 
better data, however, the present study continues to use a salinity limit of 4 ppt, 
although it is entirely possible and perhaps likely that the true limit is somewhat lower. 
Since SFPUC's reservoirs are all freshwater with salinities below 0.5 ppt, even a 
substantial substantial downward revision of the estimated salinity limit would have no 
effect on the results of the present study. 
 
Temperature 
 
The California vulnerability assessment used a lower temperature limit for quagga 
mussels based on needing at least 5°C for spawning (requiring a mean temperature of 
at least 5°C during the warmer months, and maximum temperature of at least 6°C), and 
an upper limit based on a short-term (i.e. days to weeks) lethal temperature above 31°C 
(requiring a maximum temperature of no more than 31°C). The literature review 
reported several studies that found that quagga mussels spawn at lower temperatures 
than the 10-12°C widely reported for zebra mussels, with different studies reporting 
spawning at 9°C, 6°C or 5°C in deep waters of various Great Lakes (Roe & MacIsaac 
1997; Claxton & Mackie 1998). This is consistent with the greater abundance of quagga 
mussels than zebra mussels observed in deep water (Mills et al. 1993, 1996; Roe & 
MacIsaac 1997; Ricciardi & Whoriskey 2004). 
 
As with zebra mussels, extrapolations from laboratory studies and reviews of the 
evidence have suggested a wide range of upper temperature limits, from 25°-36.5°C 
(see Table 24 in the Literature Review chapter). Several laboratory studies concluded 
that quagga mussels are less tolerant than zebra mussels of high temperatures (Domm 
et al. 1993; Thorp et al. 1998; Spidle 1994; Spidle et al. 1995), though observations in 
the Dnieper River suggest otherwise (Mills et al. 1996). A different reading of some of 
the laboratory data suggests that there is no difference in the ability of populations of 
quagga and zebra mussels to survive high temperatures (see the Literature Review 
chapter at pp. 50-51). Observations of quagga mussels in the Dneiper River at 29.7°C 
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(Mills et al. 1996) and 30.5°C (Karatayev et al. 2007b), and of substantial populations in 
Lake Mead in waters reported to routinely reach 30°C in the summer suggest a lethal 
upper temperature around 31°C, the same as for zebra mussels.  
 
As with zebra mussels, the literature review also supports a lower lethal temperature 
limit for quagga mussels of 0°C (Karatayev et al. 2007b)31. Both the upper and lower 
lethal limits apply only if the temperature is reached throughout the water column. 
 
The present study uses limits of (1) typical annual minimum above 0°C (lower lethal 
temperature), (2) highest annual mean monthly temperature at least 5°C (spawning), 
and (3) typical annual maximum not above 31°C (upper lethal temperature). As noted 
above, the temperature range in SFPUC's reservoirs is 4.9°-26.8°C (Table 1), so that 
temperatures in all five reservoirs are always well within the lethal limits and virtually 
always above the spawning threshold (Table 11), and mean monthly temperatures are 
always above the spawning threshold (Table 6). 
 
Dissolved Oxygen 
 
The California vulnerability assessment used a dissolved oxygen limit of a mean of at 
least 4 mg/l, the same limit that it used for zebra mussels (Cohen 2007). The literature 
review found one relevant study, which reported that quagga mussels' require 1.5 mg/l 
of oxygen at 20°C (Karatayev et al. 2007b). This is less than the limit reported by 
Karatayev et al. (1998) for zebra mussels (25% of saturation, or 1.8-2.3 mg/l at 20°C 
and 0-6,000' of elevation). It's unclear what data these limits are based on. The present 
study uses a limit of a mean oxygen concentration of at least 2 mg/l, though this is an 
uncertain estimate given the paucity of evidence in the literature. 
  
The mean oxygen levels in SFPUC's reservoirs are all at least 6.6 mg/l (Table 1), and 
therefore generally suitable for quagga mussels. The minimum concentration are 
between zero and 1.2 mg/l, and so the seasonal and depth distributions of oxygen 
concentrations are examined below to see if some parts of the reservoirs during some 
periods have oxygen concentrations that are too low for quagga mussels. 
 
Calcium 
 
The California vulnerability assessment used a range of 12 to 28 mg/l as the minimum 
concentration of calcium needed for establishing a reproducing population of quagga 
mussels (Cohen 2007). A water body's probability of vulnerability to colonization and its 
priority for management were assigned based on where its mean concentration fell 
within or relative to this range. These were the same approach and range it used for 
zebra mussels, since there were no data on quagga mussels’ calcium needs.  
 

                                                
31 Robert McMahon comments that, as with zebra mussels, actual freezing may be required to kill quagga 
mussels, which survive some exposure to 0°C water in northern parts of their range (Robert McMahon 
pers. comm. 2009). 
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The literature review found two papers with some information related to the question of 
the quagga mussel’s minimum requirements for ambient calcium. Jones and Ricciardi 
(2005) reported that quagga mussels were present in the St. Lawrence River near 
Montreal at sites with calcium concentrations down to 12.4 mg/l, with zebra mussels 
present in the same reach at sites with calcium concentrations down to 8.0 mg/l, and 
they suggested that quagga mussels have a higher minimum calcium threshold than 
zebra mussels, at least for settlement and growth. However, in this area quagga and 
zebra mussels probably both represent non-reproducing sink populations, so these data 
do not indicate the calcium levels needed for establishment. In the other paper, Zhulidov 
et al. (2004) reported that quagga mussels dominated at sites with higher calcium 
concentrations and zebra mussels dominated at sites with lower calcium concentrations 
in the Don River in Russia. However, at all sites, calcium levels were above 45 mg/l and 
so again do not indicate calcium levels needed for establishment.  
 
Evolutionary considerations suggest that quagga and zebra mussels should have 
similar calcium requirements. The oceans have higher calcium concentrations (≈400 
mg/l) than most inland waters. Among other challenges that bivalves faced when they 
invaded fresh waters from the sea, they had to adapt to considerably lower calcium 
levels. Those lineages that invaded fresh water first have had a longer time to adapt 
and can now tolerate lower calcium concentrations than those that invaded fresh water 
later (Vinogradov et al. 1987). Since quagga and zebra mussels belong to the same 
lineage, which invaded fresh water relatively recently, they should have similar calcium 
tolerances. The present study therefore uses the same approach and calcium range for 
quagga mussels as it does for zebra mussels: a range of 12-25 mg/l as the minimum 
concentration, assigning a probability of vulnerability based on a water body's calcium 
concentration relative to this range. 
 
Since the calcium limits used are the same as those used for zebra mussels, the 
analytical results for quagga mussels are also the same: calcium concentrations are not 
suitable for quagga mussels in the Sierran reservoirs (with a mean concentration of 3.0 
mg/l in Hetch Hetchy Reservoir, and probably lower concentrations in Cherry 
Reservoir), possibly suitable in the Peninsula reservoirs (with mean concentrations of 
13.2-13.8), and suitable in Calaveras Reservoir (with a mean concentration of 28.3).  
 
pH 
 
The literature review found no studies or information on quagga mussels' pH limits, and 
pH is therefore not used in the analysis for this species. 
 
Data Analysis 
 
The environmental limits used in this analysis for quagga mussels are summarized in 
Table 5, and Table 35 shows the results of the initial analysis. The differences in 
environmental limits relative to zebra mussels are that quagga mussels are somewhat 
less tolerant of salinity, a little more tolerant of low oxygen, and can initiate spawning at 
a considerably lower temperature. Also no pH limits are used in the analysis because of 
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a lack of data in the literature, and the calcium limits are based on those determined for 
zebra mussels. These initial results are the same as for zebra mussels: Hetch Hetchy 
and Cherry reservoirs are not vulnerable to colonization because of low calcium 
concentrations, Lower Crystal Springs and San Andreas reservoirs are possibly 
vulnerable, and Calaveras Reservoir is vulnerable. Some caution should be exercised in 
applying these results because the calcium limits used for quagga mussels are based  
 
 
Table 35. Vulnerability analysis for quagga mussels (Dreissena bugensis) based on 1998-2008 
SFPUC reservoir data. 1 = suitable for colonization based on this parameter, 0 = not suitable for 
colonization based on this parameter. 
 

Environmental Parameter Limit 
Hetch 

Hetchy 
Reservoir 

Cherry 
Reservoir 

Calaveras 
Reservoir 

Lower 
Crystal 
Springs 

Reservoir 

San 
Andreas 

Reservoir 

Mean salinity (ppt)1 ≤4 1 1 1 1 1 
Minimum temperature (°C)1 >0 1 1 1 1 1 
Maximum temperature (°C)1 ≤31 1 1 1 1 1 
Spawning temperature (°C)2 ≥5 1 1 1 1 1 
Mean oxygen (mg/l)1 ≥2 1 1 1 1 1 
Mean calcium (mg/l)1 ≥12 0 0 1 1 1 
Mean calcium (mg/l)1 ≥25 0 0 1 0 0 

Vulnerability  Not 
Vulnerable 

Not 
Vulnerable Vulnerable Possibly 

Vulnerable 
Possibly 

Vulnerable 
 
1 Based on mean value for the period of record. 
2 Based on mean monthly temperature during the warmest month, averaged over the period of record. 
 
on evidence of zebra mussels' calcium requirements and the assumption that quagga 
mussels' requirements are similar, rather than on direct evidence of quagga mussels' 
requirements. 
 
The chlorinity, conductivity and total dissolved solids data indicating that salinity is 
always below 0.5 ppt in SFPUC reservoirs, and the consistency between the few 
measurements of calcium concentrations and the many measurements of total 
hardness and total alkalinity, are discussed above under the zebra mussels. The 
preliminary discussion suggested that low dissolved oxygen could constrain quagga 
mussel distribution or abundance in some parts of the reservoirs at some times. This is 
considered next.  
 
Dissolved Oxygen: All of the SFPUC reservoirs report some dissolved oxygen 
measurements below the 2 mg/l minimum concentration needed to support quagga 
mussels (Table 1). Ten to thirteen percent of the dissolved oxygen measurements are 
below this limit in Calaveras and Lower Crystal Springs reservoirs, 5.4% are below the 
limit in Hetch Hetchy Reservoir and about 1% or less are below the limit in Cherry and 
San Andreas reservoirs (Table 17). All the oxygen measurements below 2 mg/l are from 
depths below 100 feet in Hetch Hetchy and Cherry reservoirs, below 50' in San Andreas 
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Reservoir, and below 25' in Calaveras and Lower Crystal Springs reservoirs. These 
relatively few instances of low oxygen concentrations would not prevent the 
establishment of quagga mussels in waters nearer the surface, and may not be frequent 
enough to bar their occurrence in deeper waters. The lower oxygen concentrations in 
deeper waters are presumably related to thermal stratification, which can be seen in the 
temperature data (Tables 12 to 16). Monthly mean oxygen concentrations in different 
depth zones are shown in Tables 18 and 19 for the two reservoirs with the largest 
number of low measurements. These mean monthly values drop below the 2 mg/l limit 
only during 3-4 months of the year, and only in the lower depths (below 100' in 
Calaveras Reservoir, and below 50' in Lower Crystal Springs Reservoir). Even in these 
two reservoirs, oxygen concentrations are suitable for zebra mussels except for deeper 
waters during late summer to fall months. 
 
 
Summary 
 
The categorical results of the analysis for quagga mussels are the same as the results 
for zebra mussels: The Sierran reservoirs are not vulnerable to colonization, due to low 
calcium and low pH; the Peninsula reservoirs are possibly vulnerable, with calcium 
concentrations falling between the upper and lower bounds for the calcium threshold; 
and Calaveras Reservoir is vulnerable. Some caution regarding these results are 
warranted because there is little direct evidence in the literature regarding quagga 
mussels' calcium requirements and this analysis, in keeping with other studies, simply 
assumed that the lower limits determined for zebra mussels also apply to quagga 
mussels. Low concentrations of dissolved oxygen might prevent colonization or restrict 
the abundance of quagga mussels in the deeper waters of Calaveras or Lower Crystal 
Springs reservoirs, but the constraint posed by low oxygen levels in deep waters will be 
less for quagga mussels than for zebra mussels. Low pH levels were found to be 
potentially limiting for zebra mussels in the deeper waters of Calaveras or Lower Crystal 
Springs reservoirs. The same might be true for quagga mussels, but since limits for pH 
could not be determined from the literature, pH limits were not used in this analysis. 
 
 
Golden Mussel Limnoperna fortunei 
 
Generally less is known about the environmental limits of Limnoperna fortunei (hereafter 
just Limnoperna) than is known for zebra or quagga mussels. The discussion below 
summarizes all the relevant data found by the literature review. 
 
Salinity 
 
In the Río de la Plata estuary, Limnoperna is usually found at salinities up to 3 ppt, and 
Japanese populations are reported to also tolerate salinities up to 3 ppt (Darrigran 
2002). This species is reported in an Argentine river where salinities range from 0.5-4.0 
ppt (Darrigran & Ezcurra de Drago 2000). It invaded a Hong Kong reservoir constructed 
from a tidal cove after the salinity dropped from 1.4-2.3 ppt to 0.5-0.6 ppt (Morton 1977). 
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These data suggest that Limnoperna can tolerate persistent salinities at least as high as 
0.5-0.6 ppt, and possibly as high as about 2-3 ppt. Limnoperna's highest reported 
salinity record is a site in the Río de la Plata estuary where salinity was 14 ppt at the 
time of collecting (Karatayev et al. 2007a, b), and apparently on the basis of this record 
some authors have reported its upper salinity limit to be 12 or 14 ppt (Ricciardi 1998; 
Karatayev et al. 2007a). However as discussed earlier, the highest salinity record in an 
estuary is likely to represent a sink population, settled by veligers drifting down from 
lower salinity sites upstream, or possibly even seeded by mussels arriving on the hull of 
a boat. The present analysis uses an upper salinity limit of 2 ppt. All of SFPUC's 
reservoirs are freshwater with salinities below 0.5 ppt, and thus meet this limit. 
 
Temperature 
 
Limnoperna was reported in Japan in winter temperatures down to 5°C; in a reservoir in 
Korea with surface temperatures down to 0°C (Karatayev et al. 2007a, b); and in South 
America at up to 33°C (Darrigran 2002). Ricciardi (1998) summarizes Limnoperna's 
range of occurrence as 8-35°C, and the temperatures needed for larval development as 
11-33°C, while Karatayev et al. (2007a, b) report its overall temperature limits as 0-
35°C. Neither study, however, reports any specific site records at 35°C. The lowest 
temperatures reported as initiating spawning in different locations are 16-21°C in China, 
16-17°C for winter spawning in Hong Kong, and 17°C or 18-19°C in Argentina (Morton 
1982; Ricciardi 1998; Darrigran et al. 2007). 
 
This study uses limits of (1) typical annual minimum above 5°C, (2) highest annual 
mean monthly temperature at least 16°C, for spawning, and (3) typical annual maximum 
no higher than 33°C, with the annual minimums and maximums applying throughout the 
water column. The temperature range in SFPUC's reservoirs is 4.9°-26.8°C (Table 1), 
so that temperatures in all five reservoirs are virtually always within the lethal limits. 
However, mean temperatures are all below the minimum spawning temperature of 16°C 
(Table 1) and mean monthly temperatures are often or always below this limit (Table 6). 
 
Dissolved Oxygen 
 
Limnoperna was collected in Argentina at a site where dissolved oxygen had been 
measured at 1.7 mg/l (Darrigran & Pastorino 1995), and died in large numbers at a site 
in Brazil when dissolved oxygen concentrations dropped to 0.3 mg/l for two months (De 
Oliveira et al. 2006). Karatayev et al. (2007a, b) stated that Limnoperna requires a 
minimum of 0.5 mg/l of oxygen at 20°C.  
 
This study (conservatively, given the paucity of data) uses 0.5 mg/l as Limnoperna's 
lower limit for oxygen. Mean oxygen concentrations are 6.6-8.7 mg/l in all of SFPUC's 
reservoirs (Table 1). The minimum reported oxygen concentration is 1.2 mg/l in San 
Andreas Reservoir, but is below the 0.5 mg/l limit in the other four reservoirs. In these, 
the seasonal and depth distribution of oxygen concentrations will be discussed below. 
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Calcium 
 
Limnoperna was found in a calcium range of 2.4-4.8 mg/l in Hong Kong (Morton 1975) 
and 4-25 mg/l in the Paraguay River in Argentina (Ezcurra de Drago et al. 2004), and is 
abundant in the Paraná River where calcium concentrations are 3-4 mg/l (Ricciardi 
1998; Karatayev et al. 2007a, b). 
 
This study uses a lower calcium limit of 3 mg/l. This may be conservative, since there is 
evidence that it can occur in waters down to 3 mg/l, but there doesn't appear to be any 
evidence that it is excluded from waters with calcium levels below that. The mean 
calcium concentrations for Calaveras, Lower Crystal Springs and San Andreas 
reservoirs are 13.2-28.3 mg/l, and the minimum reported measurements are 8.4-21 mg/l 
(Table 1). However, Hetch Hetchy Reservoir's mean calcium concentration is below the 
limit at 1.3 mg/l and its maximum calcium measurement is 3 mg/l, equal to the limit 
(Table 1). Calcium measurements are not available for Cherry Reservoir, but total 
hardness and total alkalinity data suggest that its calcium levels are a little below the 
levels in Hetch Hetchy Reservoir (Tables 8 and 9).  
 
pH 
 
Limnoperna has been collected at a pH range of at least 6.4 (Hong Kong) to 8.7 
(Argentina) (Morton 1975; Darrigran & Ezcurra de Drago 2000). Darrigran (2002) gave 
its pH range as 6.2-7.4 in Argentina, and Karatayev et al. (2007a) reported that its lower 
pH limit is 5.5. It's unclear what the basis is for these limits, and no data was found 
indicating exclusion of Limnoperna from waters of any pH level. No pH limit for 
Limnoperna is used in this study. 
 
Data Analysis 
 
The environmental limits used in this analysis for Limnoperna are summarized in Table 
5, and Table 36 shows the results of the initial analysis. Relative to zebra and quagga 
mussels, these limits show that Limnoperna is somewhat less tolerant of salinity and 
more tolerant of low oxygen (though the evidence for both of these assumptions is 
somewhat uncertain), less tolerant of low winter temperatures, and a little more tolerant 
of high summer temperatures. Of greater significance for the mussels' potential 
occurrence in SFPUC reservoirs, Limnoperna apparently requires a considerably higher 
temperature than either zebra or quagga mussels to initiate spawning, and can become 
established in waters with considerably lower levels of calcium. 
 
Based on the initial analysis and discussion, the overall concentrations of salinity and 
dissolved oxygen, and the minimum and maximum temperatures in SFPUC's reservoirs 
appear to be fine for Limnoperna, although oxygen levels may be low in some parts of 
some reservoirs at some times. Low temperatures for spawning and low calcium 
concentrations appear likely to prevent colonization in some of the reservoirs. Spawning 
temperatures and calcium and oxygen concentrations are discussed further below. 
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Table 36. Vulnerability analysis for golden mussels (Limnoperna fortunei) based on 1998-2008 
SFPUC reservoir data. 1 = suitable for colonization based on this parameter, 0 = not suitable for 
colonization based on this parameter. 
 

Environmental Parameter Limit 
Hetch 

Hetchy 
Reservoir 

Cherry 
Reservoir 

Calaveras 
Reservoir 

Lower 
Crystal 
Springs 

Reservoir 

San 
Andreas 

Reservoir 

Mean salinity (ppt)1 ≤2 1 1 1 1 1 
Minimum temperature (°C)1 >5 1 1 1 1 1 
Maximum temperature (°C)1 ≤33 1 1 1 1 1 
Spawning temperature (°C)2 ≥16 0 0 0 1 1 
Mean oxygen (mg/l)1 ≥0.5 1 1 1 1 1 
Mean calcium (mg/l)1 ≥3 0 0 1 1 1 

Vulnerability  Not 
Vulnerable 

Not 
Vulnerable 

Not 
Vulnerable Vulnerable Vulnerable 

 
1 Based on mean value for the period of record. 
2 Based on mean monthly temperature during the warmest month, averaged over the period of record. 
 
 
Temperature: All of the SFPUC reservoirs report temperature measurements above and 
below the minimum temperature of 16°C needed to initiate spawning in Limnoperna 
(Table 1). In Hetch Hetchy and Cherry reservoirs, roughly 90% of the temperature 
measurements are below this limit (Table 11). Mean monthly temperatures in these two 
reservoirs are well below the spawning threshold in every month of the year—the 
highest mean monthly temperature being 13.0°C in September in Hetch Hetchy 
Reservoir and 11.6°C in Cherry Reservoir in August (Table 6)—and on this basis the 
initial analysis found Hetch Hetchy and Cherry Reservoirs to be not capable of 
supporting a population of Limnoperna (Table 36). However, examination of the depth 
distribution of temperatures provides a different picture. In Hetch Hetchy Reservoir, 
mean monthly temperatures are above 16°C for five months of the year at depths above 
10' and for four months at depths between 10' and 50', with the highest mean monthly 
temperatures in these depths being about 21-22°C in July-August (Table 12). In Cherry 
Reservoir, mean monthly temperatures are also above 16°C for five months of the year 
at depths above 10' and for 3-4 months at depths between 10' and 50', with the highest 
mean monthly temperatures of about 21-23°C occurring in July-September at depths 
above 25' (Table 13). These temperatures would appear to be sufficient to support a 
Limnoperna population, though the limited spawning season and depth could limit the 
abundance and distribution of mussels. 
 
In Calaveras and Lower Crystal Springs reservoirs, roughly 80% of the temperature 
measurements are below the 16°C spawning threshold (Table 11). Mean monthly 
temperatures are below the spawning threshold in every month of the year in Calaveras 
Reservoir, and in nearly every month of the year in Lower Crystal Springs Reservoir, 
where the highest mean monthly temperature of 16.1°C in September is just barely 
above the spawning threshold. On this basis the initial analysis found Calaveras 
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Reservoir to be unsuitable for Limnoperna; and it found Lower Crystal Springs 
Reservoir to be suitable for Limnoperna (Table 36), though the mean monthly 
temperatures suggest that it is barely so. Again, the depth distribution of temperatures 
provides a different picture. In Calaveras Reservoir, mean monthly temperatures are 
above 16°C for seven months of the year at depths above 10' and for six months at 
depths between 10' and 25', with the highest mean monthly temperatures in these 
depths being about 23-24.5°C in July-August (Table 14). In Lower Crystal Springs 
Reservoir, mean monthly temperatures are above 16°C for six months of the year at 
depths above 25' and for three months at depths between 50' and 25', with the highest 
mean monthly temperatures of about 21-22°C occurring in July-September at depths 
above 25' (Table 15). As with the Sierran reservoirs, these temperatures appear to be 
sufficient to support Limnoperna, but could limit its abundance and depth distribution. 
 
In San Andreas Reservoir about 45% of the temperature measurements are above the 
16°C spawning threshold (Table 11), mean monthly temperatures are above the 
threshold for five months of the year from June to October, both when averaged over 
the entire water column (Table 6) and in every depth zone (Table 16). Thus in San 
Andreas Reservoir, spawning could occur throughout the water column. 
 
Calcium: Mean calcium levels are well above the threshold level of 3 mg/l in SFPUC's 
Bay Area reservoirs, but below that level in the Sierran reservoirs, and on that basis the 
initial analysis concluded that Hetch Hetchy and Cherry reservoirs are not vulnerable to 
colonization by Limnoperna (Table 36). However, as discussed above, the 3 mg/l 
threshold is uncertain since there is evidence that Limnoperna can occur in waters with 
calcium concentrations down to 3 mg/l, there isn't any evidence of its exclusion from 
waters with calcium levels below that. Thus, the conclusion that these reservoirs are not 
vulnerable to colonization should be considered tentative. 
 
Dissolved Oxygen: Four of SFPUC's reservoirs report some dissolved oxygen 
measurements below the 0.5 mg/l minimum concentration needed to support 
Limnoperna (Table 1). Six to seven percent of the dissolved oxygen measurements are 
below this limit in Calaveras and Lower Crystal Springs reservoirs, 3.5% are below the 
limit in Hetch Hetchy Reservoir and 1% are below the limit in Cherry Reservoir (Table 
17). All the oxygen measurements below 0.5 mg/l are from depths below 200' in Hetch 
Hetchy Reservoir, below 100' in Cherry Reservoir, and below 25' in Calaveras and 
Lower Crystal Springs reservoirs. These few instances of low oxygen concentrations 
would not prevent the establishment of Limnoperna in waters nearer the surface, and 
may not be frequent enough to bar its occurrence in deeper waters. The lower oxygen 
concentrations in deeper waters are presumably related to thermal stratification, which 
can be seen in the temperature data (Tables 12 to 15). Monthly mean oxygen 
concentrations in different depth zones are shown in Tables 18 and 19 for the two 
reservoirs with the largest number of low oxygen measurements. These mean monthly 
values drop below the 0.5 mg/l limit only below 100' and only during 2 months of the 
year in Lower Crystal Springs Reservoir, and never fall below the limit in Calaveras 
Reservoir. Thus even in these two reservoirs, oxygen concentrations are probably 
suitable for Limnoperna at virtually all depths and seasons. 
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Summary 
 
The initial analysis, based on mean monthly water temperatures averaged over the 
water column and on mean values average over the reservoir for the other parameters, 
concluded that the two Sierran Reservoirs are not vulnerable to colonization by 
Limnoperna because of temperatures too low for spawning and low calcium 
concentrations, and that Calaveras Reservoir is not vulnerable because of temperatures 
too low for spawning. Lower Crystal Springs and San Andreas reservoirs were judged to 
be vulnerable to colonization, though water column-averaged mean monthly 
temperatures appeared barely warm enough to support spawning in Lower Crystal 
Springs Reservoir.  
 
However, examination of the depth distributions of the temperature measurements 
changes these assessments. In all reservoirs, mean monthly temperatures in shallower 
waters (above 10-50') were above the spawning threshold of 16°C for at least 5-7 
months each year, with peak mean monthly temperatures in the upper 10-25' of water 
being quite warm, on the order of 21-24°C. Thus water temperatures in all SFPUC 
reservoirs appear to be capable of supporting Limnoperna populations. Calcium 
concentrations in Hetch Hetchy and Cherry reservoirs appear to be below the estimated 
3 mg/l threshold, but there is significant uncertainty regarding this threshold. Taking all 
these factors into account, Hetch Hetchy and Cherry reservoirs are judged, somewhat 
tentatively, to not be vulnerable to colonization by Limnoperna, while the other 
reservoirs are all judged to be vulnerable to colonization. 
 
 
Dark False Mussel Mytilopsis leucophaeata 
 
As with Limnoperna fortunei, relatively little is known about the environmental limits of 
Mytilopsis leucophaeata. The discussion below summarizes all the relevant data found 
by the literature review. 
 
Salinity 
 
In laboratory experiments, Deaton et al. (1989) reported 100% mortality of Mytilopsis 
leucophaeata after 80 days in deionized water (0 ppt), and 50% mortality after 80 days 
in fresh water (5-10 mOsm). M. leucophaeata survived for many weeks at 0-30 ppt, and 
survived sudden changes in salinity of up to 30 ppt in either direction (Castagna & 
Chanley 1973). Larvae reared at 10, 24 and 32 ppt grew and developed normally 
(Siddall 1980). Two-day-old larvae survived well over a test range of 5-25 ppt, as did 4-
hour-old embryos over 3-22 ppt and a wide range of temperatures, with high mortalities 
only at combinations of extreme salinities and temperature (0 and 25 ppt at 10 and 30°C 
(Verween et al. 2007a). Embryos were more tolerant of low salinities at higher 
temperatures than at lower temperatures. 
 
Mytilopsis leucophaeata has been collected in tidal waters at salinities up to 8 ppt 
(Germany), 12 ppt (Chesapeake Bay and Belgium), 15 ppt (England and the 
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Netherlands) and 22 ppt (Florida) (Castagna & Chanley 1973; Siddall 1980; Bamber & 
Taylor 2002; Rajagopal et al. 2005a; Laine et al. 2006; Verween et al. 2007b). It 
commonly occurs in the Netherlands at 2-3 ppt and is uncommon below 0.4 ppt, is 
found in the Rhine River at ≈0.2-0.6 ppt32, and in the Hudson River is commonly found 
upstream to 2-6 ppt, and occasionally to 0-3 ppt (Deaton et al. 1989; MacNeill 1991; 
Walton 1996; Rajagopal et al. 2005b). MacNeill (1991) cites various sources reporting a 
maximum tolerated salinity of 26 ppt, and normal ranges from 0.1-1.9 ppt to 3-18 ppt, 
Verween et al. (2006) reports its range as 1-18 ppt, and Laine et al. (2006) as fresh 
water to over 20 ppt. Miller et al. (1993) stated that M. leucophaeata cannot reproduce 
in fresh water. Verween et al. (2007a) reported that adult M. leucophaeata can survive 
in salinities from 0.1-31 ppt but not in full fresh water or sea water. 
 
Clearly, M. leucophaeata can live in a wide range of salinities, from nearly fresh water to 
salinities of 10-20 ppt, and can tolerate even higher salinities for a substantial period of 
time. Some experimental results and authors suggest that it can live in fully fresh water, 
but as there are no known established populations in fresh water, this seems unlikely. 
 
This study uses limits of 0.5 and 20 ppt, though the evidence for these particular limits is 
uncertain. As SFPUC's reservoirs are all freshwater with salinities below 0.5 ppt, 
establishment of M. leucophaeata seems unlikely. 
 
Temperature 
 
Mytilopsis leucophaeata populations have been reported in waters where temperatures 
range from 5°C (Netherlands, Finland) to 30°C (Florida) (Siddall 1980; Rajogopal et al. 
2005a; Laine et al. 2006). It has also occurred but may not reproduce in waters that are 
near 0°C and covered with ice in the winter (Laine et al. 2006). Temperatures of 13-
15°C are reportedly needed for gamete maturation and spawning (Jenner & Janssen-
Mommem 1993; Verween et al. 2005). In laboratory experiments, M. leucophaeata was 
more tolerant of exposure to high temperatures than were zebra mussels (Rajogopal et 
al. 2005a, b). 
 
This study uses limits of (1) typical annual minimum above 5°C, (2) highest annual 
mean monthly temperature at least 13°C, for spawning, and (3) typical annual maximum 
no higher than 30°C, with the annual minimums and maximums applying throughout the 
water column. The temperature range in SFPUC's reservoirs is 4.9°-26.8°C (Table 1), 
so that temperatures in all five reservoirs are virtually always within the lethal limits. 
However, mean temperatures in three reservoirs are below the minimum spawning 
temperature of 13°C (Table 1), and mean monthly temperatures are always or nearly 
always below this limit in the Sierran reservoirs (Table 6). 
 
Dissolved Oxygen 
 
Mytilopsis leucophaeata was collected at a site in the Netherlands where oxygen 
concentrations were 0.8-12 mg/l (Verween et al. 2007b). The literature review found no 
                                                
32 Converted from chorinity values by multiplying by 0.0018 (Sverdrup et al. 1942). 
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other information on M. leucophaeata's oxygen requirements. Given the paucity of data, 
oxygen concentration is not used in the analysis for this species. 
 
Calcium 
 
The literature review found that Mytilopsis leucophaeata was collected in 12-56 mg/l of 
calcium (Deaton et al. 1989), but found no evidence indicating exclusion of M. 
leucophaeata from waters below any calcium concentration. Calcium concentration is 
not used in the analysis for this species. 
 
pH 
 
The literature review found no studies or information on Mytilopsis leucophaeata's pH 
limits, and pH is not used in the analysis for this species. 
 
Data Analysis 
 
The environmental limits used in this analysis for M. leucophaeata are summarized in 
Table 5, and Table 37 shows the results of the initial analysis. Relative to zebra and 
quagga mussels, these limits show that M. leucophaeata is somewhat less tolerant of 
both low winter temperatures and high summer temperatures, and apparently requires 
higher temperatures to initiate spawning. No information was found on its oxygen or 
calcium requirements or its pH limits. It is much more tolerant of high salinity than any of 
the other mussels considered in this report, but unlike them it doesn't appear to be 
capable of establishing populations in fresh water. For this analysis we estimated that a 
minimum salinity of 0.5 ppt is needed to support a Mytilopsis leucophaeata population, 
though the data are insufficient to be confident about a precise figure.  
 
 
Table 37. Vulnerability analysis for dark false mussels (Mytilopsis leucophaeata) based on 1998-
2008 SFPUC reservoir data. 1 = suitable for colonization based on this parameter, 0 = not suitable for 
colonization based on this parameter. 
 

Environmental Parameter Limit 
Hetch 

Hetchy 
Reservoir 

Cherry 
Reservoir 

Calaveras 
Reservoir 

Lower 
Crystal 
Springs 

Reservoir 

San 
Andreas 

Reservoir 

Mean salinity (ppt)1 ≥0.5 0 0 0 0 0 
Mean salinity (ppt)1 ≤20 1 1 1 1 1 
Minimum temperature (°C)1 >5 1 1 1 1 1 
Maximum temperature (°C)1 ≤30 1 1 1 1 1 
Spawning temperature (°C)2 ≥13 1 0 1 1 1 

Vulnerability  Not 
Vulnerable 

Not 
Vulnerable 

Not 
Vulnerable 

Not 
Vulnerable 

Not 
Vulnerable 

 
1 Based on mean value for the period of record. 
2 Based on mean monthly temperature during the warmest month, averaged over the period of record. 
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Based on the initial analysis, the minimum and maximum temperatures in SFPUC's 
reservoirs appear to be fine for M. leucophaeata, while low salinities and in one case 
low temperatures for spawning appear likely to prevent colonization of the reservoirs. 
These latter two factors are discussed further below. 
 
Salinity: Salinity in SFPUC's reservoirs was estimated from chlorinity, from conductivity 
and from total dissolved solids. The most reliable estimates are probably those based 
on conductivity. The upper bounds on estimated mean salinity values, based on 
approximately 800-1,700 conductivity measurements per reservoir, are 0.10-0.18 ppt for 
the Bay Area reservoirs and 0.014 ppt for the Sierran reservoirs. These are well below 
the 0.5 ppt lower limit estimated for Mytilopsis leucophaeata from the literature, and low 
salinity does appear to be a barrier to colonization of these reservoirs. 
 
Temperature: All of the SFPUC reservoirs report temperature measurements above and 
below the minimum temperature of 13°C needed to support spawning in Mytilopsis 
leucophaeata (Table 1). In Hetch Hetchy and Cherry reservoirs, roughly 84% of the 
temperature measurements are below this limit (Table 11). The water column-averaged 
mean monthly temperatures are below the spawning threshold in Cherry Reservoir 
throughout the year—the highest mean monthly temperature being 11.6°C in August 
(Table 6)—and on this basis the initial analysis found Cherry Reservoir to be incapable 
of supporting M. leucophaeata (Table 37). In Hetch Hetchy Reservoir, water column-
averaged mean monthly temperatures just reach the threshold of 13°C in one month, 
and while the initial analysis thus reported the temperatures in Hetch Hetchy Reservoir 
to be suitable for M. leucophaeata, examination of the water column-averaged mean 
monthly temperatures suggest that it is barely so. 
 
Examination of the depth distribution of temperatures provides a different picture. In 
Hetch Hetchy Reservoir, mean monthly temperatures are above 13°C for six months of 
the year at depths above 50' and for five months at depths between 50' and 100', with 
the highest mean monthly temperatures above 25' being about 21-22°C in July-August 
(Table 12). In Cherry Reservoir, mean monthly temperatures are also above 13°C for 
six months of the year at depths above 10' and for 4-5 months at depths between 10' 
and 50', with the highest mean monthly temperatures of about 21-23°C occurring in 
July-September at depths above 25' (Table 13). These temperatures appear to be 
ample to support a Mytilopsis leucophaeata population, though the limited spawning 
season and depth could limit the abundance and distribution of mussels. 
 
Summary 
 
The initial analysis, based on mean monthly water temperatures averaged over the 
water column and on mean values average over the reservoir for the other parameters, 
concluded that salinities are too low in all of the reservoirs to support colonization by 
Mytilopsis leucophaeata. It also found that temperatures are too low for spawning in 
Cherry Reservoir, and though Hetch Hetchy Reservoir temperatures were judged to be 
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suitable for spawning, examination of water column-averaged mean monthly 
temperatures suggested this might not be the case.  
 
Examination of the depth distributions of the temperature measurements changes these 
spawning temperature assessments. In both Sierran reservoirs, mean monthly 
temperatures in shallower waters (above 50') were above the spawning threshold of 
13°C for at least 4-6 months each year, with peak mean monthly temperatures in the 
upper 10-25' of water being on the order of 21-23°C, so that water temperatures appear 
to be capable of supporting M. leucophaeata spawning in all SFPUC reservoirs. 
 
However, mean salinities in SFPUC reservoirs, as estimated from a large number of 
conductivity measurements, are well below the estimated minimum threshold of 0.5 ppt 
for M. leucophaeata. Thus, all the SFPUC reservoirs are classified as being Not 
Vulnerable to colonization by M. leucophaeata. Limits for calcium, oxygen and pH could 
not be determined from the literature and were not utilized in this analysis 



Exotic Freshwater Mussels - Chapter 4. Vector Control  117 
 

Chapter 4. Vector Control 
 
 
 
Introduction 
 
This report describes the mechanisms by which exotic freshwater mussels could be  
introduced into SFPUC’s reservoirs other than by transfers through water supply system 
facilities; discusses current efforts and plans to control such introductions; and 
describes, prioritizes and recommends improvements to these efforts and plans, taking 
into account the results of the vulnerability assessment of SFPUC’s primary reservoirs. 
 
 
Data Sources  
 
In January-April 2009, SFPUC provided the author with information on relevant activities 
at its reservoirs including fishing, boating and other recreational activities, fish stocking, 
and boat inspection and disinfection efforts. This included a summary document 
(“General SFPUC Information for SFEI_final.doc”), a handout on “Procedures for 
Cleaning Watercraft to Control Invasive Aquatic Species on Reservoirs and Water 
Bodies” drafted by the SFPUC’s watershed keepers group, technical specifications on 
“Decontamination for Work in Reservoirs” to be included in contracts, and additional 
information provided in a series of email and phone calls. Some further information on 
the SFPUC reservoirs and water system was obtained from the SFPUC website 
(http://sfwater.org) and other websites. 
 
 
SFPUC's Existing Vector Management Program 
 
SFPUC recently developed and has started to implement two sets of rules for managing 
the movement of boats and equipment into its reservoirs. One set of rules is to be 
applied to the movement of boats or equipment by SFPUC contractors, government 
agencies or other parties onto any of the eight reservoirs on SFPUC land where SFPUC 
controls access and prohibits public access (Priest, Moccasin, San Antonio, Calaveras, 
Pilarcitos, Upper and Lower Crystal Springs and San Andreas reservoirs) and to 
contractors’ use of boats or equipment on the High Sierran reservoirs (Hetch Hetchy, 
Cherry and Eleanor)33. These rules (hereafter referred to as the Contractors’ Rules) 
state that before being moved into an SFPUC watershed: 
 

• boats, motors, trailers and any equipment that may come into contact with water are 
to be cleaned of all aquatic plants, animals and mud; 

 
• all live wells, holding tanks, bilges, bait buckets, etc. are to be drained; 
 

                                                
33 Technical Specifications. Division 01: General Requirements. 01566: Decontamination for Work in 
Reservoirs. Contract specifications (SFPUC Rev. 0, May 1, 2009) provided by San Francisco Public 
Utilities Commission, San Francisco, CA. 
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• under observation by an SFPUC representative, boats and equipment are to be 
high-pressure or steam washed with water heated to 155° F34, and then sprayed and 
wetted for at least 10 minutes with a 1.5% solution of household bleach35;  

 
• boats are then to be dry-docked for at least 7-10 days, so that the boat and all 

associated equipment are dried completely and then kept dry for at least 5 days; and  
 

• boats and equipment are to be inspected by Natural Resources Division staff in dry-
dock or before entry to the watershed.  

 
SFPUC plans to include these requirements in any future contracts with contractors 
doing work for SFPUC on any of its reservoirs, and also to require any regulatory or 
other agencies, academic researchers or other parties to comply with these 
specifications before allowing them into any of the eight reservoirs on SFPUC land 
(Jason Bielski pers. comm. 2009)36. 
 
The second set of rules applies to the movement of SFPUC’s boats and equipment 
between reservoirs37 (hereafter referred to as the Staff Rules) and includes the following 
requirements: 
 

 (1) On leaving a water body: Boats, trailers and motors are to be cleaned of mud, 
animals and aquatic plants, and water is to be drained from live wells, holding 
tanks, bilges, bait buckets, etc. 

 
 (2)  When moving between watersheds: Boats and equipment (nets, boots, waders, 

dive equipment, etc.) are to be sprayed and rinsed with a 10% solution of 
household bleach38; boats are to be dry-docked for at least 7-10 days after 

                                                
34 The specifications state that the water is to be 155° F at the nozzle and 140° F at the hull. 
35 The specifications say “2 oz. of household bleach per gallon of water.” See Footnote 4 regarding the 
ingredient concentrations of household bleach. 
36 It’s not clear that SFPUC has the authority to require agency compliance with these procedures in all 
circumstances. SFPUC may need to negotiate with agencies, and/or rethink whether these requirements 
are appropriate in all cases. 
37 San Francisco Public Utilities Commission Procedures for Cleaning Watercraft to Control Invasive 
Aquatic Species on Reservoirs and Water Bodies. San Francisco Public Utilities Commission, San 
Francisco, CA. 
38 “Household bleach” can contain a variety of ingredients in various concentrations. According to 
Wikipedia (http://en.wikipedia.org/wiki/Sodium_hypochlorite), “household bleach sold for use in laundering 
clothes is a 3-6% solution of sodium hypochlorite at the time of manufacture. Strength varies from one 
formulation to another and gradually decreases with long storage.” While most products sold as bleach 
for home use contain 5.25% sodium hypochlorite by weight, the concentration may vary from zero to 
10%. For example, among products sold by the Clorox Company, the following concentrations of sodium 
hypochlorite are given on the label or on Material Safety Data Sheets:  
 • Color Safe Bleach, Ultra Color Safe Bleach and All-Fabric Bleach 0% 
 • Laundry Bleach 5.25% 
 • Regular Bleach 6.0-6.15% 
 • Ultra Regular Bleach 6-7.35% 
 • Ultra Bleach 5-10% 
The SFPUC staff rules (but not the contractors’ rules) state that a chlorine bleach solution is to be used, 
so the bleaches with no sodium hypochlorite would not satisfy the staff rules. 



Exotic Freshwater Mussels - Chapter 4. Vector Control  119 
 

cleaning; and boats and equipment are to be inspected by Natural Resources 
Division staff in dry-dock or before entry to the watershed. 

 
For these rules, SFPUC watersheds are defined as the Sierran watershed (the 
catchments of Eleanor, Cherry, Hetch Hetchy, Priest and Moccasin reservoirs), the East 
Bay watershed (the catchments of San Antonio and Calaveras reservoirs) and the San 
Mateo County watershed (the catchments of Pilarcitos, San Andreas and Upper/Lower 
Crystal Springs reservoirs). Several of SFPUC’s biologists and watershed keepers 
attended a California Department of Fish and Game (CDFG) boat and trailer inspection 
training workshop to assist implementation of the inspection requirements in both sets 
of rules. 
 
Although the Staff Rules state that “all watercraft, equipment, waders, etc.” are to be 
disinfected with bleach “prior to entering any San Francisco Watershed lands or water 
bodies,” some types of small equipment (Hydrolab, Kemmerer, plankton nets, waders, 
etc.) are dried for a few days but not treated with a bleach solution when moved 
between Lake Merced or Laguna Salada and the San Mateo County or East Bay 
watersheds (Jason Bielski pers. comm. 2009). 
 
Neither set of rules applies to boats or equipment used at Cherry Lake, Lake Eleanor or 
Hetch Hetchy Reservoir by parties other than SFPUC staff or contractors—that is, to 
boats or equipment used by recreationists, by other agencies and their contractors, by 
researchers, etc. However, U.S. Forest Service rangers may be passing out some 
information on aquatic invasions and boat inspections to boaters at Cherry Lake starting 
this year (Mike Horvath pers. comm. 2009). 
 
In addition to the above rules, which were adopted in response to the appearance of 
quagga and zebra mussels in California waters, SFPUC also disinfects some equipment 
with a 50% solution of Formula 40939 in order to prevent transfers of New Zealand 

                                                
39 The recommendation to use a Formula 409 solution to disinfect equipment against New Zealand 
mudsnails apparently derives from a CDFG study, Hosea & Finlayson (2005). This study reported that 
New Zealand mudsnails were killed by 5 minutes of immmersion in a 50% solution of “Formula 409 
Disinfectant,” which was not further identified. It’s not clear that a product with that particular name exists 
(see http://www.formula409.com), rather there are various Formula 409 products, some of whose labels 
describe them as disinfectants. Formula 409 comes in different formulations marketed as all-purpose 
cleaners, antibacterial cleaners, degreasers, glass and surface cleaners, stone cleaners, carpet cleaners, 
multi-surface stain cleaners. etc. with different mixes of ingredients, which may include alkyl(C12-
16)dimethylbenzylammonium chloride, 2-butoxyethynol, monoethanolamine, ethylene oxide, sodium 
hydroxide, magnesium sodium ethylenediaminetetraacetate, 1-propoxy-2-propanol, diethylene glycol, 2,2-
oxybisethanol, isopropanol and/or ammonia. The website of the West Denver Chapter of Trout Unlimited 
(http://www.westdenvertu.org/snails.htm) states that the product used in the CDFG study was 
“Commercial Solutions Formula 409 Cleaner Degreaser Disinfectant” and that the first-listed ingredient 
above (a quaternary ammonium compound) is the ingredient that kills the mudsnails, though this was not 
determined in the study. It also states that recent, unpublished work by the Colorado Department of 
Wildlife shows that a 100% solution, not a 50% solution, of Formula 409 is needed to reliably kill 
mudsnails. Oregon Sea Grant (2006) states that the mudsnail-killing ingredient in Formula 409 is 
benzethonium chloride, a different quaternary ammonium compound, which, however, doesn’t appear to 
be an ingredient in any Formula 409 product (U.S. Department of Health and Human Services/Household 
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mudsnails, Potamopyrgus antipodarum (which were found in Alameda Creek in 
November, 2007, and are known from various other water bodies in California) and the 
chytrid fungus Batrachochytrium dendrobatidis (an amphibian disease that has been 
found in California in parts of the Sierra Nevada and in Pinnacles National Monument). 
Formula 409 disinfection is primarily used on small items of equipment (waders, nets, 
etc.) that have been used in streams, when such equipment is transferred between the 
East Bay watershed and the San Mateo County watershed, and also when transferred 
between the San Antonio and Calaveras reservoir drainages (Jason Bielski pers. comm. 
2009)40.  
 
 
Reservoir Vulnerability 
 
Table 1 summarizes the primary reservoirs' vulnerability to invasion by exotic mussels 
based on water quality as determined by the Vulnerability Analysis. Hetch Hetchy and 
Cherry, the two Sierran reservoirs in the analysis, were judged to not be vulnerable to 
invasion by any of the exotic mussels, due to low calcium and pH (zebra and quagga 
mussels), low calcium and temperatures too low to support spawning (Limnoperna), or 
low salinity (Mytilopsis). Lake Eleanor, located between Hetch Hetchy Reservoir and 
Cherry Lake, in the same watershed and at a similar elevation41, is likely to have 
generally similar water chemistry and temperatures, and to not be vulnerable to invasion 
for the same reasons. This is supported by the low calcium and pH values reported for 
other water bodies in the same watershed and in surrounding watersheds (Cohen 
2007). The analyzed reservoirs in the Bay Area all have some vulnerability to invasion 
by zebra mussels, quagga mussels and/or Limnoperna, based on their water chemistry 
and temperature. 
 
 
Table 1. SFPUC reservoir vulnerability.  
 

Vulnerability to Mussels Reservoir 
D. polymorpha D. bugensis L. fortunei M. leucophaeata 

Hetch Hetchy Not Vulnerable Not Vulnerable Not Vulnerable Not Vulnerable 
Cherry Not Vulnerable Not Vulnerable Not Vulnerable Not Vulnerable 
Calaveras Vulnerable Vulnerable Not Vulnerable Not Vulnerable 
Lower Crystal Springs Possibly Vulnerable Possibly Vulnerable Vulnerable Not Vulnerable 
San Andreas Possibly Vulnerable Possibly Vulnerable Vulnerable Not Vulnerable 
 

                                                
Products Database website at http://householdproducts.nlm.nih.gov, and various Material Safety Data 
Sheets available on the Internet). 
40 An SFPUC Natural Resources Division document titled “Field Procedures, Fisheries and Wildlife, 
Decontamination for Aquatic Surveys,” provided to me after this chapter was completed, describes 
disinfectants and dcontamination procedures to be used to protect against chytrid fungus, Didymo, New 
Zealand mudsnails, quagga and zebra mussels and whirling disease. 
41 Hetch Hetchy’s normal surface elevation is 3,783 feet, Cherry Lake’s is 4,700 feet, and Lake Eleanor’s 
is 4,657 feet. 
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As noted in both the Literature Review and the Vulnerability Assessment chapters, the 
published estimates of zebra mussels’ calcium requirements vary over a fairly wide 
range; and as there is no laboratory data and relatively little field evidence regarding 
quagga mussels’ calcium requirements, the Vulnerability Assessment assumed, 
consistent with other studies, that the requirements determined for zebra mussels also 
apply to quagga mussels. In addition, there have been very few measurements of 
calcium concentration in SFPUC reservoirs, and it is possible for local factors, such as 
mine drainage, to significantly elevate the calcium concentration in part of a water body. 
Some researchers have suggested that within otherwise low calcium water bodies, 
calcium concentrations may be substantially higher in locations with shell deposits, 
storm-water discharges or runoff from roads where salts have been applied to reduce 
ice formation in winter. All of this suggests that some caution is appropriate in utilizing 
the assessments based on calcium concentration. 
 
 
Recreational Activities 
 
Table 2 summarizes the recreation activities at SFPUC's five primary and six secondary 
reservoirs. There is some public access only to three Sierran Reservoirs. There is 
shoreline access for fishing but no boats or water contact activities at Hetch Hetchy 
Reservoir. Water contact recreation is allowed at Lake Eleanor, and small, non-
motorized watercraft can be carried in over a quarter-mile trail and hand-launched. 
There is unrestricted motorized boating and water contact recreation at Cherry Lake,  
 
 
Table 2. Type, size and recreation activities at SFPUC reservoirs. Compiled from SFPUC 2001, 
SFPUC 2002, DWR 2005, http://en.wikipedia.org, http://findlakes.com, and information provided by 
SFPUC. 
 

Recreational Use Reservoir Type Capacity 
(acre-feet) 

Surface 
Area (acres) MB NMB F/SA WC 

Fish 
Stocking  

Cherry P 273,500 1,535 Y Y Y Y trout 
Eleanor S 26,000 953  N Y Y Y none 
Hetch Hetchy P 360,000 ≈2,000  N N Y N none 
Priest S 2,350 53 N N N N none 
Moccasin S 554 29 N N N N none 
San Antonio S 50,000  ≈800 N N N N none 
Calaveras P 97,000 1,450 N N N N none 
Pilarcitos S 3,100 109 N N N N none 
Upper Crystal Springs S N N N N none 
Lower Crystal Springs P 

58,000 1,323 
N N N N none 

San Andreas P 19,000 550 N N N N none 
Type 
P = Primary Reservoir 
S = Secondary Reservoir 

Use 
MB = Motor Boats  NMB = Non-motorized Boats 
F/SA = Fishing, Shoreline Access WC = Water Contact 
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where there is a public launch ramp. Boating activities include waterskiing and 
waveboarding with jet-skis. At Cherry Lake and Lake Eleanor there is no active 
monitoring of boating activity and no data on the amount of boating activity or what 
regions the boats come from (Mike Horvath & Jason Bielski pers. comm. 2009). 
 
There is little or no opportunity for any boating in waters upstream of SFPUC’s 
reservoirs. There are numerous lakes and ponds upstream of the Sierran reservoirs, but 
these are all small, high-altitude water bodies with no boating access. The largest are 
Emigrant Lake and Huckleberry Lake upstream of Cherry Lake on the North Fork and 
East Fork of Cherry Creek, respectively. Running waters upstream to SFPUC reservoirs 
either have no public access, have no reasonable public access for launching a boat, 
and/or are creeks that are too small for boating. 
 
Swimming and other water contact activities are allowed in Cherry Lake and Lake 
Eleanor. There is no documentation of recreational diving in these reservoirs, but it may 
occur (Mike Horvath pers. comm. 2009). 
 
 
Fish Stocking 
 
The California Department of Fish and Game (CDFG) stocks Cherry Lake with rainbow 
trout that are raised at the Moccasin Hatchery. Moccasin Reservoir is the normal water 
source for the hatchery, but when Moccasin Reservoir is on bypass water is supplied to 
the hatchery directly from the penstocks from Priest Reservoir. When Moccasin 
Reservoir is on bypass due to an inflow from Moccasin Creek, the reservoir is flushed 
with Hetch Hetchy water several times before being put back into service. Thus, Hetch 
Hetchy is the ultimate source of all of virtually all of the hatchery’s water42 (Mike Horvath 
pers. comm. 2009).  
 
 
Use of Live Bait 
 
Yosemite National Park prohibits the use of live baitfish or amphibians in Hetch Hetchy 
Reservoir and Lake Eleanor, or anywhere else in the park. The use of live baitfish is 
allowed at Cherry Reservoir, which is in the Stanislaus National Forest. 
 
 
Monitoring, Research, Construction, Maintenance and Other Activities 
 
SFPUC’s limnologists and watershed keepers regularly launch boats on SFPUC’s 
reservoirs. These boats are generally restricted to one reservoir or watershed; that is, 
restricted to Hetch Hetchy Reservoir, to the Alameda Creek watershed (Calaveras and 

                                                
42 One one occasion during extreme drought, water from Lake Eleanor and Cherry Lake was conveyed to 
the Hetch Hetchy Pipelines via the Lower Cherry Aqueduct (Mike Horvath, SFPUC, pers. comm.), and by 
that route could reach the hatchery. 
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San Antonio reservoirs and their catchments), or to the Peninsula watershed (Pilarcitos, 
Upper and Lower Crystal Springs and San Andreas reservoirs and their catchments).  
Consultants have occasionally used boats or kayaks on Lower Crystal Springs, San 
Andreas and Calaveras reservoirs to conduct biological surveys or archaeological 
studies. CDFG and U.C. Davis researchers have used electrofishing boats on 
Calaveras and Hetch Hetchy reservoirs, and the U.S. Geological Survey has had boats 
on San Andreas Reservoir (Jason Bielski & Mike Horvath pers. comm. 2009). 
 
SFPUC may at times use outside contractors for work at its reservoirs, including the use 
of boats, barges, other equipment and divers. One large, upcoming project is the 
Calaveras Dam replacement. Another potential use of outside contractors includes the 
application of an algaecide to Calaveras, Lower Crystal Springs and San Andreas 
reservoirs (Jason Bielski pers. comm. 2009). 
 
Floatplanes occasionally land on Cherry Reservoir, and timber harvesters sometimes fill 
their equipment from this reservoir, and firefighting crews or planes have filled at Cherry 
and San Antonio reservoirs. Occasionally City and County of San Francisco and San 
Mateo County Sheriff dive teams practice in Lower Crystal Springs Reservoir (Jason 
Bielski & Mike Horvath pers. comm. 2009). 
 
These are probably not complete lists of all such activities in the reservoirs. 
 
 
Vector Control Priorities 
 
While the focus of this report is on reducing the risk of introducing four species of 
invasive mussels, SFPUC’s reservoirs and operations may be adversely affected by the 
introduction of other unwanted organisms, including exotic aquatic weeds and algae, 
the New Zealand mudsnail, the spiny water flea, and parasites or diseases of fish and 
amphibians such as VHS, whirling disease and chytrid fungus. While most of these 
other exotic pests will probably not affect the mechanical operation of SFPUC’s 
facilities, ecological changes, impacts on fisheries and recreation, impacts on 
endangered species, and the risk of spreading the pest species to other waters could 
affect system operations in myriad ways, including impacts on water quality, limitations 
on the amount or timing of allowed water withdrawals, or restrictions on hydropower 
operations. These other pest species are mentioned where appropriate below; however, 
except where explicitly stated otherwise, the vector control recommendations are based 
on the four invasive mussel species that are the subject of this analysis. 
 
Recreational Activities 
 
Overland transport with recreational boats or other watercraft carried on trailers is a 
well-documented vector for introducing invasive mussels. Smaller, car-top boats are a 
less-likely vector, and other types of recreational equipment, such as fishing gear, 
waders, float tubes, etc. could theoretically transport and introduce mussels, but the risk 
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seems relatively low. This section on recreational activities first discusses boats, then 
other recreational equipment, then recreational diving. 
 
Recreational Boats and Trailers 
 
There are various levels of control measures could be implemented to reduce the risk of 
introducing mussels via boats and trailers. The control measures as listed here are not 
all mutually exclusive, and could be modified in various ways, but the represent the 
range of potential control activities. In roughly decreasing levels of stringency, these 
are: 
 

• Level 1: Banning all recreational boating activities. 
 
• Level 2: Banning the launching of private boats (i.e. allowing only boats rented at the 

reservoir). 
 
• Level 3: Restricting the number, timing or types of boats, boating events or boating 

activities. 
 

• Limit the type of boats that can be launched (e.g. length limits, motors or 
non-electric motors prohibited, watercraft with ballast tanks prohibited, car-
top boats only, etc.). These measures may eliminate possible transport 
mechanisms (e.g. transport on trailers or on vegetation snagged on 
trailers; transport in live wells, bait wells, engine cooling systems, ballast 
tanks); reduce the number of boats launched; reduce the number of boats 
that arrive from distant sites; limit arriving boats to types that are less likely 
to have previously spent days or weeks in a slip or moored in another 
water body; limit arriving boats to types that are less likely to have 
mussels attached to their hulls and/or be easier to inspect because they 
have simpler and smaller hulls (such as canoes, kayaks and rowboats). 

 

• Ban the launching of boats that arrive from areas that are known to be 
infested with invasive mussels or from areas where there is a significant 
chance that they are infested. 

 

• Limit the number of boats launched either directly or by limiting the days or 
hours when boats may be launched. Any reduction in boat launchings will 
tend to reduce the risk of introducing mussels. A variant is to limit 
launchings to hotter and/or drier seasons when the risk of transporting live 
mussels is lower. 

 

• Allow day-use boating only. 
 

• Ban events that draw boats from long distances (such as some fishing 
tournaments). 
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• Level 4: Requiring inspection and cleaning. 
 

• Require on-site inspection and cleaning (that is, hull-washing and flushing 
of engine cooling water systems with high temperature water43 or with an 
appropriate disinfectant) of all boats and trailers by trained staff before 
launching. Boats that fail inspection would be turned away; boats that 
passed would still be required to undergo cleaning before launching.44 A 
demonstration that a boat had not been in other waters since undergoing 
a suitable inspection and cleaning—such as the boat banding program 
used at the East Bay Municipal Utlity District and Santa Clara Valley 
Water District reservoirs that are open to boating—could be an acceptable 
alternative to requiring inspection and cleaning before each launch. 

 

• An alternate approach with a somewhat lower level of rigor is to require 
on-site inspection and cleaning of boats and trailers thought to be of 
higher risk, which could be based on boat origin, boat type, arrival season 
(i.e. during colder, wetter periods when the risk of transporting live 
mussels may be higher), etc. Again, a demonstration that a boat had not 
been in other waters since undergoing a suitable inspection and cleaning 
could be an acceptable alternative to requiring on-site inspection and 
cleaning before each launch. 

 

• Another approach is to randomly or haphazardly require on-site inspection 
and cleaning of a subset of arriving boats. "Randomly" and "haphazardly" 
have somewhat different technical meanings, but the essence is that any 
arriving boat has an equal chance of being required to undergo inspection 
and cleaning. Again, a demonstration that a boat had not been in other 
waters since undergoing a suitable inspection and cleaning could be an 
acceptable alternative to requiring on-site inspection and cleaning before 
each launch. 

 
• Level 5: Requiring inspection. Like the Level 4 approach, but requiring only 

inspection. Boats that fail inspection would be turned away, and would 
require cleaning, drying and re-inspection before being allowed to launch; 

                                                
43 The public outreach and vector control literature on zebra and quagga mussels variously states that 
flushing or washing with water at 104°F (40°C), or 140°F (60°C), is needed to kill these mussels. For 
example, the CDFG publication "Protect Your Boat! Fight Quagga and Zebra Mussels. A Guide to 
Cleaning Boats and Preventing Mussel Damage” on the one hand recommends cleaning dive gear with 
104°F water (page 18), and on the other recommends cleaning boats with water that is 140°F at the hull 
and 155°F at the nozzle (page 8). While a few reports in the scientific literature do refer to 104°F water as 
being hot enough to kill mussels "instantaneously" or suggest that it would do so in a boat-washing 
situation, a close review of the literature suggest that it is unlikely to do so and that substantially hotter 
water or much longer exposures would be needed. I found nothing in the scientific literature, however, to 
suggest that 140°F is the proper temperature, and suspect that this originated as a typo for either 104°F 
or 40°C. (Note: Since this was written, a paper has been published that largely addresses this issue, 
confirming that these temperatures are probably inadequate (Morse 2009). This is discussed further in 
the Gap Analysis chapter.) 
44 The California Science Advisory Panel recommended that boats departing from the Lake Mead 
National Recreation Area, and boats arriving at high priority water bodies under state or federal 
management in California be required to undergo both cleaning and inspection (Cohen et al. 2007). 
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boats that passed would be allowed to launch without further cleaning or 
other requirements. Again, a demonstration that a boat had not been in 
other waters since undergoing a suitable inspection could be an acceptable 
alternative to requiring on-site inspection before each launch. Also, there 
are less rigorous alternate approaches of inspecting only high-risk boats or 
inspecting a randomly or haphazardly selected subset of all arriving boats. 

 
• Level 6: Public education. Providing the boating public with information on how to 

prevent the transport and introduction of invasive mussels and encouraging 
them to do so. Encouragement may take a variety of forms, ranging from 
appeals to boaters' sense of civic responsibility (to avoid impacts on 
ecosystems and fisheries, economic impacts on SFPUC and its customers, 
and the likely loss of public access to water bodies that do become 
infested), to imposing fees or other penalties for not taking preventive 
measures, or emphasizing the liability exposure that may result from not 
taking such measures. 

 
At nine of SFPUC’s eleven reservoirs, the highest, Level 1 type of protection—a 
prohibition on recreational boating—is in effect (Table 1). Restrictions on boat type, 
allowing only non-motorized watercraft—Level 3 protection—are in effect at Lake 
Eleanor. Only Cherry Lake places no restrictions on boating. 
 
Since the only reservoirs where recreational boating is allowed (Cherry and Eleanor) 
are judged to be invulnerable to infestation by any of the four mussels in this study 
based on the reservoirs’ chemistry and temperature, the risk of mussel invasion via this 
vector appears to be insignificant. However, as discussed earlier, there is some 
uncertainty in the judgment that Cherry Lake and Lake Eleanor are not vulnerable to 
invasion by mussels, and there are other aquatic pest species that could be introduced 
by boating, become established in these reservoirs and potentially impact SFPUC 
operations. Therefore, SFPUC may want to consider seeking or implementing some of 
the following measures that could further reduce the risk of introducing mussels or other 
species, with only modest impacts on recreational boating: 

 
• Prohibiting the use of watercraft with ballast tanks in Cherry Lake. Some types of 

powerboats and jet-skis that are designed for water-skiing and wave boarding, 
respectively, are built with ballast tanks45. These tanks are filled with water, and are 
reportedly both difficult to drain entirely and difficult to inspect. 

 
• Banning watercraft at Cherry and Eleanor that have recently (for example, in the 

preceding 30 days) been in the water in areas infested with zebra or quagga 
mussels. Such banned areas could include: Southern California south of the 

                                                
45 The California Science Advisory Panel recommended that tanks of this type on boats departing from 
the Lake Mead National Recreation Area should be drained as far as possible and then either filled with 
high-temperature water or treated with an appropriate biocide (Cohen et al. 2007). The Introduced Fish 
Section of the American Fisheries Society has written to boat manufacturers expressing concern that 
ballast tanks on jetskis designed for wake-boarding could serve as a vector for exotic organisms 
(Chapman 2008; Duane Chapman, pers. comm.). 
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Tehachapi Mountains; the Lake Mead National Recreation Area, the lower Colorado 
River, and other waters in Arizona or Nevada; and areas east of the Continental 
Divide46.  

 
• Restricting boating at Cherry and Eleanor to the warmer and drier part of the year. 

Laboratory tests have shown that zebra and quagga mussels survive fewer days out 
of water when the air temperature is higher and the relative humidity is lower (Payne 
et al. 1992; McMahon et al. 1993; Ussery and McMahon 1994, 1995; Ricciardi et al. 
1995), and are thus less likely to survive overland transport from distant sources 
(see Tables 5 and 20 in the Literature Review chapter summarizing survival times). 
This same pattern is likely to hold for Limnoperna fortunei and Mytilopsis 
leucophaeata. Restricting boating to the warmer and drier months would reduce the 
per vessel probability of introducing viable mussels. 

 
• Public outreach. Information on invasions provided at the access points to Cherry 

and Eleanor lakes could persuade boaters to inspect, clean and drain their 
watercraft prior to launching. This would be most effective if a site and equipment is 
provided to conduct the cleaning and draining. While high-tech boat washing 
stations providing high-temperature wash water and containing or filtering the 
washings can be fairly expensive, a low-tech station (e.g. a sign with instructions for 
properly cleaning, hosing down, and draining a boat, along with an explanation of 
why it matters, and a hose providing non-potable water, located on the access road 
at some distance before reaching the reservoir) may accomplish nearly as much in 
the way of protection. The most persuasive motivating information might be 
information and graphic photos of the effects of exotic species that affect 
recreational activities—in addition to the impacts of zebra and quagga mussels on 
Great Lakes fisheries, there are aquatic weeds (water hyacinth and hydrilla) that 
affect boating, “rock snot” (the alga Didymo) that affects wading and swimming, and 
fish diseases such as VHS and whirling disease—along with a statement about the 
likelihood that a water body that becomes infested with a serious pest species may 
be closed to recreational activities to prevent spreading the pest. SFPUC could also 
co-ordinate with U.S. Forest Service rangers on any information on invasions that 
they provide to recreationists at Cherry Lake. 

 
The first three measures listed would probably affect only a small number of boats. The 
second measure would be especially challenging to implement effectively, given the 
limited oversight at these reservoirs. There may nonetheless be some value in 
establishing the principal that boats should not be moved directly from infested sites to 
uninfested sites. 

 

                                                
46 There have also been reports of zebra and quagga mussel larvae, but no adults, from a number of 
water bodies west of the continental divide in Utah and Colorado. Though at this point these reports 
based solely on identification of larvae remain open to question, it might nonetheless be prudent to also 
ban boats from these areas until the reliability of these reports is better understood. 
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Other Recreational Equipment 
 
Theoretically, other types of recreational equipment that comes into contact with the 
water—such as fishing gear, boots and waders—could transport and introduce invasive 
mussels. However, such equipment is allowed only at Hetch Hetchy, Cherry and 
Eleanor reservoirs, which are judged to be invulnerable to infestation by the four 
mussels that are the focus of this study, so the risk of mussel invasion via this vector 
appears to be insignificant. 
 
As noted, however, there are some uncertainties in the vulnerability analysis, and there 
are other pest species that such equipment could introduce. In general, the risk factors 
for such equipment (whether and where it has been in the water recently, whether it 
clean and dry), and the potential range of protective measures (prohibition; cleaning, 
disinfection and drying; inspection) are similar to those for boats. 
 
Especially in regard to other pest species, one type of commonly-used equipment 
warrants further mention. Felt soles on boots and waders are believed to be a 
significant vector for the transportation of Didymo (Didymosphenia geminata, an alga, 
also called “rock snot”) and possibly for New Zealand mudsnails (Potamopyrgus 
antipodarum) and whirling disease (Myxobolis cerebralis, which affects several species 
of salmonid fish). For example, Kilroy et al. (2006) found that felt soles retained far more 
live Didymo cells after 36 hours of drying than did rubber, leather or neoprene footgear, 
and that disinfectant soaks failed to penetrate throughout the felt sole47. Last year, Trout 
Unlimited called on the fishing tackle industry to stop selling felt-soled waders and 
wading shoes by 2011; and New Zealand banned the use of felt soles by anglers. Some 
fishing gear manufacturers now offer alternatives to felt soles. SFPUC should consider 
seeking a ban on the use of felt soles by recreational users at Hetch Hetchy, Cherry and 
Eleanor reservoirs.48 
 
Recreational Diving 
 
As with other recreational equipment, there is a theoretical possibility of accidental 
introduction on wet diving gear (Johnson & Padilla 1996). Of greater concern is the 
potential for recreational divers to intentionally introduce zebra or quagga mussels to 
                                                
47 Kiloy et al. (2006) exposed new footgear by walking in Didymo-infested waters for one minute. After 36 
hours of drying, felt soles held three times as many live Didymo cells as leather boot material and 12 
times as many as neoprene; rubber boots had none (though the authors caution that older rubber boots, 
with cuts or irregularities, might be better at retaining Didymo cells). Disinfectants penetrated only 1/3 to 
2/3 of the way through a 10 mm thick felt sole after 20 minutes of soaking, and sprayed-on disinfectants 
barely penetrated the surface. They concluded that “the finding that decontamination solutions at ambient 
temperatures do not passively soak quickly into felt soles coupled with the finding that felt soles remain 
damp for long periods and harbour relatively large amounts of live D. geminata cells indicates the need 
for precaution”. The same issues are likely to hold for other minute aquatic organisms, and for other 
spongy, absorbent materials. 
48 The literature on felt soles doesn’t suggest that there could be a risk of transporting invasive mussel 
larvae or newly settled mussels within the damp interstices of the soles, though this doesn’t appear to 
have been tested.  



Exotic Freshwater Mussels - Chapter 4. Vector Control  129 
 

reduce turbidity, which is believed to have occurred at popular dive spots in 
Pennsylvania (Dutch Springs Reservoir and Clover Creek Quarry), Virginia (Millbrook 
Quarry) and possibly Nebraska (Base Lake) (see the Literature Review chapter). 
Swimming and diving are allowed only at Cherry and Eleanor lakes (Table 1), though it 
is not known whether anyone SCUBA dives there. As discussed above, these lakes 
appear to be unable to support zebra or quagga mussels due to low calcium 
concentrations and low pH, though there is some uncertainty in this assessment. 
Although the level of risk is probably low or insignificant, it might be prudent to ban 
recreational SCUBA-diving at these reservoirs. 
 
Unauthorized Access 
 
Although there is no public access to SFPUC’s Bay Area reservoirs, staff noted that 
some unauthorized access by poachers occurs. As long as these incidents are rare and 
do not involve the launching of boats on the reservoirs, the total risk of mussel 
introduction posed by poachers’ activities is probably slight (though the risk of 
introducing pest species that are more readily transported on footgear, such as New 
Zealand mudsnails or Didymo, would be greater). Continued vigilance to minimize 
poaching is probably the main mechanism for keeping these risks small. General public 
outreach on the problem of invasions and on proper gear handling to minimize the risks, 
and an end to the sale of felt-soled boots and waders (as Trout Unlimited is seeking) 
should also help. 
 
Fish Stocking 
 
It is widely accepted that the larvae of freshwater mussels could be transported 
between water bodies in the water used to transport fish for planting (Carlton 1993; 
Waller et al. 1996; Culver 2000; Edwards et al. 2000, 2002; Anon. 2004; Bollig undated; 
Anon. undated), though there are no proven cases of this occurring with the mussels 
addressed in this study. 
 
Of SFPUC’s eleven reservoirs, fish are stocked only in Cherry Lake, which as noted is 
judged to be invulnerable to infestation by the mussels that are the focus of this study 
because of its water chemistry and temperatures. The fish stocked in Cherry Lake are 
rainbow trout from CDFG’s Moccasin Hatchery, which is located downstream of Cherry 
Lake in the Tuolomne River watershed. The source of water for the hatchery is Hetch 
Hetchy Reservoir, which is also judged to not be vulnerable to invasion by these 
mussels, because of low calcium, pH, temperature or salinity. The hatchery itself is thus 
unlikely to be vulnerable to invasion by zebra or quagga mussels, unless the hatchery 
water is treated in a way that raises both its calcium concentration and its pH. The 
hatchery is almost certainly not vulnerable to invasion by Mytilopsis, which requires 
somewhat salty water. Hetch Hetchy is both a little too low in calcium for Limnoperna, 
and too cold to support its spawning, which requires water temperatures of at least 16°C 
(Hetch Hetchy’s mean monthly temperatures range from 8.5° to 13.0°C; see the 
Vulnerability Assessment chapter). It is not known if the Mocassin Hatchery’s waters are 
warm enough to support Limnoperna spawning. 
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In addition to a hatchery’s water conditions, general risk factors include the hatchery’s 
source of stock (are fish ever imported from infested regions), its methods of 
transporting fish49, and its monitoring and response procedures. Although these 
questions have not been researched, it seems highly unlikely that Moccasin Hatchery 
imports any fish from areas infested with zebra or quagga mussels, it probably does not 
employ methods of treatment and transport designed to avoid transporting mussel 
larvae, and it is not known whether it has any specific monitoring protocols or response 
plans for zebra or quagga mussels. Overall, however, given the apparent invulnerability 
of Cherry Lake and the probable invulnerability of the hatchery to infestation by invasive 
mussels, the risk of introduction via this vector appears to be insignificant. 
 
As noted, however, there could be other exotic pest species that are capable of 
establishing in both the hatchery and Cherry Lake. For that reason I recommend that 
SFPUC make inquiries about the hatchery’s water quality, stock sources, handling 
procedures, and exotic species monitoring and response procedures, in order to assess 
the risk to Cherry Lake. Perhaps the most important aspect of hatchery response is 
ensuring that SFPUC would be notified promptly if an exotic species were discovered in 
the hatchery, so that SFPUC could make timely decisions regarding containment or 
control actions. 
 
Live Bait 
 
As with planted fish, the larvae of freshwater mussels could be transported between 
water bodies in the water used to transport live baitfish, or other bait transported in 
water. Golden shiners, for example, are air-shipped overnight from fish farms in 
Arkansas to bait shops in California. According to CDFG, for the past few years all live 
baitfish imported into California have come from Arkansas bait farms that are enrolled in 
the Arkansas Bait and Ornamental Fish Certification Program.50 This is a voluntary, fee-
based certification program that was established in March 2007 at the request of 
Arkansas’ aquaculture industry, and is administered by the Arkansas State Plant Board, 
a division of the Arkansas Agriculture Department (Goodwin 2008; Arkansas SPB 

                                                
49 Methods have been developed to minimize the risk of transporting zebra mussel larvae with hatchery 
fish shipments. For example, Edwards et al. (2002) recommend that all fish being transported from water 
sources that are potentially contaminated with zebra mussels be treated with 750 ppm of KCl for one 
hour, followed by 25 ppm of formalin for two hours, which they found kills zebra mussel larvae without 
harming fish. This treatment has been implemented by at least two hatcheries (Fairport State Fish 
Hatchery in Iowa and Gavin's Point National Fish Hatchery in South Dakota), which also filter the water 
for the transport truck through either a 20 micron filter or through a sand filter followed by a 25 micron 
filter, and transfer fish from the transport truck to the receiving waters in dip nets with no discharge of 
water (Bollig, undated; Anonymous, undated). Under a policy drafted by the state of Montana, these 
procedures would be required for any fish imported into Montana from areas with known zebra mussel 
infestations or from hatcheries within 100 miles of waters known to have zebra mussels (Anonymous 
2004; it’s not clear whether the Montana policy was ever put into effect). 
50 Statements by Mark Adkinson, Senior Fish Pathologist, Statewide Fish Health Coordinator, CDFG, in 
email to George Neillands, Senior Biologist Supervisor, Bay-Delta Region, CDFG, 8/4/08, forwarded to 
Jae Abel, Biologist III, Santa Clara Valley Water District, 8/4/08. 
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2008). The inspection protocols for this program are not impressive51, but fish farms in 
the program are required to use only well water or water recycled from within the farm to 
raise their certified fish, without mixture with outside waters or contact with non-certified 
fish.  
 
Since Cherry Lake is the only reservoir where the use of live baitfish is allowed, and 
Cherry Lake is judged to be invulnerable to infestation by any of the four mussels in this 
study, and according to CDFG all baitfish imported into the state in recent years have 
come from certified fish farms that are required to use only groundwater as a water 
source and to prevent contact with uncertified fish, the risk of mussel invasion via this 
vector appears to be insignificant. 
 
Research, Monitoring, Construction, Maintenance and Other Activities 
 
As with recreational boats and equipment, freshwater mussels can be transferred 
overland between water bodies attached to boats, equipment, diving gear, etc. used for 
non-recreational activities (Carlton 1993; Johnson & Padilla 1996). In one frequently 
reported incident, a large number of zebra mussels were observed and photographed 
attached to a large piece of construction equipment that was being transported 
westward (Figure 1). 
 
In many cases, recreation-related activities (boating, fishing and diving, plus fish 
stocking and live bait use) are the vectors posing the greatest risk of introducing 
invasive mussels. In the SFPUC system, however, the reservoirs where recreation is 
allowed have water chemistry and/or temperatures that are unsuitable for invasive 
mussels. In the reservoirs that are capable of supporting invasive mussels—the 
reservoirs in the Alameda Creek and San Mateo County watersheds—there is no public 
access. Thus, non-recreational activities that bring boats or equipment into contact with 
the water in these reservoirs have a proportionally greater importance. 
 
The issues and risk factors for non-recreational boats and equipment are similar to 
those for recreational boats and equipment, as are the measures that can be taken to 
reduce risk. As discussed earlier, SFPUC has recently adopted two sets of rules to 
address SFPUC boats and equipment (Staff Rules), and to address SFPUC contractors’ 
and other parties’ boats and equipment in the eight reservoirs on SFPUC land as well 
as SFPUC’s contractors’ activities in the three high Sierran reservoirs on national park 
and forest service land (Contractors’ Rules). While in general these rules probably  

                                                
51 Each farm is inspected by the State Plant Board at least once a year, with each pond on each farm 
inspected at least once every 2 years. The inspection consists of examining one edge of each pond for 
listed plants and snails and examining one hard surface (e.g. a pier, post, drain pipe or aerator float) for 
zebra mussels. Each farm is also inspected for fish diseases twice a year. The annual fee for the 
certification program is $1 per surface acre of fish pond, which is clearly insufficient to support a 
meaningful inspection program. Another apparent gap in the program is that although the regulations 
state that individuals, trucks and equipment that have had contact with noncertified fish or waters must be 
disinfected before entering any area that has contact with or drains into water used for certified fish 
production, and that certified fish and water can only be loaded into dry or disinfected tanks for transport, 
there are no protocols or standards for disinfecting individuals, trucks, equipment or tanks. 
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Figure 1. Zebra mussels observed on equipment being transported on a flatbed truck on Interstate 
40 in Oklahoma. 
 

 
 
 
represent about the right level of effort, there are several issues, inconsistencies or 
gaps that should be addressed: 
 

• The Contractors’ Rules are systematically written so that it is clear what procedures 
are to be followed. In contrast, the written description of the Staff Rules is 
incomplete, vague and unclear in places. This makes it challenging to assess gaps 
in the rules or compliance with the rules. I recommend that SFPUC redraft the Staff 
Rules as a systematic description of the required procedures, comparable to the 
specificity of the Contractors’ Rules, and distribute this description to all relevant 
staff. 

 
• The Staff Rules require spraying with a 10% solution of household bleach52, while 

the Contractors’ Rules require spraying with a 1.5% solution of household bleach. 
SFPUC had no explanation for why these concentrations were different (Jason 

                                                
52 The rules actually state that boats and equipment are to be sprayed with “a mild solution of chlorine 
bleach and water (a 10% household bleach solution is acceptable),” language that leaves it unclear 
whether a weaker solution might also be acceptable. This is one of the areas of vagueness that should be 
fixed in the redrafting of the rules. 
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Bielski pers. comm. 2009); it is likely that one is an error. However, it is not evident 
what the source is for either disinfection procedure. In addition, as noted earlier, the 
composition of “household bleach” can vary: many bleaches sold for use on 
household laundry contain 5.25% sodium hypochlorite, but others may contain 
concentrations ranging from 3% to 10%, and some use alternate, non-chlorine 
bleaching agents (the use of these latter would satisfy the Contractors’ Rules, but 
not the Staff Rules which specify the use of a chlorine solution). Furthermore, 
household bleaches can lose strength over time. Finally, the specified method of 
application, spraying, is unlikely to penetrate felt soles or other absorbent materials 
(Kilroy et al. 2006), and thus unlikely to disinfect them satisfactorily. 

 
 I recommend that SFPUC re-examine the studies supporting bleach disinfection and 

specify an appropriate bleach solution in terms of nominal sodium hypochlorite 
concentration for both sets of rules, specify a maximum age for bleach used in 
producing the disinfecting solution, and assess whether spraying is the appropriate 
application procedure for the types of equipment being treated. The basis for 
adopting this disinfection procedure (the specific goal, the supporting studies, and 
the considerations regarding the appropriate concentration and application) should 
also be documented. 

 
• The requirement in the Contractors’ Rules of washing boats and equipment with 

water that is 155° F at the nozzle and 140° F at the hull is apparently based on 
CDFG recommendations (Jason Bielski pers. comm. 2009; for example, see page 8 
in the CDFG publication, "A Guide to Cleaning Boats,” which can be downloaded at 
http://www.dfg.ca.gov/invasives/quaggamussel). However, as discussed above at 
Footnote 43, the research basis for this wash temperature is unclear, and it is 
uncertain whether it is effective. I recommend that SFPUC make an effort to 
determine the proper wash water to use to kill invasive mussels in a hosing-down 
situation, and include this in the Contractor’s Rules53; and perhaps to determine and 
specify immersion times and temperatures for small pieces of equipment, and for felt 
soles and similar materials that require substantial immersion time to raise the 
temperature to appropriate levels throughout the material (Kilroy et al. 2006). 

 
• Some small pieces of equipment, including nets, samplers and waders are 

occasionally moved after a few days of drying from Lake Merced or Laguna Salada 
to reservoirs in the San Mateo County or East Bay watersheds, but without the 
bleach disinfection procedure described in the Staff Rules (Jason Bielski pers. 
comm. 2009). As noted earlier, the written description of the Staff Rules is vague in 
places, and staff has apparently interpreted these rules as not applying to equipment 
moved into one of the three main watersheds that contain the eleven SFPUC 
reservoirs from SPFUC-managed waters that are outside of these three watersheds. 
Although invasive mussels have not been reported from any of the SFPUC-
managed waters, Lake Merced, for example, is subject to a number of potential risk 
factors (public access to the shoreline, fishing with live bait, launching of private, 

                                                
53 As discussed in the Gap Analysis chapter, research published since this was written (Morse 2009) 
indicates that the recommended temperatures may not be effective at killing all zebra mussels, and that in 
general hosing down equipment with hot water may not be an effective decontamination procedure. 
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non-motorized boats, fish stocking) that the reservoirs in the San Mateo County and 
East Bay watersheds are not subject to, and also (based on its location) may have 
appropriate water chemistry and temperatures to support invasive mussels. Thus, 
the transfer of equipment from Lake Merced to these reservoirs probably entails 
some risk, similar to the risk from equipment moved to these reservoirs from non-
SFPUC waters. I recommend that the Staff Rules be amended to specifically 
address this movement of equipment from non-reservoir SFPUC waters into the 
reservoir watersheds, and suggest that the appropriate level of treatment is probably 
at least equal to the treatment of equipment moved between the SFPUC reservoir 
watersheds. 

 
• Felt soles on waders and other footgear have been identified as a significant risk 

factor for the transfer of Didymo and other small organisms, and conceivably could 
pose some risk of transferring of transferring early life stages of invasive mussels, 
though this has not been tested. Cleaning, drying and disinfecting these types of 
soles is difficult. Some efforts are underway to ban or phased out the sale of felt 
soles. Under “Other Recreational Equipment” above, I recommended that the use of 
felt soles by recreational users at SFPUC’s three high Sierran reservoirs be banned. 
Similarly, I recommend that the use of felt soles by SFPUC staff and other non-
recreational users also be banned in all SFPUC waters. 

 
• SFPUC staff members treat some equipment transfers with a Formula 409 solution 

to prevent transfers of New Zealand mudsnails and chytrid fungus. I recommend that 
the Staff Rules include a systematic description of these procedures also; and as 
with the household bleach disinfection, this language should address specifically the 
product to be used, the concentration of critical ingredients to be attained in the 
treatment solution, and the method of application. In addition, the basis for adopting 
this procedure (the specific goals, the supporting studies, and the considerations 
regarding the appropriate concentration and application) should also be 
documented54. 

 
• From a broader perspective, I recommend that SFPUC develop a single document 

that systematically describes staff rules and contractors’ rules to reduce the risk of 
introducing invasive organisms, including invasive mussels, New Zealand 
mudsnails, chytrid fungus, Didymo, whirling disease and other high-risk invaders that 
could severely impact SFPUC’s waters. The goal should not be to multiply rules 
indefinitely, but rather to develop as unified and simple a set of procedures as 
possible that will provide appropriate protection to SFPUC waters against a 
multitude of threats. These threats are only likely to grow; putting together a unified, 
systematic and coherent approach now will probably save time and money over the 
long term. 

 

                                                
54 As noted earlier, the decontamination field procedures document prepared by SFPUC’s Natural 
Resources Division, provided to me after this chapter was completed, describes decontamination 
procedures for these and other organisms. 
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Migratory Birds and other Animals 
 
Exotic freshwater mussels could conceivably be transported overland between water 
bodies if attached to the hard parts of live mobile aquatic animals such as turtles; 
attached to objects that are transported by animals (e.g. sticks carried by beavers or 
nest-building birds); consumed and later defecated or regurgitated whole and alive by 
aquatic animals (e.g. turtles, otter, beaver, muskrat, etc.), birds or terrestrial mammals; 
or adhered to or entangled in the skin, feathers or fur of birds or aquatic or terrestrial 
mammals. Of these, only transport by migratory birds appears to be even theoretically 
capable of transporting mussels long distances between drainages. Evidence that this 
in fact occurs, however, is lacking (Carlton 1993; Johnson & Carlton 1996), and the risk 
of introducing invasive mussels to SFPUC reservoirs by this means seems slight. While 
there are measures available that could reduce the numbers of birds using SFPUC's 
reservoirs55 and conceivably reduce the risk of migrant birds introducing mussels, these 
measures would impact birds and do not appear to be warranted based on the low risk 
of mussel introduction. It would also be challenging to make a case for using these 
methods—which involve various methods of harassing birds or altering habitat to make 
it less suitable for birds, and could potentially affect types or species of birds that are 
protected by federal or state laws or by international treaties—that would overcome 
environmental objections and satisfy state and federal environmental protection laws.56 
 
Political Actions 
 
Various regional, state and federal agencies are critical to efforts to contain, intercept, 
reduce or eradicate quagga or zebra mussels at the western sites where they are 
currently present, to monitor and detect them at other sites, and to fund general 
research that will improve the efficiency and effectiveness of vector management. 
These efforts and actions would have an impact on the risk of invasion at SFPUC 
reservoirs. Though outside the scope of this report, SFPUC has opportunities to 
influence or assist with these efforts and actions, and it could be worthwhile to do so. 
 
 
Summary 
 
In general, SFPUC is in good shape in terms of protecting its eleven reservoirs from the 
four invasive mussel species. Recreation-related activities (boating, fishing and diving, 
plus fish stocking and live bait use) are often the most important vectors for overland 
introductions of invasive mussels, but the reservoirs where recreation is allowed appear 
to not be vulnerable to invasion based on their water chemistry and temperature, and 
                                                
55 Methods for discouraging birds from landing in or remaining in an area include hazing with loud or high 
frequency sounds; recordings of alarm or distress calls; balloons, flags, reflectors, overhead wires, 
netting, predator models, lights and pyrotechnics; electric shockers; water spraying; chemical repellants; 
nest and egg breaking; trapping, shooting or poisoning adults; introduction of predators; attack by trained 
hawks or falcons; modification or elimination of perches; and other types of habitat modification (Erickson 
et al. 1990; Marsh et al. 1991; Stevens et al. 2000; Gorenzel & Salmon 2008).  
56 At a minimum, this would probably require a determination of substantial risk based on specific, 
detailed data on patterns of bird use in and migration to the reservoirs. 
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there is no public access to those reservoirs that are vulnerable. Non-recreational 
activities in the vulnerable reservoirs (research, monitoring, construction, maintenance, 
etc.) thus takes on a proportionally greater significance, but SFPUC has adopted rules 
for cleaning, disinfecting, drying and inspecting any boats or equipment used on these 
reservoirs that should reduce risk to nearly a level of insignificance. My 
recommendations are for some minor modifications and clarifications of these rules. 
There are also a few modest additional measures that SFPUC might consider as 
insurance against uncertainties in the vulnerability analysis, or to help protect against 
other exotic pest species. Finally, from a broader perspective, I recommend that SFPUC 
develop a unified approach to address the suite of known freshwater invaders that pose 
a high risk to SFPUC waters, not just invasive mussels. 
 
Based on the Vulnerability Assessment, and extrapolating results to nearby reservoirs 
with probably similar chemistry and temperatures, SFPUC’s Hetch Hetchy, Cherry Lake 
and Lake Eleanor reservoirs appear to be invulnerable to colonization by any of the 
invasive mussels, the Bay Area reservoirs (San Antonio, Calaveras, Pilarcitos, Upper 
and Lower Crystal Springs and San Andreas) all appear to be vulnerable to a greater or 
lesser degree to invasion by zebra mussels and quagga mussels, and the San Mateo 
County watershed reservoirs appear to also be vulnerable to the golden mussel 
Limnoperna fortunei (though the current risk of colonization by the latter species is low 
because it has not yet been found in North America). As noted earlier, since there is 
some uncertainty regarding the calcium requirements of zebra mussels and especially 
quagga mussels, and few calcium measurements have been made in SFPUC 
reservoirs, there is some uncertainty regarding the vulnerability assessments that are 
based on calcium. Additional measurements of the reservoirs’ calcium concentrations at 
different depths, sites and seasons, along with field or laboratory work to more reliably 
define zebra and quagga mussels’ calcium requirements, could substantially reduce this 
uncertainty. 
 
Sierran reservoirs: Public access, and recreational activities ranging from shore fishing 
to water contact activities to unrestricted boating are allowed in the three main Sierran 
reservoirs, but since these don’t appear to be capable of supporting populations of 
invasive mussels, the risk to these reservoirs is small. However, there are some 
uncertainties in the vulnerability analysis, and there are also other pest species that 
could be introduced and may be able to establish in these reservoirs, so I recommend 
that SFPUC assess the feasibility of seeking or adopting57 some modest measures at 
these reservoirs that would eliminate or reduce certain risks with relatively little impact 
on recreational activities. These include: banning watercraft with ballast tanks; banning 
watercraft that have recently been in the water in zebra mussel- or quagga mussel-
infested areas; restricting boating to the warmer and drier months; providing information 
and a simple boat-washing station on the road into reservoirs that allow boating; and 
banning SCUBA diving. In addition, I recommend seeking or adopting a ban on the use 
of felt-soled footgear in these reservoirs by both recreational and non-recreational 

                                                
57 SFPUC’s authority to set restrictions on activities at these reservoirs, which are not on SFPUC land, is 
not clear to me; hence the language used here is “seeking or adopting.” 
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users, to reduce the risk of introducing such pests as New Zealand mudsnails, Didymo 
and whirling disease. 
 
SFPUC has adopted rules about bringing boats and equipment into the three main 
Sierran reservoirs that would apply to SFPUC staff and SFPUC contractors (though not 
to other agencies or recreational users). Recommended modifications to these rules are 
discussed below in the paragraph on Bay Area reservoirs. 
 
The only fish stocked in SFPUC reservoirs are trout from CDFG’s Moccasin Hatchery 
that are planted in Cherry Lake. Based on water chemistry and/or temperatures, it is 
likely that neither Cherry Lake nor the hatchery is vulnerable to invasion by the four 
mussels that are the subject of this study, and the risk of introducing any of these 
mussels via this vector is probably insignificant. However, I recommend that SFPUC 
review various aspects of the hatchery’s operations to determine whether there is a 
significant risk of introducing other aquatic pest species. 
 
The use of live bait is allowed only at Cherry Lake, which based on water chemistry and 
temperature is probably not vulnerable to invasion by the mussels that are the subject of 
this study. In combination with certain protective aspects of the live bait trade discussed 
earlier, this probably reduces the risk of introducing invasive mussels via this vector to 
an insignificant level. 
 
There is no public access to SFPUC’s two smaller and lower-elevation Sierran 
reservoirs, Priest and Moccasin. Based on their location in the Sierra Nevada, and with 
Hetch Hetchy as their primary source of water, these reservoirs probably have 
unsuitable water chemistry for zebra and quagga mussels and Mytilopsis, and may 
have unsuitable temperature or pH for Limnoperna. As there is no public access to 
these reservoirs, and SFPUC has adopted rules for handling non-recreational boats and 
equipment to minimize invasion risks, the overall risk of introducing invasive mussels to 
these reservoirs is probably insignificant. However, these reservoirs may be vulnerable 
to other exotic pest species, so I recommend some clarification and modification of the 
rules for non-recreational boats and equipment (as discussed in the next paragraph) 
and such measures as banning the use of felt-soled footgear by staff, contractors and 
others. 
 
Bay Area reservoirs: All of SFPUC’s Bay Area reservoirs have water chemistry and 
temperatures that leave them potentially open to invasion by zebra or quagga mussels, 
and for the San Mateo County watershed reservoirs, to Limnoperna as well. There is no 
public access to these reservoirs. SFPUC has adopted two sets of rules, one for the 
movement of SFPUC boats and equipment (Staff Rules), and the other for boats or 
equipment brought in by contractors, agencies, researchers or other non-recreational 
users (Contractors’ Rules). I recommend that SFPUC rewrite the Staff Rules to describe 
the required procedures for invasive mussels more systematically, and include in these 
rules the Formula 409 disinfection used by staff for New Zealand mudsnails and chytrid 
fungus; determine and specify in the rules the appropriate concentration of active 
ingredients to use in bleach disinfection and Formula 409 disinfection, and the 
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appropriate temperature for wash water; and address in the rules the transfer of 
equipment from non-reservoir SFPUC waters into the reservoir watersheds. In addition, 
primarily because of certain other invasive organisms but possibly with some relevance 
to invasive mussels, I recommend that SFPUC ban the use of felt-soled footgear on all 
SFPUC waters, including the Bay Area reservoirs. 
 
There is a theoretical risk of long distance transport and introduction of zebra and 
quagga mussels by migratory birds, but there is no evidence that this has actually 
occurred, and the risk to SFPUC reservoirs is considered slight or insignificant. There is 
also no easy fix for this, and no action is recommended. 
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Chapter 5. Response Plan 
 
 
 
Introduction 
 
This report provides an outline of the response plan elements that are recommended in 
order to respond promptly and efficiently to the discovery of an exotic freshwater mussel 
species in one of SFPUC’s reservoirs. These elements should focus on the reservoirs 
identified by the vulnerability assessment and vector pressure (see the Vulnerability 
Assessment and Vector Control chapters) as being most at risk of invasion. 
 
 
Data Sources  
 
Some information on SFPUC’s reservoirs and water system was provided for the earlier 
reports in this study. I also reviewed several response plans developed by other 
agencies, including the dreissenid mussel response plans for the Bonneville 
Hydroelectric Project (Athearn & Darland 2006), for the fish facilities at Lower Columbia 
River hydroelectric plants (Kovalchuk 2007), for the National Park system (NPS 2007), 
for the Columbia River Basin (Heimowitz & Phillips 2008; Anonymous 2008), and for 
three watersheds in Colorado and Utah where dreissenid larvae have been identified 
(Colorado DNR 2008; Utah DWR 2009b,c); the dreissenid mussel response 
recommendations of California’s Science Advisory Panel and Colorado’s Blue Ribbon 
Panel (Cohen et al. 2007; Anderson et al. 2008); the response recommendations for 
two Colorado watersheds where dreissenid mussels have been identified (Claudi & 
Prescott 2009a,b); and California’s and Utah’s Aquatic Invasive Species response plans 
(CDFG 2007; Utah DWR 2009a). I also drew on my experience with the California 
Incident Command’s response to the discovery of quagga and zebra mussels in 
California (which I served as science advisor and chair of its Science Advisory Panel), 
and with the U.S. Bureau of Reclamation’s (USBR) and San Benito County Water 
District’s (SBCWD) response to the discovery of zebra mussels in San Justo Reservoir. 
 
 
Relative Invasion Risk at SFPUC Reservoirs 
 
Cherry, Eleanor and Hetch Hetchy are the only SFPUC reservoirs that are not closed to 
public access, and Cherry and Eleanor are the only reservoirs that allow recreational 
boating (Table 1). These reservoirs, however, are probably not vulnerable to 
colonization by any of the four invasive mussel species, either because of low calcium 
(quagga mussels and Limnoperna fortunei), low calcium and low pH (zebra mussels), or 
low salinity (Mytilopsis leucophaeata) (see the Vulnerability Assessment chapter). Priest 
and Moccasin reservoirs allow no public access and, being filled mainly by Hetch 
Hetchy (and entirely by Sierran) water are probably not vulnerable to colonization. The 
Bay Area reservoirs are probably all more or less vulnerable to colonization by 
Limnoperna, zebra and quagga mussels based on their reported or expected water  
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Table 1. SFPUC reservoir vulnerability and recreational uses.  
 

Vulnerability to Mussels 
Reservoir Dreissena 

polymorpha 
Dreissena 
bugensis 

Limnoperna 
fortunei 

Mytilopsis 
leucophaeata 

Public Access/  
Recreation 

Hetch Hetchy Not 
Vulnerable 

Not 
Vulnerable 

Not 
Vulnerable 

Not 
Vulnerable Shore fishing 

Cherry Not 
Vulnerable 

Not 
Vulnerable 

Not 
Vulnerable 

Not 
Vulnerable 

Motor boating, 
fishing, fish stocking 

Eleanor Not 
Assesseda 

Not 
Assesseda 

Not 
Assesseda 

Not 
Assesseda 

Non-motorized 
boating, fishing 

Priest Not 
Assesseda 

Not 
Assesseda 

Not 
Assesseda 

Not 
Assesseda No access 

Moccasin Not 
Assesseda 

Not 
Assesseda 

Not 
Assesseda 

Not 
Assesseda No access 

Calaveras Vulnerable Vulnerable Vulnerable Not 
Vulnerable No access 

San Antonio Not 
Assessedb 

Not 
Assessedb 

Not 
Assessedb 

Not 
Assessedb No access 

Crystal Springs Possibly 
Vulnerablec 

Possibly 
Vulnerablec Vulnerable Not 

Vulnerable No access 

San Andreas Possibly 
Vulnerablec 

Possibly 
Vulnerablec Vulnerable Not 

Vulnerable No access 

Pilarcitos Not 
Assessedd 

Not 
Assessedd 

Not 
Assessedd 

Not 
Assessedd No access 

a Since Eleanor, Priest and Moccasin’s water sources are similar to Hetch Hetchy and Cherry’s, they 
would probably also be classified as Not Vulnerable to all four mussel species. 

b San Antonio’s calcium measurements for 1995-2008 are similar to Calaveras’, and other relevant water 
quality values are probably also similar, so its vulnerability classifications would probably be the same. 

c Calcium data collected since the Vulnerability Assessment was completed shows a spike in calcium 
concentrations in Crystal Springs and San Andreas reservoirs in March 2009, possibly related to large 
inputs of local runoff. These recorded spikes are from vertical profile data which SFPUC began 
collecting in December 2008, and in both reservoirs exceed the range of roughly annual surface 
measurements collected in 1998-2008 (in Crystal Springs, 19-26 mg/l in the March 2009 profile 
compared to a range of 8-16 mg/l in the 1998-2008 surface readings; in San Andreas, 23-25 mg/l in the 
March 2009 profile compared to 10-16 mg/l in the 1998-2008 surface readings) and suggest a 
significantly higher level of vulnerability to zebra and quagga mussels, at least at some times. 

d Pilarcitos’ calcium measurements for 1995-2008 are a little higher than those taken in Crystal Springs 
and San Andreas, and other relevant water quality values are probably generally similar to theirs, so its 
vulnerability classifications would probably be the same as theirs. 

 
 
chemistry, but there is no public access to any of them. There appear to be only a few 
possible routes by which zebra or quagga mussels could arrive in one of SFPUC’s Bay 
Area reservoirs: 
 

• Overland from an infested reservoir with boats or equipment used for monitoring, 
research, construction, etc. The risk is small because such activities are relatively 
infrequent (compared to the frequency of boat launches on many reservoirs that are 



Exotic Freshwater Mussels - Chapter 5. Response Plan  141 
 

open to recreational boating), and is reduced further by cleaning, disinfection, drying 
and inspection requirements that SFPUC has recently put into place (see the Vector 
Control chapter). 

 
• Overland from an infested reservoir with equipment or bait used by poachers. The 

risk is small because poaching is believed to be infrequent. 
 

• Overland on small equipment used in Lake Merced. Some small pieces of 
equipment are occasionally used in one of SFPUC’s Bay Area reservoirs or their 
watersheds after use in Lake Merced and a few days of drying, without the regular 
cleaning, disinfection and inspection protocols otherwise applied to equipment 
moved between the three major SFPUC watersheds (the Sierran, East Bay and San 
Mateo County watersheds). Lake Merced is subject to several risk factors (public 
access to the shoreline, fishing with live bait, launching of private, non-motorized 
boats, fish stocking) that the Bay Area reservoirs are not. The movement of small 
equipment is a relatively low risk activity, and drying it for a few days reduces the 
risk, but it would be relatively easy for SFPUC to further reduce the risk by not 
sharing any boats or equipment between its Bay Area reservoirs and waters where 
there is recreational boating and other public access, or by requiring more rigorous 
disinfection or longer drying times for any equipment shared between them, and it is 
recommended that it consider doing so (see the Vector Control chapter). 

 
• In Hetch Hetchy water after establishment in one of SFPUC’s Sierran reservoirs. 

The risk seems very small because the apparent calcium concentrations in these 
reservoirs (mean of 1.3 mg/l and range of 0.7-3.0 mg/l in Hetch Hetchy Reservoir, 
and believed to be similar in the other Sierran reservoirs) are so far below the 
concentrations that are believed to be necessary for zebra or quagga mussels to 
successfully reproduce and establish (12-25 mg/l—Cohen & Weinstein 2001; Cohen 
2005); and any risk would be reduced further by chlorination at Tesla Portal, and 
ammonia addition and chloramine formation at the San Antonio Pump Station. 

 
• In Hetch Hetchy water, after spawning by mussels on a boat hull in one of SFPUC’s 

Sierran reservoirs. It is not known what specific life stage is most sensitive to low 
calcium levels, but it is thought to be some stage in reproductive development, 
spawning, fertilization or early larval development (Cohen & Weinstein 2001). If it is 
a stage in reproductive development, then it is theoretically possible that mussels 
that have passed this stage attached to a boat hull in a water body with appropriate 
calcium levels could arrive on that boat in a water body with low calcium levels and 
spawn successfully. If this happened in Cherry Reservoir (less likely in Eleanor, 
which is restricted to non-motorized boats carried in over a quarter-mile trail), there 
would be a possibility of some larvae (or later, translocating juveniles or adults) 
being carried to a Bay Area reservoir via the Hetch Hetchy aqueduct. The initial 
hypothetical event—zebra or quagga mussels that are already reproductively-ready 
arriving on a boat hull in low calcium waters, and spawning successful—seems a 
fairly low-probability event in a reservoir with only day-use boating (no marina 
facilities), even if it’s physiologically possible. In addition, it’s uncertain if larvae could 
survive for long in the extremely low calcium (<3 mg/l) and moderately low pH (≈6.7) 
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waters expected in Cherry and Eleanor Reservoirs and in the Hetch Hetchy 
aqueduct58; water from Cherry or Eleanor rarely enters the Hetch Hetchy aqueduct 
(only in extreme droughts—Mike Horvath pers. comm. 2009); and chlorination at 
Tesla Portal and ammonia addition and chloramine formation at the San Antonio 
Pump Station would reduce the risk of larval survival. 

 
• In Hetch Hetchy water, after introduction of larvae carried in water into one of 

SFPUC’s Sierran reservoirs. While it is clearly possible for larvae to be introduced 
into one of the Sierran Reservoirs in the live wells, bait wells, bilges or other retained 
water on a boat, or in water used to transport live bait (most likely Cherry, less likely 
in Eleanor (only non-motorized boats and no live bait allowed), and least likely in 
Hetch Hetchy (no boats or live bait allowed)), the number of larvae released by such 
an event would have to be pretty small, resulting in an insignificant mean density 
when released into reservoirs containing tens or hundreds of thousands of acre-feet 
of water (see Table 8 below for reservoir capacities). Any small risk would be further 
reduced by the factors described in the previous bullet: low likelihood of larval 
survival, little water from Cherry or Eleanor entering the Hetch Hetchy aqueduct, 
chlorination at Tesla Portal, and ammonia addition and chloramine formation at the 
San Antonio Pump Station. 

 
• In emergency SWP water conveyed into San Antonio Reservoir. An emergency 

supply from the State Water Project’s (SWP) drought water bank water bank could 
be delivered into San Antonio Reservoir. This water would be pumped from Clifton 
Court Forebay in the Delta, into Bethany Reservoir, and then via the South Bay 
Aqueduct into San Antonio. Delta water varies greatly in calcium concentrations, 
with a range in reported mean calcium levels from 6 to 33 mg/l at six Delta locations 
(Cohen 2007). Water entering from the north and east (from the Sacramento, 
Mokelumne and Cosumnes rivers, mainly draining the northern and central Sierra) 
has the least calcium, and water from the south (San Joaquin River) has the most. 
Water in the western Delta has levels in-between, possibly including an admixture of 
some tidal estuarine water, which would tend to raise both the calcium concentration 
(which is good for zebra and quagga mussels) and the salinity (which is bad for 
them). With these different influences varying with seasonal and annual changes in 
water flows and water withdrawals, it’s difficult to assess whether the Delta overall 
provides good habit for these mussels, but clearly some parts are suitable at least at 
some times, especially in the southern Delta. 

 
 The reported 10-year mean calcium concentration for Clifton Court Forebay, the 

source of any emergency water supply for San Antonio Reservoir, is 15 mg/l, which 
might be high enough for zebra or quagga mussels to become established. Because 

                                                
58 I found only two studies that tested the survival of invasive mussel larvae in low calcium waters. One 
study found no survival of zebra mussel larvae after 14 days in three source waters with 3-4 mg/l of 
calcium, compared to 60% survival in two source waters with 22 and 30 mg/l of calcium. The other study 
found no survival of zebra mussel larvae in water with 11 mg/l of calcium and a pH of 7.5, with longer 
survival when calcium was raised to 16.5 mg/l or pH was raised to 7.8 (Baldwin et al. 1997; Hansen et al. 
1998. The mean reported pH in Cherry and Hetch Hetchy reservoirs is 6.7 (see the Vulnerability 
Assessment chapter). 
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of a long planktonic period of up to a month or more, zebra or quagga mussel larvae, 
or drifting juveniles or adults, could potentially be carried in water flows into San 
Antonio Reservoir from a population established either in the Delta or in possibly 
suitable waters that are hydraulically upstream, which include Sacramento River 
tributary waters on the west side of the Sacramento Valley (Black Butte Reservoir, 
Clear Lake, Lake Berryessa, etc.); the lower San Joaquin River; an area in the 
southwestern Sierra that includes the lower parts of Mariposa Creek, Chowchilla 
River, Fresno River, Tule River, and the reservoirs on them; and San Luis Reservoir 
(Cohen 2007). Among the most popular destinations for boats leaving quagga-
mussel-infested Lake Mead are Clear Lake (#6) and the Delta (#19) (Cohen et al. 
2007). Although water taken from the Delta is expected to enter San Antonio only 
rarely, this might nevertheless be the most likely route of invasion into the SFPUC 
water system. However, there is probably no risk that larvae or drifting mussels from 
San Antonio could be transported in the water supplied to the Peninsula reservoirs 
because all the water from San Antonio is treated at the Sunol Water Treatment 
Plant before it is mixed with Hetch Hetchy water and conveyed to the Peninsula59. 

 
• In blow-off water from the South Bay Aqueduct conveyed into San Antonio 

Reservoir. It has been suggested that occasional maintenance blow-offs of water 
from the South Bay Aqueduct could end up in San Antonio Reservoir. If this is so, it 
might represent a pathway, as discussed in the previous bullet, for zebra or quagga 
mussels to enter the SFPUC system. 

 
None of these mechanisms seems very likely, and thus the risk of invasion into any of 
SFPUC reservoirs is low. Within that general low level of risk, some relative rankings 
seem clear, others less so. The main challenge is in judging whether a water body with 
a risky set of vectors but water chemistry that is low risk (e.g. Cherry Reservoir) is 
overall at greater or less risk than a water body with few vectors but water chemistry 
that is higher risk (e.g. the Bay Area reservoirs). There are no data or analyses that I’m 
aware of that are very helpful with this. My views generally run toward giving substantial 
weight to the influence of water chemistry, and my overall ranking is as shown in Table 
2, with the East Bay reservoirs (highest calcium concentrations) ranked higher than the 
Peninsula reservoirs, which in turn are ranked higher than the Sierran reservoirs (lowest 
calcium concentrations). Within these groups, San Antonio is ranked higher risk than 
Calaveras because of the potential for importing mussels with rare imports of Delta 
water through the South Bay Aqueduct, and the Sierran reservoirs are ranked according 
to their level of public access and use. Although I believe the ranking in Table 2 does 
the best job of balancing the various risk factors, it would also be perfectly reasonable to 
rank the reservoirs with public access—especially Cherry Reservoir—relatively higher 
than they are in that table. 
 
 

                                                
59 The treatment includes flocculation and sedimentation; filtration through a granulated activated 
charcoal; and chloramination. 
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Table 2. Relative ranking of invasion risk for SFPUC reservoirs.  
 

Risk Level Reservoirs Explanation 

San Antonio High-risk water chemistry; can receive some Delta water via the 
South Bay Aqueduct; no public access.  

Calaveras High-risk water chemistry; no public access. 

Crystal Springs, San 
Andreas, Pilarcitos Lower risk water chemistry; no public access. 

Cherry Low-risk water chemistry; motor boats launched at public boat 
ramp, swimming allowed. 

Eleanor Low-risk water chemistry; non-motorized boats carried in over a 
quarter-mile trail, swimming allowed. 

Hetch Hetchy Low-risk water chemistry; shore access only. 

Highest 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 
. 

Lowest Priest, Moccasin Low-risk water chemistry; no public access. 

 
 
Purpose of Response Plan  
 
The purpose of the plan outlined here is to help SFPUC prepare for a prompt and 
efficient response to the discovery of an invasive mussel in one of its reservoirs. 
Aspects of the response will necessarily be contingent on the conditions at the time of 
discovery, including such conditions as: 
 

• the site, abundance and distribution of the invasive mussels;  
 

• the climate and weather conditions, including the season, and whether it is a drought 
year; 

 
•  water system conditions, including reservoir levels, the available/expected water 

supplies, demand conditions, and the status of construction activities in the 
reservoirs or water system;  

 
• environmental conditions, including the current status of endangered or other 

species that are the focus of management obligations and that could be affected by 
response actions; and 

 
• whether other water bodies in central California have been invaded, and how they 

are being managed. 
 

A response plan cannot plan specifically for each and every combination and 
permutation of possible conditions. What a plan can do is: 
 

(1) describe the series of general steps that SFPUC should go though in response to 
the discovery of an invasive mussel in its reservoirs; 
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(2) describe specific technical actions, such as how to inspect, remove infestations 
from or prevent infestations in the highest priority (most vulnerable and/or critical) 
system components; 

 
(3) conduct analyses and assemble information that will facilitate a prompt response; 

and 
 
(4) identify other actions that should be taken in advance to facilitate a prompt 

response. 
 

These four components are discussed in the sections that follow. Note that the plan 
components are not arranged in chronological order. Plan components 1 and 2 describe 
the response actions to be taken after the initial report of an invasive mussel in an 
SFPUC reservoir. Plan components 3 and 4 describe preparatory actions that should be 
taken beforehand, to facilitate the timely implementation of the actions described in 
components 1 and 2. Which preparatory actions (components 3 and 4) have the 
greatest value and priority derives from the expected composition and sequence of 
response actions (components 1 and 2), so I recommend arranging them in this order in 
the plan. 
 
 
1. Describe the General Steps to be Taken in Response 
 
The steps that should be taken in response to the discovery of an invasive mussel 
infestation can be separated into administrative activities and operational activities. 
Operational activities can be further divided into five distinct Phases, initiated by specific 
triggering events (Table 3). The administrative activities will more continuous, though 
they will be adjusted as the response moves through different phases and deals with 
changing conditions. 
 
(1) Administrative Activities 
 
The administrative activities include implementing a command structure, financing the 
operational and administrative activities, providing information to the public about the 
invasion and response, and developing any environmental documentation and obtaining 
any permits required. Essentially, all of these are initiated with the start of Phase 2, that 
is, with the determination that invasive mussels have been found in an SFPUC reservoir 
(Table 3).  
 
Command Structure: As far as possible, SFPUC should determine in advance what 
command structure will be used to manage the response, including identifying the 
responsibilities of key individuals, and include a written description of the command 
structure in the response plan. This description should be reviewed periodically, 
including whenever there are significant organization restructurings or changes in key 
personnel at SFPUC. SFPUC should also identify other agencies it is likely to need to or 
to want to work with or partner with on the response (probably including the California 
Department of Fish and Game (CDFG), and if in one of the High Sierran reservoirs, the  
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Table 3. Operational phases and tasks of an invasive mussel response effort. 
 

Phase 1.  Triggering event: the initial report of a possible invasive mussel in a reservoir. 

• Verify that an invasive mussel species is present in a reservoir. 
–  Specimens are invasive mussels ⇒  Implement Phase 2. 
–  Specimens are not invasive mussels ⇒  End response. 
–  Unclear if specimens are invasive mussels ⇒  Conduct inspections and enhanced monitoring to 

collect additional specimens needed for verification; if unable to do so, review and modify 
monitoring program as appropriate, and end response. 

Phase 2.  Triggering event: the determination that invasive mussels have been found in a reservoir. 

• Implement emergency containment measures at the infested reservoir. 
• Implement emergency facility protection at facilities that receive raw water from the infested reservoir. 
• Modify vector control measures at uninfested reservoirs to include a ban on the entry of any watercraft 

or equipment that has been in the infested reservoir. 
• Assess the extent of infestation in the watershed, and modify the monitoring program as needed. 
• Assess infestation of potentially-affected facilities and institute regular monitoring. 

–  Infestation in facility is severe enough to threaten service disruption ⇒  Implement mussel removal 
as appropriate. 

–  Infestation in facilities do not threaten service disruption ⇒  Monitor the situation. 
• Assess weaknesses or gaps in vector control and detection monitoring, and modify accordingly. 
• Assess potential for eradication, and decide whether to attempt eradication. 

–  Will attempt eradication ⇒  Implement Phase 3. 
–  Will not attempt eradication ⇒  Implement Phase 4. 

Phase 3.  Triggering event: the decision is made to attempt eradication. 

• Implement interim containment measures at infested reservoirs. 
• Implement interim facility protection at facilities that receive raw water from infested reservoirs. 
• Implement eradication effort. 

–  If unsuccessful ⇒  Implement Phase 4. 
–  If successful ⇒  Implement Phase 5. 

Phase 4.  Triggering event: either the decision is made to not attempt eradication, or it is attempted, is 
unsuccessful and is abandoned. 

• Implement long-term containment measures at infested reservoirs. 
• Implement long-term facility protection at facilities that receive raw water from infested reservoirs. 
• Assess habitat impacts and modify habitat management or mitigate impacts as appropriate. 
• Review response effort and modify response plan as appropriate. 

Phase 5.  Triggering event: eradication is successful. 

• Cease the interim containment and facility protection measures. 
• Implement follow-up monitoring. 
• Review response effort and modify response plan as appropriate. 
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National Park Service (NPS) or the U.S. Forest Service (USFS)), and establish a 
dialogue with these agencies in order to clarify mutual expectations or obligations in the 
event of invasive mussels infesting an SFPUC reservoir. In addition, SFPUC should 
identify in advance any outside experts it would expect to call on for any significant role. 
 
Financing: Insofar as it is possible, SFPUC should develop estimates in advance of the 
expected operational and administrative costs of implementing the tasks anticipated in 
Phase 1 and Phase 2 of the response, and rough estimates of the costs of eradication 
efforts (Phase 3). If possible, SFPUC should identify sources of funds within its budget 
that could be used to cover the earliest phases of a response, 
 
Public Information: Providing the public with information about the invasion and 
response will of course be an important component of any response effort. A couple of 
the existing response plans paid considerable attention to this aspect of response, to 
the point of developing draft press releases, draft talking points and/or draft information 
papers (e.g. the Bonneville Response Plan (Athearn & Darland 2006), Attachments 1-3; 
and the Columbia Basin Response Plan (Heimowitz & Phillips 2008), Appendix G-2). In 
my view these documents written in advance are likely to be of little value. The purpose 
of providing information to the public is either to inform the public, or to reassure the 
public, or both if these are not incompatible. In my experience, neither purpose is likely 
to be served by releasing statements prepared years in advance, containing general, 
possibly outdated, information. Up-to-date background information on these invasive 
mussels is readily available on the Internet, and in the event of an invasive mussel 
showing up in an SFPUC reservoir, there will be no shortage of experts available to 
provide such information. Effort spent preparing for public information actions years in 
advance is likely to be wasted effort. However, there would be little harm and possibly 
some limited value in public information staff taking a couple of hours to download and 
look at a few fact sheets or other general background information on these invasive 
mussels, noting the URLs of some of the more useful internet sites, noting a few experts 
they might want to contact if mussels show up, and filing away the draft press releases 
and other drafts of public information documents from the response plans cited above.  
 
Environmental Review/Permitting. From past experience, environmental review and 
permitting are likely to be on the critical path for any eradication effort (Phase 3), and 
may be needed for some Phase 2 activities. For eradication in particular, the time 
needed to develop environmental documentation, complete environmental review and 
obtain all required permits could delay implementation for one to several years, 
potentially jeopardizing the success of such efforts. Any preparation that SFPUC can do 
in advance that would speed up the documentation, review and permitting processes 
will be of great value if a response is ever needed. At a minimum, preparation should 
include identifying what documentation and permits would be required for Phase 2 and 
Phase 3 tasks in the likeliest and/or most critical scenarios, and estimating the length of 
time that would be needed to complete documentation and review and obtain permits. It 
is recommended that SFPUC establish a dialogue with the regulatory/permitting 
agencies to assess these issues and explore (both with these agencies and internally) 
what can be done to expedite the documentation, review and permitting steps.  
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Among other approaches, it may be possible to draft parts of a required environmental 
document in advance (such as parts describing the environmental setting, the affected 
facilities, the biology of the invasive mussel, or the toxicological effects of biocides being 
considered for use), or at least assemble much of the information that would be needed 
to write these parts. An interesting approach suggested in the Bonneville Hydroelectric 
Project response plan is to prepare and file a Programmatic Environmental Impact 
Statement (EIS) covering possible actions and treatments, including biocides that might 
be used, arguing that in the event of an invasion an emergency Supplemental EIS, 
based on the approved Programmatic EIS, could be quickly filed and approved (Athearn 
& Darland 2006 at page 18). A programmatic approach might be helpful under either 
NEPA or CEQA, or perhaps other permit requirements, if these apply to SFPUC’s 
actions. 
 
For control or eradication, it might be desirable to use a biocide that is not registered 
under FIFRA for use on invasive mussels, such as muriate of potash (potassium 
chloride) which has little effect on other organisms at concentrations and exposures that 
are lethal to mussels. Potassium chloride was used to eradicate zebra mussels from a 
Virginia pond in 2006, is being considered for use in San Justo Reservoir, and is 
identified as the preferred treatment in the response plan for a Utah reservoir where 
dreissenid larvae have been identified (Utah DWR 2009c). The application process for a 
FIFRA exemption (which allows a specific non-registered use of a biocide; the Virginia 
eradication was conducted with a FIFRA exemption) can be lengthy and time-
consuming in California. Registering muriate of potash as a dreissenid mussel biocide in 
California in advance would eliminate this source of delay. 
 
SFPUC could also explore whether there might be a legislative approach that could 
expedite the environmental review and permitting process in the particular instance of 
responding to (specifically, containing and/or eradicating) invasive mussels that are both 
an environmental and economic threat. 
 
(2) Operational Activities 
 
The operational activities are divided into five phases, with the start of a later phase 
triggered by an event resulting from a task in the preceding phase. The first phase is 
triggered by the initial report of a possible invasive mussel in an SFPUC reservoir. The 
entire response effort could consist of a single phase (Phase 1 only, if the initial report 
of an invasive mussel is found to be in error), three phases (Phases 1, 2 and 4, if 
invasive mussels are confirmed and it is decided to not attempt eradication) or four 
phases (Phases 1, 2, 3 and 4 if invasive mussels are confirmed and eradication is 
attempted and is unsuccessful; or Phases 1, 2, 3 and 5 if invasive mussels are 
confirmed and eradication is attempted and is successful). These phases are described 
further below60. 

                                                
60 If invasive mussels are found in one of SFPUC’s High Sierran reservoirs (Hetch Hetchy, Cherry or 
Eleanor), SFPUC may not have the authority to conduct or implement the operational activities discussed 
here, but may need to work with NPS or USFS to get them implemented. 
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Phase 1: Verification 
 
Phase 1 consists of checking and either verifying or rejecting a report of what might be 
an invasive mussel in an SFPUC reservoir, and concludes with one of three results: a 
confirmation that an invasive mussel is present; a determination that the organism 
suspected of being an invasive mussel is not; or a failure to collect adequate specimens 
to determine whether or not it is an invasive mussel. The first result, a determination 
that an invasive mussel is present in a reservoir, triggers Phase 2. The second result, a 
determination that the suspect organism is not an invasive mussel, ends the response 
effort. In the case of the third result, a failure to obtain sufficient appropriate specimens 
to either confirm or reject the presence of an invasive mussel after a substantial, 
concentrated effort to do so, SFPUC should review the ongoing monitoring plan for the 
reservoir and modify it if needed in light of the reported but unverified presence of 
mussels, and then end the response effort. This is most likely to occur when the initial 
report is either a visual observation of adult mussels with no specimen collected, or is 
based on a plankton sample. Phase 1 would normally be expected to last between a 
day and perhaps a week or so; but if settled specimens cannot be found, and the results 
of larval sampling and assessment remain indeterminate, Phase 1 could potentially 
continue for some years. 
 
The first step is to collect specimens if they have not already been collected. Certain 
data should be recorded and packaged with the specimens, most importantly the 
precise location, depth and date of collection, and the name and contact information of 
the individual who collected the specimens. Other useful (but at this point in the 
process, secondary) information would include an estimate of the organism’s 
abundance and depth distribution at the site, a description of the substrates on which it 
occurred, and the length of the smallest and largest observed specimens (these 
specimens should be included in the sample). If collected by plankton tow, the depth 
and the estimated volume of water filtered should be recorded. In general, organisms 
should be preserved in alcohol, which preserves DNA for later genetic analysis; an 
acceptable alternative is freezing the specimens. Specific instructions for handling and 
preserving settled mussels (adults or juveniles) and plankton samples should be part of 
any monitoring program. If possible, specimens should be photographed alongside a 
scale object (a ruler, or an item of known size such as a coin). 
 
If the specimens are settled mussels (i.e. not from a plankton sample), there are 
SFPUC biologists that have the skills needed to identify the specimens sufficiently for 
Phase 1 purposes—that is to determine that the specimens are some species of 
invasive mussel (though not necessarily determining which species), and not some 
other type of bivalve or other type of aquatic organism. Freshwater bivalves have one of 
two body forms, isomyarian (“same-muscled”) or heteromyarian (“differently muscled”). 
In isomyarian bivalves the two adductor muscles (the large muscles that run between 
the bivalve’s two shells, and that pull and hold them closed) are of roughly equal size. 
Freshwater isomyarian bivalves are usually found lying on or wholly or partially 
embedded in the bottom sediment or gravel. In heteromyarian bivalves the anterior 
adductor muscle is much smaller than the posterior adductor muscle, and the shell is 
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modified accordingly with a narrow, triangular anterior end and a wide, flaring posterior 
end—the typical mussel shape. Heteromyarian bivalves also typically attach to hard 
substrates with byssal threads, another trait that distinguishes them from adult 
isomyarian bivalves. 
 
These two bivalve forms are relatively easy to tell apart. All heteromyarian bivalves that 
live in fresh water belong to one of two families, the Dreissenidae (including the zebra 
and quagga mussels, and other, possibly freshwater, Eurasian species in the Dreissena 
genus—the taxonomy of this group is still uncertain) and the Mytilidae (including the 
golden mussel Limnoperna fortunei, and possibly some other Asian species in the 
genus Limnoperna). There are a few other estuarine or brackish water heteromyarian 
bivalves that might occasionally be found (but apparently cannot persist) in very low 
salinity or fresh water, which are also in these two families (such as the dark false 
mussel Mytilopsis leucophaeata in the Dreissenidae and Brachidontes striatulus in the 
Mytilidae). Any of these, if found in an SFPUC reservoir, should be considered an 
invasive or potentially invasive mussel, and should trigger Phase 2 of the response. 
Thus, the Phase 1 examining biologist need only determine whether the specimen is a 
heteromyarian bivalve. If so, specimens can then be sent to appropriate experts for 
identification to species by morphologic or genetic analysis, but the initiation of Phase 2 
should not wait for the species-level identification. 
 
If only planktonic (larval) specimens are collected, confirming the presence of invasive 
mussels is considerably more challenging. Both visual methods and genetic methods 
exist for identifying zebra and quagga mussels, but as discussed in the Monitoring 
Review chapter, there is reason to believe that in practice these may produce some 
false positives.  
 
The standard visual approach is to examine part or all of a plankton sample under a 
microscope using cross-polarized light. Depending on water temperature and other 
factors, dreissenid larvae develop a shell between 1 and 9 days after spawning, 
according to different authors (see Table 4 in the Literature Review chapter). Cross-
polarized light passing through birefringent minerals in the shell produces a dark cross 
pattern on the shell (Figure 1), which can help to distinguish dreissenid larvae from 
other organisms or debris caught by the plankton tow (Johnson 1995). However, the 
shells of some other organisms found in fresh water—the larvae of the Asian clam 
Corbicula, and ostracods—produce a similar pattern under cross-polarized light, and 
must be distinguished by shell shape or size, by swimming patterns if viewed alive, or 
by other characters. In some cases the differences are subtle, and can be difficult even 
for experts.  
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Figure 1. Zebra mussel larvae viewed under cross-polarized light (left) and normal light (right). 
(Photo by Ladd Johnson.) 
 

 
 
 
The standard genetic approach is to extract DNA from from part or all of a plankton 
sample, use the polymerase chain reaction (PCR) to amplify (make many copies of) 
selected regions of dreissenid DNA if it is present, and then use gel electrophoresis to 
determine whether dreissenid DNA was amplified. False positives can arise by the use 
of PCR protocols and primer sets that are not specific for dreissenid mussels, by non-
specific amplification, by reagent contamination, and by sample contamination 
(Anderson et al. 2008; Anonymous 2009). The first three problems can be addressed by 
the use of appropriate protocols and primers, by using a negative (water only) control, 
and by checking identifications with DNA sequencing. The possibility of sample 
contamination is a thornier problem. The power of PCR to amplify DNA means that 
even a minute amount of contamination by dreissenid DNA could lead to a false positive 
result that is indistinguishable from the real thing. The Colorado Blue Ribbon Panel 
report (Anderson et al. 2008) recommends that DNA be extracted from the sample at 
the initial receiving laboratory, pooled to generate a homogenous sample if there are 
multiple extractions, and then split and distributed to different laboratories for 
amplification and analysis. Requiring identification of dreissenid genes in the 
subsamples by two laboratories would be a check against post-extraction 
contamination, but would not address contamination that occurred earlier. In my 
discussions with practitioners and supporters of PCR-based identification of dreissenid 
mussels, most appear completely confident that false positives from contamination or 
other sources could not occur. Nevertheless, as discussed in the Monitoring Program 
Review, the pattern of dreissenid larvae identifications in the West suggest that some 
false positives may have occurred. Thus some uncertainty adheres to these very 
powerful PCR-based identification methods. 
 
The question then is what level of certainty, based on what evidence of invasive mussel 
presence, is needed to trigger a response effort? Different entities have used or 
recommended different standards (Table 4). Some of these apply a two-tiered  
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Table 4. Response triggers recommended or used by different entities. 
 

 Entity Response Trigger Reference 

Recommended by 
Colorado Blue Ribbon 
Panel 

Visual identification of an adult mussel; or identification of 
mussel larvae by microscopy and genetic methods; or two 
identifications of mussel larvae by genetic methods.a  

Anderson et 
al. 2008 

Recommended in 
Columbia Basin 
Response Plan 

Visual identification at the site by an expert; or visual and 
genetic identification of a sample by an expert. 

Heimowitz & 
Phillips 2008 

Recommended in 
National Park Service 
Response Plan 

Visual identification of an adult or juvenile mussel by an 
expert; or two identifications of mussel larvae by genetic 
methods. 

NPS 2007 

Used in Colorado  Mussel larvae identified by microscopy with cross-polarized 
light and verified by genetic tests in two independent 
laboratories. 

Anderson et 
al. 2008  

Used in Utah  Mussel larvae identified by microscopy and verified by two 
independent genetic methods.b 

Utah DWR 
2009b,c 

a The Blue Ribbon Panel Report states at page 20 that DNA sequencing should be required to trigger a 
response, but elsewhere states that it should not (pp. 21-22, 24-25). 
b Utah’s current protocol uses the Wood/Kelly ribosomal DNA method assessing the ITS I region, and 
the DeLeon/Rochell mitochondrial DNA method assessing the COX I region. 

 
 
approach61, in which a water body is listed as “suspect” or as “inconclusive, needing 
more testing” if larvae are identified by one (or two) procedures, and listed as 
“infested”62 if identified by two (or three) procedures, with a listing as infested triggering 
a response with containment and possible control or eradication (e.g. see Utah DWR 
2009c). 
 
I recommend a three-tiered response triggered by three levels of findings regarding the 
status of invasive mussels in a reservoir (Table 5). The first tier, an initial report of 
mussels in a reservoir would trigger verification efforts. If the initial sample or 
observation could not be verified, then it would also trigger inspection of the water body, 
of facilities and downstream water bodies receiving raw water from it, and of upstream 
water sources with appropriate water chemistry in an effort to locate additional 
specimens. Depending on the circumstances it might also trigger an enhanced level of 
on-going monitoring of these waters bodies and facilities. 
 
 

                                                
61 Note that the Colorado Blue Ribbon Panel report (Anderson et al. 2008) used “two-tiered” and “three-
tiered” in a different sense, of requiring either two or three identification procedures before initiating a 
response. 
62 The term “infested reservoir” is used in this report to refer to a reservoir in which a dreissenid mussel 
has been positively identified. The term does not imply anything about the status of the mussels in that 
reservoir, e.g., whether or not they are reproducing, established, abundant, etc. 



Exotic Freshwater Mussels - Chapter 5. Response Plan  153 
 

Table 5. Findings regarding the status of invasive mussels in the reservoir needed to trigger 
different response actions. 
 

Finding Evidence Action Triggered 

Invasive mussel may have been 
found in water body. 

Reported observation of a settled 
mussel,; visual identification of a 
larval mussel; or genetic 
identification of a larval by a 
single laboratory or without DNA 
sequencing. 

Phase 1 actions, including 
inspection and enhanced 
monitoring if identification cannot 
be verified. 

Invasive mussel has been found 
in water body. 

Collection of juvenile or adult 
specimen and identification by 
qualified biologist; or genetic 
identification of larval specimen 
by two laboratories applying 
independent methods, with DNA 
sequencing. 

Phase 2 actions. 

There is an invasive mussel 
population in the water body that 
is capable of establishing there. 

Observation of settled mussels in 
numbers or circumstances that 
indicate they settled from the 
larval stage in the water body, or 
consistent collections of 
positively identified larvae, 
combined with evidence 
indicating that reproduction must 
be occurring in this water body 
and not only somewhere 
upstream. 

Eradication if feasible. 

 
 
The second tier finding, triggering all Phase 2 actions, is a confirmation that an invasive 
mussel has in fact been found in the reservoir. In some cases this finding will 
immediately follow the initial report (for example, if the initial report was based on adult 
mussels easily identified as dreissenid mussels); in others it may follow the initial report 
by weeks, months or years, or may never occur. The recommended standard for this 
finding is either: 
 

 (a) The visual identification of a settled (adult or juvenile) mussel by a qualified 
biologist. As noted earlier, there are SFPUC biologists with the qualifications to 
make this determination—it only requires a reasonable level of experience in 
identifying aquatic invertebrates plus familiarity with the characteristics (byssal 
attachment, heteromyarian shape) that distinguish invasive mussels from other 
freshwater bivalves. 

 
(b) Identification of mussel larvae by two laboratories applying different 

PCR/electrophoresis methods to subsamples from a single or pooled sample of 
DNA extracted from a single or pooled plankton sample63, using protocols and 

                                                
63 If more than one plankton sample is taken at a time and place, the samples may be pooled and mixed 
into one homogenous sample.  
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primers specific to dreissenid mussels and a negative (water only) control to check 
for reagent contamination, and verified by DNA sequencing. 

 
If there is any question about the identification of a settled mussel as an invasive 
mussel (for example, in the case of a damaged or extremely small settled mussel), 
specimens and/or digital photos should be promptly sent to experts, and tissue should 
be sent to a laboratory for genetic analysis. Even where the initially examining biologist 
has confidently determined that the specimen is an invasive mussel, tissue should 
promptly be sent to an appropriate laboratory for amplification and genetic identification 
including sequencing, to determine or confirm which species is present, but the initiation 
of Phase 2 actions should not wait on this confirmation. 
 
The above standard for identifying mussel larvae is a trade-off between the risks of false 
positives and false negatives, either of which could be costly or harmful. The specific 
measures required (identification by two laboratories amplifying and analyzing 
subsamples taken from a homogenous sample of extracted DNA, primers specific to 
dreissenid mussels, a negative control, and verification by sequencing) eliminate some 
potential sources of false positives. Requiring genetic identification by additional 
laboratories or methods or by both microscopy and genetic methods could further 
reduce the risk of false positives, but could also significantly increase the frequency of 
false negatives64, and is not recommended.  
 
The third tier finding is that there is a population present in the reservoir that threatens 
to become established, and is a necessary finding before initiating an eradication effort. 
This finding is thus conceptually a part of Phase 2, but could occur simultaneously with 
the second tier finding if, for example, a substantial number of mussels were observed 
in a reservoir that has no upstream waters that could serve as a source of mussels. 
 
Phase 2: Emergency Measures 
 
Phase 2 includes several elements, all of which should be implemented with some 
urgency. Some of these are of a temporary nature, to hold until a determination is made 
of whether to attempt eradication, at which point appropriate measures can be put in 
place either for the eradication period or for the long term. Phase 2 likely will last at least 
a few months, and possibly a few years65. 

                                                
64 Anderson et al. (2008) and Anonymous (2009) discuss some of the pitfalls of requiring multiple 
verifications before initiating response actions. When larvae are present at very low densities, there might 
be a few larvae in one subsample and none in another, thus leading to two different yet correct results if 
two subsamples are analyzed by different laboratories, and a false negative overall if confirmation by both 
laboratories is required. If an attempt is made to genetically analyze the individual organisms identified as 
invasive mussel larvae by microscopy, there is a risk of losing those individuals while transferring them, 
which would also lead to a negative result in the second analysis, and a false negative overall. 
65 The briefest relevant Phase 2 on record is probably the successful response to and eradication of the 
black striped mussel, Mytilopsis sallei (in the family Dreissenidae), from two boat harbors on the north 
coast of Australia, where the decision to eradicate was made and the eradication effort started within a 
two days of the discovery of the mussel. In the U.S., the Phase 2 part of response to dreissenid invasions 
has tended to take from around one to several years, partly but not entirely because of environmental 
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Implement Emergency Containment Measures. These include measures to prevent or 
reduce the likelihood of overland spread, of downstream spread to other surface waters, 
and of spread into SFPUC facilities. They are to be put in place at least initially as 
temporary (thus emergency) measures, until the situation can be assessed and 
appropriate longer-term measures are put in place or a decision is otherwise made to 
either continue or end the emergency measures66. These measures can be thought of 
as temporary measures to buy some time, and include the following (I assume here that 
SFPUC has some responsibility to try to prevent the spread of mussels from the 
infested reservoir to other water bodies, whether or not they are SFPUC waters): 
 

• No boats or equipment are allowed to leave the infested reservoir without rigorous 
decontamination and quarantine. 

 
• The reservoir is closed to all recreational boating, fishing, and other public access to 

the shore. 
 

• Raw water supply from the infested reservoir to SFPUC facilities or reservoirs is 
stopped, reduced or treated as far as possible, with other sources substituted where 
possible. 

 
• Water flow out of the reservoir to downstream reservoirs (belonging to SFPUC or 

others) is stopped or reduced as far as possible. 
 

Except for boats and equipment owned by SFPUC, SFPUC may not have the legal 
authority to prevent boats and equipment (such as contractors’ or researchers’ boats or 
equipment) from leaving its reservoirs. Appropriate clauses in work contracts may 
extend that authority to contractor’s equipment and boats. NPS and USFS may or may 
not have the authority to prevent the departure or require decontamination or quarantine 
of recreational boats at Cherry and Eleanor. Alternately, CDFG may have the 
appropriate authority over all these vessels under recent law67, and the most efficient 

                                                
review and permitting requirements. Advance planning and preparation could shorten these times 
considerably. 
66 If invasive mussels are identified in a High Sierran reservoir (Hetch Hetchy, Cherry or Eleanor), SFPUC 
will need to work with NPS or USFS to get these measures implemented. 
67 The authority was provided by AB1683 in 2007, and is codified in Fish and Game Code §2301, which 
reads in relevant part: 
 

2301. (a)(2) The director or his or her designee may do all of the following: 
(D) (i) Conduct inspections of waters of the state and facilities located within waters of the 
state that may contain dreissenid mussels. If dreissenid mussels are detected or may be 
present, the director or his or her designee may order the affected waters or facilities 
closed to conveyances or otherwise restrict access to the affected waters or facilities, and 
shall order that conveyances removed from, or introduced to, the affected waters or 
facilities be inspected, quarantined, or disinfected in a manner and for a duration 
necessary to detect and prevent the spread of dreissenid mussels within the state. 

 
However, the regulations also provide that CDFG does not have this authority if the agency that operates 
the water supply system prepares and implements an approved plan to control or eradicate dreissenid 
mussel infestations: 
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approach might be to reach a formal or informal agreement with CDFG about vessel 
containment actions to be taken if invasive mussels are found in an SFPUC reservoir. 
 
In water bodies in the West in which dreissenid mussels have been found, containment 
measures regarding boating and other recreational activities have ranged from 
essentially no action to prohibiting all public access. I would recommend closing an 
infested reservoir to boating, swimming, fishing and other shore access at least until a 
decision is made regarding whether to attempt eradication, and if eradication is to be 
attempted then until it is completed. At the very least the reservoir should be closed until 
the situation can be assessed and a decision is made about what containment 
measures short of closure should be implemented, and the resources are in place to 
implement them. This issue applies only to the High Sierran reservoirs (since SFPUC’s 
other reservoirs are permanently closed to public access), and SFPUC probably doesn’t 
have the authority to close them, which rather lies with NPS, USFS and/or CDFG. 
  
Physical, operational or legal issues may limit SFPUC’s ability to reduce water flows 
from the infested reservoir to SFPUC facilities or to downstream reservoirs. These 
limitations, and the potential for flexibility in the event of an invasive mussel infestation, 
should be assessed in advance as well as they reasonably can, at least for the 
reservoirs at greatest risk. If there are feasible modifications that would facilitate such 
reductions, they should be considered. Releases into watercourses where there are no 
downstream reservoirs or other fresh lentic waters—such as releases from Lower 
Crystal Springs Reservoir into San Mateo Creek and down to San Francisco Bay—are 
of less concern because the mussels could not establish permanent, self-sustaining 
populations in the creeks, and if the upstream source of larvae was eliminated any such 
populations would within a generation or so be washed down into estuarine water where 
they could not survive. 
 
If invasive mussels were found in one of SFPUC’s Sierran reservoirs, SFPUC might be 
able to prevent their transport with raw water into its Bay Area Reservoirs and facilities 
by treating the water. The raw water exported from the Hetch Hetchy watershed is first 
chlorinated at Tesla Portal, and then treated with ammonia at the San Antonio Pump 
Station to produce chloramines. The effective chlorine and chloramine doses and the 
relevant contact times can be compared to data in the literature regarding the effects of 
these chemicals on invasive mussel larvae. For example, several studies report that 
continuous treatment at concentrations of 0.3-0.5 mg/l of total residual chlorine prevents 

                                                
 

2301. (d)(2) Paragraph (2) of subdivision (a) does not apply to the operation of water 
delivery and storage facilities for the purposes of providing water supply if the operator of 
the facilities has prepared and implemented a plan to control or eradicate dreissenid 
mussels in accordance with paragraph (1). 

 
This latter paragraph was apparently included to protect water agencies’ authority over their own water 
systems, but did not confer on local agencies the authority otherwise provided to CDFG to require 
inspection, disinfection and quarantine of boats being taken out of an infested water body. An amendment 
may be needed to allow CDFG to exercise this authority at the request of the water agency that owns the 
infested water body, or to delegate the authority to that water agency. 
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the settlement of zebra mussel larvae in water systems (Barton 1993; Claudi & Evans 
1993; Claudi & Mackie 1994). However, the end point of these and most other studies 
on this topic is the inhibition of larval settlement, not larval mortality. Thus treatment 
protocols reported as being successful at preventing the settlement of mussel larvae in 
water systems may not be effective at killing them. A few studies do report on larval 
mortality (e.g. Van Benschoten et al. 1993; McMahon et al. 1994), but the reports often 
lack appropriate detail on the methods, and the results vary. For example, Klerks et al. 
(1993) reported 100% mortality of larval zebra mussels after a 2-hour exposure to 0.5 
mg/l of total residual chlorine in a static test, but mortality of only 80% after a 3-hour 
exposure to 2.5 mg/l. Similarly Matisoff et al. (1990, reported in Van Benschoten et al. 
1993) reported lower mortality at higher concentrations (2.5 mg/l) than at lower 
concentrations (0.5-1.0 mg/l) after a 3-hour exposure.  
 
It is thus unclear what chlorine (or chloramine) concentrations would be needed to kill 
any invasive mussel larvae carried in SFPUC’s aqueducts. SFPUC should investigate 
what concentrations would be needed, whether it has the physical and operational 
capacity to produce them, whether there are legal limitations to applying these doses, 
and if there are legal limitations whether they could be temporarily modified or lifted in 
the event of a mussel invasion68.  
 
In addition, SFPUC apparently has the capacity to treat a significant portion of Hetch 
Hetchy flows in the Sunol Water Treatment Plant (SFPUC 2001a). As noted earlier in 
the section on relative risk, the treatment provided in this plant would almost certainly 
remove or kill any mussels in the water. 
 
Implement emergency facility protection. Aside from reducing or stopping raw water 
flows from the infested reservoir to SFPUC’s facilities as discussed above, there may be 
other actions (such as chlorination or other treatment of the supply water, changes in 
the maintenance schedule, etc.) that could be taken to protect these facilities against 
colonization by invasive mussels. These should be investigated in advance, and if 
modifications would facilitate such protection, especially for facilities receiving raw water 
from the reservoirs that are most at risk, they should be considered. 
 
Modify vector control measures. Additional controls should be placed on the movement 
of any boats or equipment from the infested reservoir to any other SFPUC waters. An 
appropriate control might be washing and inspection to remove all mud or vegetation, 
followed by 30 days out of the water in dry conditions. To the extent feasible, SFPUC 
boats and equipment used in the infested reservoir should be dedicated to use only in 
that reservoir. 
  
Assess the extent of infestation, and modify monitoring. The reservoir and other 
chemically suitable waters in the watershed should be inspected to establish the initial 
status of the infestation. This inspection establishes the baseline for an enhanced 

                                                
68 Note that juveniles and adults may also sometimes be carried in water flows by drifting or rafting (for 
example, see the section on Dreissena polymorpha life history in the Literature Review chapter); 
however, by far the vast majority of mussels transported in water flows do so as drifting larvae. 
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monitoring effort in these waters, which together serve several purposes: determining 
which water bodies in the watershed have an established population of the invasive 
mussels, or a population that threatens to become established; developing an 
understanding of the mussels’ depth and spatial distribution, and of water quality 
parameters that may control these distributions, which would assist eradication and 
control planning; developing an understanding of the mussels’ rate of increase and 
seasonal spawning pattern, which would be useful for facility monitoring and protection; 
and gathering information, such as the size of the largest mussels and their abundance, 
that may help determine when the mussels were introduced. 
 
The assessment should include suitable waters both downstream and upstream of the 
infested reservoir, including the source waters for interbasin transfers of raw water into 
the reservoir or its tributaries. SFPUC should conduct the inspection and monitoring in 
all such waters that it owns and manages. SFPUC has a strong self-interest in having a 
rigorous inspection and monitoring conducted in upstream waters and source waters, 
whether or not they are SFPUC-owned, as the presence and status of mussels in these 
waters would affect SFPUC’s facilities and any eradication or control efforts in the 
reservoir. Accordingly, SFPUC should make every effort to work with agencies that own 
or manage chemically suitable upstream waters and source waters to conduct thorough 
inspections and monitoring. SFPUC should directly notify the agencies that own or 
manage downstream waters of the identification of an invasive mussel in the reservoir, 
encourage them to inspect and monitor their waters and facilities, and keep them 
informed of any further findings. 
 
The initial inspection of the reservoir should be conducted promptly after the positive 
identification of an invasive mussel. It should include a careful re-examination of all 
substrate samplers deployed in the reservoir; surface surveys (these should include 
examining and scraping the sides and undersides of docks and other floating structures; 
pulling up and examining ropes, anchor blocks, buoys, etc.; examining and scraping the 
sides of pilings and other fixed structures; examining the sides and undersides of rocks 
in shallow water); dive surveys to assess the mussel’s depth distribution; and plankton 
tows. Surface surveys may be greatly facilitated if the water level is lowered a few feet. 
A long handled scraper with a wire mesh collection bag is also useful for surface 
surveys69. 
 
After the initial inspection, continued monitoring is needed to track the population’s 
increase or spread and determine spawning patterns and any controlling environmental 
parameters. This should include the deployment of settlement samplers at multiple 
locations and a range of depths (for example, every 5 feet for the upper 30-50 feet or 
so—into the upper portion of the hypolimnion—and then every 10 feet thereafter), 
inspected at least monthly; plankton tows at multiple locations, taken at least monthly; 
and depth profiles of temperature, oxygen and pH from at least three locations, taken at 
least monthly. One study (Claudi & Prescott 2009b) noted that gauging stations used to 
track water levels and water movement in a watershed can also be used as mussel 
monitoring stations if the floats and other components in contact with raw water are 
                                                
69 See the Monitoring Review chapter for information on scraper designs. 
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checked for settled mussels at regular (or more frequent) service and maintenance 
inspections. Inspection and maintenance of other facility components can also become 
a part of mussel monitoring if staff are trained to look for and recognize settled mussels, 
especially if they inspect areas with low flow velocities where mussels are likely to 
settle.  
 
Assess the extent of facility infestation. Facility components or structures that come into 
contact with raw water from the reservoir should be inspected initially and then once 
each quarter for the presence of settled mussels. If mussels are found their abundance 
should be estimated (by such measures or estimates as percent of surface covered, 
thickness of cover, number of mussels per square meter, and size range of mussels—
whichever measures are most appropriate to the situation) and their rate of 
accumulation monitored. If the accumulation is severe enough or is becoming severe 
enough to threaten the component’s functioning or other disruption of service, the 
component should be cleaned of mussels along with cleaning or inspection of 
connected components. 
 
Assess weaknesses in vector control and detection monitoring. The discovery of an 
invasive mussel in an SFPUC reservoir may indicate weaknesses or gaps in SFPUC’s 
vector control program. Depending on the length of time that mussels appear to have 
been present, it might also indicate weaknesses or gaps in SFPUC’s detection 
monitoring program. These programs should be reviewed in light of the discovery of the 
invasive mussel, and modified as needed to address any apparent weaknesses or 
gaps. 
 
Assess the potential for eradication. Although the management literature contains many 
statements to the effect that zebra and quagga mussels cannot be eradicated once they 
are established in a water body, the reality is that only one attempt to eradicate these 
mussels from a water body has been completed and it was successful. Other 
eradications are currently planned or being conducted in two other water bodies, with 
reasonable expectations of success70. In addition, there has been one other attempt to 
eradicate a related brackish-water mussel from two separate boat basins, and it was 
successful in both cases (Table 6). Thus, the actual record of eradication attempts on 
mussels in the family Dreissenidae is fairly impressive. These efforts were all conducted 
on relatively small water bodies, but there is no obvious reason why they couldn’t be 
scaled up71. The question for many water bodies, then, is not whether eradication is 
feasible but whether it is worth the cost, including both the financial cost and the 

                                                
70 Base Lake on Offutt Air Force Base in Nebraska was treated twice (September 2008 and April 2009) 
with copper sulfate crystals at a target concentration of 1 mg/l of copper. Zebra mussels placed in minnow 
buckets in the lake prior to the first treatment were all dead seven days after it, and plankton tows, 
substrate samplers and examination of in situ substrate have revealed no live mussels since the first 
treatment. A final determination of whether the eradication was successful will only be made after some 
additional years of monitoring. Eradication is being planned for San Justo reservoir, potentially in the 
winter of 2009 or 2010, with partial draw-down followed by application of potassium chloride emerging as 
the preferred alternative. The target dose would be 100 mg/l of potassium, applied as a solution of 
muriate of potash. 
71 Water bodies over 100,000 acre-feet in size have been treated with rotenone to kill undesirable fish. 
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expected impacts of the effort on the environment. That can only be assessed by 
developing an eradication plan, estimating its cost and chance of success, and  
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Table 6. Completed, current or planned efforts to eradicate invasive mussels in the family 
Dreissenidae from water bodies.  
 

Date Species Water Body Volume 
(acre-feet) Method  Result 

1999 Mytilopsis 
sallei 

Cullen Bay 
Marina, Australia 490 Chlorine & 

Copper sulfate Successful 

1999 Mytilopsis 
sallei 

Tipperary 
Waters, Australia 120 Chlorine & 

Copper sulfate Successful 

2006 Dreissena 
polymorpha 

Millbrook 
Quarry, VA 550 Potassium 

chloride Successful 

2008-09 Dreissena 
polymorpha Base Lake, NE 2,600 Copper 

sulfate In process 

2009 Dreissena 
polymorpha 

San Justo 
Reservoir, CA 7,500 Draw-down & 

Potassium chloride Planned 

 
 
comparing these to the costs of not eradicating. Some general considerations regarding 
invasive mussel eradication, and some issues and options specific to SFPUC 
reservoirs, are discussed here. 
 
Generalized approaches to mussel eradication are shown in Table 7. These are of three 
broad types: “whole system approaches” applied to the entire water body, “stratified 
approaches” applied to a part of the water column (near-surface or near-bottom waters), 
and “localized approaches” applied to specific areas or structures within the water body. 
All of the attempted and planned eradications to date have been batch treatments with 
biocides, applying a lethal concentration of biocide to the whole water body, or batch 
treatment preceded by partial draw-down. Partial draw-downs and oxygen 
manipulations have been used on a few occasions for experimental control of 
dreissenid populations—that is, to temporarily reduce their numbers. There have also 
been experiments with benthic mats (covering the mussels with tarps) and hand 
removal. Some of the other listed approaches have been used on other aquatic 
organisms.If an invasive mussel is detected in an SFPUC reservoir only on certain 
structures or in some areas, it might be possible to eradicate it using one of the 
localized approaches, though there could be no complete assurance that the mussel did 
not occur elsewhere in the reservoir and thus would escape eradication. These 
approaches could also be used as temporary control measures in order to eliminate the 
densest (or only) known populations, slow the rate of increase and spread, reduce the 
immediate risk of infestation of facilities, and buy some time to consider or develop a 
more comprehensive eradication approach. Isolate-and-treat or wrap-and-treat 
approaches could also be tried as pilot projects to test the mussel’s dose-response 
relationship to a biocide being considered for batch treatment. 
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Table 7. General approaches to eradicating invasive mussels.  
 

Approach Description Examples and Comments 

Whole-system Approaches 
Batch 
Treatment 
with Biocide 

Apply biocide at a lethal 
concentration 
throughout the water 
body. 

Copper sulfate (at a target dose of 1 mg/l copper) and sodium 
hypochlorite (10 mg/l chlorine) eradicated the black-striped 
mussel Mytilopsis sallei from 2 boat basins in Darwin, Australia 
(Bax et al. 2002), and copper sulfate (1 mg/l copper) may have 
eradicated zebra mussels from a lake in Nebraska (Morris 
2008). Potassium chloride (100 mg/l potassium) eradicated 
zebra mussels from a Virginia quarry pond (Aquatic Sciences 
2006) and its application is planned in combination with partial 
draw-down at San Justo Reservoir. 

Drain & 
Desiccate 

Drain the water body 
and kill the mussels by 
desiccation. 

In laboratory tests, all aerially-exposed zebra and quagga 
mussels died within a few days in moderately warm and dry 
conditions, and within a few weeks in cool, moist conditions 
(Ricciardi et al. 1995; Payne et al. 1992. McMahon et al. 1993; 
Ussery & McMahon 1994, 1995). 

Biocontrol Release live organisms 
to eliminate the mussel 
through predation or 
other mechanisms. 

Significant biocontrol of invasive mussels has not been 
demonstrated and no good candidate for a biocontrol agent 
has yet been found. 

Stratified Approaches 
Partial 
Draw-down 

Lower the water level to 
kill attached mussels in 
near-surface waters. 

The Metropolitan Water District has experimented with this for 
quagga mussel control at Lake Matthews, and its use is 
planned in combination with biocide batch treatment at San 
Justo Reservoir. 

Manipulate 
Oxygen 
Levels 

Lower the oxygen levels 
in the hypolimnion to kill 
mussels in deep water. 

The Metropolitan Water District has experimented with this for 
quagga mussel control by shutting off or adjusting the depth of 
aerators at Lakes Skinner and Matthews. 

Bottom 
Treatment 
with Biocide  

Apply a heavier-than-
water biocide to produce 
a short-term lethal 
concentration near the 
bottom. 

The BioBullets manufacturer proposed bottom treatment for 
the San Justo Reservoir eradication, but it did not appear to be 
feasible. Bottom treatment with copper sulfate was reportedly 
considered for the Base Lake eradication. 

Localized Approaches 
Isolate & 
Treat with 
Biocide 

Isolate the infested area 
with curtains or other 
barriers and treat with 
biocide. 

Isolation curtains have been used to apply herbicides to 
aquatic weeds and to contain construction sediment. 
Corrugated metal bulkheads, earth berms or other barriers 
developed to containing sediments or chemical spills might be 
applicable. 

Wrap & 
Treat with 
Biocide 

Wrap or cover the 
infested surfaces, and 
inject biocide 
underneath. 

In southern California, 2 infestations of the seaweed Caulerpa 
taxifolia were eradicated by covering with PVC tarps held 
down by sandbags, and pumping liquid chlorine or placing 
solid chlorine tablets underneath (Merkel & Associates 2006). 

Wrap Wrap or cover the 
infested surfaces. 

Benthic mats (plastic tarps) are used to kill aquatic weeds by 
blocking light. In field trials over 99% of zebra mussels 
covered with benthic mats for 9 weeks in Lake Saratoga, NY, 
were killed, possibly from reduced oxygen or lack of food (S. 
Nierzwicki-Bauer pers. comm.). 
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Table 7 continued. General approaches to eradicating invasive mussels.  
 

Approach Description Examples and Comments 

Localized Approaches - continued 
Remove Remove mussels by 

hand, scraping, 
hydroblasting, suction, 
etc. 

The removal of 20,000 zebra mussels by hand from Lake 
George, NY has reduced the population, which appears to be 
dying out; however, low calcium levels suggest it would have 
died out anyway (S. Nierzwicki-Bauer pers. comm.). The 
removal of 1.6 million intertidal snails by hand from a southern 
California cove eradicated an exotic snail parasite (Culver & 
Kuris 2000). Suction dredges used for benthic sampling, 
archaeological excavation or shell or sediment dredging might 
be applicable. 

Bury Bury under sediment 
using dredges. 

In situ burial was discussed as a possible eradication method 
for Littorina saxatilis, an exotic intertidal snail, in San Francisco 
Bay. 

Heat Apply heated water or 
steam to infested 
surfaces. 

In New Zealand, the exotic seaweed Undaria pinnatifida was 
eradicated from a sunken ship hull using electric heating 
elements inside a plywood box; small areas were treated with a 
cutting torch. Superheated steam has been applied to other 
Undaria populations (Stuart 2004). 

 
 
If mussels are more widespread throughout the reservoir area but restricted to certain 
depths72, stratified approaches might eradicate them, though again there would be a 
significant possibility that some mussels could occur in the untreated strata and escape 
eradication. In many cases these approaches might be better thought of as control 
measures intended to reduce mussel populations, with some modest or slight potential 
to eliminate them altogether. Invasive mussels could be restricted to deeper waters if 
the surface waters are too warm for them, but this is unlikely in SFPUC’s reservoirs or 
generally in central California (Cohen 2007; see the Vulnerability Assessment chapter). 
There may be few or no settled mussels in the near-surface waters of reservoirs that 
have had frequent, recent changes in water level including a recent rise in the water 
level. In many reservoirs zebra or quagga mussels have been restricted to near-surface 
waters when deep waters below a strong thermocline have become severely hypoxic. 
Cold bottom waters could also prevent spawning in deep water73, so that eliminating all 
the mussels at shallower depths would ultimately result in eradication, even though the 
non-reproducing mussels near the bottom might live on for several years. Finally, in 
some water bodies mussel larvae have been observed mainly near the thermocline, and 
at least in the earlier stages of invasion settled mussels may also be restricted to that 
                                                
72 Although several studies have reported that when they co-occur in a water body, quagga mussels are 
more abundant at lower depths and zebra mussels are largely or entirely restricted to shallow waters 
(Mills et al. 1993, 1996; Roe & MacIsaac 1997; Ricciardi & Whoriskey 2004), when they occur alone each 
of these species can be very abundant in shallow water and can occur down to great depths if conditions 
are right (zebra mussels reported down to 110 m (360’) and quagga mussels down to 130 m (430’) in 
Lake Ontario—Mills et al. 1993). 
73 This is more likely to occur with Limnoperna fortunei (minimum spawning temperature of 16°C) than 
with zebra mussels (minimum spawning temperature of 10°C), and is unlikely with quagga mussels 
(minimum spawning temperature of 5°C) (see the Vulnerability Assessment chapter). 
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depth. Each of these circumstances could provide an opportunity to use a stratified 
approach to substantially control or possibly eliminate an invasive mussel infestation. 
 
SFPUC installed and began operating a hypolimnetic oxygenation system in Calaveras 
Reservoir in 2005 in order to reduce hypoxic conditions in its bottom waters, is installing 
a hypolimnetic oxygenation system in San Antonio Reservoir, and is considering 
installing a hypolimnetic aerator in Pilarcitos Reservoir. Thus in these reservoirs, 
SFPUC has or will have the physical capacity to promote or enhance low oxygen 
conditions in the deeper waters by shutting off the oxygenator or aerator. If invasive 
mussels became established in the deep waters of these reservoirs, they potentially 
could be controlled or possibly even eliminated at low cost (or even a cost savings) by 
simply not running the oxygenator/aerator. For example, in Calaveras Reservoir the 
monthly average oxygen concentrations in the fall have been above 9 mg/l at depths 
below 50 feet since the hypolimnetic oxygenator began operating, but if it were turned 
off the oxygen levels at this depth and season would probably drop to around the 
average range recorded in the seven years prior to oxygenation of <3 mg/l, which is too 
low to support zebra mussels (see the Vulnerability Assessment chapter)74. 
 
It’s conceivable that partial draw-down combined with hypoxic water at lower depths 
could eradicate an invasive mussel from a reservoir. Hypoxic conditions have been 
recorded at depths in Calaveras, San Antonio, Crystal Springs and Pilarcitos reservoirs 
between late summer and early winter (SFPUC 2001b; see the Vulnerability 
Assessment chapter). Assuming that a reservoir can be drawn down below the 
elevation where oxygen concentrations have been too low for the mussels to live, it 
might nevertheless be difficult to prevent colonization of these lower waters by drifting 
larval or translocating juveniles or adults as the draw-down process oxygenates the 
lower depths, which would occur by mixing with oxygenated surface waters, by 
atmospheric exchange and diffusion, or by simply lowering the boundary between 
oxygen-poor and oxygen-rich water if water is withdrawn through intakes that are below 
the thermocline. The potential for eradication would be enhanced if (1) draw-down can 
occur after spawning has ended and all larvae have settled but before the reservoir 
destratifies, a period in late fall/early winter that may be brief or non-existent, and which 
would require knowledge of reservoir dynamics and spawning patterns to pinpoint; and 
(2) water is withdrawn from intakes at progressively greater depths, starting above the 
thermocline. An additional challenge is that a rapid rate of draw-down may be needed to 
complete the process after spawning and larval settlement and before destratification, 
and may help strand adults and juveniles and prevent their progressive relocation to 
deeper water, but might also increase turbulence and mixing of oxygenated waters to 
greater depths. 
 
One other stratified approach that has sometimes been proposed or considered is 
bottom treatment with a biocide, that is, treating a water body with a fast-acting biocide 
that is dense enough to remain near the bottom at lethal concentrations for a short 
period of time before dispersing throughout the water column to sublethal 
                                                
74 These ranges are calculated from the data file “Calaveras Limno.xls”, provided by SFPUC in November 
2008. 
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concentrations. In some of these scenarios the biocide also breaks down or otherwise 
deactivates after a short time. With this approach there appears to be a strong potential 
for survival of mussels attached to floating objects, to vertical structures or on steep 
slopes, and also potential survival of larvae in the water column. In addition, with any 
rapidly deactivating biocide there is also a strong probability of uneven dispersal within 
the targeted stratum and inadequate exposure of some mussels. I’m unaware of any 
use of a bottom-treatment approach to eradicate any aquatic species with planktonic 
larvae, though initially higher concentrations of copper near the bottom expected in the 
Base Lake eradication may have contributed to the kill of zebra mussels (Steve 
Schainost pers. comm. 2008). 
 
Because SFPUC supplies some of its Bay Area reservoirs with low calcium water 
derived from the Sierra Nevada, it theoretically has the ability to eradicate an infestation 
of zebra or quagga mussels in these reservoirs by adjusting the mix of low calcium 
Sierran water and higher calcium local runoff (and in the case of San Antonio Reservoir, 
groundwater from the Sunol Infiltration Galleries) that fills the reservoir, to reduce 
calcium concentrations below the level needed for the mussel to reproduce and remain 
established. Low calcium levels would probably have to be maintained until all the 
mussels present at the start had died off, a period of probably a few years75.  
 
Calcium concentrations could be reduced in one of SFPUC’s Bay Area reservoirs by a 
partial draw-down (which alone could eliminate many mussels) followed by refilling with 
Hetch Hetchy water. The water in Hetch Hetchy Reservoir has a reported average 
calcium concentration of 1.3 mg/l, with a range from 0.7-3.0 mg/l (see Table 1 in the 
Vulnerability Assessment chapter). Lime is then added to the raw water in the aqueduct 
at Rock Springs to adjust calcium concentrations to around 3 mg/l76. SFPUC expects to 
increase the amount of lime added after 2012, to achieve calcium concentrations of 
around 7 mg/l77. Table 8 shows the average and minimum surface elevations and 
volumes in SFPUC’s reservoirs over 1970-2008 (referred to here as historic operating 
levels and volumes); and also shows the maximum capacity of SFPUC’s reservoirs. 
Table 9 calculates the estimated reduction in calcium concentrations in San Antonio, 
Crystal Springs and San Andreas reservoirs that would result from draw-down to the 
minimum historic operating level, followed by various refill scenarios. Calcium 
concentrations could be driven even lower by drawing the reservoir down to a lower 
surface elevation than the 1970-2008 minimum, or by using a second cycle of drawing 
down and refilling with Hetch Hetchy water. The minimum calcium concentration 
needed to support a reproducing zebra or quagga mussel population is believed to be 
somewhere between 12 and 25 mg/l (Cohen & Weinstein 2001; Cohen 2005), so it 
appears that it might be possible to eliminate an infestation in any of these three 
reservoirs by using Hetch Hetchy water to reduce calcium concentrations (Table 9). 
                                                
75 Zebra mussels’ life span is reported to be 1.5-2 years in Lake St. Clair in the Great Lakes, 3-5 years in 
Polish lakes, 5 years in a British reservoir, 6-7 years in Swiss lakes and 6-9 years in Russian reservoirs 
(Mackie et al. 1989; Mackie 1993; Mackie & Schloesser 1996). In general, life span is probably shorter in 
warmer waters (Mackie et al. 1989). 
76 From table of “Typical and Historical Water Quality Data” provided by Jason Bielski, SFPUC. 
77 From “Table 3.8. Resulting Water Quality Following Chemical Addition” from SFPUC Tesla Acid 
Selection AAR (January 2008), provided by Jason Bielski, SFPUC. 
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Table 8. Surface water elevations and volumes in SFPUC’s reservoirs. Minimum and average values 
are based on raw 1970-2008 data that have not been subjected to quality control or quality assurance 
procedures, and were provided by SFPUC at my request. Maximum values are from these data, SFPUC 
2001a,b, the USGS California Water Science Center website (http://ca.water.usgs.gov/waterdata/), or 
http://www.findlakes.com. The volumes shown here may exclude the dead pool volumes. 
 

Minimum Average Maximum 

Reservoir Surface 
Elevation 

(feet) 

Volume 
(acre-feet) 

Surface 
Elevation 

(feet) 

Volume 
(acre-feet) 

Surface 
Elevation 

(feet) 

Volume 
(acre-feet) 

Hetch Hetchy 3,563 24,250 3,738 234,185 – 360,000 
Cherry 4,453 101 4,647 179,680 – 273,500 
Eleanor 4,609 0 4,648 14,760 – 26,100 
Priest 2,001 0 2,204 893 – 2,350 
Moccasin – – – – – 554 
Calaverasa 646 4,718 724 60,098 – 96,900 
San Antonio 373 5,668 451 38,383 468 50,500 
Crystal Springsb 239 17,018 272 44,129 284 58,330 
San Andreas 404 2,797 441 14,971 450 19,000 
Pilarcitos 661 273 691 2,387 – 3,100 
Stone Dam – – – – – 15 
a Since 2001, the California Division of Safety of Dams has restricted Calaveras Reservoir to a maximum 

operating volume of 38,375 acre feet (A. Dufour pers. comm.). 
b Crystal Springs Reservoir has a maximum capacity of 69,320 acre-feet with flashboards, but is 

operated at a capacity of 58,330 ac-ft due to dam safety requirements (SFPUC 2001b; A. Dufour pers. 
comm.). 

 
 
Table 9. Estimated calcium concentrations under different drawdown and refill scenarios. In each 
scenario, the reservoir’s initial volume is the average operating volume over the 1970-2008 period (Table 
8) with an initial calcium concentration equal to the average reported concentration for 1995-2008 (Table 
1 in the Vulnerability Assessment chapter, and the data file “SFPUC Ca data.xls” received in November 
2008), and is drawn down to the minimum operating volume that occurred in 1970-2008 (Table 8). It is 
then refilled with Hetch Hetchy water either with lime addition at the projected post-2012 dosage (calcium 
= 7 mg/l), with lime addition at the current dosage (calcium = 3 mg/l), or with no lime addition (calcium = 
1.3 mg/l), and filled either to the initial volume or the reservoir’s maximum volume.  
 

  Refill with Hetch Hetchy 
Water... Final Volume San 

Antonio 
Crystal 

Springs 
San 

Andreas 

Initial calcium concentration (mg/l) 28.1 13.2 13.8 
...with lime (7 mg/l of Ca) Initial volume 10.1 9.4 8.3 
...with lime (7 mg/l of Ca) Maximum volume 9.4 8.8 8.0 
...with lime (3 mg/l of Ca) Initial volume 6.7 6.9 5.0 
...with lime (3 mg/l of Ca) Maximum volume 5.8 6.0 4.6 
...without lime (1.3 mg/l of Ca) Initial volume 5.3 5.9 3.6 Fi

na
l c

al
ci

um
 

co
nc

en
tra

tio
n 

(m
g/

l) 

...without lime (1.3 mg/l of Ca) Maximum volume 4.3 4.8 3.1 
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SFPUC reservoirs could also be treated by drawing them down so the exposed mussels 
would be killed by desiccation, and then treating the remaining water volume with a 
biocide. The minimum historic operating volumes give some idea of the potential 
volume resuction, though in some cases reservoirs could be drawn down to significantly 
smaller volumes. At full drawn-down a volume of water, called the dead pool, remains in 
a reservoir below the elevation of the outlet. Depending on the circumstances, this could 
be pumped out to desiccate any mussels present, or treated with a biocide. The largest 
water body that has so far been treated with a biocide to eradicate an invasive mussel 
was around 2,500 acre-feet (Table 6); treating larger volumes is more costly, but 
feasible. The two biocides that have been used to eradicate invasive mussels are 
potassium chloride, which is generally non-toxic to non-bivalve organisms at 
concentrations that kill zebra mussels, and copper sulfate, which has broad toxicity but 
is less expensive. SFPUC routinely used copper sulfate in several of its reservoirs 
(including Calaveras, San Antonio, Crystal Springs and San Andreas) for algae control 
from at least 1912 until its use was ended in 2005 (Jason Bielski pers. comm. 2009). 
 
To develop its response plan, SFPUC should explore the potential for these and any 
other promising mechanisms for eradication. Some issues to be considered include:  

 
• assessing the potential level and volume to which reservoirs could be drawn-down; 
 
• modeling the potential for manipulating calcium or oxygen levels; 
 
• obtaining better information on the minimum calcium requirements of zebra and 

quagga mussels, which could be acquired through appropriate field and laboratory 
studies; and 

 
• assembling information on the costs and the relative pros and cons of different 

biocides (these would likely include potassium chloride applied as muriate of potash; 
copper sulfate; various quaternary ammonium compounds; possibly certain other 
non-oxidizing molluscicides; and a toxin produced by a strain of Pseudomonas 
bacteria that is currently under development) and biocide delivery systems (such as 
BioBullets, a recently available product that encases a biocide in an edible particle).  

 
Phase 3: Eradication 
 
Phase 3 is implemented if a decision is made to attempt eradication, and includes the 
eradication effort plus interim containment and facility protection measures that will be 
implemented until the eradication effort is completed. Past eradication efforts suggest 
that this phase will last at least a few months and possibly a few years. The containment 
and facility protection measures during this period should be viewed as potentially 
temporary, to be terminated or loosened if the eradication effort is successful. They are 
thus likely to be somewhat different from the containment and facility protection 
measures that would be implemented as permanent measures in Phase 4.  
 
Containment is likely to be more rigorous in Phase 3 than in Phase 4, especially in 
terms of limiting or barring nonessential uses of and access to the reservoir including 
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recreational uses. In part this is due to the need to restrict access during the eradication 
operation (which could include reservoir drawdown, the removal or closure of docks, 
boat ramps or other structures that support recreational activities, and the application of 
biocides), but it is also in part due to the lead time and capital and development costs 
involved in implementing highly rigorous but more nuanced containment procedures 
that could theoretically be equally effective (such as a program that involves inspection, 
thorough decontamination and/or quarantine of all boats or a significant portion of boats 
leaving the reservoir). Because of the necessary lead time it may not be possible to 
implement such procedures in time for Phase 3, and because of their capital and 
development costs implementation that might only be temporary may not be justified. 
 
Phase 4: Long-term Measures if Eradication is Unsuccessful or Not Attempted 
 
Phase 4 is implemented if a decision is made to not attempt eradication, or if eradication 
is attempted but unsuccessful. In the first case (no eradication) Phase 4 is likely to start 
a few months to a year after the identification of an invasive mussel in a reservoir. In the 
second case (failed eradication) it is likely to start one to several years after the mussel 
identification. Actions in this phase are taken with the expectation that the infestation in 
the reservoir is permanent. and that surface waters and facilities receiving raw water 
from the infested reservoir will be regularly be exposed to invasive mussel larvae and 
possibly translocating juveniles or adults. Because of the permanent nature of this 
exposure and the significant lead time before the start of Phase 4, it may be feasible to 
take actions that involve considerable planning and development time and capital costs. 
Thus Phase 4 may include containment and facility protection measures that are 
significantly different from those implemented on a temporary basis in Phases 2 and 3. 
 
The permanent conditions of Phase 4 also warrant an assessment of the mussel 
infestation’s potential impacts on habitats, species populations and ecosystem functions 
in the reservoir and in affected waters downstream; and consideration of whether there 
are mitigation measures that could or should be taken to ameliorate these impacts. 
 
Phase 4 should also include a broad review of the response to the infestation. The 
review should address whether the response plan was helpful and effective, whether 
implementation was timely and effective, and whether additional preparatory actions 
should have been taken. The lessons from the review should be used to amend the 
response plans and preparations for invasive mussels and other invasive organisms. 
 
Phase 5: Long-term Measures if Eradication is Successful 
 
Phase 5 is implemented if eradication is attempted and successful. It is likely to start 
one to several years after the identification of an invasive mussel in a reservoir. At this 
point the temporary, enhanced containment and facility protection measures 
implemented in Phases 2 and 3 may be ended or phased out. A program of intensive 
follow-up monitoring should be implemented in the reservoir for a period of at least 
several years, to make sure that the eradication was successful, before transitioning to 
the normal detection monitoring program. And as described for Phase 4, Phase 5 
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should include a broad review of the response to the infestation, with modification of 
response plans and response preparations as needed. 
 
 
2. Describe the Specific Technical Actions to be Taken in Response 
 
This section of the response plan should discuss the water system facilities and 
components that receive or come into contact with raw water from each reservoir, at 
least for those reservoirs that are most at risk of invasion. It should include a description 
of the vulnerable facilities and components and which parts are bathed in raw water 
from which reservoirs; the relative risk of mussel settlement or of accumulating live or 
dead mussels or shells in different components; the impacts if mussels do settle or 
accumulate; procedures for inspecting the components; procedures for removing 
mussels from them; and modifications that could be made in the components, in 
operations or maintenance activities, or in the acquisition of backup equipment or 
specialized equipment that would lessen the risk of settlement or accumulation or make 
inspection or cleaning easier. Modifications could, for example, include the installation 
of chlorine feed lines, or the installation of ports, traps or other mechanisms to improve 
access or inspection. 
 
Examples of response plan sections that address some or all of these issues for other 
systems include the “Project Facilities” section of the Bonneville Hydroelectric Project 
Response Plan (Athearn & Darland 2006 at pp. 5-18), the “Potential Impacts and 
Responses” sections of the Lower Columbia River Fish Facilities Response Plan 
(Kovalchuk 2007 at pp. 5-27), and the “Facilities Assessment” and “Review of Facilities” 
sections in the response recommendations for two Colorado watersheds (Claudi & 
Prescott 2009a at pp. 20-28, and Claudi & Prescott 2009b at pp. 15-33). 
 
 
3. Conduct Analyses and Assemble Information to Support the Response 
 
The earlier description of general steps to be taken suggested several types of 
information and analyses that could be assembled and conducted in advance to 
expedite an effective response. These include the following: 
 

• Investigating the reliability of current approaches to identifying dreissenid larvae in 
plankton samples as they have actually been put into practice, including assessing 
whether false positives have occurred or could occur. 

 
• Identifying potential legal restrictions and environmental review and permitting 

requirements that would apply to actions that might be taken in response, including 
such actions as reducing outflows from an infested reservoir; treating raw water 
flows from an infested reservoir; restricting boat movement out of an infested 
reservoir; drawing down and/or treating an infested reservoir with biocides or by 
altering its calcium concentrations; and altering or temporarily halting the use of 
oxygenators or aerators in an infested reservoir. 
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• Assembling and assessing information on the efficacy, potential impacts on drinking 
water, impacts on non-target species, cost, availability and other relevant aspects of 
biocides that might be used to control or eradicate invasive mussels. 

 
• Obtaining more precise information on the minimum calcium requirements of zebra 

and quagga mussels, which could be acquired through appropriate laboratory or 
field studies. 

 
• Investigating through the literature and unpublished data, and possibly in laboratory 

studies, the expected life spans of zebra and quagga mussels in SFPUC reservoirs 
(this is needed to plan for eradication by reduction of calcium concentrations). 

 
• Modeling the potential for manipulating calcium or oxygen levels in SFPUC’s 

reservoirs. 
 

• Investigating in the literature and unpublished data, and possibly in laboratory 
studies, the chlorine concentrations needed to produce 100% kill of zebra or quagga 
mussel larvae. 

 
• Taking regular (monthly if possible) depth profiles of temperature, oxygen and pH in 

all SFPUC reservoirs in order to maintain a good understanding of seasonal 
dynamics, as this information will be needed to anticipate mussel spawning patterns 
and distributions and support eradication assessment and planning. 

 
 
4. Identify and Prioritize Other Actions to be Taken in Advance 
 
Based on the descriptions of specific technical actions, the analyses of eradication 
approaches, the assessment of environmental review and permitting requirements, and 
other issues addressed in the response plan, the plan should identify and prioritize any 
actions that should be taken to prepare in advance for an infestation and specify a 
timetable for completing them. As noted, these actions might include:  
 

• Modifying system facilities or components, such as the installation of chlorine feed 
lines, traps, ports, etc. 

 
• Preparing programmatic environmental review documents, or drafts of sections of 

environmental review or permit application documents that are likely to be needed 
for a response. 

 
• Registering biocides for use on invasive mussels (such as potassium chloride) that 

are likely to be useful for eradication or control of infestations in surface waters or 
facilities. 

 
• Developing formal or informal agreements on roles and responsibilities with 

agencies that SFPUC expects to work with in responding to an infestation. 
 

• Amending current contracts or drafting future contracts with contractors to ensure 
SFPUC’s authority to effectively contain and respond to an infestation. 
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Summary 
 
The purpose of a response plan is to enable a prompt and efficient response to the 
discovery of an invasive mussel in one of SFPUC’s reservoirs. The plan should describe 
the general steps in a response, describe specific technical actions that would be taken 
in response, and analyze and assemble information and identify actions that should be 
taken in advance to facilitate a prompt response. 
 
The general response steps include administrative and operational activities. Critical 
administrative activities include the activation of a command structure, organizing 
financing, providing public information, and dealing with any environmental review or 
permitting needed for response actions. Aside from planning out these aspects of the 
response effort, certain actions taken in advance could facilitate a rapid and successful 
response, especially in the area of environmental review and permitting which are likely 
to be on the critical path for any eradication effort. 
 
Operational activities can be divided into five phases: (1) Verification, (2) Emergency 
Measures, (3) Eradication, (4) Long-term Measures if Eradication is Unsuccessful or 
Not Attempted, and (5) Long-term Measures if Eradication is Successful. Depending on 
the circumstances, between one and four of these phases would be implemented in a 
response effort. Critical decision points are the determination of whether or not an 
invasive mussel is present in an SFPUC reservoir, which triggers Phase 2 and later 
actions, and the decision as to whether or not to attempt eradication.  
 
Because of its importance as a trigger for expensive and disruptive actions, the Phase 1 
determination that an invasive mussel is present should have a high degree of reliability 
built into it. Particularly in the case of determinations made on the basis of mussel 
larvae alone, protocols should be implemented to minimize the likelihood of false 
positives (as discussed in more detail in the Monitoring Review chapter). 
 
Phase 2 measures include containment (reducing the likelihood of overland or 
downstream spread or spread into SFPUC facilities), facility protection (actions to 
protect facilities against colonization by invasive mussels), adjustments in and 
reassessment of monitoring and vector control programs, assessment of the extent of 
infestation, and assessment of the potential for eradication or control. In addition to the 
application of biocides and other standard approaches, SFPUC’s capacity to draw-down 
reservoirs, to alter the ratio of Sierran to local water in some Bay Area reservoirs and 
thereby reduce calcium concentrations to levels that will not sustain a dreissenid mussel 
population, and to manipulate oxygen levels in some reservoirs, provide additional tools 
that may enable SFPUC to eradicate or control an infestation.  
 
Several actions could be taken in advance of an infestation to help produce a rapid and 
successful response. These include various studies and assessments, preparatory or 
preliminary work on environmental review and permitting, the development of 
agreements with likely response partners, and possibly some modifications of system 
components.
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Chapter 6. Monitoring Review 
 
 
 
Introduction 
 
This report discusses general issues regarding monitoring for the presence of exotic 
freshwater mussels in reservoirs, and reviews and evaluates the San Francisco Public 
Utilities Commission’s (SFPUC) existing monitoring program. 
 
 
SFPUC's Existing Monitoring Program 
 
In January 2009, SFPUC provided the author with information on its invasive mussel 
monitoring program. In each of the five primary reservoirs (Hetch Hetchy, Cherry, 
Calaveras, Lower Crystal Springs and San Andreas), SFPUC has deployed an artificial 
substrate collector, consisting of a foot-long piece of PVC pipe suspended on a rope 
between 10-20’ below the surface near the reservoir adit. The collectors in the Bay Area 
reservoirs are checked twice a month on average; those in Hetch Hetchy and Cherry 
reservoirs are checked perhaps once a month. 
 
SFPUC plans to add plankton tows with examination by cross-polarized light 
microscopy and genetic analysis using the polymerase chain reaction (PCR) to amplify 
dreissenid DNA. SFPUC’s water quality research microbiologist is currently preparing 
the laboratory to identify dreissenid mussel larvae using PCR techniques. 
 
 
General Considerations in Monitoring for Exotic Freshwater Mussels 
 
The purpose of an invasive mussel monitoring program is to detect and identify invading 
mussels as early as possible, in order to initiate response measures. There are two key 
elements to creating an effective monitoring program. The first is determining what 
criteria will be used to verify the presence of an invasive mussel and thereby trigger a 
response effort. The Response Plan chapter discusses and recommends criteria for 
verification (Table 1). The second key element is selecting and implementing an 
effective system for making inspections and/or taking, processing and identifying 
samples, which will maximize the chances of meeting these verification criteria if 
mussels are present. This second element is addressed in this report. 
 
There are several different general sampling methods that could be employed 
(diver/ROV surveys; benthic samplers; surface surveys; artificial substrate collectors; 
and plankton sampling), and for each of these there are different types of identification 
methods available (visual/morphologic and genetic). Research comparing the 
effectiveness of these methods has been very limited or nonexistent, and there is no 
general agreement on the optimal sampling method or mix of methods for early 
detection of invasive mussels, particularly between surface surveys, substrate collectors  
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Table 1. Recommended criteria for verifying the presence of invasive mussels and triggering a 
response effort. 
 

Criteria 

The collection of a settled (juvenile or adult) mussel and identification by a qualified 
biologist; or the genetic identification of larval mussels by two laboratories applying 
independent PCR/electrophoresis methods to subsamples from a single or pooled sample 
of DNA extracted from a single or pooled plankton sample, using protocols and primers 
specific to dreissenid mussels and a negative (water only) control to check for reagent 
contamination, and verified by DNA sequencing. 

Finding An invasive mussel has been found in the water body. 
Action Initiate Phase 2 response actions, as described in the Response Plan. 
 
 
and plankton sampling. The relative effectiveness of different sampling methods is a 
function of the likelihood of collecting or observing an invasive mussel for each unit of 
sampling (e.g. a single dive, survey, substrate collector array or plankton tow) when the 
mussels are present at low density; the reliability of identifying an invasive mussel in a 
sample (i.e. the frequency of false negatives and false positives)78; and the cost of 
sampling, sample processing and identification per unit of sampling. Records in both the 
eastern and western part of the country—where dreissenid mussels have remained 
undetected or only rarely detected over several years while they were present in some 
water bodies, despite some degree of regular monitoring—show that it is a challenge for 
any monitoring method to detect mussels when they are present at very low densities in 
a large body of water. Thus, the cost per sampling unit is a critical element in selecting 
the optimal mix of monitoring methods: with lower costs, more samples can be taken, 
increasing the likelihood of collecting a mussel when it is present at low densities.  
 
If n samples are taken, and the probability of collecting at least one mussel in any 
sample is p, and the total volume or area sampled is small compared to the total volume 
or area of the reservoir, then the overall probability (P) of collecting at least one invasive 
mussel is approximately79 given by: 
 
(1)      P = 1– (1–p)n 
 
If the cost of sampling, sample processing and identification per sample is c, and the 
total amount of funding available for these activities is F, then the number of samples 
that can be taken is F/c and: 

                                                
78 Except when stated otherwise, in this report identification and false negatives and positives refer to the 
identification of a specimen as some type of invasive mussel (i.e. a mussel living in fresh water in the 
western U.S. that is a member of either the family Dreissenidae (zebra mussels, quagga mussels and 
Mytilopsis) or the Mytilidae (Limnoperna), not to its identification as a particular species of invasive 
mussel. While the species-level identification is needed as part of the response effort, it is not needed to 
trigger a response effort—that only requires a reliable determination that some invasive mussel is present 
(see the Response Plan chapter), which is thus the endpoint of a detection monitoring program. 
79 The equation (1) is derived from the binomial distribution, and is an accurate expression of the 
probability distribution when sampling with replacement. Since detection monitoring consists of sampling 
without replacement the probabilities follow a hypergeometric distribution, but when the sampling size is 
small relative to the population the binomial distribution gives a very close approximation. 
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(2)     P = 1– (1–p)(F/c) 
 
So if there is a set amount of funding available, and if the reliability of identifying an 
invasive mussel in a sample is the same for several different methods, the most 
effective of these methods will be the one with the lowest value of (1–p)(1/c). Sampling 
conducted with benthic samplers, surface surveys and artificial substrate collectors all 
identify mussels by visual examination of settled mussels (with genetic methods 
available as backup in uncertain cases), so the reliability of identification is essentially 
the same for all these methods. If diver or ROV surveys are used and, as recommended 
in the Response Plan chapter, the physical examination of a settled mussel by a 
qualified biologist is required before triggering a response (that is, diver observations or 
ROV imagery are considered insufficient to verify the presence of invasive mussels 
without an actual specimen in hand), then the reliability of identification is essentially the 
same for these methods as well80. Thus the relative effectiveness of these methods can 
be determined solely from the relative cost per sample and the relative probability that a 
sample will contain at least one invasive mussel when the mussels are present at low 
densities. 
 
In contrast, detection monitoring for invasive mussels by plankton sampling depends on 
the identification of larval mussels, and the methods used for identification and the 
reliability issues that ensue are quite different from those involved in identifying settled 
mussels. There is no obvious, straightforward way to numerically compare the value of 
a somewhat greater reliability in identification with the value of a somewhat greater 
probability of collecting at least one invasive mussel for a given level of funding81, so 
comparisons between plankton sampling and one of the other monitoring methods will 
not produce unequivocal results if reliability issues favor one method and a lower value 
of (1–p)(1/c) favors the other.  
 
Unfortunately, there appear to be surprisingly few published studies on invasive 
mussels that assess or compare the relative value of p (the probability of collecting an 
invasive mussel) for the different types of sampling methods, or studies that assess the 
reliability of different identification methods; and also surprisingly little information 
available on c, the costs of sample collection, processing and identification. Some 
researchers have argued that plankton sampling has an absolute advantage over other 
methods because by sampling larvae it can detect an invasion earlier than other 

                                                
80 In certain cases, an agency might choose to initiate response actions based on the observation of 
invasive mussels by divers or ROV, even if no specimen is collected. In such cases, the reliability of 
identification would probably be lower than when identification is based on a collected specimen. 
81 In part this is because the value of greater reliability in identification depends on an assessment of the 
probability and economic costs of adverse consequences from different frequencies of false positives and 
the probability and economic costs of adverse consequences from different frequencies of false 
negatives. In theory, one could estimate all these quantities and conduct a benefit-cost analysis for each 
method; the best method would then be the one with the greatest net benefit for a given cost. In practice, 
it seems extremely unlikely that such probability and cost estimates could be developed with low enough 
uncertainty or broad enough agreement among different individuals to serve as a useful basis for a 
quantitative comparative assessment of methods. Differing views about how to combine the probability of 
consequences and the costs of consequences into a single cost metric add additional uncertainties. 
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methods (Anderson et al. 2008). As discussed below (under “Comparison of General 
Sampling Methods”), at least in comparison to monitoring with artificial substrate 
collectors this appears to be generally untrue; and even where true, data and numeric 
considerations suggest that any such advantage is likely to be inconsequential. Other 
researchers appear to be greatly impressed by the theoretical potential of genetic 
methods to detect even a single invasive mussel larva in a plankton sample. Relying on 
such considerations, some researchers have argued that comparisons of sampling and 
identification costs, sampling success and identification reliability are irrelevant to the 
selection of monitoring methods. For the reasons outlined above, I disagree. 
 
Diver/ROV Surveys 
 
Surveys by SCUBA divers or by ROVs (Remotely Operated Vehicles) have often been 
used to assess the extent of a dreissenid mussel invasion after it has been detected, or 
to inspect water system infrastructure for colonization, but as far as I am aware have not 
been used in early detection monitoring programs82. The relatively high cost of such 
surveys, the difficulties that may result from poor visibility conditions that are frequently 
encountered near the bottoms of reservoirs, and if ROV surveys are visual only (no 
specimens collected), the lower reliability of identification that may result, means that 
these approaches are almost certainly less effective than other methods that sample 
settled mussels. If, however, dives or ROV surveys are being conducted for other 
purposes, then workers should be asked specifically to keep watch for and collect if 
possible any organisms that look like they might be invasive mussels (i.e. having a 
heteromyarian mussel shape and/or are attached to hard surfaces by threads, see 
discussion in the Response Plan chapter). If such activities are routine and regular, it 
may be worth the modest expense of training workers to recognize invasive mussels. 
 
Benthic Sampling Devices 
 
Organisms living on the bottom can be sampled with a variety of devices including 
dredges, benthic grabs and benthic corers. Because sampling with some of these 
devices can be quantitative in appropriate circumstances—sampling a fixed area and/or 
volume of the bottom—they are often used for research and for the assessment of 
population densities. However, quantitative sampling is of no particular value in 
detection monitoring (where the objective is simply a determination of presence or 
absence), and using these devices specifically for detection monitoring is probably 
significantly more expensive relative to the degree of effective sampling achieved than 
monitoring with surface surveys or artificial substrate collectors. As with diver and ROV 
surveys, if such devices are being used for other research or monitoring activities, the 
operators should be directed to keep watch for invasive mussels, and if their use is 
routine and regular, it may be worth training the operators to recognize invasive 
mussels. 
 

                                                
82 Though the National Park Service (2007) lists diver surveys as one of three recommended early 
detection monitoring methods (along with artificial substrate collectors and plankton samples), they are 
said to be most useful as part of the response to a mussel discovery.  
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Surface Surveys 
 
Surface surveys—the inspection, often on foot, of a variety of accessible, mainly near-
surface hard substrates—have been used both for detection monitoring and for 
assessing the extent of a mussel invasion after it has been detected. The types of 
substrates examined include the sides and sometimes the bottoms of floating docks, 
boats, barges or buoys, and ropes, chains or other objects hung from them or anchoring 
them; concrete walls and other concrete structures; and rocks in shallow water. 
Inspection methods include the visual examination of substrates in place in the water; 
scraping surfaces and examining the material collected; and removing substrates from 
the water for examination, including ropes, buoys and rocks. 
 
In many circumstances, surface surveys can provide an inexpensive means of 
examining relatively large areas of substrate. “Casual” surface surveys can sometimes 
be implemented by encouraging and/or assisting dock workers, boat owners, and 
members of the public to periodically examine such surfaces or to simply keep an eye 
out for invasive mussels. Anecdotal and other evidence (e.g. Kraft 1993) suggest that 
such casual inspections often produce the first record of a mussel invasion. However, 
among SFPUC’s reservoirs there is public access only to the High Sierran reservoirs, 
and there are no public boat docks or marinas on these, so the opportunities for casual 
observations are limited. 
 
Some level of surface surveys by SFPUC staff or contractors could be cost effective, 
especially if conducted in conjunction with other regular maintenance or monitoring 
activities. A scraper with a mesh basket on an extension handle83 can be used to 
sample underwater concrete surfaces and the sides or undersides84 of docks. As noted 
in the Response Plan chapter (referencing Claudi & Prescott 2009), gauging stations 
used to monitor water levels can be used as mussel monitoring stations if the floats and 
other components in water contact are checked for settled mussels at regular intervals. 
If a reservoir is drawn down by a few feet or more, very large areas of exposed hard 
substrate that was recently underwater can be inspected quickly and cheaply by walking 
sections of the reservoir perimeter. 
 
Artificial Substrate Collectors 
 
There have been some published studies comparing dreissenid mussels’ occurrence on 
artificial substrates made of different materials, with different surface textures, shapes 
and orientations, under different lighting conditions and at different locations and 
depths. These studies have sometimes produced inconsistent results (Kobak 2004, 
2005, and Table 2 below), the tests have not been conducted at low mussel densities, 
                                                
83 See Attachment 1 and Miller & Dye (1992) for scraper designs. John Chapman (Oregon State 
University/Hatfield Marine Science Center, Newport, OR) also has a scraper design that is used for 
sampling marine fouling from docks and pilings. At Lake Mead, Wen Baldwin used a type of long-handled 
plastic dustpan to collect quagga mussels from boat bottoms. 
84 There is evidence that zebra mussels prefer to settle on shaded surfaces (Walz 1973, 1975; 
Lewandowski 1982, 2001; Yankovich & Haffner 1993; Thorp et al. 1994; Marsden & Lansky 2000; De 
Lafontaine et al. 2002; Culver et al. 2009), as discussed below. 
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Table 2. Studies of factors affecting dreissenid mussel density on artificial settling substrates. The 
studies refer to zebra mussels unless otherwise stated. 
 

Factor  Reference Results 

Material Walz 1973 Densities ranked as follows, though not all differences were significant: 
PVC > iron > zinc > concrete > aluminum, plexiglass > brass > copper. 

Material Walz 1975 Greater density on PVC than on other plastics, but no significant 
difference if colonized by filamentous algae. 

Material Van Diepen & 
Davids 1985 

Greater density on PVC than on polystyrene, but no significant 
difference if surfaces are sufficiently colonized by bacteria and algae. 

Material Kilgour & 
Mackie 1993 

Densities ranked as follows on vertical plates after 72 days, though not 
all differences were significant: stainless steel, asbestos > 
polypropylene, pine, black steel, pressure-treated wood > vinyl > teflon, 
PVC, acrylic > aluminum > galvanized iron > copper. 

Material Kilgour & 
Mackie 1993 

Densities ranked as follows on tubes (<7 cm diameter unless otherwise 
stated) after 72 days, though not all differences were significant: PVC (4 
cm diameter) > ABS, black steel, PVC (5 cm diameter), teflon > acrylic, 
galvanized iron, aluminum > brass, copper 

Material Hanson & 
Mocco 1994 

Densities ranked as follows on horizontal plates after 3 months, though 
the significance of the differences was not reported: lead > teflon > 
copper. 

Material 
Kobak & 
Wisniewski 
1998 

Densities ranked as follows on vertical plates after 4 or 5 months, with 
significant differences in density: resocart (phenoplast plastic), aluminum 
> iron > copper. Plantigrade mussels (<1 mm long) were denser on 
aluminum than on resocart, while juveniles were denser on resocart than 
on aluminum, but the differences were not significant. 

Material Marsden & 
Lansky 2000 

Greater density after 42-82 days on horizontal plates of PVC than of 
plexiglass (p<0.04), and greater on either of these than on glass 
(p<0.0001). 

Material Marsden & 
Lansky 2000 

Greater density after 65-98 days on horizontal plates of wood, concrete, 
limestone, steel, fiberglass or aluminum than of galvanized iron (p<0.05). 

Material Kobak 2004 

Juvenile mussel densities ranked as follows on vertical plates after 3 
months, though not all differences were significant: resocart (a 
phenoplast plastic) > glass > aluminum, acrylic, PVC > silicone aquarium 
glue > Penaten (a zinc oxide cream with antifouling properties) > rubber, 
zinc > brass. 

Material Kobak 2004 

Plantigrade mussel densities ranked as follows on vertical plates after 3 
months: , though not all differences were significant: resocart (a 
phenoplast plastic) > acrylic > glass > silicone aquarium glue, Penaten 
(a zinc oxide cream with antifouling properties), PVC, rubber > zinc, 
aluminum > brass. 

Orientation Walz 1973, 
1975 

Greater density on shaded undersides than on sunlit top surfaces of 
horizontal plates. 

Orientation Lewandowski 
1982 

Greater density on shaded undersides than on sunlit top surfaces of 
horizontal plates. 

Orientation Marsden & 
Lansky 2000 

Greater density on top surfaces than on undersides of shaded horizontal 
plates after 42-82 days (p<0.0001). 

Orientation Marsden & 
Lansky 2000 

Greater density on top surfaces of shaded horizontal plates than on 
shaded vertical plates after 42-82 days (p<0.0002). 
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Factor  Reference Results 

Orientation Kilgour & 
Mackie 1993 

Greater density on horizontal than vertical tubes after 75 days 
(p≤0.0005). 

Orientation Yankovich & 
Haffner 1993 

Greater density on sides than on top surfaces of cement blocks after 130 
days. 

Orientation Lewandowski 
2001 

Greater density on undersides than on top surfaces of unshaded 
horizontal substrates. 

Orientation De Lafontaine 
et al. 2002 

Greater density on undersides than on top surfaces of horizontal 
substrates. 

Orientation Czarnoleski et 
al. 2004 

No significant difference in density between concrete blocks suspended 
vertically and horizontally. 

Orientation Kobak 2005 No significant difference in density between vertical and horizontal plates 
after 4 months in flowing water. 

Orientation Kobak 2005 No significant difference in density between top surfaces and undersides 
of horizontal plates after 4 months in flowing water. 

Exposure Kilgour & 
Mackie 1993 

Greater density on inside surfaces than on outside surfaces of tubes 
after 75 days (p≤0.0005). 

Exposure Yankovich & 
Haffner 1993 

Greater density inside holes than on outer surfaces of cement blocks 
after 130 days. 

Illumination Marsden & 
Lansky 2000 

Greater density on shaded than on sunlit surfaces after 42-82 days 
(p<0.0001). 

Illumination Coons et al. 
2004 

No significant difference in density between exposure to strobe lights or 
darkness on vertical PVC plates over 31-55 days. 

Color Marsden & 
Lansky 2000 

No significant difference in density between clear and black plexiglass 
after 42-82 days. 

Size Kobak 2004 No significant difference in density between different sizes of resocart (a 
phenoplast plastic) plates after 3 months. 

Shape Kilgour & 
Mackie 1993 

Density on 4 cm diameter PVC tube almost 2x that on 5 cm diameter 
tube, but difference not significant. 

Shape Czarnoleski et 
al. 2004 Greater density on complex than on flat surfaces. 

Shape Kobak 2005 No significant difference in density between circular and square plates 
after 4 months in flowing water. 

Shape Folino-Rorem 
et al. 2006 

Greater number of mussels on vertical PVC plates with attached 
polypropylene filaments than on vertical PVC plates without filaments 
after 6 weeks (p<0.0003), but difference in density was not significant 
when the surface area of the filaments was taken into account. 

Texture Marsden & 
Lansky 2000 

No significant difference in density between rough and smooth surfaces 
after 42-82 days. 

Biofilm Wainman et 
al. 1996 

Greater density of zebra and quagga mussels on substrates with than 
without biofilm after 24 hours. 

Biofilm Kavouras & 
Maki 2003 

Greater density on polycarbonate surfaces with than without biofilms, but 
no significant difference on glass surfaces with and without biofilms. 

Depth Wacker & von 
Elert 2003 Greater density on substrates at 4 m than at 15 m or 30 m depth. 

Location Yankovich & 
Haffner 1993 

Greater density on cement blocks at an offshore than a nearshore site 
after 130 days (p<0.001). 
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most have not been conducted over time periods that are relevant to detection 
monitoring85, and in many the study design is in other ways not very relevant to 
designing an optimally effective substrate collector for detection monitoring. The 
objectives of most of these studies had nothing to do with detection monitoring; rather 
they were investigating substrate properties that would minimize zebra or quagga 
mussel settlement (Van Diepen & Davids 1985; Kilgour & Mackie 1993; Kobak & 
Wisniewski 1998; Marsden & Lansky 2000; De Lafontaine et al. 2002; Coons et al. 
2004; Kobak 2004, 2005), or enhance settlement at sites where filtration of particles by 
these mussels might be beneficial (Kobak & Wisniewski 1998; Kobak 2004), or 
determine which water system elements were at greater risk of colonization (Kobak 
2005; Folino-Rorem et al. 2006), or reduce or explain the variance between different 
sampling programs (Marsden & Lansky 2000; De Lafontaine et al. 2002), or explain 
aspects of dreissenid mussel behavior or life history (Wacker & von Elert 2003; Folino-
Rorem et al. 2006). I conducted a fairly extensive review of the published literature and 
an internet search for gray literature on testing settlement substrates for dreissenid 
mussels, the results of which are summarized in Table 2. Some of the differences in 
results between studies may be due to differences in deployment time, since the 
occurrence of a mussel on a substrate at any point in time is a function of the three 
factors of settlement, post-settlement migration, and post-settlement mortality or loss; 
the treatments tested may affect these factors differently; and the factors influence 
mussel occurrence over different time frames (Kobak & Wisniewksi 1998; Kobak 2004). 
 
Two very different designs of artificial substrate collectors are most frequently used for 
dreissenid monitoring, a pyramid-shaped horizontal plate collector and a tube collector 
commonly called the Portland sampler. The horizontal plate collector consists of four 
square PVC plates of different size, stacked one above the other with the smallest on 
top, with spacers in between (Figure 1). It seems to be more commonly used in the 
eastern U.S. (e.g. Wisconsin DNR 2004; Quinlan et al. 2007; Illinois EPA Lake 
Monitoring website86), and is also available in a masonite version from equipment 
suppliers87. The Portland sampler consists of a horizontal PVC or ABS plastic tube with 
some holes drilled in the side, often with plastic netting stuffed inside (Figure 2). It is 
used fairly widely in the western U.S. (e.g. Pfauth et al. 2006; Anderson et al. 2008; 
California DWR Zebra Mussel Watch website88; 100th Meridian Initiative website89; 
Portland State University Volunteer Zebra Mussel Monitoring Program website90; USDA 
Manager’s Toolkit-Washington DFW Zebra Mussel Volunteer Programs website91). A 
modified, black plastic version has been developed by USBR (Anderson et al. 2008),  
 

                                                
85 In most detection monitoring programs, substrate collectors are inspected every 7-31 days. Many of the 
studies of zebra mussel settlement on artificial substrates examined the substrates only after 42-130 
days. 
86 At http://www.epa.state.il.us/water/vlmp/index.html. 
87 WILDCO (https://wildco.com/product_info.php?products_id=235); ENVCO 
(http://www.envcoglobal.com/catalog/product/plankton-periphyton-samplers/zebra-mussel-sampler.html). 
88 At http://www.water.ca.gov/environmentalservices/invasive_program_overview.cfm. 
89 At http://www.100thmeridian.org/photos.asp. 
90 At http://www.clr.pdx.edu/projects/volunteer/zebra.php. 
91 At http://www.invasivespeciesinfo.gov/toolkit/detwdfw.shtml. 



Exotic Freshwater Mussels - Chapter 6. Monitoring Review  180 
 

 
Figure 1. Horizontal plate collector. Images from Quinlan et al. 2007 and New York Sea Grant. 
 

  
 
 
 
 
 
Figure 2. Portland sampler. Image from Portland State University Center for Lakes and Reservoirs. 
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Figure 3. Scouring pad collector. Image from U.S. Army Corps of Engineers/Zebra Mussel Information 
System at http://www.invasivespeciesinfo.gov/toolkit/detwdfw.shtml. 

 
 
 
 
 
 
Figure 4. Vertical plate collector. Image from Marshall and Blalock-Herod (2006). 
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Figure 5. Horizontal plate collector with uniform-sized plates. Image from CDFG (2008). 
 

 
 
 
and a non-PVC version is available from an equipment supplier92; both claim superior 
performance, though it’s not clear that any test of relative performance has been 
conducted. Various other types of artificial substrate collectors have been used for 
monitoring or research sampling, including a plastic scouring pad collector (Martel 1993; 
Martel et al. 1994; Figure 3), a PVC or acrylic vertical plate collector (Marshall & 
Blalock-Herod 2006; Figure 4), five stacked horizontal PVC plates of uniform size 
(CDFG 2008; Figure 5), and a pair of crossed, horizontal PVC tubes (Kraft 1993). These 
collectors span a wide range of very different designs (flat plates in both horizontal and 
vertical orientations, tubes with and without plastic mesh/netting inside, and exposed 
mesh/netting not enclosed in a tube), and yet as far as I’m aware there has never been 
a study comparing the effectiveness of any of these collectors, nor have I found any 
documentation of the rationale for the designs of the most popular collectors. 
In the absence of direct comparisons, what can the studies summarized in Table 2 tell 
us about the desirable properties of a substrate collector to be used in early detection 
monitoring?  
 
Material. The studies show that certain materials—brass, copper, zinc and galvanized 
iron—make consistently poor substrates for zebra mussels, probably because of toxic 
properties (Walz 1973; Kilgour & Mackie 1993; Kobak & Wisniewski 1998; Marsden & 
Lansky 2000; Kobak 2004; Kobak & Januszewska 2006). Although copper was the 
poorest of the three substrates tested by Hanson and Mocco (1994), densities were 
nevertheless high (51,000/m2), in contrast to several other studies that found few or no 
zebra mussels on copper. Aluminum probably also belongs in the group of poor 
                                                
92 Prefix C.L.E.A.N. (http://www.prefix.com/CLEAN). 
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substrates, although Kobak (2004) reported relatively high densities of juvenile zebra 
mussels on it. 
 
A wide variety of materials appear to provide reasonably good substrate for zebra 
mussels, with their relative rank varying from study to study, and with differences in 
density generally not being statistically significant. In perhaps the earliest published 
study comparing materials as zebra mussel settling substrates, Walz (1973) found the 
greatest densities on PVC. A graph of Walz’s results was included in one of the first 
North American guides to zebra mussel monitoring (Marsden 1991), which may in part 
account for most of the commonly-used collectors being made of PVC. In other studies, 
however, PVC did not do as well as some other materials. Kilgour and Mackie (1993) 
reported substantially (though non-significantly) higher densities on stainless steel and 
black steel, pine and pressure-treated wood, asbestos, polypropylene and vinyl plates 
than on PVC plates (densities were roughly 3x higher on stainless steel93 and asbestos, 
and more than 2x higher on wood, black steel and polypropylene than on PVC). They 
did report higher densities on PVC tubes than on tubes of other materials, but the PVC 
tubes were smaller diameter than the others, which appears to be an advantage for 
recruiting or retaining zebra mussels (see below under Shape), and it’s unclear whether 
PVC tubes would out-perform tubes of the same size made from other materials. Kobak 
(2004) reported higher densities on plates of resocart (a phenoplast plastic), glass and a 
few other materials than on PVC plates; notably, there were slightly higher densities of 
plantigrade zebra mussels on resocart plates coated with Penaten (a zinc oxide cream 
with known antifouling properties) than on PVC plates. Among plastics, some studies 
found PVC to be a better substrate than other plastics (Walz 1973, 1975; Van Diepen & 
Davids 1985; Marsden & Lansky 2000), but others found lower zebra mussel densities 
on PVC than on vinyl, resocart or acrylic (Kilgour & Mackie 1993; Kobak 2004). 
Marsden & Lansky (2000) found significantly greater zebra mussel densities on PVC 
than on glass (p<0.0001), while Kobak (2004) found substantially but not significantly 
greater densities on glass than on PVC, especially for plantigrades. It’s thus unclear 
whether PVC truly is an effective substrate for early detection monitoring. 
 
Orientation, Exposure, Illumination and Color. Several studies found greater zebra 
mussel densities on shaded undersides or partially shaded sides than on sunlit top 
surfaces of substrates (Walz 1973, 1975; Lewandowski 1982, 2001; Yankovich & 
Haffner 1993; De Lafontaine et al. 2002); but on shaded substrates and substrates 
below the photic zone, zebra mussels were either denser on the top surfaces than on 
the sides or undersides (Marsden & Lansky 2000), or there was no significant difference 
between the top surfaces and the undersides (Kobak 2005). The difference between the 
results in illuminated and dark conditions is consistent with zebra mussels preferentially 
recruiting to dark areas and/or migrating away from illuminated areas after settlement; 
however it is also consistent with greater predation or other mortality or losses occurring 
on illuminated surfaces. Similarly, Thorp et al. (1994) reported a greater density of zebra 
mussels on the undersides than on the top surfaces of shallow (<1 m depth) natural 

                                                
93 In addition, Ackerman et al. (1995) measured a greater mean attachment strength of plantigrade 
dreissenid mussels (not identified to species, but more likely quagga mussels based on the proportions of 
adults at the collection site) to stainless steel than to PVC, though the difference was not significant. 
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rocks in the Ohio River (p<0.001) and in shallow water in the Hudson River, but a 
greater density on the top surfaces and side surfaces than on the undersides of rocks in 
Lake Erie and in deep water in the Hudson River. They hypothesized that the 
disadvantages of living on the tops of river rocks could include greater exposure to 
siltation (which is less of a problem in lakes), greater growth of filamentous algae which 
could interfere with feeding (though other researchers have observed greater zebra 
mussel densities on rocks covered with filamentous algae than on bare rocks—Hanson 
& Mocco 1994), and greater predation by fish.  

Observations of greater zebra mussel densities on horizontal than on vertical tubes 
(Kilgour & Mackie 1993) could be due to light avoidance, to greater post-settlement 
losses on illuminated surfaces, or to a preference for horizontal surfaces. Claudi and 
Mackie (1993) state that plates should be hung vertically to maximize settlement rates, 
but cite no evidence for this. Marsden and Lansky (2000) found significantly greater 
densities of zebra mussels on the top surfaces of shaded horizontal plates than on 
shaded vertical plates, though Kobak (2005) comparing vertical and horizontal flat 
plates in the aphotic zone found no significant difference in mussel densities. Greater 
densities inside tubes or holes than on outside surfaces (Kilgour & Mackie 1993; 
Yankovich & Haffner 1993) could be due to illumination effects, or to different levels of 
predation. Correcting for surface orientation, Marsden and Lansky (2000) found 
significantly greater densities on shaded than on sunlit surfaces; in contrast, Coons et 
al. (2004) found no significant difference between vertical plates that were exposed 
directly to strobe lights, exposed to strobe light backscatter, or in darkness. Kobak 
(2001) reported that juvenile and adult zebra mussels preferred to attach to black rather 
than white substrates, with the preference being greater in small (mean length around 7 
mm) than in large mussels (mean length around 15 mm). However, Marsden and 
Lansky (2000) found no significant difference in the density of settled zebra mussels on 
black and clear plexiglass plates. 
 
Shape and Texture. Claudi and Mackie (1993) say “there is some evidence that ‘tube’ 
type substrates are more effective than ‘plate’ type substrates” in monitoring for zebra 
mussels, but they provide neither evidence nor reference in support. Kilgour & Mackie 
(1993) deployed both tubes and flat plates made of different materials in Lake St. Clair 
for 72-75 days. Mussel densities were an order of magnitude higher on the flat plates, 
but the deployments were not simultaneous—the plates were put in the water about six 
weeks earlier—so the differences could easily be due to a peak in settlement earlier in 
the season, rather than any preference for one shape over the other. Kobak (2005) 
compared flat, concave and convex surfaces placed in flowing water and directed 
upstream or downstream. Settlement was greater on concave surfaces than on convex 
or flat when directed upstream, but there were no differences between surface shapes 
when directed downstream. Kobak concluded that surface shape does not influence 
settlement if not exposed to water flow, but did not actually conduct any tests in still 
water. 
 
Kilgour & Mackie (1993) found that in horizontal PVC tubes densities increased 
substantially (2x) but not significantly with a modest reduction in the diameter (4 cm 
rather than 5 cm). Given the variation shown in studies of other factors, one shouldn’t 



Exotic Freshwater Mussels - Chapter 6. Monitoring Review  185 
 

make too much of a non-significant result from a single study; however, the potential for 
smaller diameter tubes to increase the effectiveness of tube collectors should be 
investigated. 
 
While many studies and reports state or assume that zebra mussels settle preferentially 
or initially on filamentous or fibrous substrates, based in part on observations of their 
settlement on filamentous algae and hydroids (Ackerman et al. 1994; Hanson & Mocco 
1994), and therefore recommend the use of filamentous or fibrous artificial substrates 
for monitoring (Martel 1993; Martel et al. 1994; Culver et al. 2009), the one relevant 
experimental study that I found did not confirm this. While Folino-Rorem et al. (1996) 
found there was an absolute increase in the number of zebra mussels that settled on 
PVC plates with polypropylene filaments attached compared to plates without filaments, 
the increase was proportional to the surface area added by the filaments. Netting, mesh 
or other filamentous or fibrous material may thus be a convenient way to add surface 
area to a collector, but there’s no experimental evidence that they are more effective at 
collecting zebra mussels than are flat surfaces per unit area94. 
 
Although some authorities recommend roughing up collector surfaces with sandpaper 
prior to deployment (e.g. Marshall & Blalock-Herod 2006; Culver et al. 2009), 
experiments found no significant difference in the density of zebra mussels that settled 
on rough or smooth surfaces (Marsden & Lansky 2000). 
 
Biofilm. Dreissenid monitoring guides sometimes recommend putting substrate 
collectors in the water for a couple of weeks to allow a biofilm to develop on the surface 
before using them for monitoring (e.g. Marsden 1991rcommends allowing one to two 
weeks for biofilm development; Claudi & Mackie 1993 recommend “at least 2 weeks, 
longer if possible”; while Culver et al. (2009) state that it takes “a few days” to develop a 
biofilm), and then being careful not to remove the biofilm when inspecting and returning 
the substrates to the water (Anderson et al. 2008). While studies usually found that the 
development of a biofilm encouraged zebra mussel settlement (Wainman et al. 1996; 
Kavouras & Maki 2003), Gu et al. (1997) found that some biofilms inhibit zebra mussel 
settlement. Other results suggest that lengthy development of a biofilm may not be 
necessary: Martel (1993) and Martel et al. (1994) found that scouring pad collectors 
soaked in filtered lake water for 2-3 days before deployment and deployed for 24-72 
hours were very effective at collecting both settling larvae and post-metamorphic 
dreissenid mussels, at densities up to around 2,000 mussels per 11 cm x 12 cm 
scouring pad; and Fraleigh et al. (1993) found that zebra mussels settled on clean glass 
slides deployed for a week at densities up to around 5,000 mussels/m2.  
 
 

                                                
94 A single study doesn’t definitively prove this, and the underlying concept—that dreissenid and perhaps 
especially zebra mussels settle initially on filamentous substrates such as they find on many aquatic 
plants and algae, and later move to solider substrates as they grow and the vegetation senesces—is 
appealing. Because of the frequent use of filamentous substrates in dreissenid monitoring, further 
experiments assessing settlement preferences between filamentous and flat plate substrates should be 
conducted.  
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Marsden and Lansky (2000) concluded that the substrate characteristics promoting 
settlement of zebra mussels, are, in order of importance (1) non-toxic material, (2) 
shaded rather than sunlit surfaces, (3) orientation (underside rather than top surface of 
horizontal plate, and top surface of horizontal plate rather than vertical surface), and (4) 
rough rather than smooth surface. However, Kobak (2004) found no evidence of active 
substrate selection by settling larvae, and concluded that observed differences in 
densities after three months of substrate exposure were instead due to post-settlement 
differences in attachment strength, mortality or migration on different substrates. In a 
similar vein, Kobak and Wisniewksi (1998) found that materials initially settled by 
greater numbers of larvae were not necessarily the best substrates for later growth.  
 
Because the time between inspection of substrate collectors in typical dreissenid 
detection monitoring programs is generally short (i.e. every week, every two weeks, or 
every month) compared to the substrate deployment time in many of the studies listed 
in Table 2 (often months), and because over time post-settlement effects will change 
the patterns of relative abundance compared to earlier periods, it’s hard to know how to 
apply the results from these studies to detection monitoring. I’d agree with the 
implications from Marsden and Lansky’s first two conclusions: avoid apparently toxic 
materials (brass, copper, zinc, galvanized steel and probably aluminum), and design or 
deploy the collectors so that the main settling surfaces are not illuminated (though it’s 
unclear whether the positive effect of darkness is primarily due to settlement patterns, 
as Marsden and Lansky suggest, or due to post-settlement factors). However, their 
statements regarding surface orientation (in the absence of illumination) and surface 
texture appear to have no support in the literature. There’s also no evidence from these 
studies that filamentous substrate is more effective at capturing settling mussels than an 
equivalent surface area of flat substrate. There is some evidence that the development 
of a biofilm is generally (though not necessarily always) helpful, but also some indication 
that a useful biofilm may develop faster than the two weeks that is usually 
recommended. 
 
At present, 20 years after the discovery of zebra mussels in North America, we know 
little about how to design an effective substrate collector for early detection of dreissenid 
mussels. There appear to be no studies that compare the effectiveness of the samplers 
that are currently in use. Most of the work that has been done on understanding the 
colonization of artificial substrates had other objectives, and was not conducted to 
address questions or on time frames that are useful for developing an optimal design for 
an early detection substrate collector. To address this question, studies should be 
conducted in waters with low densities of dreissenid larvae; none have. Finally, the 
available studies have been conducted almost entirely on zebra mussels, and the 
results might not apply to quagga mussels. Since it is expected that there would be 
substantial benefit in reducing the lag time in detecting an invasion, it would probably be 
worthwhile to conduct studies focused on assessing and improving the effectiveness of 
artificial substrate collectors in detecting dreissenid invasions. 
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Plankton Sampling 
 
There are several, generally similar descriptions available of plankton sampling 
protocols for dreissenid mussels (e.g. Claudi & Mackie 1993; Wisconsin DNR 2004; 
USBR 2007; NPS 2007 (Appendix H); CDWR 2008; Sytsma & Wells 2008; CDFG 2008; 
100th Meridian 2009). The methods described include vertical, horizontal and oblique 
plankton tows and pumping water through a plankton net. Hieb et al. 1996 compared 
the effectiveness of vertical plankton tows to pumped samples and bucket-collected 
samples and found that the pumped and bucket-collected samples produced 
consistently higher estimates of the densities of zebra mussel larval when densities 
were high, but there were no consistent differences between methods when densities 
were less than 10,000 larvae/m2. Plankton tows were preferable to pump samples in 
terms of ease of sampling, time per sample, equipment malfunctions and noise, but 
produced less reliable estimates of filter volumes and larval densities, and posed a 
greater risk of moving mussel larvae from one water body to another if plankton nets 
were not thoroughly decontaminated. 
 
In the dreissenid sampling protocols, the maximum recommended mesh size is typically 
63 microns95, with a net opening of 0.25-0.5 m, and a minimum recommended filter 
volume of 500-1,000 liters. However, sampling should not be constrained by these filter 
volumes, or by concerns over keeping filter volumes consistent between sites or dates, 
as long as the targeted minimum volumes are filtered. Rather, workers should try to 
filter the largest volume possible, subject to constraints of time, net clogging and over-
concentration of the sample (100th Meridian 2009)96.  
 
To increase the probability of collecting invasive mussel larvae, a number of small 
samples taken in different locations in a reservoir and combined into one composite 
sample should be taken rather than a single large sample of the same total volume. 
 
                                                
95 In a review of the literature, Ackerman et al. (1994) summarize the reported size range (maximum 
dimension) of zebra mussel eggs as 40-96 microns and of trochophores (the first, shell-less larval stage) 
as 57-121 microns. Many of these would thus be collected by a 63-micron mesh net, but would not be 
identified as dreissenid mussels by the microscopy method typically used (cross-polarized light) since it 
depends on the presence of a shell. However, these would presumably be susceptible to identification by 
genetic (PCR) methods. Shelled zebra mussel larvae (the D-shell, veliconcha or umbonal, and 
pediveliger stages) range from 70 to around 300 microns in maximum dimension, and the pre-
metamorphic settling stage (plantigrade) ranges from over 158 microns to around 500 microns (note that 
although these mussels were reported as zebra mussels, some may have actually been quagga 
mussels). Nichols and Black (1994) reported that laboratory-bred and field-caught quagga mussel larvae 
(71-228 microns for shelled larvae and 136-410 microns for plantigrades) were generally a bit smaller 
than zebra mussel larvae (97-347 microns for shelled larvae and 219-462 microns for plantigrades). 
Martel (1993) reported sometimes collecting large numbers of post-metamorphic dreissenid mussels 
(juveniles) in near-surface horizontal plankton tows using a 200-micron mesh net in Lake Erie, with most 
of the mussels being between 300 and 800 microns, but some up to 1-2 mm in maximum dimension. 
96 For example, a highly concentrated sample may need to be diluted before it can be examined by 
microscopy. If the total volume of the diluted sample is more than the microscopist has time or budget to 
examine, then part of the sample effort will have been wasted. The available resources should be 
appropriately balanced between sampling activities and identification activities in order to examine the 
largest filter volume possible. 
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Identification of Settled Mussels 
 
The Response Plan chapter recommended that the trigger for initiation of the main 
(Phase 2) response actions should be the identification of an invasive mussel in a 
reservoir, regardless of what species of mussel it is. This only requires determining that 
the specimen in question is a member of either the bivalve family Dreissenidae (which 
includes zebra mussels, quagga mussels and Mytilopsis) or the family Mytilidae (which 
includes Limnoperna), and not some other freshwater bivalve or other organism. As 
discussed in the Verification section of that report, for settled mussels this is a fairly 
straightforward determination to make, and except possibly for the very smallest settled 
mussels, can be done by an aquatic biologist with experience at identifying aquatic 
organisms. Above 1-2 mm in size, and often down to 500 microns or so, invasive 
mussels can be distinguished by their attachment to hard substrates with proteinaceous 
threads (called byssal threads) and by possession of a heteromyarian mussel shape, 
features that should be clearly visible under modest magnification.  
 
Dreissenid mussels settle onto and attach to substrates at shell heights of about 200-
500 microns (Ackerman et al. 1994; Nichols & Black 1994). Below 1-2 mm in size, the 
likeliest organisms that could be confused for an invasive mussel are ostracods and 
other freshwater bivalves. Ostracods have a typically bean-shaped or kidney-shaped 
shell with no umbo (compared to invasive mussels with an umbo at one end, which as 
they grow becomes narrow relative to the other, non-umboed flaring end); legs that 
extend out between the valves of the shell when it moves; and when opened up, a 
crustacean rather than molluscan anatomy. Other than the invasive mussels, Corbicula 
is the only genus of freshwater bivalve that has a planktonic larval stage (though it is 
much briefer, up to about a day in Corbicula, versus weeks or longer in the invasive 
mussels), and thus the only one with any significant chance of ending up on an artificial 
substrate collector suspended in the water column. Small Corbicula, up to a few 
millimeters, can secrete byssal threads, which they use to attach to sand grains or 
filamentous algae (Kraemer 1978; McMahon 1982). Small Corbicula. however, can be 
distinguished from small invasive mussels by their shape. Starting at shell heights 
above about 400 microns, Corbicula shells are longer than they are high, while zebra 
mussels are increasingly higher than they are long (Table 3)97. The height-to-length 
ratios for quagga mussels are similar to those for zebra mussels (Nichols & Black 
1994). Invasive mussels larger than about a half millimeter should thus be readily 
distinguishable from Corbicula by their shape (Table 3). In addition, small Corbicula 
begin to develop concentric ridges on their shells that are prominent by the time they 
reach 500 microns, but which are lacking on the shells of invasive mussels (Kennedy et 
al. 1991, Figures 2 and 3; Nichols & Black 1994); and at this size Corbicula have 
siphons but dreissenid mussels lack them (Nichols & Black 1994). Any bivalve taken 
from an artificial substrate collector that is too small or too lacking in distinguishing 

                                                
97 I am using height and length in their morphological senses (sensu Nichols & Black 1994), that is, height 
is measured from the umbo to the opposite valve margin, and length is measured across the valve 
perpendicular to this. 
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features to be identified with confidence as an invasive mussel should be referred to an 
expert for morphologic or genetic analysis98. 
 
 
Table 3. Height to length ratios for zebra mussels and Corbicula fluminea. Zebra mussel ratios 
derived from the regression in Ackerman et al. 1994 (Figure 2) for mussels with shells ≥300 µm; 
Corbicula ratios derived from a regression calculated from measurements of shells in Kennedy et al. 1991 
(Figure 4). Ranges calculated by adding or subtracting the standard errors from the slopes and intercepts. 
 

H:L for Zebra Mussels H:L for Corbicula fluminea  Height 
(µm) mean normal range mean normal range 

300 1.00 0.93–1.07 0.99 0.86–1.16 
400 1.14 1.08–1.22 0.92 0.83–1.04 
500 1.25 1.18–1.33 0.89 0.81–0.97 

1,000 1.55 1.49–1.62 0.82 0.78–0.87 
2,000 1.76 1.7–1.82 0.79 0.76–0.83 
3,000 1.84 1.79–1.89 0.78 0.76–0.81 

 
 
Identification of Mussel Larvae 
 
As discussed in the Verification section of the Response Plan chapter, identification of 
mussel larvae is considerably more challenging than identifying settled mussels. The 
current standard method for visual identification uses cross-polarized light microscopy, 
in which the shells of invasive mussels, Corbicula and ostracods are highlighted with a 
dark cross pattern, which distinguishes them from other materials and organisms in a 
plankton sample. Shape, size and other features are then examined to determine if 
these are dreissenid mussels (Johnson 1995). The standard molecular genetic 
approach is to extract DNA from a plankton sample, use the polymerase chain reaction 
(PCR) to amplify selected regions of dreissenid DNA if it is present, and then use gel 
electrophoresis to determine whether dreissenid DNA was amplified (e.g. Claxton & 
Boulding 1998; Stepien et al. 1999; Frischer et al. 2002). Both approaches can produce 
false negatives (not finding invasive mussels when they are present in a sample) and 
false positives (reporting invasive mussels when they are, in fact, absent)99,100. 

                                                
98 In addition, any initial collection of a bivalve from a reservoir that is identified as an invasive mussel 
should be sent to experts in order to positively determine the species by morphology or genetics, though 
the initiation of Phase 2 response measures need not and should not wait on species-level identification.  
99 The relative capabilities of the identification approaches could be assessed by tests with samples 
spiked with known numbers of larvae. According to the internet-posted notes from a workshop on early 
detection monitoring that was held in Denver in January 2009 (Anonymous 2009), a recent test of this 
type found discrepancies between microscopy and genetic analysis 29% of the time, with roughly 
comparable error rates for both methods. 
100 Frischer et al. (2002) claim that their genetic approach is more than 300 times more sensitive (i.e. 
would produce fewer false negatives when larvae are rare in the samples) than the sensitivity reported by 
Kraft and Johnson (2000) for cross-polarized light microscopy. I have two reservations about this claim. 
First, the sensitivity reported by Kraft and Johnson (2000), 5 larvae/m3, is their estimate of the sensitivity 
of their subsampling approach, in which they examined only the more concentrated 50 mL at the bottom 
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Microscopy can produce false negatives when invasive mussel larvae are obscured by 
debris or other organisms, are damaged or oriented (edge-on) in ways that prevent their 
identification, or are otherwise misidentified as other organisms. Improper preservation 
can impede identification. If larvae are concentrated by settling or other methods into a 
part of a plankton sample before examination, any larvae in the unexamined portion of 
the sample will be missed. Cross-polarized light microscopy will also miss any shell-less 
life stages (eggs or trochophore larvae) that may be in the sample. False positives 
mainly arise when other shelled organisms are misidentified as invasive mussels. To 
improve reliability, Anderson et al. (2008) recommend examining unpreserved plankton 
samples under a microscope soon after collection while the larvae are still alive101, since 
their characteristic movement will readily distinguish them from any non-bivalve 
organisms. However, the draft interagency monitoring plan (Brown et al. 2009) 
recommends preserving samples before examination. 
 
Molecular genetic approaches can produce false negatives if reagents or enzymes don’t 
function properly, if DNA extraction is unsuccessful or inadequate (improper 
preservation could contribute to this), or if PCR is inhibited (various metals and other 
compounds which are commonly found in plankton samples can inhibit the reaction). If 
a sample is concentrated by settling or centrifuging and DNA is extracted from a 
concentrated subsample, any mussel DNA present only in the rest of the sample will be 
missed. Mussel shells alone (without tissue) will not be detected. False positives could 
result from reagent or sample contamination, or from non-specific amplification. To 
check for false negatives, a positive control should be included to test the functioning of 
reagents and enzymes, and a control reaction should be used to test for PCR inhibition 
(Frischer et al. 2002; Anderson et al. 2008). To check for false positives, a water-only 
control should be used to test for reagent contamination, and any positive result should 
be checked by sequencing before triggering Phase 2 response actions (see the 
Response Plan chapter, and Anderson et al. 2008). 
 
With both approaches, false positives may occur if the sample is contaminated during 
the sampling or handling process prior to arrival at the laboratory. If equipment is used 
in a water body with invasive mussels and not thoroughly decontaminated and cleaned, 
later samples could be affected. Even if equipment is treated in a way that reliably kills 
100% of any invasive mussel larvae, shells or tissue could remain on the equipment 
and enter a subsequent sample, which could then test positive for invasive mussels 
when analyzed by microscopy or molecular genetic methods. 
 

                                                
of an undisturbed 350 mL plankton sample—that is, they consistently found that examination of the 
subsample was as effective at determining presence/absence as examination of the whole sample 
whenever larval density was at least 5/m3. This estimate, however, says nothing at all about the inherent 
sensitivity of cross-polarized light microscopy. My second reservation is that I am unable to follow how 
Frischer et al. (2002) calculated the sensitivity of their genetic analysis at 1 larva per 67 m3 of water (= 
0.015 larvae/m3). I understand from their paper that they were able to detect zebra mussel DNA in a 50 
mL plankton sample that was filtered from 200 L of lake water and then spiked with a single zebra mussel 
larvae, which suggests to me a sensitivity of 5 larvae/m3. 
101 Mussel larvae held in a typical refrigerator at 40°F (4°C) should survive for 2-3 days (Anderson et al. 
2008). 
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Recent records provide what some researchers (this author included) consider to be 
circumstantial evidence that plankton sampling might be producing fairly frequent false 
positives for dreissenid mussels. Table 4 contains all the records that I could find of 
water bodies in the western United States where zebra or quagga mussels were initially 
reported based solely on plankton samples, excluding southern California reservoirs 
that receive water from the Colorado River Aqueduct and thus inputs of quagga mussel 
larvae from known populations upstream. Some aspects of this list merit attention. First, 
many of these reports have not been verified by the subsequent collection of adult 
mussels, nor in many cases even by a later report of mussel larvae102. Second, in a 
substantial number of cases different laboratories or different methods have produced 
different results. In the samples described in Table 4, in all five of the cases where at 
least two laboratories made visual (cross-polarized light microscopy) identifications, the 
results were different (one laboratory reporting dreissenid larvae and one or two 
laboratories not finding any). In the 25 samples where identifications of dreissenid 
larvae by visual examination were checked by genetic tests in one or more laboratories, 
the genetic results were all positive in four cases, mixed in eight cases (one laboratory 
reporting dreissenid DNA and the other laboratory not), and all negative in 13 cases. In 
the 14 samples where genetic testing was conducted by two laboratories, the two 
laboratories agreed in five cases (both positive and confirming the prior visual 
identification in one case, and both negative and not supporting the prior visual 
identification in four cases) and disagreed in nine cases103. It should be noted that if 
mussel larvae were extremely rare in a sample, there might be one or a few larvae in a 
subsample analyzed by one laboratory and none in a subsample analyzed by another 
laboratory; in that case the results from both laboratories could be correct and yet 
contradictory (Anderson et al. 2008) 104,105. 

                                                
102 There have been repeat records in Lake Pueblo and in at least some of the reservoirs in the Lake 
Granby watershed (Anderson et al. 2008; Vicki Milano pers. comm. 2009; Denise Hosler pers. comm. 
2009). In Red Fleet Reservoir in Utah, a September 2008 sample was positive for dreissenid larvae by 
visual and genetic analysis, but negative by genetic analysis at another laboratory, and a February 2009 
sample was positive for quagga mussel larvae in two genetic tests. At Lake Powell, a single dreissenid 
veliger was identified in a plankton sample taken in mid-July 2007, and two more dreissenid veligers were 
identified by the same laboratory in a plankton sample taken 11 days later, though other labs did not 
detect dreissenids. For most or all of the other listed waters, the record is based on a single sample. 
103 As noted in the table, the data on which these numbers are based were derived from unpublished 
sources and should be verified. A recent workshop transcript (Anonymous 2009) noted that a recent 
experimental study also found substantial differences in results between visual and genetic methods of 
detecting dreissenids, and differences between laboratories conducting each type of assessment. 
104 Rarity, however, seems unlikely to be the explanation in all cases. For example, according to the Lake 
Pueblo data table provided by USBR, in 15 of the 16 plankton samples taken between May and July 2008 
that tested positive by microscopy and were checked by PCR, at least one genetics laboratory reported 
negative results (in the 16th case, there were reagent problems and the results were ambiguous). In six of 
these cases, microscopy counted between 11 and 27 dreissenid larvae per 5 mL sample. 
105 Anderson et al. (2008) state that in some cases duplicate plankton tows may have been taken at one 
site, with the sample from each tow analyzed by a different laboratory (for example, this is the case for 
the Lake Hodges record—Daniel Daft pers. comm. 2009). Although obtained at nearly the same time at 
the same site, the use of two samples (rather than two subsamples from a single tow, or from multiple 
tows combined and mixed into a composite sample) would increase the chance of sending a sample with 
dreissenid larvae to one laboratory and a sample without larvae to the other, especially if the overall 
density of dreissenid larvae is low. 
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Table 4. Water bodies in the western United States where the initial reports of either quagga or 
zebra mussels were based on plankton samples, excluding recipients of Colorado River Aqueduct 
water. CPM refers to examination and identification with cross-polarized light microscopy (Johnson 
1995). PCR refers to identification by extraction of DNA, selective amplification of dreissenid DNA by 
PCR, and confirmation of dreissenid DNA amplification by gel electrophoresis. MWD = Metropolitan 
Water District of Southern California; PM = Pisces Molecular; PSU = Portland State University; USBR = 
U.S. Bureau of Reclamation, Denver Research laboratory. Information on Lake Pueblo is primarily from a 
data table provided by Denise Hosler of USBR; the other information in this table has been assembled 
from a variety of unpublished sources and should be verified.  
 

Sampling 
Date Water Body Mussel 

Reported Identification 

Jul 2007 Lake Powell, UT dreissenid CPM and PCR by USBR; CPM negative by other 
labs 

9/6/07 Sacramento-San 
Joaquin Delta, CA 

dreissenid CPM by PSU; PCR negative by Scripps 

Apr 2008 Lake Hodges, CA dreissenid CPM by UCSD; CPM negative by San Diego 
6/30/08, 
7/8/08 

Lake Pueblo, COa quagga 6/30/08: PCR by PM 
7/8/08: CPM as dreissenid by USBR, PCR as 
quagga by MWD, and PCR negative by PM in 3 
samples 

6/16/08 San Luis Res., CA dreissenid CPM by PSU 
Jul 2008 Lake Granby, CO quagga Reported as: CPM and PCR by 2 labs; and as: 

CPM, PCR by 1 lab, and PCR negative by 2 labs 
summer 
2008 

Blue Mesa Reservoir, 
CO 

quagga PCR positive by 1 lab and negative by 1 lab 

summer-fall 
2008 

Electric Lake, UT zebra CPM by USBR, PCR by PM, PCR negative by 
USBR 

summer-fall 
2008 

Colorado River at 
Moab, UT 

dreissenid CPM by USBR, PCR by PM, PCR negative by 
USBR 

Sep 2008 Pelican Lake, UT dreissenid CPM by 1 lab, PCR negative by 2 labs 
Sep 2008 Midview Reservoir 

(Boreham Res.), UT 
dreissenid CPM by 1 lab, PCR negative by 2 labs 

Sep 2008 Lake Texoma, TX zebra PCR by USBR; one adult zebra mussel collected in 
April 2009 

Sep 2008, 
Feb 2009 

Red Fleet Reservoir, 
UT 

quagga CPM as dreissenid by USBR, PCR as dreissenid by 
PM, PCR negative by USBR; visual and 2 
independent PCRs of later sample as quagga 

9/26/08 Grand Lake, CO quagga Reported “confirmed by lab tests” 
9/26/08 Grand Lake, CO zebra Reported “confirmed by lab tests” 
9/26/08 Shadow Mountain 

Reservoir, CO 
quagga Reported “confirmed by lab tests” 

9/26/08 Willow Creek 
Reservoir, CO 

quagga Reported “confirmed by lab tests” 

Oct 2008 Tarryall Reservoir, 
CO 

quagga CPM and PCR 

Oct 2008 Lake Jumbo 
(Julesburg Res.), CO 

quagga CPM and PCR 
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Sampling 
Date Water Body Mussel 

Reported Identification 

? Ute Reservoir, NM dreissenid PCR by USBR 
? Foss Reservoir, OK dreissenid CPM by USBR 
? Ft. Cobb Res., OK dreissenid CPM by USBR 
? Huntington North 

Reservoir, UT 
dreissenid CPM 

? Joe’s Valley Res., UT dreissenid CPM 
? Paiute Reservoir, UT dreissenid CPM 
a Zebra mussels were identified in Pueblo Lake in eastern Colorado based on two poorly-preserved 

specimens from a settling substrate collected in November 2007 and CPM and PCR identification of 
zebra mussels in a plankton sample taken at around the same time. USBR identified dreissenid 
mussels by CPM in 33 samples collected from the lake on 7 dates between May and November 2008. 
Six of these were negative in PCR tests conducted by USBR, 2 were negative in PCR tests conducted 
by PM, and 2 were negative in PCR tests conducted by both PM and MWD. Two of these samples 
tested positive for zebra mussels by MWD but negative by PM, and three tested positive for both 
zebra and quagga mussels by MWD but negative by PM. Eight of these samples either were not 
tested by PCR through May 2009, or were tested and produced ambiguous, weak or questionable 
positives, apparently because of reagent problems in the laboratory. For ten of these samples 
collected in August or September 2008, PCR results were still listed as “pending” in May 2009. One 
sample collected during this period was positive for quagga mussels by PCR conducted by PM but 
negative by CPM conducted by USBR.  

 
 
A third issue is that dreissenid larvae were identified in several Colorado water bodies 
that have calcium concentrations that are apparently too low to support populations of 
dreissenid mussels. In 2008, quagga mussel larvae were identified in plankton samples 
from Granby, Grand, Shadow Mountain and Willow Creek lakes, and zebra mussels 
were identified in Grand Lake samples, by visual and/or genetic methods. These four 
reservoirs, interconnected by natural watercourses or canals, are located high in the 
Colorado River watershed (at 8,280-8,370’) just west of the continental divide. Water 
quality measurements taken over sixteen years show calcium concentrations ranging 
from 2 to 11 mg/l (n=617) (Stevens 2003), which are too low for dreissenid populations 
(Cohen & Weinstein 2001; Cohen 2005). There seems to be no plausible mechanism by 
which dreissenid mussel larvae could be present in detectable quantities in the lake 
without a reproducing source population being present106, and thus the identification of 
dreissenid larvae in samples from these reservoirs appear to be false positives.  

                                                
106 That is, the likelihood of collecting in a plankton sample the initial immigrants in a water body that 
arrived as veligers in a bait tank, live well or the like must be infinitesimally small. For example, Lake 
Granby is the second largest body of water in Colorado, with a surface area of 11 square miles and a 
volume of about 500,000 acre-feet. Ten gallons of water from a bait well released into this lake would be 
diluted about 15 billion times, so that even if the bait well had held a dense concentration of live mussel 
larvae it would be essentially impossible to detect them once they were dispersed in the lake. A 
dreissenid expert with the U.S. Fish and Wildlife Service argues that detectable numbers of quagga 
mussel larvae could have been produced from a boat recently launched into Lake Granby with a 
population of quagga mussels on its hull that had became reproductively ready in some higher-calcium 
water body before introduction to the Lake Granby watershed; however, given the size of Lake Granby, 
even this seems highly unlikely (David Britton pers. comm. 2009). 
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It is also curious that both zebra and quagga mussels have been identified by genetic 
methods in two western water bodies, and that both species have apparently been 
identified in the same plankton sample on at least three occasions107. Even in the 
eastern United States, there are hardly any water bodies outside of the Great Lakes 
where both mussel species have been identified. 
 
In addition to these questions about reliability, there are anecdotal reports that delays in 
laboratory processing and identification of plankton samples—in some cases for up to 
nine months or more—have sometimes been a problem. 
 
Comparison of General Sampling Methods 
 
There is a deep split among researchers in views about the relative value of different 
sampling approaches to early detection monitoring, although unfortunately there is little 
hard data or thoughtful analysis on which to base one’s judgment. Indeed, as in many 
areas of human endeavor, the strength of the views held may be in rough proportion to 
the ambiguity of the available evidence. Most researchers and managers seem to agree 
that diver/ROV surveys or the use of benthic sampling devices are ineffective or too 
costly to be of much use in early detection monitoring, though they may be helpful in 
delineating the extent of an invasion after it has been detected. General consensus 
stops there however, and there are separate camps that argue (a) for primary reliance 
on plankton samplers, or (b) that artificial settlement samplers provide better monitoring 
per dollar spent, or (c) that most dreissenid and other invasions are detected 
incidentally by private individuals or by workers engaged in other tasks, and not by 
directed monitoring programs.  
 
Some researchers have claimed that plankton sampling has an inherent ability to detect 
an invasion earlier than artificial substrate collectors, and even that the use of artificial 
substrate collectors is simply an inappropriate methodology for early detection 
programs108. In some cases this appears to be based on the perception that by 
collecting larvae plankton sampling can detect the very earliest appearance of invasive 
mussels (i.e. the first generation) in a water body, but that substrate collectors, 
collecting settled mussels, can only detect later generations at a later stage of an 
invasion. However, both plankton samples and substrate collectors capture mussel 
larvae as well as post-metamorphic drifting mussels (Martel 1993) from the water 
column. Plankton samples do capture earlier larval stages, and when polarized-light 
microscopy is used as the examination or screening method, they have the potential to 

                                                
107 Zebra or quagga mussels were identified by genetic analysis in a total of seven Lake Pueblo plankton 
samples collected between November 2007 and July 2008; both species were identified in three of these 
samples. Both zebra and quagga mussels were identified in a plankton sample or samples taken in 
Grand Lake in western Colorado on September 26, 2008. 
108 For example, (Anderson et al. 2008) wrote that while substrate collectors can be “useful as a 
confirmation of an infestation, detection of settled mussels is indicative of an established, reproducing 
adult population, and hence not appropriate as a primary target if early detection is the main 
goal....Visible mussels are not typically found [by substrate collectors] until a population has become well 
established. Thus, substrate samplers are not the best tool for early detection.” 
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detect mussels as early as D-shell larvae (the first shelled stage). This is in contrast to 
substrate collectors, which cannot capture larvae until they reach a late (pediveliger) 
stage. Depending on conditions, the time needed to grow from D-shell stage to 
pediveligers ready to settle may be one to several weeks, generally being shorter in 
warmer and more productive waters (Ackerman et al. 1994; Cohen & Weinstein 2001). 
This advantage, however, accrues to plankton sampling only when early larval stages 
are the only invasive mussels in the water column—that is, during the first week or 
weeks after the first spawning in an invasion, and during the first week or weeks after 
the first spawning of each spawning season. At those times, plankton samples have the 
potential to capture mussel larvae and substrate collectors do not. 
In addition, the detection of invasive mussels captured by substrate collectors may be 
delayed for an additional time while the settled mussel grows large enough to be 
detected. This detection lag period may range from no lag time (if the collector is settled 
by post-metamorphic mussels in the 1-2 mm size range, or by large pediveligers or 
small post-metamorphic mussels in the 0.5-1 mm size range and the program’s 
inspection and identification methods are adequate to detect and identify these) to 
possibly several weeks (if very small pediveligers (<200 microns) settle, they grow 
slowly, and the inspection methods are not capable of reliably detecting very small 
mussels109). On the other hand, the time needed to process and examine plankton 
samples and to verify the presence of invasive mussels may take one to several weeks, 
or as noted, in some cases many months. Presumably, however, this can be expedited 
in important cases. 
 
Overall then, at certain times plankton sampling may have the potential to detect 
invasive mussels several weeks before substrate collectors could. Whether this 
potential is ever realized, however, depends on the relative probability for each method 
of collecting and detecting an invasive mussel in a sample and the number of samples 
taken by each method; and for a given level of funding, the latter is inversely 
proportional to the cost per sample of collection, processing and identification. So again, 
the question of which method is better suited to detection monitoring is essentially the 
question of which has the lower value of (1–p)(1/c).110 The following factors affect the 
relative values of p: 
 

• Substrate collectors can only capture mussels from the water column if they have at 
least reached the late larval stage of pediveligers that are ready to settle. The 
sample, however, integrates settlement and loss of settled mussels over the time 
period since the collector was deployed, typically at least 1-4 weeks. 

 

                                                
109 Claudi and Mackie (1993) state that newly settled mussels grow very rapidly at about 1 mm/week, and 
thus become “visible to the naked eye after about 1 week”. Culver et al. (2009), in discussing volunteer 
citizen surveys of in situ substrates such as boat hulls, docks, etc., state that dreissenid mussels larger 
than 3 mm are “visible to the unaided eye,” and that smaller mussels must be detected by “tactile 
surveys.” CDFG (2007), discussing monitoring with substrate collectors, states that after 1-2 months 
settled dreissenid mussels become “large enough (1/4” [=6 mm]) to be seen upon close inspection.” 
110 In addition, as discussed above and in the Response Plan chapter, the detection of an invasive mussel 
in a plankton sample appears to have a lower reliability (greater potential for false positives) than the 
detection of a settled mussel in a substrate collector. How significant a factor this may be is presently 
unresolved. 
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• Plankton sampling with primary detection and initial identification by microscopy can 
capture and detect mussels in the water column starting from the earlier D-shell 
larval stage. It can also detect empty shells that are drifting in the water. The 
sample, however, is instantaneous—it can only capture mussels or shells that are 
suspended in the water column at the moment the sample is taken. 

 
• Plankton sampling with primary detection and identification by genetic analysis can 

theoretically capture and detect any mussels in the water column including egg and 
trochophore (earliest larval) stages, but cannot detect empty shells. It is an 
instantaneous sample, only capturing mussels that are suspended in the water 
column at the moment the sample is taken. 

 
Unfortunately there are no studies that provide an estimate of the relative values of (1–
p)(1/c) for substrate samplers versus plankton collecting, and I found only two studies 
that provide some information on the relative values of p. The most relevant study 
involved a coordinated effort, using both substrate collectors and plankton sampling, to 
monitor the invasion of Wisconsin waters in Lakes Michigan and Superior in the 
summers of 1990 and 1991, as zebra mussels spread westward through the Great 
Lakes (Kraft 1993). The substrate collectors consisted of two pieces of horizontal PVC 
tube hung crosswise to each other. They were deployed at 29 (1990) or 26 (1991) 
stations and examined either every four weeks, or at the end of the summer. Plankton 
samples were taken weekly or biweekly and included near-shore water column samples 
taken near the substrate collectors, plus an additional set of water intake samples taken 
at 32 (1990) or 36 (1991) municipal and industrial water facilities and power plants. The 
water column samples were collected by vertical plankton tows that filtered 0.4-1.4 m3 
of lake water, and the intake samples were collected by filtering about 1 m3 of water 
through a plankton net suspended in a drum or by taking a vertical plankton tow in a wet 
well. Plankton samples were examined by microscopic inspection (without cross-
polarized light?) of three 1-mL subsamples of settled sample material. In 1990, 
preserved samples were examined within a week of collection; in 1991, most samples 
were examined live within one day of collection. In all, 686 substrate samples and 1,311 
plankton samples were collected111. 
 
The monitoring effort detected mussels at eight sites, with both plankton sampling and 
substrate collectors detecting them at all eight sites. In most cases, plankton sampling 
found them first; on average, zebra mussels were detected in the plankton samples 
eight days before detection on the substrate collectors, with initial detection in the 
plankton samples ranging from two weeks before to two weeks after initial detection on 
the substrate collectors. It’s hard to know what to make of this, given the different levels 
of effort (which appear to be greater for plankton sampling than for substrate collectors) 
and different collection schedules (weekly or biweekly for plankton, once every four 
weeks or once a season for substrate collectors) in this study. A weekly or biweekly 
schedule compared to once-per-4-weeks schedule would provide a 7-14 day handicap, 
even if both methods were capable of detecting the mussels on the same day. 
Whatever differences these data may show, however, are probably inconsequential 

                                                
111 These overall numbers don’t appear to be consistent with the sampling description. 
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given that at seven of the eight sites mussels were detected by casual observations 30-
407 days before either sampling method detected them (Table 5). Overall, casual 
observations beat plankton sampling by an average of 160 days and substrate 
collectors by an average of 168 days. The sources of these initial observations were a 
boater, an angler, a bird watcher, a resource agency staff person, and three water 
agency staff people. Overall, the study concluded that an effective detection monitoring 
program could be developed using either plankton sampling or substrate collectors, but 
that substrate collectors would probably require less expense and effort (Kraft 1993). 
 
 
Table 5. Delays in zebra mussel detection by monitoring programs. From data in Kraft 1993. 
 

Days after Initial Detection  Site Source of Initial 
Detection Plankton Sample Substrate Collector 

Port Washington Plankton sample 0 14 
Milwaukee Boater 30 33 
Green Bay Bird watcher 80 66 
Racine Water agency 108 122 
Superior Harbor Resource agency 131 138 
Manitowoc Water agency 190 204 
Sheboygan Water agency 332 346 
Lake Kenosha Angler 407 421 

 
 
In the only other possibly relevant study that I found, Martel et al. (1994) daily deployed 
11 cm x 12 cm scouring pad collectors (Figure 3) for 24 hours and took 30-liter pumped 
plankton samples in Lake Erie, over a 17 day period in 1992. The daily numbers of 
dreissenid mussels counted per scouring pad collector were very close to the numbers 
counted per plankton sample, despite a roughly three-orders-of-magnitude variation in 
dreissenid larval abundance during this period (compare Figures 2A and 2B of Martel et 
al. 1994). Since dreissenid larvae that were large enough to settle comprised only about 
10% of the dreissenids in the plankton samples (Figure 2A), each scouring pad collector 
deployed for 24 hours appears to have captured the equivalent of all the settling-sized 
dreissenid larvae found in 300 liters of lake water. However, since this study was 
conducted at high larval densities it’s unclear how relevant it may be to detection 
monitoring. 
 
 
Evaluation of SFPUC’s Existing Monitoring Program 
 
As should be apparent from the preceding discussion, research programs have not yet 
addressed most of the key questions regarding the optimal design for an early detection 
monitoring program, and for the few questions that have been addressed in a limited or 
indirect fashion, the answers are generally not clear. Thus there are few specific 
recommendations that can be made with assurance at this time. There are, however, 
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some principles and considerations that should be borne in mind when designing a 
monitoring program. 
 
General Considerations 
 
With any monitoring approach, capturing invasive mussels when they are present at 
very low densities is a challenge; so maximizing the sampling effort, and focusing it on 
locations and times where the mussels are most likely to be, is critical. Reducing the 
cost per sample, and thereby maximizing the number of samples that can be taken for a 
given level of funding or resources, is of major importance. Table 2 of the Response 
Plan chapter provides a relative ranking of the risk of invasion in SFPUC’s ten 
reservoirs. SFPUC should apportion its available monitoring resources to provide a 
greater level of sampling effort in the reservoirs that are at greatest risk, and a reduced 
effort in reservoirs that are at lower risk. This may involve differences in the type of 
sampling, number of sampling stations or frequency of sampling in different reservoirs. 
 
For sampling approaches that primarily capture larvae (plankton sampling and substrate 
collectors), a greater level of effort should be made during the peak spawning season—
generally during the warmer part of the year—with less sampling or no sampling 
conducted outside of the peak spawning season. In some SFPUC reservoirs, 
temperatures are too low for zebra mussel spawning (below 10-12°C) during part of the 
year, and in all SFPUC reservoirs are suboptimal for zebra mussels and too low for 
Limnoperna (below about 16°C) for a substantial part of the year (see Tables 6 and 11-
16 in the Vulnerability Assessment chapter). Temperatures are rarely too low for any 
quagga mussel spawning (<5-9°C, which occurs only in the high Sierran reservoirs 
during winter months), but peak quagga mussel spawning would be expected to occur 
at higher temperatures. Different authorities have recommended limiting dreissenid 
mussel detection monitoring by plankton sampling or substrate collectors to periods 
when water temperatures are above 9°C (Culver et al. 2009; 100th Meridian 2009), 
above 10°C (NPS 2007; Quinlan et al. 2007), above 12°C (Claudi & Mackie 1993; 
Wisconsin DNR 2004), above 15°C (Anderson et al. 2008), or between 16° and 19°C 
(Sytsma & Wells 2008). There isn’t information available to determine which of these 
schedules is optimal, beyond the general principle of focusing larval sampling efforts on 
the warmer months. 
 
Diver and ROV surveys and benthic sampling devices are probably not cost-effective 
ways to conduct detection monitoring, but it’s unclear which approach or mix of 
approaches among the remaining options of surface surveys, substrate collectors and 
plankton sampling is optimal. My personal judgment is that it makes sense to allocate 
resources primarily to artificial substrate collectors, which seem to be a relatively cheap 
and reliable approach, and where there appears to be significant potential to increase 
effectiveness with some focused experimentation; to also conduct surface surveys 
when they can be done cheaply and efficiently; and for SFPUC to promote invasive 
mussel awareness and recognition among workers that deal with substrates that come 
into contact with raw water. Plankton sampling seems to be probably less cost-efficient 
(though good data on this are lacking); given the current questions about possibly 
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frequent false positives, it may be less reliable; and the identification protocols seem to 
still be in a relatively early state of development, and are likely to become more 
consistent and significantly cheaper over the next few years. Therefore unless there is 
ample funding, I would not recommend putting resources into plankton sampling at this 
time. As discussed earlier, however, there are researchers who feel as strongly or even 
more strongly that plankton sampling should be the primary or the sole method of early 
detection monitoring (e.g. Anderson et al. 2008). 
 
Surface Surveys 
 
Surface survey methods are probably highly cost-efficient when (1) it is possible to 
inspect large surface areas quickly, such as when a reservoir has recently been drawn 
down; or (2) the inspection methods can be incorporated into other normal monitoring or 
maintenance activities, so the cost is very low.  
 
Kraft (1993) found that it was incidental observations by recreationists or workers that 
discovered new zebra mussel invasions in the large majority of cases in Wisconsin 
Great Lakes’ waters, beating focused monitoring efforts by nearly half a year on 
average. However, there are few opportunities for such incidental discoveries in 
SFPUC’s reservoirs because most are closed to public access, and those that do allow 
access have limited boating and no marina facilities, and moreover have water 
chemistries that put them at low or no risk of invasion. Nevertheless, it’s probably 
worthwhile promoting some level of invasive mussel awareness in the maintenance, 
research or other staff who work at the reservoirs, especially those that are judged to be 
at higher risk of invasion, or that work at facilities that receive raw water from them. 
 
Artificial Substrate Collectors 
 
To maximize the probability of collecting invasive mussels when they are at low density 
in a water body, it is preferable to deploy small amounts of substrate at multiple 
locations rather than a large amount of substrate at one location. Artificial substrate 
collectors should thus be deployed at multiple sites and multiple depths. In its high risk 
reservoirs (San Antonio, Calaveras and possibly the Peninsula reservoirs), SFPUC 
should expand its current deployment of a single substrate collector array to multiple 
arrays per reservoir. If necessary, the monitoring effort in reservoirs where the risk is 
extremely low (most or all of the Sierran reservoirs) could be reduced or even 
eliminated in order to enhance monitoring in the reservoirs that are most at risk. 
 
The maximum recommended depth for sampling with substrate collectors ranges from 
around 5 m (Claudi & Mackie 1993 to 15 m (CDFG 2008) to 30 m (NPS 2007; Anderson 
et al. 2008). In some water bodies, zebra mussels have predominantly settled at depths 
above 5-7 m, though high light levels often reduce settling within 1-2 m of the surface 
(e.g. Hanson & Mocco 1994). In some cases, invasive mussels predominantly settle 
near the thermocline (this appeared to be the case in Lake Havasu, where surface 
water temperatures above 30°C may have prevented settlement in shallower water); in 
others they may be mixed throughout the epilimnion and prevented from settling below 
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the level of the summer/fall thermocline by low oxygen concentrations (e.g. San Justo 
Reservoir). SFPUC should modify its current system of a single substrate collector on a 
line at a depth of about 3-6 m, to deploying collector arrays that consist of multiple 
substrate collectors per line. I recommend suspending the uppermost substrate 
collector at about 3 m below the surface and then another every 5 m down to about the 
level of the annual thermocline, or in water bodies that don’t develop a strong 
thermocline each year, down to 30 m. 
 
Substrate collectors may normally be checked in the field either by more rigorous 
methods (e.g. examination by trained individuals, for a longer period of time, using a 
magnifying glass (typically about 4x) or hand lens (typically about 10x), perhaps with 
removal of the collector from its line or disassembly of the collector to make close 
examination easier), or by less rigorous methods (briefer examination with the naked 
eye by less-trained individuals, with the collector in remaining in place on its line), or 
substrate collectors may normally be removed to the laboratory for examination (in well-
lit conditions by highly-trained individuals, including inspection under a microscope at 
30x magnification or higher)112. Between these approaches there are tradeoffs between, 
on the one hand, increasing the probability of finding a mussel that has settled on a 
collector by spending more on the inspection process, and on the other, spending less 
on the inspection process in order to increase the number of collectors that can be 
deployed and thereby increase the chance that there will be a settled mussel on a 
collector that could potentially be found.  
 
The optimal frequency for checking substrate collectors is also unclear. Some 
authorities express a reasonable concern that too-frequent checking (less than once per 
week or so) may dislodge newly-settled mussels before they grow large enough to 
detect. less frequent checking reduces the likelihood of loss through dislodgment, 
accumulates any mussel settlement over a longer period of time and allows a larger 
portion of any settled mussels to grow to a more easily visible size, and frees up some 
resources to put into deploying and inspecting a larger number of substrate collectors, 
all of which are advantages. Disadvantages include the accumulation of loss (through 
predation, migration, dislodgement, mortality, etc.) over time that might over some 
periods or seasons outweigh settlement gains, and the potential delay of the discovery 
of an invasion that could have been detected if the substrate were checked earlier. Less 
frequent checking works well with more cursory (i.e. field) methods of substrate 
examination. Very frequent checking, where mussels do not have the chance to grow 
very much before examination, may work best with more rigorous (i.e. laboratory) 
methods of substrate examination.  
 
There doesn’t appear to be any information available in the literature on relative costs 
and effectiveness that would indicate the optimal tradeoffs between different 
frequencies and methods of examining substrate collectors. My sense, though, is that 

                                                
112 If examination of substrate collectors in the field is selected as the normal protocol, any collector that is 
suspected of having an invasive mussel on it should be automatically removed, placed in a ziplock bag, 
and transport to the laboratory for close examination. Field inspection of substrate collectors is thus 
always a screening stage in the monitoring process. 
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the most efficient program would use relatively long intervals between checking 
substrate collectors on the order of 1-2 months during the main spawning season, with 
a longer interval over the colder months of the year; and fairly careful field methods of 
examining substrates, which include equipping each field inspector with a good quality 
magnifying glass and hand lens, giving him or her some level of training in using these 
to detect mussels, and designing the substrate collectors so they are relatively easy to 
examine in the field. SFPUC’s current program involves checking the substrate 
collectors in the Bay Area reservoirs twice a month. Reducing these checks to once a 
month or less, and using field rather than laboratory methods to check the substrates, 
should allow the deployment of more substrate collectors. 
 
As discussed earlier, studies to date have told us little about what materials or designs 
should be used for substrate collectors intended for early detection monitoring, except 
that we should avoid illuminated surfaces and materials that are apparently toxic to the 
mussels. Beyond that, there doesn’t appear to be any evidence to show that the 
collector designs currently in use are any more effective than any other at capturing 
invasive mussels. That being the case, other considerations should dictate the design, 
including general sampling efficiencies; ease of examination; ease of attachment and 
detachment of a collector from an array; protection against the dislodgement of mussels 
when retrieving a collector; possibly, protection against predation; and the cost of 
materials and construction. 
 
General Sampling Efficiencies. As noted earlier, when mussel densities are low, taking 
multiple small samples in different places rather than one large sample in one place 
increases the probability of capture. The 4-plate and 5-plate sampling designs shown in 
Figures 1 and 5 strike me as putting too much substrate in one place, which would be 
more effective if placed at different depths on the same line or on different lines. There 
may be reasons for having two plates in one collector (e.g. shading and protection 
against dislodgement or predation of mussels on the inner plate surfaces), but more 
than that makes little sense and makes ineffective use of the field inspectors’ time. 
 
Ease of Examination. Although many authorities state that invasive mussels 
preferentially settle on filamentous or fibrous material, the only experimental study on 
this topic concluded that there was no greater settlement on filamentous than flat plate 
surfaces per unit area (Folino-Rorem et al. 2006). If that’s the case, then substrate 
collectors should use flat rather than filamentous components, since flat surfaces are 
easier to examine both visually (especially in the field) and tactilely. Similarly, there is no 
evidence that mussels settle or accumulate in greater density on tubes or curved 
surfaces than on flat plates in lentic waters, while there is evidence that most settlement 
on tubes occurs on the inside (Kilgour & Mackie 1993), and flat plates are certainly 
easier to examine than the insides of tubes and, at least under a microscope, easier to 
examine than the outsides of tubes.  
 
Ideally, substrate collectors should be easy to examine completely in the field, both 
visually and tactilely, without removing them from the line they are suspended on. If 
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other considerations make this infeasible, they should be easy to remove and/or 
disassemble in the field into components that can be examined completely. 
 
Ease of Attachment/Detachment. It should be quick and easy to remove a substrate 
collector from its array for transport to the laboratory when necessary, and to attach a 
new collector. 
 
Protection Against Dislodgement. Mussels can be dislodged from a substrate collector if 
it comes into contact with the side of a dock or boat when being retrieved. Collectors 
that are compact and balanced on the line are easier to keep from contact with dock or 
boat; collectors that are large, heavy or that extend horizontally away from the line are 
harder to keep from such contact. If the primary collection surfaces are protected (e.g. 
inside a tube, or the inside surfaces of a multiplate collector), dislodgment is less likely. 
 
Protection Against Predation. It’s unclear whether predation is a significant factor 
affecting the density of invasive mussels on substrate collectors; experiments could 
readily determine this. If it is, tube or multiplate collectors might reduce predation on 
inside surfaces. 
 
Cost of Materials and Manufacture. Reducing the cost of a substrate collector should 
allow the deployment of more collectors, though if each collector is deployed for a long 
period of time the effect may be slight, since the cost of making the collector is likely to 
be small compared to the costs of deployment, examination and identification over the 
lifetime of the collector. This may be especially true for SFPUC’s system: since there is 
no public access to any of the higher risk reservoirs, the risk of theft or vandalism is low 
and the average lifetime of a collector (especially if made of durable materials) is likely 
to be long. On the other hand, since at this point we know very little about what makes 
an effective collector, experiments conducted over the next few years could indicate that 
certain features are highly desirable and that the collector design should be changed to 
include them. In that case it would have made sense to deploy relatively cheap 
collectors initially. 
 
A substrate collector addressing several of the above factors could be made of two flat 
plates spaced a short distance apart from each other. These could be held together by 
a bolt or bolts running through them with spacers to keep them separated, such as a 
two-plate version of the collectors illustrated in Figures 1, 4 or 5; or perhaps held in 
some sort of frame by their edges or corners, as in the glass slide racks recommended 
by Marsden (1991, Figure 7) and Claudi and Mackie (1993, Figure 2.4). The plates do 
not need to be very large (Marsden (1991) argues that a glass microscope slide is the 
appropriate size for collecting dreissenid larvae; Kobak (2004) found no significant 
difference in the density of settled zebra mussels on vertical 75 mm- and 100 mm-
square plastic plates), and should in any case be small enough that that they can 
conveniently be examined under a microscope. The inner facing surfaces would be 
protected against dislodgement and perhaps predation, but examining them requires at 
least partial disassembly: the design should make this quick and easy. If deployed 
horizontally in shallow water, the inner and bottom surfaces would be shaded, and 
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should be given closer attention. If deployed vertically in shade or below the photic 
zone, the upper edges should be examined closely; studies have found that newly-
settled zebra mussels are negatively geotaxic, and that they migrate to and accumulate 
near the upper edges of vertical plates (Kobak 2004, 2005). 
 
Anderson et al. (2008) recommend not cleaning periphyton from substrate collectors 
and removing built-up debris only when large amounts have accumulated, in order to 
protect the biofilm. However, periphyton and accumulated debris on a collector make it 
harder to detect very small mussels that are under a couple of millimeters in size. As 
discussed earlier, concerns over the development of a biofilm or the length of time 
needed to develop an effective biofilm may be exaggerated; and with relatively long 
intervals between inspections of the collectors (a month or longer being recommended 
here) this is less of an issue anyway113. I recommend that field inspectors clean the 
substrate collectors as needed to maximize their ability to detect small mussels, without 
worrying about damage to the biofilm. 
 
There’s no reason to believe that design features improving the performance of artificial 
substrate collectors for early detection monitoring (that is, that improve their capture and 
retention of settling larvae when larval densities are very low) cannot be found by 
appropriate experimentation; and such improvements would be of substantial value. 
Such fundamental design features as the optimal material, space between plates, and 
orientation of plates are currently unknown, but should be amenable to experimentation. 
Surface texture, plate color, plate size, and filamentous versus flat substrates were each 
found by a single study to not make a significant difference in the density of settled 
zebra mussels, but these factors probably deserve further investigation. All or nearly all 
of the published experimental work on substrate preferences has been conducted on 
zebra mussels. There may be some work, not yet completed or available, that has been 
done on the substrate preferences of quagga mussels in Lake Mead or in southern 
California, but more is clearly needed. Finally, nearly all of the experimental work to 
date has been conducted in waters with high larval densities; substrate collector 
experiments should be designed to address the key issue for early detection, which is 
performance at very low larval densities. 
 
Plankton Sampling 
 
While I don’t recommend allocating resources to plankton sampling at this time, if 
SFPUC does decide to conduct plankton sampling certain features should be 
incorporated to improve performance. Several small samples should be taken from 
different sites within a reservoir and combined into one composite sample, rather than 
taking a single larger sample. In a lentic water body, the distribution of dreissenid 
mussel in the plankton bears little or no relationship to the location of the adult mussels 
that spawned them (100th Meridian 2009); rather, larval distribution is determined by 
hydrodynamic factors, perhaps especially the effect of wind forcing on larval location 
(Martel 1993; Martel et al. 1994) and depth (Fraleigh et al. 1993). Plankton sampling 
                                                
113 As with many other substrate issues, the question of the value of a biofilm and the length of time 
needed to develop an effective one could be determined through experimentation.  



Exotic Freshwater Mussels - Chapter 6. Monitoring Review  204 
 

should be distributed throughout the water body; for example, the sampling protocol 
develop by an interagency group coordinated by the 100th Meridian Initiative (100th 
Meridian 2009) recommends collecting samples from a boat from at least 15 sites that 
are spread out around a water body and are independent of land-accessible structures 
such as docks. During windy periods, sampling could concentrate on the downwind end 
of the water body. Sampling should also cover a range of depths; larvae have been 
reported as concentrating at depths from a few meters down to at least 12 or 15 meters 
(e.g. Fraleigh et al. 1993; Sytsma & Wells 2008). The interagency protocol (100th 
Meridian 2009) recommends using vertical or oblique rather than horizontal plankton 
tows, claiming that most studies have reported greater densities of mussel larvae in 
vertical or oblique tows. In general, an effort should be made to filter as large a volume 
as possible, though not to the point that plankton concentration exceeds normal 
analytical limits (100th Meridian 2009). 
 
Genetic identification should include the measures discussed earlier and in the 
Response Plan chapter (also see Anderson et al. 2008) to reduce or check the potential 
for false negatives and false positives, including extraction of DNA from the sample at 
the initial receiving genetics laboratory and splitting the extracted DNA into at least two 
subsamples (with the second subsample to be saved for distribution to a second 
laboratory for amplification and identification by independent methods, to verify any 
positive results from the first laboratory); dreissenid-specific primers; positive controls to 
test reagent and enzyme function; control reactions to test for PCR inhibition; water-only 
controls to test for reagent contamination; and confirmation of positive results by 
sequencing. 
 
If SFPUC adopts the trigger for response actions that is recommended in the Response 
Plan chapter—the identification of dreissenid DNA in a single plankton sample by two 
independent laboratories—then visual examination with cross-polarized light 
microscopy would serve as a screening process only. SFPUC should take a close look 
at the relative costs of visual and genetic examination, and the relative potential for 
generating false negatives (missing larvae when they are present), and consider 
eliminating the use of microscopy and instead sending all samples directly to a genetics 
laboratory for DNA extraction and amplification, with one or more split subsamples of 
the extracted DNA stored for later verification of any positive results by a second 
laboratory. If examination by microscopy is retained, SFPUC should investigate the use 
of sugar or other concentrating gradients to concentrate mussel larvae and clean 
subsamples before examination (Marsden 1991; Claudi & Mackie 1993; Anderson et al. 
2008; Brown et al. 2009). 
 
If SFPUC does not adopt the above trigger for response actions and instead uses 
identification by cross-polarized light microscopy as part of the trigger, then it should 
consider adopting specific QA/QC procedures to reduce the frequency of false 
positives, and assessing the frequency of false positives by periodic blind tests including 
samples spiked with Corbicula. QA/QC and testing procedures for cross-polarized light 
microscopy are still in development (Brown et al. 2009). 
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Summary 
 
The purpose of an invasive mussel monitoring program is to detect and identify invading 
mussels as early as possible. It should be oriented to the criteria determined in the 
Response Plan that will be used to verify the presence of an invasive mussel and trigger 
a response effort. The goal is to implement an effective system for making inspections 
and/or taking, processing and identifying samples, which will maximize the chances of 
meeting the verification criteria if mussels are present. 
 
The general sampling methods available include diver/ROV surveys, benthic samplers, 
surface surveys, artificial substrate collectors and plankton sampling. Key issues in 
deciding between methods are (1) the cost of sampling, sample processing and 
identification per sample, (2) the probability of collecting at least one mussel in any 
sample, and (3) the reliability of determining the presence of an invasive mussel in a 
sample. There is general agreement that diver/ROV surveys and benthic samplers have 
a relatively high cost relative to the probability of finding a mussel, and these are 
generally not used in detection monitoring programs. In some circumstances, surface 
surveys can provide an inexpensive means of examining relatively large areas of 
substrate, including “casual” surveys by dockworkers, boat owners, members of the 
public, etc. (whose observations have often found infestations before detection 
monitoring programs did), although these opportunities are limited because only the 
High Sierran reservoirs allow public or recreational boating access; and walking 
inspections of recently immersed hard substrate after a reservoir is drawn down. 
 
There has been little direct study of what characteristics are needed to optimize the 
design and use of substrate collectors, though a little can be deduced from studies of 
dreissenid mussel settlement that were conducted for other purposes, and there doesn’t 
appear to have been any controlled comparisons made of the various types of substrate 
collectors currently in use. These gaps could be remedied by appropriate studies, which 
should be conducted in waters with low densities of dreissenid mussels. In the absence 
of such information, considerations such as general sampling efficiency, ease of 
examination, ease of attachment and detachment of a collector from an array, 
protection against the dislodgement of mussels when retrieving a collector, protection 
against predation, and the cost of materials and construction should probably guide 
collector design. Several recommendations are made for SFPUC’s substrate collector 
program, including the use of a larger number of simpler, two-plate collectors; 
deployment of multiple collectors at a range of depths on each collector array; 
modification of the inspection frequency; and a higher density of collectors in the 
reservoirs where the risk is higher. 
 
Artificial substrate collectors and plankton sampling form the core of most detection 
monitoring programs, but there has been very little study of which approach is more 
efficient, and the results are not decisive. Recent reports of dreissenid mussel larvae at 
numerous sites in the western U.S. that have not been verified by the finding of settled 
mussels, sometimes in sites where water conditions are apparently unsuitable for 



Exotic Freshwater Mussels - Chapter 6. Monitoring Review  206 
 

dreissenid mussels and sometimes in circumstances that otherwise seem unlikely (as 
discussed in some detail in this chapter), suggest that there are some issues with the 
reliability of identifications of dreissenid mussels in plankton samples in detection 
monitoring programs as they are currently implemented. I expect these reliability issues 
to become better understood and hopefully resolved within the next few years; during 
the same period, the protocols for identifying dreissenid mussels in plankton samples 
are likely to become more consistent and the procedures less expensive. For the time 
being, at least until the reliability issues are resolved, I do not recommend using 
plankton sampling for detection monitoring. 
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Attachment 1. Metal Box Scraper 
 

From the U.S. Army Corps of Engineers’ Zebra Mussel Information System 
(http://el.erdc.usace.army.mil/zebra/zmis). 
 

  

Construct a metal box scraper using a medium-sized metal box with the top and 
bottom removed. Drill holes along the bottom and sew on a mesh net bag using 
any heavy or nylon thread. (The mesh on the net is effective in the 1/4-to 1/16-in. 
range.) File one of the top edges of the box to sharpen it and firmly attach a long 
pole to the other side of the box. Lower the metal scraper box below the surface 
of the water and scrape firmly on the substrate so that any mussels that are there 
will become dislodged and fall into the mesh bag. 
 
 


