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Abstract 

Zebra mussels Dreissena polymorpha were first discovered at very low densities in 
Lake Mille Lacs, Minnesota in 2005. This provided a unique opportunity to document 
the rate of growth of a zebra mussel population and examine impacts on water 
chemistry and other biota. Adult densities determined through dive surveys were 
fitted to a logistic growth model. From 2006 to 2012, average adult density increased 
from 0.0015/m2 to 13,651/m2, and demonstrated an exponential growth rate with 
30-fold annual increase for the first few years before density dependence slowed 
growth. Population growth rate and maximum density were higher in sites with 
hard substrates than in sites that included significant amounts of sand. Veliger 
densities increased with adult density early in the invasion, but did not correlate 
well after adult density exceeded 150/m2. Water clarity did not improve as mussel 
density increased, nor were changes observed in chlorophyll-a, total phosphorus, or 
total dissolved solids. Conductivity and total alkalinity both decreased significantly 
after adult densities reached 10,000/m2. Direct colonization by zebra mussels greatly 
reduced the abundance of native unionids as well as introduced Chinese mystery snails 
Cipangopaludina chinensis, while other gastropod species showed little colonization 
by zebra mussels. Continued monitoring of this invasive population will provide a 
unique long-term look at zebra mussel impacts in central North America outside of 
the Great Lakes. 
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Introduction 

Zebra mussels Dreissena polymorpha (Pallas, 1771) were first discovered in 
North America in Lake Erie in 1986 (Carlton 2008). They spread rapidly 
through the Great Lakes and into interconnected commercial waterways 
(O’Neill and Dextrase 1994). Their attachment to solid objects in the water 
via byssal threads, combined with a microscopic planktonic larval stage, 
aided this invasive species in rapid overland dispersal (Johnson and Padilla 
1996; Benson 2014) and soon infestations began occurring in inland lakes 
in Great Lake states, including Minnesota. 

Numerous ecological impacts have been linked to invasions of zebra 
mussels. Zebra mussels reduced phytoplankton biomass and increased water 
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clarity through filter feeding in stratified inland lakes in Michigan 
(Kissman et al. 2010). Increased water clarity in Lake St. Clair led to 
increased plant growth, which benefitted Gammarus spp., Tricladida, and 
several species of snails (Griffiths 1993). Some areas in the Great Lakes saw 
a substantial increase in blue-green algae after zebra mussel establishment, 
leading to nuisance and toxic algal blooms (Vanderploeg et al. 2001). 
Studies showed varying impacts on benthic organisms, with some 
benefitting from the accumulation of mussels and associated feces and 
pseudofeces and others experiencing negative impacts (Griffiths 1993; 
MacIsaac 1996; Alderstein et al. 2014). In some cases, competition for 
phytoplankton altered zooplankton communities (Alderstein et al. 2014). 
Small zooplankton taxa have also been reduced through direct predation 
(MacIsaac et al. 1991; Pace et al. 1998; Wong et al. 2003). 

Direct impacts on fish populations have been difficult to prove. Although 
Gopalan et al. (1998) and Mayer et al. (2000) did not detect changes after 
the introduction of zebra mussels, MacIsaac (1996) suggested that increases 
in northern pike Esox lucius (Linnaeus, 1758), muskellunge Esox masquinongy 
(Mitchell, 1824) and bass Micropterus spp. in Lake St. Clair could be 
related to increases in water clarity and macrophyte abundance due to 
zebra mussels, and that this increase in predators may have led to increased 
predation on small walleye Sander vitreus (Mitchell, 1818). Strayer et al. 
(2003) confirmed predictions that open-water species such as Alosa spp. 
would decline while littoral species such as centrarchids would benefit 
from the presence of zebra mussels. 

Despite their presence in North American waters for three decades, few 
studies on inland waters not associated with the Great Lakes have examined 
annual population change and ecosystem impacts of zebra mussels. Some 
exceptions include Oneida Lake, New York (Idrisi et al. 2001) and the 
Hudson River, New York (Strayer et al. 2011). Many inland waters lack 
repeated surveys, which prevented post-invasion comparison of ecosystem 
components due to the lack of pre-invasion baselines. Detection of zebra 
mussels usually occurred well after populations began expanding, preventing 
collection of early invasion data, although Cope et al. (2006) found zebra 
mussels in Pool 8 of the Mississippi River at very low densities. 

In 2005, staff from Minnesota Department of Natural Resources (DNR) 
Fisheries Section discovered a total of four zebra mussels in three locations 
in Lake Mille Lacs. This discovery raised significant concerns among 
resource managers because Lake Mille Lacs is one of the most important 
walleye fisheries in Minnesota with approximately 3 million angler-hours 
annually (Jensen 2013). The high recreational use also created a higher risk 
potential for infesting other inland waters through the movements of 
watercraft. For five years following the initial discovery, zebra mussel 
densities remained very low, providing the opportunity to gather additional 
“early infestation” data and examine the growth and ecosystem impacts of 
zebra mussels in a large recreational lake. 

https://www.invasivesnet.org


 Zebra mussels in Lake Mille Lacs 

 Jones and Montz (2020), BioInvasions Records 9(4): 772–792, https://doi.org/10.3391/bir.2020.9.4.12 774 

 
Figure 1. Location of sampling sites in Lake Mille Lacs, Minnesota, showing locations of 
zebra mussel diving transects (ZM ##) and water quality/zooplankton collection sites (WQ ##). 

In this paper, we will describe the expansion of the zebra mussel 
population in Lake Mille Lacs and estimate peak abundance and biomass. 
We will then examine changes in water chemistry parameters, native 
mussel populations, and a population of introduced snails that we attribute 
directly to zebra mussels. 

Materials and methods 

Study area  

Lake Mille Lacs is a large, unstratified mesoeutrophic lake located in east-
central Minnesota (Figure 1). It is a well-known sport fishing destination, 
especially for anglers seeking walleye. The lake has a surface area of 53,627 
hectares, maximum depth of approximately 13 m, and average depth of 9 m. 
The lake was glacially formed, with a variety of patchy substrates ranging 
from sand to boulder in the southeast associated with the terminal 
moraine; clay humps rising out of silt substrates in the northwest; and a 
large expanse of uniform, silty bottom running from the southwest to the 
northeast (substrate particle sizes based on Wentworth 1922). 

Zebra mussel adults 

After the initial discovery in 2005, we established 20 stations distributed 
across a variety of hard substrates (Figure 1, Table 1). More stations were 
in the south and east parts of the lake because hard features such as reefs 
and gravel bars are much more common there. In 2007, we established two 
additional stations along the north shore because it became apparent that 
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Table 1. Description of zebra mussel sampling locations in Lake Mille Lacs. 

Station 
Number 

Station Name 
General 
Location 

Distance from 
Shore 

Depth Range 
(m) 

Dominant 
Substrates 

Vegetation 

1 Pike Point Northwest < 1 km 2–6 boulder no 
2 Garrison Reef Northwest 2 km 3–7 gravel/cobble no 
3 East Myr Mar Northwest < 1 km 1–4 boulder/gravel no 
4 Knox Point North < 1 km 2–4 boulder/sand yes 
5 Agate Reef Northeast < 1 km 4–6 boulder no 
6 Flamingo Reef  East 2 km 2–4 cobble/boulder no 
7 Three Mile Reef East 6 km 2–6 bedrock no 
8 Doe Island Reef East < 1 km 2–3 gravel/cobble no 
9 Hennepin Park Southeast < 1 km 1–3 cobble/boulder no 

10 Hennepin Island Southeast 3 km 3–5 boulder no 
11 The Graveyard Southeast 2 km 4–5 boulder no 
12 Spider Reef Southeast < 1 km 2–3 boulder/sand no 
13 Otto’s Reef South 2 km 6–7 boulder no 
14 Sloppy Joe’s South 3 km 7–8 cobble/sand no 
15 5-mile Gravel South 8 km 7–9 cobble/sand no 
16 Spirit Island South 3 km 2–5 cobble no 
17 Mazominee Point South < 1 km 2 boulder/sand no 
18 Rocky Reef Southwest < 1 km 2–5 gravel no 
19 Rainbow Island Reef Southwest < 1 km 3 boulder/sand no 
20 Brown’s Point West < 1 km 3 cobble/sand/boulder no 
21 Wealthwood North < 1 km 5 sand/silt yes 
22 Reddy Creek AMA North < 1 km 5 silt/sand/clay no 

the population was not yet in the southern parts of the lake. Both of these 
stations were on softer substrates, in part due to availability and in part to 
observe interactions with other shelled invertebrates, including another invasive 
species, Chinese mystery snail Cipangopaludina chinensis (Gray, 1834). 

Due to changes in agency resources, we reduced the number of stations 
to 15 in 2009. We removed seven stations, with the priority set at maintaining 
a variety of habitats distributed across available substrates. Some stations 
were chosen for removal based on specific attributes. For example, at one 
station an abrupt sand/boulder interface made repeatability difficult, while 
another was so shallow that ice scouring could potentially affect densities. 
Other stations were removed to preserve geographic variability. In 2011, 
resources required us to further reduce the number of stations to nine, 
which we did while trying to maintain habitat diversity over a broad 
geographic distribution. However, in 2012, we were able to resume 
sampling the 15 stations established in 2009. In 2013, Otto’s Reef was 
substituted for Spirit Island because a large colony of double-crested 
cormorants Phalacrocorax auritus (Lesson, 1831) was experiencing virulent 
Newcastle’s disease, which could easily be spread through contaminated 
equipment. 

Zebra mussel densities were estimated by several different methods as 
the population increased. In 2005, immediately after initial detection, 
divers searched approximately 60 areas around the lake for approximately 
50 minutes each. No transects were established, and no estimate of density 
was obtained. In 2006, we established 183 m transects at each station. As 
long as densities were sufficiently low, two divers swam along either side of 
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the transect line counting all visible zebra mussels within about 60 cm of 
the transect line, for a total area of approximately 235 m2. As densities 
increased, counting entire transects was no longer possible, and in 2009, a 
0.09 m2 quadrat was dropped at approximately 30 m intervals for a total of 
7 counts along each transect. Counts included all zebra mussels in 
interstitial spaces down to sand or bedrock. Beginning in 2011, densities at 
many stations were too high to be counted by divers, so samples of zebra 
mussels were collected in fine mesh bags, and later plastic bags, and 
counted on the surface. With all methods of counting, the annual reported 
density was the mean of the densities from each transect. 

Counts and collections were conducted by SCUBA in early August. 
Adult mussels were defined as mussels with a shell length longer than 
7mm, which was the smallest observed other than young-of-the-year 
(YOY). Newly settled mussels from any sampling year were generally too 
small to detect, although we occasionally encountered large numbers of 
very small mussels that appeared in our sample bags like fine sand. We did 
not attempt to count these YOY mussels because they could not be 
properly collected, nor could we possibly estimate the numbers of YOY 
mussels too small to see. 

Densities from 2006 through 2013 were fit using R (R Core Team 2013) 
to a logistic growth curve  

𝐷
𝐾

1 𝑒
  

where D0 is the initial population density, K is the asymptotic maximum 
density, and r is the intrinsic rate of population growth. For annual 
lakewide density, mean counts from all stations were used for model 
fitting. 

Stations were divided into two groups based on substrate to test the 
effect of substrate on density growth rate and maximum density. The first 
group consisted of sites in which substrates were entirely rock, ranging 
from gravel to bedrock (n = 7). The second sample included sites with large 
amounts of sand and varying amounts and sizes of rocks (n = 6). Only 
stations that were sampled in at least 8 of the 9 years were included. 
Further discrimination of habitat types was not practical due to the limited 
number of locations we sampled. The Reddy Creek location was not 
included because of the unique situation regarding Chinese mystery snails 
and very soft substrates (see below). For each habitat type (rock or mixed), 
mean densities were fit to the same logistic growth model, and differences 
between K and r were tested with Welch’s two-sample unequal variance t-test 
(Welch 1947). 

Zebra mussel biomass was approximated in 2013. The proportion of the 
lake assumed to be colonized was determined by using an Aquaview camera 
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to record the presence or absence of settled mussels at 250 points randomly 
distributed throughout the lake. The density estimate from the SCUBA 
surveys was applied to the settled area of the lake to determine the number 
of mussels. The lakewide average weight of a settled mussels was 
determined by weighting the mean weight from each station by the density 
at that station. Lakewide biomass was number of mussels multiplied by 
average weight. 

Zebra mussel veligers 

Veligers were sampled from May through September at nine locations 
around the lake (Figure 1). In 2008, samples were taken near the middle of 
each month from May through September. From 2009–2015, samples were 
collected biweekly from May through mid-July, then monthly in August 
and September, except that July 2011 samples were not collected. Vertical 
tows were collected with an Aquatic Research Instruments (Hope, Idaho, 
U.S.A.) simple plankton net (30 cm mouth, 80 micron mesh, 90 cm length). 
Water depths ranged from approximately 8 m to 12 m, and the net was 
lowered to within 0.5 m of the bottom. If lowered further, the sampler 
tended to collect large amounts of disturbed sediments. Samples were 
washed into jars with as little water as possible, and preserved with the 
addition of 95% ethyl alcohol. Including water from sampling, final alcohol 
concentrations were likely between 70% and 80%. In the laboratory, samples 
were concentrated and examined using cross polarized light microscopy to 
count veligers (Johnson 1995). We calculated mean veliger density for each 
sample date. 

Peak veliger data from each year was compared to adult density from the 
previous year using linear regression (lmer package in the statistical program R, 
R Core Team 2013). Data were log-transformed to improve linearity. The 
slope of the regression was tested against the null hypothesis that the slope 
was not different from zero with a t-test. Data from 2011 was excluded 
because we were unable to conduct sampling in July of that year. Conversely, 
a similar linear regression was performed to see if veliger density in one 
year influenced adult density the next year. 

Secchi disk depth and water chemistry 

We collected Secchi disk depths and water samples from May through 
September 2007 to 2015 at the same locations as veliger samples. Integrated 
water samples were collected using a two-meter long PVC tube (MN DNR 
2017). Samples were analyzed for chlorophyll-a, total phosphorus, total 
alkalinity, total dissolved solids, conductivity, and pH. Analyses used 
standard methods from Greenberg et al. (1992), except phosphorus was 
determined using EPA method 365.1 (O’Dell 1993). A longer data series is 
available for Secchi disk depths, but data was collected inconsistently prior 
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to 2007 primarily using citizen monitoring through the Minnesota Pollution 
Control Agency. 

Data sets for each analyte were examined for trends using mixed effect 
models fit with the lmer package in the statistical program R (R Core Team 
2013). Each model had year as a continuous fixed effect regressor variable 
and month as a categorical fixed effect. A random year effect assumed to be 
normally distributed was included to account for within-year correlations 
in the response value. We used t-tests to test the null hypotheses that slopes 
were not significantly different from zero, with degrees of freedom 
determined by Satterthwaite’s method (Satterthwaite 1946). For analytes 
with statistically significant slopes, linear trends were plotted along with 
the predictions of the realized year effects. 

Impacts on other mollusks 

From 2009 to 2012, we estimated the frequency of occurrence of zebra 
mussel colonization of native mussels. Infested and non-infested mussels 
were counted along each transect. The total number of mussels observed 
was also used to reflect the trend in native mussel abundance over time. 
After 2012, native mussel counts were discontinued because densities were 
very low and it became difficult to distinguish heavily colonized living 
mussels from localized clumps of zebra mussels. 

A sampling station at Reddy Creek was included beginning in 2007 because 
of the presence of a locally dense population of Chinese mystery snails. In 
2005, Chinese mystery snails were surveyed over approximately 1,400 ha in 
the northeast part of the lake at an average density of 38/m2 (T.S. Jones and 
L. Bergquist, Minnesota Department of Natural Resources, unpublished data). 
The substrate at this location was judged to be too soft for zebra mussels, 
but the large snails offered the potential for acceptable settling sites similar 
to native mussels. Although the mystery snail density was not quantified 
after 2005, observations at this site provided an opportunity to examine the 
interaction of these two invasive species. 

Results 

Zebra mussel abundance 

Mean zebra mussel density increased over time from approximately 
0.002/m2 in 2006 to a maximum of 13,654/m2 in 2012 (Figure 2). Fitting 
data through 2013 to a logistic growth curve produced an asymptotic 
maximum population density of 12,700/m2 and an intrinsic population 
growth rate of 3.39, which equates to a 30-fold population increase annually. 
Density increased approximately exponentially through 2010 before growth 
slowed. Maximum density occurred seven years after detection in 2005, 
and density subsequently decreased to 8,509/m2 in 2015. 

Density at all sites did not peak in 2012, nor did peak density at each site 
occur seven years after first detection at that site. Of 14 sites with annual 
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Figure 2. Zebra mussel population growth (observed and modeled) in Lake Mille Lacs, 2006–
2015, plotted on a linear scale to show the long period of very low density (A) and on a log 
scale to depict the exponential growth rate observed at low densities (B). 

data for most years of the survey, two sites peaked in 2011, two in 2013, 
and two in 2014. One site achieved maximum density in 2015 and density 
at this site may still be increasing (Table 2). Stations with later peak 
densities tended to be stations in the southern areas of the lake, where 
zebra mussels were not detected until 2007 or 2008. Assuming that the 
station with maximum density in 2015 was at its peak, the time from first 
observation to maximum density for any given sampling location ranged 
from 4 to 8 years, and averaged 5.2 years. 

Rate of density increase and maximum density were habitat driven 
(Table 3), with higher growth rates and higher densities in areas of rock 
without sand or other softer substrates. The three stations with highest 
maximum densities, Agate Reef, Flamingo Reef, and Three-mile Reef, had 
substrates composed of boulder or bedrock. The highest density observed 
in an individual quadrat was 83,000/m2 on Three-mile Reef in 2012. 
Stations with lower densities had areas of cobble and boulder separated by 
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Table 2. Density of zebra mussels by sampling location in Lake Mille Lacs, 2005-2015. Entries in bold font indicate maximum 
density observed at a given site. Approximately 40 additional dives took place in 2005, but no density estimates were calculated. 
Station numbers correspond to abbreviations (ZM ##) in Figure 1. 

 
 Station 

Density (no/m2) 
2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 

1 Pike Point 1 found 0.0043 0.0129 0.43 – – – – – – – 
2 Garrison Reef 0 0.0043 0.0086 2.47 49.2 117 16,567 14,512 9,049 10,556 6,198 
3 East Myr Mar 1 found 0.0086 0.0947 5.38 – – – – – – – 
4 Knox Point 0 0.0086 0.1636 9.47 50.7 112 5,030 8,533 6,843 13,353 3,271 
5 Agate Reef 2 found 0.0043 0.0129 15.28 96.0 352 – 34,045 31,925 14,967 21,154
6 Flamingo Reef  0 0 0.0086 9.15 86.9 344 14,071 20,143 16,936 15,398 14,257
7 Three Mile Reef 0 0 0 15.82 98.4 472 30,855 40,942 32,700 18,604 14,956
8 Doe Island Reef 0 0 0 1.61 – – – – – – – 
9 Hennepin Park 0 0 0.0043 1.94 – – – – – – – 

10 Hennepin Island 0 0 0 5.38 26.5 141 – 11,406 14,741 14,483 13,956
11 The Graveyard 0 0 0 4.63 9.2 25 6,640 4,562 5,821 10,426 14,870
12 Spider Reef 0 0 0 3.01 26.5 71 – 8,942 9,727 10,028 7,521 
13 Otto’s Reef 0 0 0.0043 4.63 – – – – 7,650 8,307 8,221 
14 Sloppy Joe’s 0 0 0 1.61 9.9 42 2,273 8,500 5,046 5,219 3,519 
15 5-mile Gravel 0 0 0 1.08 12.6 46 2,363 3,648 1,506 2,367 1,861 
16 Spirit Island 0 0 0 2.69 41.4 60 – 9,189 – – – 
17 Mazominee Point 0 0 0.0043 0.54 – – – – – – – 
18 Rocky Reef 0 0 0 0.65 11.6 65 – 16,194 17,668 8,210 7,973 
19 Rainbow Island Reef 0 0 0 7.32 – – – – – – – 
20 Brown’s Point 0 0 0.0172 2.37 23.1 108 10,539 7,366 8,608 7,457 6,628 
21 Wealthwood – – 0.2109 6.78 165.0 294 – 5,498 4,282 1,765 2,830 
22 Reddy Creek AMA – – 0.0215 0.22 0.13 0.65 885 11,287 538 22 420 

  Mean 
No 

Average 
0.0015 0.0256 4.66 47.1 150 9,914 13,651 11,536 9,411 8,509 

Table 3. Differences in logistic growth parameters for zebra mussels on hard substrates ranging 
from gravel to bedrock (Rock), and substrates that include appreciable areas of sand (Mixed), 
from 2006 through 2013 in Lake Mille Lacs, Minnesota. 

 
Rock Mixed 

d.f. t p 
Mean S.D. Mean S.D. 

r 2.83 0.067 2.55 0.062 10.9 7.7 < 0.001 
K 19,996 1,445 6,724 414 7.7 28.6 < 0.001 

reaches of softer bottom, usually sand. In finer substrates, zebra mussels 
often created large mats of mussels attached only to other zebra mussels. 

Zebra mussels were observed at 88 (35%) of the 250 random points 
across the lake, suggesting that they inhabited 1.9 × 108 m2. Density in 2013 
was 11,500/m2, resulting in a lakewide abundance close to 2.2 × 1012 mussels. 
Average weights from 3 sites were 0.31 g at Spider Reef (n = 244), 0.24 g at 
Rocky Reef (n=192), and 0.83 g from 5-mile Gravel (n = 177). The weighted 
average weight was 0.294 g, resulting in a biomass of approximately 6.5 × 108 kg. 

Veliger density 

Veliger densities peaked in July with very few veligers found before late 
June or after mid-September (Figure 3). Variability between sites and between 
months was high. Significant slopes were found for both veligers produced 
by adults from the previous year (Figure 4), and adult density compared to 
veligers from the previous year (Figure 5). Correlations relied heavily on 
very low densities of adults and veligers early in the invasion. For example, 
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Figure 3. Mean, minimum and maximum veliger densities (number per liter) from plankton 
tows by sample date from Lake Mille Lacs, 2010–2015. Error bars represent the range of values 
of all measurements. 

 
Figure 4. Log-transformed regression of peak veliger density dependent on adult zebra mussel 
density from the previous year. 

if we look at veligers produced by adults from 2010 through 2015 only, r2 < 
0.01 and p = 0.98, supporting no relationship between veligers and adults 
as adults become established at higher densities. 

Water chemistry 

Trend lines for total alkalinity and conductivity showed significant negative 
slopes across the study period (P < 0.001), while slopes for trend lines for all 
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Figure 5. Log-transformed regression of adult zebra mussel density on veliger density from the 
previous year. 

Table 4. Trend analysis using fixed effect models for seven water quality parameters measured 
monthly from May through September, 2007-2015, at nine sites in Lake Mille Lacs, Minnesota. 

  Trend (units/yr) S.D. d.f. t p 
Total Alkalinity (ppm) −2.80 0.32 9.0 −8.66 < 0.001 
Conductivity (µmho) −4.53 0.72 9.0 −6.28 < 0.001 
Total Dissolved Solids (ppm) −0.721 0.625 9.0 −1.15 0.28 
Trichromatic ChlA (ppb) −0.108 0.170 9.0 −0.64 0.54 
Log(Total P (ppm)) −0.013 0.014 8.8 −0.93 0.38 
pH −0.014 0.010 9.0 −1.34 0.21 
Secchi Depth (m) 0.059 0.071 8.9 0.83 0.43 

 
Figure 6. Trend over time (solid line) and predictions of realized year effects (series of points) 
derived from fixed effect models for Alkalinity (panel A) and Conductivity (panel B), Lake 
Mille Lacs, 2007–2015. 

other measures were not significantly different from zero (Table 4). Predicted 
year effects for conductivity and alkalinity suggest that downward trends 
did not actually begin until after 2010 (Figure 6), which corresponded with 
the large numerical increase in zebra mussels between 2010 and 2011. 
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Figure 7. Mean annual Secchi disk depths from Lake Mille Lacs, 1974–2015. 

Annual average Secchi disk depth did not increased with zebra mussel 
density. Water clarity did increase suddenly in the mid-1990s, well before 
the introduction of zebra mussels (Figure 7). Since 2007, water clarity has 
been highly variable, but without trend (p = 0.78). 

Effects on native mussels 

The most commonly observed native mussel species was fatmucket Lampsilis 
siliquoidea (Barnes, 1823) although giant floater Pyganodon grandis (Say, 
1829) and fingernail clams (Sphaeriidae) were also common. The first 
observation of a zebra mussel settled on a native mussel occurred in 2007. 
In 2008, several native mussels were observed with multiple attached zebra 
mussels. Infestation rates increased from 2009–2012 until 96% of all native 
mussels were colonized by at least one zebra mussel and many were totally 
encrusted. At the same time, observations of native mussels decreased by 
85% (Figure 8). 

Effects on Chinese mystery snails 

Zebra mussel population growth rate was extremely low at the Reddy 
Creek station from 2007 to 2010 (Table 2). In 2008, Chinese mystery snails 
with attached zebra mussels were seldom seen in this soft-bottomed area. 
The zebra mussel population at this site increased dramatically in 2011, 
fully encrusting all mystery snails, which were the only available habitat for 
settling. The resulting mortality was so high that in 2012, no live mystery snails 
were observed at Reddy Creek. While the disappearance of snails removed 
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Figure 8. Mean counts of native unionids per transect and infested unionids per transect in 
Lake Mille Lacs, 2009–2012. Error bars represent one standard error. 

a significant habitat for settlement, zebra mussels appeared in 2012 as vast 
numbers of small mats surrounded by soft substrates. These mats appeared 
to have been largely unsustainable, as zebra mussel densities declined 
severely in 2013. 

Discussion 

Zebra mussels were unexpectedly detected in Lake Mille Lacs at extremely 
low densities during a substrate survey unrelated to invasive species. Most 
lakes in Minnesota that have been infested with this invasive species show 
a rapid population growth from initial discoveries of few scattered mussels 
to abundant widespread adults within two to three years (Gary Montz, MN 
DNR, unpublished data). Around the world, similar short time frames 
describe many population expansions (Strayer et al. 2019). In Lake Mille 
Lacs, the time between detection and maximum density was seven years, 
although this varied by site from 4 to 8 years. The longer time lag that we 
observed may not have been because the population grew at a slower rate 
than other populations, but that detection occurred at much lower densities. 
Despite extensive publicity surrounding the presence of zebra mussels in 
Lake Mille Lacs in 2005 and 2006, it was spring of 2008 before the first 
report of a mussel by an angler. Additional reports did not come until 
2009, when angler reports became more common and some mussels were 
reported from docks removed in the fall. Thus, without the chance 
discovery by divers, the presence of this invasive may not have been 
documented until 2009. Had this been the case, the time lag between 
detection and maximum density would have been only three years, 
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consistent with other observations. Burlakova et al. (2006) also concluded 
that maximum densities occur within two to three years after populations 
are large enough to detect. However, recognizing that detection generally 
occurs several years after introduction, Burlakova et al. (2006) also suggested 
that maximum densities are reached 7 to 12 years after the initial introduction. 
Karatayev et al. (2015) suggested that in shallow lakes, zebra mussels reach 
maximum abundance within three to five years post-invasion. 

The rapid increase in abundance forced us to change sampling methods 
several times. Different methods of counting are all subject to different 
biases. While swimming transects, it was not possible to turn over every 
rock, so some mussels may have been overlooked. When quadrats were 
employed over complex substrates, errors may have been introduced in 
determining which mussels were actually within the quadrat. While scraping 
abundant mussels off rocks, it is possible that some mussels may have 
fallen outside of collection bags. While some inconsistencies may have 
occurred with changes in methods, the methods used to quantify mussels 
at low densities were not appropriate to sample mussels at high densities, 
and the methods for sampling mussels at high densities were equally 
inappropriate for sampling at low densities. 

Despite a 30-fold annual increase from 2006 through 2010, the absolute 
density of zebra mussels remained very low on a linear scale until 2010. 
Strayer and Malcolm (2006) discussed five different models that have been 
proposed for zebra mussel populations, including boom-bust, cyclic, 
equilibrial, irregular and lag. Although the boom-bust model describes 
most populations, Strayer and Malcolm (2006) acknowledge that the lag 
model, in which populations experience rapid growth after an extended 
period of low density, should be expected for new invasions. The Mille 
Lacs population fits this model, but only because of the extremely early 
detection. It is possible that most zebra mussel populations do not appear 
to fit the lag model because incidental detection may not occur for two or 
three years after the actual introduction. Alternatively, smaller lakes may 
have higher intrinsic growth rates since, for a given adult population size, 
veligers could settle closer together leading to higher adult density in the 
next generation. Over several generations, the population size in a small 
lake could increase faster and reach carrying capacity sooner than in a 
larger lake. 

Mussel density increased faster and peaked at higher levels in areas that 
were all rock as opposed to areas with significant amounts of softer 
substrates. Rocks of all sizes offer increased habitat complexity, which can 
produce higher densities than flat substrates (Czarnoleski et al. 2004). It 
follows then, that sampling sites with less rock would be expected to reach 
lower maximum densities, and thus have lower rates of growth over the 
same time frame. Mussels in sand or silt areas were often encountered in 
scattered mats. Zebra mussels present in lower densities often form 
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aggregates, possibly due to chemical cues (Chase and Bailey 1996) or 
because conspecifics offer some degree of increased complexity in an 
otherwise plain environment (Czarnoleski et al. 2004). 

Recent decreases in density may either be the population establishing at 
a lower level, or may indicate the beginning of cyclical population changes. 
Similar declines have been observed in other populations. In an Oklahoma 
reservoir, Boeckman and Bidwell (2014) documented substantial declines 
in densities over three years following peak densities of over 150,000/m2 
the year after discovery. Strayer et al. (2011) showed long-term trends of 
declines in density and body size over a 20-year span. Also, Hunter and 
Simons (2004) documented a decline in Lake St. Clair from 4,417/m2 to 
1,824/m2. Continued monitoring in Mille Lacs will be necessary to record 
the full extent of the population decline, and to determine if the population 
settles at a new equilibrium or enters into a series of boom-bust cycles. 

The 2013 biomass estimate of 6.5 × 108 kg of zebra mussels is hard to 
appreciate without context. This biomass was about 1,500 times higher 
than the pre-invasion biomass of walleye, the most abundant gamefish in 
the lake (T.S. Jones unpublished data). Although biomass has decreased 
from peak biomass, the abundance of zebra mussels suggests that a 
significant amount of phytoplankton is being converted to benthic 
biomass, either in the form of zebra mussel tissue or excretory products 
(feces and pseudofeces). This benthification has been reported and discussed 
in other studies (Ozersky et al. 2011; Karatayev et al. 2015). McEachran et 
al. (2019) used stable isotopes to confirm that benthification led a higher 
reliance on littoral energy for invertebrate predators and fish. Benthification 
in Lake Mille Lacs may produce long lasting changes in production or 
other ecological processes. 

While veliger density initially increased with adult density, there was no 
relationship when adult density exceeded 150/m2. Similarly, adult abundance 
was a poor predictor of veligers. Marsden et al. (2014) found that in Lake 
Champlain, the densities of settled larvae did not increase in proportion to 
the increased densities of veligers. High densities of adults may limit veliger 
numbers through incidental cannibalism (MacIsaac et al. 1991; Chase and 
Bailey 1996). Additionally, invasive spiny water flea Bythotrephes longimanus 
(Leydig, 1860) has established in the lake, and this predator may possibly also 
be feeding on veligers. However, predation is not likely limiting recruitment 
because only a small proportion of veligers need to settle successfully to 
maintain a population (Lucy 2006). 

Despite the substantial biomass and density of zebra mussels, we found 
no increase in water clarity as measured by Secchi disk depth at the nine 
sample sites. Water clarity responses to zebra mussels in other studies have 
varied. Increases in clarity were observed in other large, shallow basins 
including Oneida Lake (Idrisi et al. 2001; Mayer et al. 2002), Lake St. Clair 
(Griffiths 1993), and Lough Sheelin (Millane et al. 2008). However, Qualls 
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et al. (2007) found no change in Secchi depths at three sites along a 
gradient of zebra mussel densities in Green Bay in Lake Michigan, and 
suggested that this might be a result of high levels of suspended inorganic 
sediment in the system. Marsden et al. (2014) reported increased water 
clarity at localized areas in Lake Champlain, but not consistently over the 
entire lake. Such spatial variation has been observed on Lake Mille Lacs, 
where divers occasionally encountered sites with much clearer water than 
other sites visited on the same day, but such occurrences were rare. Finally, 
just as zebra mussel densities were peaking, zooplankton levels in Mille 
Lacs were drastically reduced by spiny water flea, which was first observed 
in 2009. The reduction of grazing planktivores may have contributed to the 
persistence of phytoplankton. 

Neither chlorophyll-a nor phosphorus levels changed with zebra mussel 
density. Some studies have noted that chlorophyll-a concentrations 
decreased after zebra mussel establishment (Qualls, et al. 2007; Knoll et al. 
2008). Higgins et al. (2011) found reductions in chlorophyll-a and phosphorus 
after the introduction of zebra mussels in stratified lakes, but not in 
unstratified lakes. However, Rennie and Evans (2012) reported that ice-free 
total phosphorus and chlorophyll-a did not appear to have been impacted 
in Lake Simcoe, a large stratified lake in Ontario, Canada, and Millane et al. 
(2008) saw no change in total phosphorus in Lough Sheelin. Given the 
polymictic nature of Lake Mille Lacs and the lack of changes in either 
chlorophyll-a or phosphorus, our findings seem supported by Higgins et 
al. (2011). Recent studies (Greene et al. 2015; Bootsma and Liao 2014) have 
suggested that zebra mussel and nutrient dynamics may be more complex. 
For example, zebra mussels may initially sequester and reduce phosphorus 
when their numbers rapidly increase, but death and decomposition may 
release this back into the system, resulting in nutrients more similar to pre-
invasion levels. Regardless of the mechanism, the lack of annual changes in 
phosphorus and chlorophyll-a in Lake Mille Lacs suggests that zebra 
mussels have had no measureable effect on these nutrients. 

We did find reductions in alkalinity and conductivity coincident with 
higher densities of zebra mussels observed since 2011. Both of these 
measures are related to the amount of Ca++ and CO3

- dissolved in the lake 
water, and may have been reduced as these ions were removed from the 
water column to produce zebra mussel shells. Alkalinity prior to 2011 was 
approximately 90 mg/l. If dissolved CaCO3 was assumed to be the major 
component of alkalinity, then the lake held approximately 1.7 × 1011 g of 
dissolved calcium ions. Shells from several sites around the Great Lakes 
were found to be approximately 35% calcium (Roers 1993), and 50% of the 
total weight of zebra mussels in Lake Mille Lacs was shell (T.S. Jones 
unpublished data). Based on the 2013 biomass, an estimated 1.9 × 1011 g of 
calcium was sequestered in living zebra mussels. This quantity is large 
compared to the amount of dissolved calcium in the water, far exceeding 
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what may have been sequestered in native unionids and gastropods. Since 
the live mussel biomass represents calcium uptake over multiple years, this 
is not intended as an annual estimate. However, the long-term sequestration 
of calcium in shells may be having impacts on the water chemistry, as 
shells of dead zebra mussels would retain the calcium and other 
constituents for long time periods. A similar mechanism was suggested by 
Chapra et al. (2012) for lakes Erie and Ontario after the establishment of 
dreissenid mussels. 

The infestation and reduction of native unionids in Lake Mille Lacs 
agrees with similar findings of the serious negative impacts on unionids in 
other waters (Nalepa et al. 1996; Karatayev et al. 2015; Vanderploeg et al. 
2002; Schloesser et al. 1996). Zebra mussels were reported to have major 
impacts on native mussel species at densities exceeding 1000/m2 (Ricciardi 
et al. 1995), which the Lake Mille Lacs population has exceeded since 2011. 
We may have overestimated the reduction of unionids because detection 
may have been more difficult as mussels became more encrusted. 

Additionally, the disappearance of the Chinese mystery snail after heavy 
infestation suggests that some gastropod taxa may also be negatively 
impacted. In the case of the mystery snail, heavy infestations could interfere 
with a snail’s ability to open or close its operculum, thus interfering with 
feeding, mobility, or predator defense. Van Appledorn et al. (2007) found 
that the snail Campeloma decisum (Say, 1817) showed reduced growth 
rates and was unable to burrow into the sediments as normal while infested 
with only small numbers of zebra mussels. Another freshwater snail, Elimia 
livescens (Menke, 1830), had significantly reduced mobility with one to 
four attached zebra mussels (Van Appledorn and Bach 2007). In contrast, 
Ozersky et al. (2011) reported that some gastropod families (Ancylidae, 
Planorbidae, and Hydrobiidae) increased after zebra mussel populations 
became established in Lake Simcoe, while pleurocerid snails disappeared. 
Other species of snail in Lake Mille Lacs, including banded mystery snail 
Viviparus georgianus (Lea, 1834), were only rarely colonized. Chinese 
mystery snails may be particularly susceptible to negative impacts of 
infestation, as this snail is large and relatively long-lived, and inhabits soft 
bottom areas where natural substrates are not favorable for zebra mussels. 

Conclusions 

The chance discovery of zebra mussels in Lake Mille Lacs in the very early 
stages of infestation provided a unique opportunity to document population 
growth over time in a large well-mixed inland lake. Annual monitoring of 
adult mussels has given us a clear picture of population expansion over 
seven years, followed by two years of reduced abundances. Continued 
monitoring is encouraged since there are few good long-term datasets 
published to examine zebra mussel declines after an initial invasion period 
(Strayer et al. 2011). 
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The benefits of continued monitoring extend to the areas of water 
chemistry and other long-term effects. As of 2015, detectable changes to 
water chemistry were limited to decreases in alkalinity and conductivity. 
These parameters were still decreasing. However, other changes may not 
occur in Lake Mille Lacs, or may take longer to develop due to the lakes 
size. Continued monitoring is required to define the extent to which 
alkalinity and conductivity may change, as well as to detect changes in 
other water chemistry parameters that may occur more slowly. Long term 
effects of benthification on productivity may also be better understood 
with continued monitoring. 

Finally, other changes occurring in Lake Mille Lacs, including changes to 
zooplankton and fish species, may be more closely tied to other variables, 
including climate change, productivity changes not related to zebra mussels, 
and other invasive species such as spiny water flea and Eurasian watermilfoil. 
While these changes were not discussed in this paper, long-term monitoring 
of zebra mussels may eventually prove useful in describing interactions of 
multiple factors. 
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The following supplementary material is available for this article: 
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Table S2. Zebra mussel counts from 182 m transects (232 m2) by two observers on Lake Mille Lacs. 
Table S3. Number of zebra mussel counted in 0.093 m2 quadrats, Lake Mille Lacs, 2009. 
Table S4. Number of zebra mussel counted in 0.093 m2 quadrats, Lake Mille Lacs, 2010. 
Table S5. Number of zebra mussel counted in 0.093 m2 quadrats, Lake Mille Lacs, 2011. 
Table S6. Number of zebra mussel counted in 0.093 m2 quadrats, Lake Mille Lacs, 2012. 
Table S7. Number of zebra mussel counted in 0.093 m2 quadrats, Lake Mille Lacs, 2013. 
Table S8. Number of zebra mussel counted in 0.093 m2 quadrats, Lake Mille Lacs, 2014. 
Table S9. Number of zebra mussel counted in 0.093 m2 quadrats, Lake Mille Lacs, 2015. 
Table S10. Coordinates of water quality sampling locations on Lake Mille Lacs. 
Table S11. Water quality data for Lake Mille Lacs, 2007. 
Table S12. Water quality data for Lake Mille Lacs, 2008. 
Table S13. Water quality data for Lake Mille Lacs, 2009. 
Table S14. Water quality data for Lake Mille Lacs, 2010. 
Table S15. Water quality data for Lake Mille Lacs, 2011. 
Table S16. Water quality data for Lake Mille Lacs, 2012. 
Table S17. Water quality data for Lake Mille Lacs, 2013. 
Table S18. Water quality data for Lake Mille Lacs, 2014. 
Table S19. Water quality data for Lake Mille Lacs, 2015. 
Table S20. Number of infested native mussels and total native mussels observed on 182 m transects in Lake Mille Lacs, 2009–2012. 

This material is available as part of online article from: 
http://www.reabic.net/journals/bir/2020/Supplements/BIR_2020_Jones_Montz_SupplementaryMaterial.xlsx 
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