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ABSTRACT 11 

Invasion genetic studies show great promise for inferring sources, pathways and vectors 12 

of spread, but have to date focused on primary spread from native ranges at continental scales 13 

and larger. While challenging, genetic studies at smaller spatial scales could advance 14 

understanding of post-introduction “secondary spread,” and guide prevention. Here we present 15 

the first genetic analysis of zebra mussel spread at a scale small enough (within a US state) to 16 

evaluate scenarios for spread to and between inland lakes—commonly the focus for 17 

management.  We genotyped 9 microsatellite DNA loci in 2047 zebra mussels collected from 40 18 

lakes and 4 rivers that geographically and chronologically span the Minnesota (MN) invasion.  19 

We analyzed genetic variation, geographic differentiation, and genetic clustering of populations 20 

across water bodies, and performed invasion-scenario contrasts using Approximate Bayesian 21 

Computation (ABC), to evaluate two scenarios: (1) hub lakes as sources, and (2) regional spread 22 

in clustered invasions.  We found that 2 likely “super-spreader” hub lakes (Mille Lacs and Prior 23 

Lakes) were not invasion sources for any of the (35 and 28, respectively) more recently-infested 24 

lakes tested, suggesting that outbound boat inspection on these 2 lakes has worked and should 25 

continue.  Three MN lake-rich regions that contain clustered infested lakes (common worldwide) 26 

each formed at least one genetically unique subpopulation, founded by colonization from afar, 27 

and then spread by short distance dispersal within regions. Vectors and pathways that are 28 

spreading mussels within these 3 regions (which contain most new MN invasions) should be 29 

identified to most effectively block further spread. 30 

 31 

Keywords: microsatellite, Approximate Bayesian Computation, Dreissena polymorpha, genetic 32 

diversity, genetic structure, aquatic species, local spread, short-distance dispersal. 33 
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INTRODUCTION 34 

  35 

Over twenty years ago, Vitousek et al. (1996) wrote that “our mobile society is 36 

redistributing the species on the earth at a pace that challenges ecosystems, threatens human 37 

health and strains economies". In just a few decades, biological invasions have become one of 38 

the leading threats to biodiversity and drivers of global environmental changes (Mack et al. 39 

2000; Ricciardi 2007; Sakai et al. 2001; Sala et al. 2000; Vitousek et al. 1996; Wilcove et al. 40 

1998). These are complex phenomena, made up of three fundamental steps: introduction, 41 

establishment and proliferation (Mack et al. 2000; Sakai et al. 2001). Primary spread of invasive 42 

species ‒ i.e. the initial introduction of organisms from their native ranges into new, often distant 43 

areas ‒ has been the subject of studies in invasion genetics in nearly every case (e.g. Arca et al. 44 

2015; Asunce et al. 2011; Boissin et al. 2012; Boucher et al. 2013; Fraimout et al. 2017; 45 

Guillemaud et al. 2015; Kelager et al. 2013; Miller et al. 2005; Perdereau et al. 2013; Wan et al. 46 

2012). For this stage of primary spread of numerous species, invasion genetics has made 47 

considerable and growing contributions to our knowledge of sources and pathways, and 48 

constitutes a crucial step in our understanding of biological invasions (Estoup, Guillemaud 49 

2010). 50 

Nevertheless, the introduction of an organism outside of its native range does not alone 51 

constitute an invasion. An invasion persists mainly due to the proliferation, numerically and 52 

spatially, of the organism in the area of introduction (Daehler 2001; Richardson et al. 2001). 53 

Post-introduction range expansion ‒ or secondary spread ‒ of invasive populations (Geller et al. 54 

2010) governs the scale of impacts of an invasion and often drives the design of management and 55 

control measures at spatial scales small enough to be more realistically and easily undertaken (e. 56 



Draf
t - 

Not 
to 

be
 sh

are
d

g., Rollins et al. 2009). Post-introduction range expansion has been the subject of spatial ecology 57 

theory, which has identified (i) neighborhood diffusion (Okubo, Levin 2001) or stepping-stone 58 

dispersal (Kimura, Weiss 1964), in which individuals spread nearby, over short-distances; (ii) 59 

long-distance dispersal, in which individuals are transported or disperse far away; and (iii) 60 

stratified dispersal (Shigesada et al. 1995), in which individuals are transported to and establish 61 

new founding populations in distant regions, and then spread over short distances within these 62 

new regions. Secondary spread travels over geographic pathways and by the mean of vectors that 63 

are typically quite distinct from those followed by an organism when it first colonizes a new 64 

region, during primary spread. Determining which mechanism(s) is(are) involved in the 65 

secondary spread of an invasive species and the degree of connectivity between outbreaks permit 66 

the identification of the key processes and vectors at play and has direct management 67 

implications to contain the existing outbreaks and prevent further spread. 68 

Benefiting from the opening of the St. Lawrence Seaway, zebra mussel [Dreissena 69 

polymorpha (Pallas)] primary spread occurred as the species reached the Laurentian Great Lakes 70 

in the first half of the 1980s in ballast water discharge from transoceanic ships (Carlton 2008; 71 

Hebert et al. 1989). Native to southern Russia/eastern Europe (estuaries of the Black, Caspian 72 

and Azov seas), zebra mussels have invaded waters throughout Europe (Karatayev et al. 1997, 73 

2003) and North America (Benson 2014; Carlton 2008; Hebert et al. 1989) and have become one 74 

of the most widespread and damaging of the world’s aquatic invasive species (Karatayev et al. 75 

2007). This species creates dense aggregations in water intake pipes of industrial facilities, which 76 

has cost the power generation industry $3.1 billion from 1993-1999 in the Great Lakes area (De 77 

Leon 2008). It has impacts on native freshwater mussel and fish populations (Karatayev et al. 78 

1997; Lucy et al. 2014; McNickle et al. 2006; Raikow 2004; Strayer et al. 2004; Ward, Ricciardi 79 
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2014) and it dramatically restructures aquatic food webs (Bootsma, Liao 2014; Higgins, Vander 80 

Zanden 2010; Mayer et al. 2014).  81 

Considerable research effort has focused on the process of secondary spread of the zebra 82 

mussel in both its European and North-American invaded ranges (Bobeldyk et al. 2005; Johnson 83 

et al. 2006; Johnson, Carlton 1996; Karatayev et al. 2015; Karatayev et al. 2003; Kraft et al. 84 

2002). There are two ways for zebra mussels to disperse and spread: (i) through downstream, 85 

natural dispersal of larvae or mussels attached to floating vegetation or debris and (ii) overland, 86 

through dispersal of larvae or mussels mediated by vectors that do not require waterway 87 

connections. While natural dispersal of larvae down streams that interconnect lakes accounts for 88 

a sizeable fraction of new inland lake invasions (Bobeldyk et al. 2005; Horvath et al. 1996; 89 

Johnson et al. 2006), mussels transported overland by human activities are responsible for many 90 

others — including long-distance dispersal events that enable new geographic regions to be 91 

colonized. Spread to inland lakes is then clearly preventable. It is quite clear indeed that human-92 

mediated vectors are a necessary facilitator of secondary spread of zebra mussels, far more 93 

important than the natural vectors (e.g. waterfowl) that play at best a minor role in their spread 94 

over land (Karatayev et al. 2003; Kraft et al. 2002) and that recreational boats play a key role in 95 

human-mediated spread (De Ventura et al. 2016; Johnson et al. 2006; Johnson, Padilla 1996; 96 

Johnson et al. 2001; Padilla et al. 1996).  97 

In this work, we asked whether population genetic data could help account for geographic 98 

patterns, and whether these data can improve our understanding of zebra mussel inland lake 99 

invasions. We focused on small spatial scales ‒ ranging from single lakes to regions no larger 100 

than a US state, over a temporal scale that would be useful to managers. In North America, 101 

secondary spread has been hypothesized to trace its origins both to chronic re-invasion from 102 
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sources in the Great Lakes and large rivers (e.g. the Mississippi), as well as spread from 103 

important inland source lakes that act as hubs in invasion networks (e.g. Muirhead, MacIsaac 104 

2005). Kraft et al. (2002) have also demonstrated that zebra mussel infested lakes are 105 

significantly clustered at small spatial scales (< 50 km in Belarus and the US) and segregated at 106 

larger spatial scales (>120 km in Belarus and 220-330 km in the US). Overland long-distance 107 

dispersal certainly seems to be an important mechanism in the spread of zebra mussels at large 108 

spatial scales but what is going on at small spatial scales is less clear. What are the contributions 109 

of chronic, independent events of introduction from distant sources compared to local spread 110 

from sources nearby? By inferring patterns of gene flow and reproductive connectivity among 111 

invasive outbreaks (Hamilton 2009), population genetics is able to accurately tell the difference 112 

between short- and long-distance dispersal, which is very useful for management. In particular, 113 

different vectors of transport may be involved in short vs. long-distance dispersal events, and so 114 

determining dispersal scale can provide clues about the vectors responsible for spread in a 115 

particular geographic region. Management responses might therefore be designed to target the 116 

right vector at the right scale (Geller et al. 2010) and be less time-consuming, less expensive and 117 

more efficient (De Ventura et al. 2016). 118 

 In this paper, we focused our study on Minnesota (MN), USA because zebra mussels are 119 

actively spreading to new inland lakes there (while most other US states have reached a plateau; 120 

see Results). Therefore, there are potentially great benefits of targeted prevention in this state. 121 

We performed population genetic analyses in order to, for the first time ever, determine the 122 

pattern of spread of zebra mussels between inland lakes based on direct genetic evidence, and to 123 

examine the implications the pattern holds for management. We focused on invasion hub lakes 124 

and on geographic clusters of infested lakes, due to the hypothesized importance of both of these 125 
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in inland lakes invasions by zebra mussels, and to evaluate the contributions of short- versus 126 

long-distance dispersal to the spread of this invader at a western front of its range expansion in 127 

North America. 128 

 129 

 130 

MATERIALS AND METHODS 131 

 132 

Pattern of invasion of zebra mussels in Minnesota 133 

We used the US Geological Survey (USGS) database of collection sites for 134 

Nonindigenous Aquatic Species (http://nas.er.usgs.gov/default.aspx; accessed 6/02/16) to 135 

determine years of invasion and numbers of lakes infested with zebra mussels. We found that 136 

seven states: New York (NY), Ohio (OH), Michigan (MI), Indiana (IN), Illinois (IL), Wisconsin 137 

(WI), and Minnesota (MN) were the only US states that have > 25 inland lakes infested as of 138 

2015. The USGS database is updated to the end of 2014. Minnesota data were obtained from the 139 

MN Department of Natural Resources (K. Pennington, MN DNR, personal communication), and 140 

are updated through end-2015 (updated MN data are available through June 2017, but not yet for 141 

the other states). USGS and MN DNR records were searched for inland lakes and reservoirs 142 

(rivers, streams, riverine lakes, flowages, and Great Lakes records were excluded) and duplicate 143 

entries of water bodies were eliminated. The earliest date with confirmed presence of zebra 144 

mussels was used as the date of first infestation, and the cumulative number of new lake 145 

infestations was plotted against the year of infestation to examine patterns. 146 

 147 

Sampling, DNA extraction and microsatellite loci genotyping 148 

http://nas.er.usgs.gov/default.aspx
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 Over three years (2014, 2015, 2016), we sampled 40 lakes and 4 rivers infested with 149 

zebra mussels in Minnesota (one lake in Wisconsin, see below), for a total of 69 geographical 150 

sites and 2047 individuals (Table 1, Fig. 1). Sites were selected to span the chronology of inland 151 

invasion in MN, and to represent all major geographic clusters of infested lakes in the states. 152 

Specifically, three lake-rich regions were most densely sampled in Minnesota: the Alexandria 153 

Lakes region, the Brainerd Lakes region and the Detroit Lakes region, with 12, 10, 7 lakes 154 

sampled (sample codes beginning with AL, BL or DL: Table 1, Fig.1) respectively. These 155 

regions included both unconnected lakes at short overland distances from one another and chains 156 

of lakes, i.e. lakes joined by small streams, rivers, and in lake clusters short waterway 157 

connections (Figure 1B). Between 75-400 individual mussels (when possible) were collected per 158 

location, stored in sealed bags on ice and immediately frozen at -20°C upon transport to the 159 

laboratory. 160 

 DNA extractions were performed from mantle, foot, gill or adductor muscle tissues, with 161 

the DNeasy® blood and tissue kit (Qiagen, Valencia, California), using an elution volume of 200 162 

µl, according to the manufacturer’s instructions and including the optional RNase step. Each 163 

individual was genotyped at 9 microsatellite loci, obtained from the literature and optimized for 164 

multiplexing (Table S1). For some of the markers, the reverse primers were PIG-tailed (5’-GTTT 165 

added: Brownstein, Carpten et al. 1996) to facilitate scoring (Table S1). PCR amplifications of 166 

these microsatellite loci were carried out in 10 µl volumes containing 1X Bioline MyTaq™ HS 167 

Mix, 1.6 µM of each primer with forward primers 5’-labeled with a fluorescent dye (6-FAM, 168 

VIC, PET or NED) and 10 ng of genomic DNA. The amplifications were carried out in a Bio-169 

Rad T100™ Thermal Cycler and included a 2 min denaturation step at 95 °C, followed by 25 170 

cycles of 30 sec at 95 °C and 4 min at 60.4 °C (adapted from the Multiplex PCR protocol 171 
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recommended by the Bioline MyTaq™ HS Mix). Genotype scoring was performed using an ABI 172 

3730xl genetic analyzer (Applied Biosystems) with the 500 LIZ™ GeneScan™ size standard 173 

(Applied Biosystems) and GeneMarker™ software version 2.6.4 (SoftGenetics LLC, State 174 

College, PA). 175 

 176 

Genetic diversity and genetic structure analyses 177 

 For each marker in each sample, we evaluated the presence of null alleles, large allele 178 

dropout or scoring errors with MICROCHECKER (Van Oosterhout et al. 2004) and we computed the 179 

frequencies of null alleles, if present, with FREENA (Chapuis, Estoup 2007). We determined the 180 

mean number of alleles (mean Na), observed (Ho) and expected (He) heterozygosities per sample 181 

with GENETIX version 4.05 (Belkhir et al. 1996 - 2004) and mean allelic richness (mean Ar) with 182 

FSTAT version 2.9.3 (Goudet 2002). We evaluated deviation from Hardy-Weinberg equilibrium 183 

(HWE) and linkage equilibrium with GENEPOP version 4.1.3 (Rousset 2008) and we quantified 184 

any inferred deviations from HWE by calculating the Weir and Cockerham estimate of FIS (Weir, 185 

Cockerham 1984) with FSTAT version 2.9.3 (Goudet 2002). We took multiple testing (HWE 186 

tests) and the non-independence of tests (linkage tests) into account by performing false 187 

discovery rate (FDR) correction (Benjamini, Hochberg 1995) and sequential Bonferroni 188 

adjustment (Sokal, Rohlf 1995), respectively. 189 

 190 

Genetic structure and relationships between the different samples 191 

 We evaluated genotypic differentiation between each pair of sample sites by the exact G 192 

test (Raymond, Rousset 1995) with GENEPOP version 4.1.3 (Rousset 2008). Non-independent 193 

multiple tests were performed and so the sequential Bonferroni correction (Sokal, Rohlf 1995) 194 
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was applied to adjust significance levels. We also computed Weir and Cockerham estimates of 195 

FST (Weir, Cockerham 1984) corrected for null alleles with FREENA (Chapuis, Estoup 2007).  196 

We then performed Bayesian clustering as implemented in STRUCTURE version 2.3.4 197 

(Pritchard et al. 2000) to study the genetic structure of zebra mussel populations at different 198 

levels: (i) within water bodies (6 lakes and 2 rivers were sampled at multiple, well-dispersed 199 

locations, Table 1), (ii) within lake-rich regions (i. e., Alexandria, Brainerd and Detroit Lakes 200 

regions, Figure 1B) and (iii) globally (i.e, state-wide). An admixture model with correlated allele 201 

frequencies was used (Falush et al. 2003 ). The number of clusters tested, K, varied from 1 to the 202 

total number of samples+2 for the within-waterbody analyses, from 1 to 4 or 6 for the lake-rich 203 

regions analyses, and from 1 to 15 for the global analysis. Twenty independent runs for each 204 

value of K were carried out, each one involving a Markov Chain Monte Carlo (MCMC) 205 

procedure with 106 iterations, following a burn-in period of 2x105 iterations. Default values were 206 

maintained for all the other parameters. We used the CLUMPAK server (Kopelman et al. 2015), 207 

which combines CLUMPP (Jakobsson, Rosenberg 2007) and DISTRUCT (Rosenberg 2004) software 208 

packages, to post-process the STRUCTURE outputs: (i) to determine the number of clusters in our 209 

dataset using both the ΔK of Evanno (2005) and the posterior probability per K as presented in 210 

the STRUCTURE documentation, (ii) to identify the most frequent clustering pattern for each value 211 

of K (across the 20 independent runs) and (iii) to display the corresponding bar plots.  212 

We then assessed the probability of each individual to belong to the geographic 213 

population from which it was collected (i.e., to be a resident in this population) or to any other 214 

population on the basis of multilocus genotypes with GENECLASS 2.0 (Piry et al. 2004). We used 215 

the criterion described by Rannala & Mountain (1997) and the simulation algorithm of Paetkau 216 

et al. (2004) with the default parameters. 217 



Draf
t - 

Not 
to 

be
 sh

are
d

 For an alternative assessment of genetic clustering, we generated a neighbor-joining tree 218 

(Saitou, Nei 1987) with POPULATION version 1.2.32 219 

(http://bioinformatics.org/*tryphon/populations/) using Cavalli-Sforza & Edwards genetic 220 

distances (Cavalli-Sforza, Edwards 1967). Five thousand bootstrap replicates over loci were used 221 

to assess support for the consensus tree typology. 222 

 223 

Approximate Bayesian Computation (ABC) analyses 224 

The genetic structure analyses described previously revealed the existence of well-225 

defined genetic clusters (see Results) that allowed us to further investigate two aspects of the 226 

zebra mussel invasion using ABC analyses (Beaumont et al. 2002): (i) the existence of hub lakes  227 

–  i.e. important inland source lakes, that act as hubs in the invasion network (e.g. Muirhead, 228 

MacIsaac 2005) – and (ii) the pattern of spread in lake-rich regions  – i.e. at local spatial scales  – 229 

to assess the respective role of short- and long-distance overland dispersal.  230 

 231 

Investigation of the hub lake hypothesis 232 

One of the main scenarios proposed to explain the secondary spread of zebra mussels in 233 

invaded regions relies upon the notion of inland hub lakes, or epicenters serving as sources for 234 

subsequent invasion of networks of satellite lakes (e.g. Bossenbroek et al. 2001; Kraft et al. 235 

2002). In Minnesota, potential hub lakes are commonly referred to as “super-spreader” lakes, 236 

designations based entirely upon high rates of trailered boat traffic and large numbers of public 237 

accesses, which create the greatest numbers of pathways connecting outbound boats to next-238 

visited destination lakes, throughout the state. MN DNR Watercraft Inspection Program data (A. 239 

Doll, MN DNR WIP coordinator, pers. comm.) identify Lake Mille Lacs (a 128,000-acre highly 240 
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popular fishing lake located north of the Twin Cities Metro, invaded in 2005 and now heavily 241 

infested) and Prior Lake (a Metro-area lake heavily infested since 2009, with extensive 242 

residential development and high boater traffic from this home site to destination lakes 243 

throughout the state) as among the most important potential hub lakes in MN. For testing models 244 

involving each of these source lakes, we compared two different invasive scenarios (Figure 2): 245 

(i) a scenario of successive introductions, in which an unspecified water body infested Lake 246 

Mille Lacs (or Prior Lake), followed by Lake Mille Lacs (or Prior Lake) infesting another 247 

“destination” lake more recently, post-2005 (or post-2009), and (ii) a scenario of independent 248 

introductions, in which Lake Mille Lacs (or Prior Lake) was not the source for the “destination” 249 

lake. We tested 35 and 28 lakes as “destination” lakes for Lake Mille Lacs or Prior Lake, 250 

respectively, using these scenario comparisons.  251 

Each of the ABC analyses were carried out using DIYABC version 2.1.0 (Cornuet et al. 252 

2010). For each analysis, one million datasets were simulated per competing scenario. The 253 

following summary statistics (SuSts) were used to compare and select scenarios: the mean 254 

number of alleles, the mean expected heterozygosity and the mean allelic size variance per 255 

population and per pair of populations, the mean ratio of the number of alleles to the range in 256 

allele size (Garza, Williamson 2001), the mean individual assignment likelihoods of population i 257 

to population j (Pascual et al. 2007) and FST (Weir, Cockerham 1984). The posterior probabilities 258 

were estimated using a polychotomous logistic regression on the 1% of simulated datasets 259 

closest to the observed dataset (Cornuet et al. 2010; Cornuet et al. 2008). The LDA option, 260 

permitting a discriminant analysis on the SuSts prior to regression, was used (Cornuet et al. 261 

2014; Estoup et al. 2012). To evaluate the robustness of our inferences, we performed the ABC 262 

analyses with two different sets of prior distributions (Table 2). The confidence in scenario 263 
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choice was also evaluated by (i) verifying that the 95 % confidence intervals of the posterior 264 

probabilities of competing scenarios did not overlap and (ii) by computing the posterior error rate 265 

for every analysis. The posterior error rate was obtained by performing ABC analyses on 1000 266 

simulated datasets, called pseudo-observed datasets or pods. These pods were simulated by 267 

drawing with replacement the scenario identity and the parameter values among the 500 sets of 268 

scenarios and parameters values that generated simulated datasets closest to the observed dataset. 269 

The posterior error rate corresponds to the proportion of ABC analyses that wrongly identified 270 

scenarios and thus helps us to test our ability to select the true scenario. (iii) We finally checked 271 

the capacity of the selected scenario to generate datasets similar to the observed one (Cornuet et 272 

al. 2010). This step was carried out by simulating new datasets drawing the parameter values 273 

from the posterior distributions of the selected scenario. Each observed SuSt was then localized 274 

in the distribution formed by the simulated SuSts, which gave a rejection probability for each 275 

observed SuSts. Two new SuSts were added to the previous ones for this purpose: the shared 276 

allele distances between populations (Chakraborty, Jin 1993) and the dµ² distance (Goldstein et 277 

al. 1995) between pairs of populations. A large number of probabilities is obtained during this 278 

step, we therefore adjusted the significance threshold with the FDR method (Benjamini, 279 

Hochberg 1995).  280 

 281 

Studies of clustered invasions 282 

 Spatial clustering of inland lakes and the presence of waterway connections between 283 

them are factors that facilitate secondary spread and generate clustered zebra mussel infestations, 284 

as detailed above. Three regions of clustered lakes were sampled in our study – Alexandria (12), 285 

Brainerd (10), and Detroit Lakes (7 lakes studied). Specifically for the Alexandria region, 286 
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different genetic groups were observed (see Results) and this, coupled with historical 287 

information, guided the ABC analyses in this lake-rich region. We explicitly investigated the 288 

existence of sub-structure by assessing the relationships between lakes from different inferred 289 

genetic groups (Lake Carlos and Lake Darling) and between lakes from the same inferred genetic 290 

group (Lake Carlos and Lake Irene). Lake Mary was also incorporated in this analysis and an 291 

origin from one or the other inferred genetic group were compared. The Alexandria-region 292 

analysis examined 24 different scenarios that were simultaneously compared to one another 293 

(Figure S1). The standard genetic analyses did not point out any particular genetic pattern within 294 

the Brainerd and Detroit Lakes regions and so the ABC analyses performed in these cases were 295 

guided by invasion chronology. Thus, we considered four lakes per region (as the number of 296 

alternative scenarios increases exponentially with the number of samples included in the 297 

analyses) that reflected the chronology of the invasion – Ossawinnamakee, Rice, Gull and 298 

Pelican for the Brainerd region, and Pelican, Prairie, Orwell and Melissa for the Detroit Lakes 299 

region – and we compared all the possible scenarios in accordance with the dates of first 300 

observation. We ended up with 24 scenarios to compare for each region (Figure S1). 301 

 All ABC analyses were carried out using DIYABC version 2.1.0 (Cornuet et al. 2010) as 302 

described earlier, except for the computations of the posterior error rates. Posterior error rates 303 

were obtained by performing ABC analyses on 100 pods (instead on 1000) to reduce 304 

computation time from several weeks to several days. 305 

 306 

 307 

RESULTS 308 

 309 
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Pattern of Minnesota inland lake invasion  310 

 The pattern of infestation of inland lakes in Minnesota (Figure 3) shows some important 311 

similarities, and also differences, compared to the 6 other states that have > 25 zebra mussel 312 

infested inland lakes [based on data from USGS NAS database 313 

(http://nas.er.usgs.gov/default.aspx), these 7 states accounted for > 90% of the inland lakes 314 

infested by zebra mussels between 2010 and 2014 in the US]. Similarities include an apparent 315 

lag in the earlier years of inland invasion. These lags have been interpreted as the time during 316 

which primary invasive populations (Great Lakes and major rivers) and secondary invasive 317 

populations (e.g., inland hub lakes) grow large enough to become sources for spread to inland 318 

“satellite” lakes (Johnson et al. 2006). These lags lasted from the early 1990’s (MI) through the 319 

late 1990’s (IL) in all states, except for MN, in which the lag lasted through 2008 — a decade or 320 

more longer. The longer lag in MN occurred despite the presence of large source populations in 321 

MN waters of Lake Superior since 1989, and the Upper Mississippi River since the early 1990’s. 322 

This is for about as long as Great Lake, Mississippi and other large river infestations were 323 

present to serve as sources in other states (http://nas.er.usgs.gov/default.aspx, Benson 2014). The 324 

lag was followed by an upturn in the number of newly infested lakes, starting about 2009 in MN 325 

but 10 years earlier or more in all other states. In all states, this incline phase lasted about 10 326 

years, with the possible exception of WI, where a stair-step pattern with no clear slowing of 327 

infestation rate is observed at present (Figure 3). In MN, the rate has also not yet slowed but the 328 

incline phase is not yet 10 years old. Hence this analysis shows that MN remains in an active 329 

stage of inland spread and thus is ideal for the present invasion genetic studies. Identifying the 330 

pattern of the MN inland invasion may provide managers with clues for where to target 331 

prevention efforts. 332 

http://nas.er.usgs.gov/default.aspx
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 333 

Standard population genetic analyses of microsatellite data 334 

Results from MICROCHECKER (Van Oosterhout et al. 2004) and FREENA (Chapuis, Estoup 335 

2007) showed that null alleles may be present for some of the marker loci and samples. 336 

However, null alleles were not observed at a given locus across all the samples or for a given 337 

sample across all loci. In addition, none of the samples or loci had more than 5 % null alleles on 338 

average (data not shown). We therefore retained all nine loci and all the samples for further 339 

analyses. 340 

High levels of genetic diversity were observed in zebra mussel populations, with a total 341 

number of alleles detected per sample site, across the nine loci, ranging from 42 to 102. The 342 

mean Na and mean Ar per sample site ranged from 4.76 to 11.33 and from 4.44 to 9.88, 343 

respectively (Table 1). Observed and expected heterozygosities were also quite high, ranging 344 

from 0.55 to 0.75, and 0.59 to 0.75, respectively (Table 1). Most of the samples (57 out of 69) 345 

did not deviate from HWE and only 1 test out of the 2473 performed showed significant linkage 346 

disequilibrium. Ten lakes – Mille Lacs, Prior, Carlos, LeHomme Dieu, Geneva (Douglas County, 347 

MN), Irene, Miltona, Ida, Victoria and Mary – exhibited significantly lower Ar and He than the 348 

other water bodies studied (permutation test among groups with FSTAT, 1000 permutations 349 

carried out, P < 0.001 for both tests of both estimates). No correlation was observed between Ar 350 

and the year of discovery of zebra mussels in a lake [obtained from MN DNR records; 351 

Spearman’s rank correlation, S = 20737, P > 0.1; performed with R version 3.2.3 (2017)] as 352 

would be expected in a scenario of serial bottlenecking (e.g. Clegg et al. 2002). 353 

 354 

Genetic structure and relationships within and between water bodies 355 
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Within water bodies, no significant genetic differentiation was found between samples 356 

within the six lakes [Superior, Gull, Mille Lacs, Minnetonka, Pelican (Otter Tail County) and 357 

Prior] and two rivers (Mississippi and St. Croix) in which multiples sampling sites were 358 

genotyped. Accordingly, Bayesian clustering analysis inferred a single cluster within each water 359 

body, in every case (Appendix 1 in Supplementary Information). 360 

Between water bodies, significant genetic differences were revealed among 78% of the 361 

lake samples with low to moderate FST values ranging from 0.004 to 0.131 (Table S2). Two 362 

lakes, Mille Lacs and Prior, were significantly differentiated from every other lake studied. Most 363 

samples representing the oldest zebra mussel infestations in the state, i.e. Lake Superior, the 364 

Mississippi and St. Croix Rivers, were not significantly differentiated from one another (except 365 

for a few samples from the Mississippi River and Lake Superior). The lake-rich regions showed 366 

contrasting patterns of differentiation. No significant differentiation was revealed within the 367 

Detroit Lakes region. For the Brainerd region, mainly, BLGIL was significantly differentiated 368 

from every other lake in the cluster and BLP was differentiated from all Gull Lake samples 369 

(BLGA, BLGB, and BLGC) and from BLRO, BLNL and BLGIL. In the Alexandria region, no 370 

significant differentiation was found between (ALD, ALBRO and ALCWD) and between 371 

(ALIR, ALMT, ALIDA, ALC, ALHD, ALV, ALGV and ALMP) but significant differences 372 

were found between these two groups (groups of samples in parentheses). Moreover, ALSM was 373 

significantly different from every other lake in this region.  374 

State-wide, well-defined genetic clusters were identified by the Bayesian clustering 375 

analysis. The ΔK of Evanno et al. (2005) peaked at K=4 and K=9 clusters and the posterior 376 

probability was the highest for K=9 clusters (Figure S2). Two lakes – Mille Lacs and Prior – and 377 

the three geographic clusters – Alexandria, Brainerd and Detroit Lakes – stood out (Figure 4A 378 
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and S3). Interestingly and in accordance with the genetic differentiation tests, we observed some 379 

sub-structure within the Alexandria cluster, where two or perhaps three different genetic clusters 380 

were resolved (Figure 4A). Lakes within the Brainerd and Detroit Lakes regions, however, each 381 

grouped into a single regional cluster in which no further substructure was present (Figure 4A). 382 

These results were confirmed by running the STRUCTURE software within every geographic 383 

region separately (Figure S4). Similar grouping results were obtained with the neighbor-joining 384 

tree (Figure 4B).  385 

Finally, maximum probability of assignment of individuals to populations ranged from 386 

0.03 to 1 and close to 70% of individuals were assigned to a population with a probability above 387 

0.65. The level of self-assignment, i.e. the proportion of individuals assigned to the population 388 

from which they were collected was low. Only 17 populations (out of 69) were assigned with the 389 

highest mean probability to the geographic sites from which they originated (Table S3). 390 

However, the level of self-assignment to genetic clusters of origin (defined from the STRUCTURE 391 

analysis) was far higher. A total of 42 out of the 69 populations were correctly assigned to their 392 

source genetic cluster, with a notable exception being the Prior Lake population (Table S3). This 393 

GENECLASS analysis also reinforced the genetically exclusive nature of some of the clusters; i.e. 394 

no mussels collected from lakes outside of the regions enclosing the Lake Mille Lacs, Prior Lake 395 

and the largest (blue-shaded: Figure 4A) genetic cluster in the Alexandria region were assigned 396 

to any of these regions. On the contrary and interestingly, a large number of populations 397 

collected throughout the state, and showing no other obvious affinities were assigned with the 398 

highest mean probability to origins in the Mississippi and St. Croix Rivers (Table S3).  399 

 400 

Investigation of the hub lake hypothesis 401 
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 Each one of the 252 ABC analyses of hub origins gave conclusive results. The scenario 402 

of independent introductions – where Lake Mille Lacs (or Prior Lake) was not the source for 403 

infestation of another inland lake that was infested later – was selected in every analysis with 404 

high posterior probabilities, ranging from 0.811 to 1.00 for the analyses of Lake Mille Lacs (35 405 

Lakes, Table 3) and from 0.749 to 0.999 for the analyses of Prior Lake (28 lakes, Table 4). Non-406 

overlapping 95% confidence intervals for the probabilities were obtained in every case and 407 

posterior error rates were globally low and ranged from 0 to 0.282 (Tables 3 and 4). These 408 

results were robust to changes in sets of priors and sets of population samples tested from the 409 

focal “source” (three different samples from Lake Mille Lacs and from Prior Lake were tested, 410 

Tables S4 and S5). Finally, the selected scenarios and their posterior distributions were able to 411 

simulate data very similar to the observed ones. Only one SuSt (out of 4032, in total across all 412 

the analyses) was in the extreme 5% tails of the distribution of simulated SuSts after correction 413 

(data not shown). 414 

 415 

Studies of clustered invasions 416 

 We performed ABC analyses within the geographic clusters of infested lakes to 417 

investigate the pattern of spread of zebra mussels within them. Different levels of support and 418 

robustness for the ABC analyses were observed for each of the three regions. 419 

For the Detroit Lakes region, posterior probabilities were low and none of the 24 420 

scenarios was reliably selected. Scenario 11 had the highest posterior probability of all, at 0.195 421 

(95 % CI: 0.179-0.211). However, Scenario 11 overlapped with Scenario 7, which obtained a 422 

posterior probability of 0.179 (95 % CI: 0.166-0.193, Table 5). Scenario 11 describes a series of 423 

successive introductions (from Lake 1 to 2 to 3 to 4) whereas Scenario 7 describes a combination 424 
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of independent and successive introduction events (Figure S1). These scenarios share some 425 

similarities nonetheless; in each case, Pelican Lake (west access site: DLPWA) was the source 426 

for Prairie Lake (DLPRA), a short distance downstream, and Orwell Reservoir (DLORW) was 427 

the source for Melissa Lake (DLMEL), a long distance upstream (Figure S1). 428 

ABC analysis was also not conclusive within the Brainerd Lakes region. Low posterior 429 

probabilities were obtained and none of the 24 scenarios was reliably selected (Table 5). Three 430 

scenarios obtained the highest posterior probabilities with overlapping 95 % CI and were 431 

impossible to separate: Scenario 9 [0.159 (0.143-0.174)], Scenario 17 [0.177 (0.158-0.195)] and 432 

Scenario 21 [0.161 (0.145-0.177)]. All of these scenarios describe a combination of from 1 to 3 433 

independent events of introductions and successive introduction events and share one common 434 

feature: Lake Ossawinnamakee (BLOW) was the source for Pelican Lake (BLP), a short 435 

overland distance south (Figure S1). 436 

In contrast, results from the Alexandria region were far more conclusive. Among the 24 437 

scenarios being contrasted, Scenario 16 was selected with a moderately high posterior 438 

probability of 0.556 and a 95 % CI (0.527-0.584, Table 5) that did not overlap with any other 439 

scenario. Scenario 16 describes 3 independent events of introduction within the Alexandria lake-440 

rich region and 1 subsequent successive introduction event: the 1st introduction into Lake Carlos 441 

(ALC), which then infested Lake Irene (ALIR), a short distance upstream, the 2nd introduction 442 

into Lake Darling (ALD) and a 3rd introduction into Lake Mary (ALSM, Figure 5A). The only 443 

other scenario obtaining a posterior probability higher than 0.05 was Scenario 14, with a 444 

probability of 0.351 (0.311-0.391, Table 5). This scenario is very similar to Scenario 16, the only 445 

difference between them being the origin of Lake Mary (ALSM), independent from every other 446 

lake in Scenario 16 and coming from Lake Darling (ALD), a short distance upstream, in 447 
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Scenario 14 (Figure 5). These results were robust to changes in prior sets and in lake population 448 

samples tested (Table S6). The posterior error rates obtained for every analysis were quite high 449 

and ranged from 0.49 to 0.61. However, more careful examination of posterior error rates 450 

revealed that, in all analyses, Scenario 16 was not frequently selected in place of another 451 

scenario (other than Scenario 14) and vice-versa, suggesting that it was distinguishable and that 452 

the high PER value was mainly due to swapping between the other unfavored scenarios (Table 453 

S7). Finally, the selected scenario and its posterior distributions were able to simulate data very 454 

similar to the observed ones. None of the observed SuSts was in the extreme 5% tails of the 455 

distribution of simulated SuSts after correction (data not shown). 456 

 457 

 458 

DISCUSSION 459 

 460 

In this work, we studied the pattern of spread of zebra mussels and explored the genetic 461 

features of zebra mussel populations at the scale of a US state. We observed high within-462 

population genetic variation and moderate genetic structure. This structure allowed us to test and 463 

investigate two aspects of the zebra mussel invasion: (i) the role of hub lakes and (ii) spatial 464 

patterns and scale of spread in lake-rich regions. For the first time, we obtained evidence about 465 

the pattern of spread of zebra mussels to inland lakes that is not based on inference from analysis 466 

of boater movements; rather it derives from direct evaluation of genetic attributes of the invasive 467 

populations. Invasion genetics and ABC analyses are usually applied at continental- or 468 

worldwide- scales and this study is the first to successfully use them at a scale as small as MN. 469 
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Later, we examine how results at this scale can help to guide local prevention (and more broadly, 470 

whether future analyses could guide other state watercraft inspection programs in the US).  471 

 472 

High level of polymorphism in zebra mussel populations 473 

Zebra mussel populations in MN lakes all showed high within-population levels of 474 

genetic diversity. High heterozygosity has been reported in previous studies of zebra mussel 475 

populations in both European and North American invaded ranges (Astanei et al. 2005; Brown, 476 

Stepien 2010; Stepien et al. 2002) and is commonly found in invasions (land plants: Bossdorf et 477 

al. 2005; aquatic organisms: Roman, Darling 2007; but see Dlugosch, Parker 2008a). 478 

Nevertheless, our result is still striking compared to other North American studies, which did not 479 

survey populations in inland lakes but focused on the Laurentian Great Lakes, where propagule 480 

pressure is expected to be much larger per colonization event (which are assumed to have 481 

originated from ballast water of transatlantic ships). 482 

High within-population genetic variation supports the idea of high propagule pressure 483 

during the introduction and the establishment of zebra mussel populations in MN waters. 484 

Moreover, although some of the inland lakes exhibited a reduced genetic diversity relative to 485 

other lakes, the absence of a significant correlation between the date of first observation of zebra 486 

mussels and the genetic diversity in inland lakes indicates no temporal trend, i.e. an absence of 487 

evidence for successive bottlenecking (e.g. Clegg et al. 2002). Indeed, one would expect a 488 

decrease in genetic diversity over time in case of recurrent founder effects due to bottlenecks 489 

(Sakai et al. 2001). A high propagule pressure (i.e. a large number of individuals being 490 

introduced and/or multiple introduction events) is thought to facilitate the success of 491 

introduction, establishment and spread (Lockwood et al. 2005; Simberloff 2009) and might be 492 
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one of the factors explaining why particular lakes get colonized. Zebra mussels can be 493 

transported as larvae or as juvenile or adult mussels. Estimates of veligers larva concentrations in 494 

“residual waters” left in boats after operators have attempted to drain them revealed, in about 100 495 

samples (mostly from fishing boats) taken in 2013-2015, that the majority of boats were carrying 496 

very small numbers (fewer than 5 veligers: Montz, Hirsch 2016). In this case, introductions via 497 

this route are unlikely to produce such high levels of genetic variation in the colonizing 498 

populations, especially considering the high mortality experienced during planktonic life and at 499 

settlement and metamorphosis into juveniles (Sprung 1993). Vectors carrying juvenile or adult 500 

mussels, while transporting mussels less frequently, are likely to introduce much larger numbers 501 

of individuals per transport event (Karatayev et al. 2013). This is consistent with the premise that 502 

such vectors (e.g. movement of docks and lifts, boat and trailer transport of plant fragments with 503 

attached mussels) are higher-risk and are worthy of increased attention by prevention programs 504 

(De Ventura et al. 2016).  505 

The level of genetic diversity is also often thought to affect the ability of populations to 506 

adapt to new environments and/or changing conditions (Reed, Frankham 2003; Willi et al. 2006). 507 

High levels of genetic diversity are expected to facilitate adaptation, allowing natural selection to 508 

act on a broader panel of genotypes and thereby promoting invasion success. The zebra mussel is 509 

now widespread in Europe and in North America, thriving across a broad range of temperatures. 510 

Although there is published evidence that adaptation can occur with depleted genetic variation 511 

(Dlugosch, Parker 2008b for an example; Reed, Frankham 2001 for a meta-analysis), the zebra 512 

mussel might have benefited from this high genetic diversity to overcome thermal and other 513 

challenges to physiological tolerance and successfully invade different parts of the world. This 514 

diversity may also challenge measures and treatments set up to control or to eradicate 515 
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populations. Genomic resources, which are being gathered in our laboratory, should be of great 516 

help in studying the role of natural selection in the success of the zebra mussel invasion and in 517 

identifying the traits responsible for the success of this species in its invaded range (Lee 2002; 518 

Luikart et al. 2003). 519 

 520 

Hub lake hypothesis not supported 521 

 Some invasive populations may play an important role in the spread of invasive species. 522 

They may act as hubs in invasion networks (e.g. Muirhead, MacIsaac 2005) and be a springboard 523 

for the spatial expansion, similar to the bridgehead effect that has been shown at a world-wide 524 

scale (Lombaert et al. 2010). In MN, Lake Mille Lacs and Prior Lake are quite reasonably 525 

proposed to be major secondary sources for zebra mussel spread, due to their size and multiple 526 

access points for boaters, with boat traffic connecting them to a very large number of destination 527 

lakes (A. Doll, Watercraft Inspection Coordinator, MN DNR, pers. comm.). However, these 528 

lakes each remain genetically distinct and well differentiated from every other lake studied. The 529 

ABC analyses showed moreover no evidence that these lakes have contributed to spread to other 530 

lake infested later. Two non-exclusive hypotheses may be advanced to explain this finding. 531 

First of all, this result suggests that the MN inspection and decontamination programs on 532 

boats outbound from these popular lakes have been effective. Indeed, prevention is a key step to 533 

act against invasive species (Simberloff, Rejmanek 2011). A simulation study of the spatial 534 

growth of an invasive plant has shown for instance that control measures were much more 535 

efficient when they were designed to prevent the establishment of – or eliminate – new outbreaks 536 

than when they were focused on established infestations (Moody, Mack 1988). Recent empirical 537 
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studies have also highlighted the usefulness of inspection measures to limit spread and prevent 538 

new introductions (e.g. of an invasive fruit fly: Karsten et al. 2015).  539 

Second of all, the idea that recreational boat traffic between inland lakes plays a role in 540 

spreading zebra mussels relies upon the assumption proposed in earlier literature (Johnson, 541 

Carlton 1996), which is that transport of larvae in residual water is a major vector responsible for 542 

new infestations and that traffic of transient recreational boats is a strong predictor of invasion 543 

likelihood. While reasonable, this assumption ignores some other potentially higher-risk vectors 544 

as discussed previously, such as dock, lifts and other equipment moved between lakes, mussels 545 

attached to vegetation on trailered boats, and non-transient boats that remain in lakes for periods 546 

long enough for zebra mussel juveniles to actually attach to their hulls (De Ventura et al. 2016; 547 

Karatayev et al. 2013). The contribution of each of these vectors may have been underestimated 548 

since they usually move less frequently between different water bodies. However, De Ventura et 549 

al. (2016) proposed that boats that travel most frequently may not be as efficient in spreading 550 

invasive species as boats that travel less frequently but with higher risk of invasion per trip, and 551 

our results suggest that this is tenable (particularly if, for instance, non-transient boats traffic is 552 

not tightly coupled to transient boat traffic patterns). Karatayev et al. (2013) showed that 55 % 553 

(74 out of 134) of non-transient boats they studied (e.g. those moored for extended times within 554 

Lake Erie harbors) carried zebra mussels in high numbers. Hundreds of mussels could be 555 

attached to the hulls of these boats and even if these boats are transferred between lakes less 556 

frequently, the risk per trip is far greater than for trailered transient boats. In MN, marinas along 557 

the St. Croix and Mississippi Rivers often have dozens of boats dry docked at the close of the 558 

open water season, and a majority of these boats will have zebra mussels ‒ as many as several 559 

hundred ‒ attached to the boat hull (B. Karns, National Park Service, pers. comm.). Indeed, 560 
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Johnson et al. (2001) recognized that attached juvenile mussels (in their case, attached to 561 

vegetation) represented a far greater risk per transport event than the same risk per veliger 562 

transported in the water of boat compartments of boats leaving Lake St. Clair accesses. In a 563 

similar fashion, hundreds to thousands of mussels have been found attached to boat lifts, docks, 564 

and other recreational equipment removed from infested lakes, and boat lifts alone are known to 565 

have been responsible for several new infestations in Minnesota (K. Pennington, MN Aquatic 566 

Invasive Species Prevention Coordinator, personal communication). 567 

 568 

Stratified dispersal to explain the spread of zebra mussel 569 

Finally, our analyses provide insights about the dispersal processes responsible for 570 

clustered invasions of inland lakes. In fact, we observed regional sub-structure within MN, with 571 

genetic clusters confined to some of the most lake-rich regions of the state ‒ the same regions in 572 

which zebra mussels are rapidly spreading locally, creating clustered invasions.  573 

Spatial clustering of zebra mussel infestations is a common observation in both European 574 

and North American invaded ranges (Bossenbroek et al. 2001; Johnson et al. 2006; Karatayev et 575 

al. 2015; Karatayev et al. 2003; Kraft et al. 2002; Leung et al. 2006). As mentioned earlier, an 576 

explicit spatial analysis has demonstrated by the zebra mussel infested lakes show highly 577 

nonrandom distributions; clustered at small and segregated at larger spatial scales (Kraft et al. 578 

2002). One interpretation is that rare long-distance events establish new clusters, and more 579 

frequent, short-distance dispersal events (both overland and through connected waterways) 580 

spread mussels regionally in a “stepping-stone” pattern (Bobeldyk et al. 2005; Johnson et al. 581 

2006; Johnson, Padilla 1996; Kraft et al. 2002). This interpretation describes the mechanism of 582 

stratified dispersal (Shigesada et al. 1995), which is supported by our genetic data. Our research 583 
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strongly suggests that newly infested lakes within lake-rich regions result from spread from 584 

infested lakes nearby and that dispersal from afar is greatly overwhelmed by local spread. At the 585 

same time, the results from Alexandria show that multiple introductions from outside the region 586 

can also play a role in founding clustered invasions.  587 

Stratified dispersal is a two-scale dispersal process widely accepted in invasion ecology 588 

and is thought to speed up the rate of spatial expansion of invasive species (Shigesada, Kawasaki 589 

1997; Shigesada et al. 1995). It also seems particularly appropriate for predicting the spread of 590 

aquatic invaders that have to cope with unsuitable environmental features and disperse in 591 

inhospitable landscapes, such as is the case for overland dispersal to lakes by dreissenid mussels. 592 

A good understanding of invasion dynamics of the invasive species at contrasting spatial scales 593 

may influence the design and help the development of control measures and eradication 594 

strategies. Stratified dispersal is usually defined as the combination of human-mediated long-595 

distance jumps that create new populations in distant areas and natural local movements giving 596 

rise to a diffusion-like process in these new areas (Shigesada, Kawasaki 1997; Shigesada et al. 597 

1995). However, specifically for zebra mussels and probably other aquatic invaders, the human-598 

mediated transport of individuals is not only predominant at large spatial scales but may also be 599 

quite important at smaller spatial scales (even though downstream dispersal also occurs more 600 

frequently over short distances: Bobeldyk et al. 2005). This implies that the two scales of 601 

dispersal may involve different dominant vectors. A fair question to ask then is whether the 602 

vectors responsible for overland local spread are the same as the ones responsible for the 603 

overland long-distance dispersal. In fact, colonization by zebra mussels in infrequent, long-604 

distance events vs. colonization in more frequent short-distance events might be explained by 605 

vectors that operate most efficiently at different spatial and temporal scales and suggest the need 606 
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for different prevention strategies that will be effective at preventing movement of mussels to 607 

new regions, as compared to movement locally (Johnson, Carlton 1996). MN has an effective 608 

watercraft inspection program that largely targets transient boats, but our results suggest the need 609 

for more effort to target prevention at non-transient boats, docks, lifts and other vectors that have 610 

and continue to generate local networks of spread in the state. 611 

 612 
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Table 1: Characteristics and population genetics summary statistics of each sample of zebra mussel used in this study. 
 

Population 
Code - Site 
Number 

Lake/River Site County State Latitude 
(Degrees N) 

Longitude 
(Degrees 
W) 

Sample 
date 

First obs. 
(years) Ns Mean 

Na 
Mean 
Ar He Ho FIS 

DHTW - 6 Superior Thomas Wilson's 
Wreck St Louis MN 46.783 92.069 9/26/2015 1989 30 11.33 9.88 0.73 0.71 0.038 

DHPP - 6 Superior Park Point St Louis MN 46.732 92.04 9/10/2015 1989 29 9.89 8.90 0.73 0.75 -0.038 

MRBLD - 8 Mississippi ● Blanchard Dam Morrison MN 45.860 94.360 10/5/2015 1992 30 9.78 8.63 0.71 0.67 0.066 

MRHSL - 13 Mississippi ● Hok-Si-La Goodhue MN 44.476 92.299 9/22/2015 1992 29 10.33 9.18 0.71 0.71 0.011 

MRLPA - 14 Mississippi ● Lake Pepin Goodhue/Wabasha MN 44.431 92.247 9/22/2015 1992 30 9.56 8.47 0.71 0.67 0.05 

MRLPB - 14 Mississippi ● Lake Pepin Goodhue/Wabasha MN 44.412 92.126 9/22/2015 1992 30 10.11 8.88 0.70 0.66 0.06 

MRNCA - 15 Mississippi ● West Newton Chute Wabasha MN 44.283 91.925 9/22/2015 1992 29 10.22 9.20 0.71 0.74 -0.036 

MRNCB - 15 Mississippi ● West Newton Chute Wabasha MN 44.271 91.913 9/22/2015 1992 30 9.22 8.24 0.70 0.68 0.023 

LGV - 17 Geneva - Walworth WI 42.567 88.509 10/3/2014 1995 30 10.89 9.50 0.73 0.73 -0.001 

MISSC - 10 Mississippi ● Junction 
Mississippi/St Croix Pierce WI 44.745 92.803 9/29/2015 1995 30 10.22 9.09 0.70 0.68 0.025 

SCBBB - 10 St Croix ● Black Bass Bar St Croix WI 44.881 92.764 9/28/2015 1995 30 11.00 9.62 0.75 0.75 0.005* 

SCLSCB - 10 St Croix ● Lake St. Croix Beach Washington MN 44.934 92.765 9/28/2015 1995 30 10.78 9.40 0.73 0.69 0.06* 

SCP - 10 St Croix ● Prescott Pierce MN 44.751 92.804 9/29/2015 1995 30 10.67 9.34 0.70 0.70 0.001 

SCSCB - 10 St Croix ● St. Croix Bluff Washington MN 44.798 92.786 9/29/2015 1995 30 10.11 9.10 0.73 0.71 0.033 

ZL - 16 Zumbro - Olmsted MN 44.206 92.473 6/23/1905 2000 30 9.89 8.69 0.68 0.61 0.106* 

BLOW Ossawinamakee - Crow Wing MN 46.629 94.165 8/20/2014 2003 22 8.67 8.45 0.71 0.64 0.092 

BLPB Pelican Brook ● Ossawinamakee 
outlet Crow Wing MN 46.627 94.168 8/18/2015 2003 30 10.33 9.08 0.71 0.71 -0.002 

MLBP - 7 Mille Lacs Brown's Point Mille Lacs MN 46.230 93.780 8/13/2014 2005 30 6.00 5.73 0.66 0.68 -0.027 

MLGR - 7 Mille Lacs Garrison Reef Mille Lacs MN 46.291 93.797 8/13/2014 2005 29 6.22 5.94 0.66 0.67 -0.018 

MLH - 7 Mille Lacs Hennepin Island Mille Lacs MN 46.184 93.533 8/21/2015 2005 30 6.22 5.94 0.68 0.69 -0.017 

MLKP - 7 Mille Lacs Knox Point Mille Lacs MN 46.356 93.658 8/13/2014 2005 29 6.11 5.87 0.64 0.67 -0.048 

MLRR - 7 Mille Lacs Rocky Reef Mille Lacs MN 46.142 93.686 8/13/2014 2005 29 5.56 5.45 0.66 0.70 -0.071 

MLSR - 7 Mille Lacs Spider Reef Mille Lacs MN 46.156 93.521 8/21/2015 2005 30 6.89 6.38 0.69 0.72 -0.044 

MLTM - 7 Mille Lacs Three Mile Reef Mille Lacs MN 46.226 93.578 8/21/2015 2005 30 6.44 5.99 0.66 0.73 -0.108 

BLRI Rice - Crow Wing MN 46.371 94.166 6/21/2016 2005 30 9.44 8.35 0.68 0.66 0.027 

ALC Carlos - Douglas MN 45.970 95.376 8/4/2015 2009 30 7.11 6.52 0.66 0.68 -0.035 
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ALGV Geneva - Douglas MN 45.915 95.328 8/17/2016 2009 29 7.44 6.88 0.66 0.71 -0.077 

ALHD LeHomme Dieu - Douglas MN 45.940 95.359 6/9/2016 2009 29 7.22 6.64 0.67 0.67 -0.012 

DLPEA Pelican East Boat Access Otter Tail MN 46.702 95.959 8/4/2015 2009 30 8.33 7.49 0.66 0.67 -0.017 

DLPF Pelican Fish Lake Otter Tail MN 46.681 96.007 7/8/2014 2009 30 8.56 7.62 0.66 0.65 0.005 

DLPWA Pelican West Boat Access Otter Tail MN 46.696 96.071 7/8/2014 2009 30 9.33 8.29 0.70 0.73 -0.04 

DLNLIZ Lizzie North Otter Tail MN 46.630 96.033 8/26/2016 2009 30 8.56 7.65 0.66 0.68 -0.021 

DLSLIZ Lizzie South  Otter Tail MN 46.612 96.031 8/26/2016 2009 30 8.89 7.99 0.68 0.64 0.055 

PL2016 - 5 Pike - St Louis MN 46.866 92.283 7/31/2015 2009 30 9.89 8.73 0.72 0.69 0.033 

PRLA - 12 Prior Grainwood Crossings 
Park Scott MN 44.719 93.435 10/8/2015 2009 30 5.33 4.92 0.60 0.58 0.034 

PRLB - 12 Prior Watzl's Beach Scott MN 44.722 93.427 10/8/2015 2009 30 4.67 4.44 0.59 0.59 -0.001 

PRLC - 12 Prior Sand Point Park Scott MN 44.740 93.407 10/8/2015 2009 30 5.11 4.77 0.61 0.55 0.094 

BL - 9 Bass - St Croix WI 45.063 92.649 8/21/2015 2010 30 10.89 9.52 0.72 0.72 0.011 

MTKCB - 11 Minnetonka Crystal Bay Hennepin/Carver MN 44.949 93.593 7/10/2014 2010 30 9.67 8.42 0.69 0.68 0.014 

MTKGB - 11 Minnetonka Gray's Bay Hennepin/Carver MN 44.953 93.493 7/10/2014 2010 30 10.56 9.26 0.74 0.69 0.067* 

MTKSA - 11 Minnetonka St Albans Bay Hennepin/Carver MN 44.909 93.549 7/10/2014 2010 30 9.78 8.51 0.70 0.70 0.007* 

ALBRO Brophy - Douglas MN 45.910 95.447 6/7/2016 2010 30 8.44 7.62 0.73 0.71 0.029* 

ALD Darling - Douglas MN 45.933 95.383 8/17/2016 2010 30 8.89 8.06 0.71 0.67 0.047* 

ALV Victoria - Douglas MN 45.861 95.344 6/9/2016 2010 30 7.00 6.54 0.65 0.69 -0.050 

BLGA Gull - Cass MN 46.453 94.352 6/25/2014 2010 30 9.67 8.32 0.65 0.61 0.059 

BLGB Gull - Cass MN 46.453 94.352 7/21/2014 2010 30 9.56 8.50 0.70 0.66 0.064 

BLGC Gull USACE Boat Access Cass MN 46.413 94.359 6/25/2014 2010 30 8.22 7.47 0.69 0.63 0.085* 

BLRO Round - Crow Wing MN 46.446 94.286 6/21/2016 2010 30 8.56 7.69 0.67 0.66 0.017 

ALIR Irene - Douglas MN 46.056 95.302 6/9/2016 2011 29 7.00 6.43 0.65 0.67 -0.031 

ALCWD Cowdrey - Douglas MN 45.902 95.409 6/7/2016 2011 29 8.89 8.16 0.70 0.68 0.021* 

DLPRA Prairie - Otter Tail MN 46.588 96.072 8/26/2016 2011 30 8.11 7.32 0.65 0.65 -0.004 

ALMT Miltona - Douglas MN 46.049 95.331 6/9/2016 2012 30 6.78 6.16 0.65 0.66 -0.009 

BLP Pelican - Crow Wing MN 46.535 94.183 6/21/2016 2012 28 8.22 7.48 0.67 0.68 -0.007 

DLCRY Crystal - Otter Tail MN 46.620 95.966 8/26/2016 2012 30 8.44 7.77 0.67 0.68 -0.013 

DLORW Orwell - Otter Tail MN 46.224 96.160 8/26/2016 2012 30 8.78 7.82 0.69 0.67 0.021 

LW - 2 Winnibigoshish - Cass MN 47.379 94.163 9/7/2016 2012 30 9.44 8.22 0.69 0.69 0.002 
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ALSM Mary - Douglas MN 45.808 95.496 6/7/2016 2013 29 9.00 8.23 0.70 0.71 -0.007 

ALMP Maple - Douglas MN 45.789 95.368 6/7/2016 2013 30 7.11 6.60 0.64 0.66 -0.037 

BLC Cross - Crow Wing MN 46.671 94.112 6/22/2016 2013 30 9.56 8.45 0.73 0.69 0.056* 

BLLH Lower Hay - Crow Wing MN 46.660 94.286 6/22/2016 2013 29 8.44 7.56 0.70 0.66 0.06* 

DLNLID Lida - Otter Tail MN 46.605 95.967 8/26/2016 2013 30 8.33 7.55 0.68 0.67 0.021 

SL - 4 Sand - Itasca MN 47.593 94.008 10/28/2015 2013 30 8.00 7.22 0.64 0.63 0.007 

XL - 11 Christmas - Hennepin/Carver MN 44.899 93.548 9/3/2015 2014 29 9.56 8.50 0.69 0.69 -0.009 

ALIDA Ida - Douglas MN 45.981 95.399 6/9/2016 2014 30 7.67 6.79 0.65 0.67 -0.022 

BLNL North Long - Crow Wing MN 46.441 94.303 6/21/2016 2014 30 9.56 8.62 0.69 0.68 0.014 

BLGIL Gilbert - Crow Wing MN 46.391 94.193 6/22/2016 2014 30 8.11 7.55 0.70 0.69 0.018 

DLMEL Melissa - Otter Tail MN 46.751 95.879 8/26/2016 2014 30 8.22 7.52 0.66 0.61 0.071 

CAL - 1 Cass - Beltrami MN 47.450 94.485 9/6/2016 2014 30 9.56 8.48 0.71 0.69 0.038 

LSLC - 3 Little Sand ● Channel Itasca MN 47.656 94.034 9/6/2016 2014 30 7.89 7.40 0.66 0.59 0.106 

 
Note: Site numbers are indicated on Figure 1. “●” indicates the rivers. Ns is the sample size (number of individuals). Mean Na is the 
mean number of alleles per sample over all loci, Mean Ar is the mean allelic richness per sample over all loci (based on 20 
individuals), He and Ho are the expected and observed heterozygosities, respectively. FIS was calculated as described by Weir & 
Cockerham (1984). “*”HWE test is significant at P < 0.05 after FDR correction (Benjamini and Hochberg 1995). 
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Table 2:  Parameters and prior distributions used in ABC analyses of scenarios of invasion. 

 
  Prior distributions 
Description Parameter symbol Shape Interval 
Demographic parameters  Set 1 / Set 2 Set 1 / Set 2 
Stable effective size of the ancestral population Na Uniform / Log-Uniform [100 ; 20000] 
Stable effective size of the invasive population i Ni Uniform / Log-Uniform [100 ; 20000] 
Effective size during the foundation of the invasive population i NiB Log-Uniform / Uniform [2 ; 1000] 
Times of divergence and founding events    
Time of divergence of population i ti Uniform / Log-Uniform [xi ; xi+5] 
Duration of the founding event for population i DBi Uniform / Log-Uniform [0 ; 5] / [1 ; 5] 
Mutational parameters    
Mean mutation rate Mµ Uniform [10-5 ; 10-3] 
Mean parameter of the geometric distribution of the number of repeats MP Uniform [0.1 ; 0.6] 
Mean rate of one-nucleotide indels Mµsni Log-Uniform [10-8 ; 10-4] 

 
 
Note: Divergence times and durations of founding events are in generations. xi corresponds to: (the year of sampling minus the year of 
first observation of the infestation). 
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Table 3: Results of the scenario comparisons performed with ABC analyses to investigate the role of Lake Mille Lacs as secondary 
source for invasion. Results shown are for Lake Mille Lacs sample MLBP, see Table S4 for the results with 2 other samples. Posterior 
probabilities and their 95% confidence intervals (CI) were obtained using a polychotomous logistic regression (Cornuet et al. 2010; 
Cornuet et al. 2008) and the LDA option (Cornuet et al. 2014; Estoup et al. 2012). 
 

  
Prior set 1 Prior set 2 

Destination 
lake samples 

Introduction 
scenario Posterior probability [95% CI] PER Posterior probability [95% CI] PER 

ALBRO 
independent 0.9894 [0.9882,0.9907] 

0.066 
0.9731 [0.9701,0.9760] 

0.155 
successive 0.0106 [0.0093,0.0118] 0.0269 [0.0240,0.0299] 

CAL 
independent 1.0000 [0.9999,1.0000] 

0.000 
0.9995 [0.9994,0.9996] 

0.005 
successive 0.0000 [0.0000,0.0001] 0.0005 [0.0004,0.0006] 

BLC 
independent 0.9995 [0.9994,0.9996] 

0.007 
0.9999 [0.9999,0.9999] 

0.041 
successive 0.0005 [0.0004,0.0006] 0.0001 [0.0001,0.0001] 

DLCRY 
independent 0.9996 [0.9995,0.9997] 

0.023 
0.9990 [0.9989,0.9992] 

0.098 
successive 0.0004 [0.0003,0.0005] 0.0010 [0.0008,0.0011] 

ALCWD 
independent 0.9993 [0.9991,0.9994] 

0.013 
0.9975 [0.9971,0.9980] 

0.064 
successive 0.0007 [0.0006,0.0009] 0.0025 [0.0020,0.0029] 

BLGIL 
independent 0.9990 [0.9988,0.9992] 

0.009 
0.9989 [0.9986,0.9991] 

0.040 
successive 0.0010 [0.0008,0.0012] 0.0011 [0.0009,0.0014] 

ALGV 
independent 0.9779 [0.9757,0.9801] 

0.093 
0.8850 [0.8784,0.8915] 

0.204 
successive 0.0221 [0.0199,0.0243] 0.1150 [0.1085,0.1216] 

BLLH 
independent 0.9997 [0.9997,0.9998] 

0.001 
0.9992 [0.9990,0.9994] 

0.046 
successive 0.0003 [0.0002,0.0003] 0.0008 [0.0006,0.0010] 

ALIDA 
independent 0.9988 [0.9985,0.9991] 

0.005 
0.9494 [0.9458,0.9531] 

0.118 
successive 0.0012 [0.0009,0.0015] 0.0506 [0.0469,0.0542] 

ALIR 
independent 0.9968 [0.9963,0.9974] 

0.020 
0.8987 [0.8931,0.9043] 

0.187 
successive 0.0032 [0.0026,0.0037] 0.1013 [0.0957,0.1069] 

ALMT 
independent 0.9940 [0.9930,0.9949] 

0.027 
0.9026 [0.8971,0.9081] 

0.234 
successive 0.0060 [0.0051,0.0070] 0.0974 [0.0919,0.1029] 
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dLSLC 

independent 0.9994 [0.9993,0.9995] 
0.017 

0.9936 [0.9927,0.9945] 
0.077 

successive 0.0006 [0.0005,0.0007] 0.0064 [0.0055,0.0073] 

ALV 
independent 0.9856 [0.9840,0.9872] 

0.084 
0.8659 [0.8592,0.8726] 

0.216 
successive 0.0144 [0.0128,0.0160] 0.1341 [0.1274,0.1408] 

LW 
independent 1.0000 [0.9999,1.0000] 

0.001 
0.9998 [0.9997,0.9998] 

0.015 
successive 0.0000 [0.0000,0.0001] 0.0002 [0.0002,0.0003] 

DLMEL 
independent 0.9983 [0.9980,0.9986] 

0.029 
0.9747 [0.9724,0.9771] 

0.096 
successive 0.0017 [0.0014,0.0020] 0.0253 [0.0229,0.0276] 

ALMP 
independent 0.9954 [0.9946,0.9962] 

0.009 
0.9123 [0.9072,0.9174] 

0.176 
successive 0.0046 [0.0038,0.0054] 0.0877 [0.0826,0.0928] 

DLNLID 
independent 0.9995 [0.9994,0.9996] 

0.017 
0.9979 [0.9975,0.9982] 

0.084 
successive 0.0005 [0.0004,0.0006] 0.0021 [0.0018,0.0025] 

DLNLIZ 
independent 0.9919 [0.9908,0.9930] 

0.092 
0.9705 [0.9671,0.9739] 

0.168 
successive 0.0081 [0.0070,0.0092] 0.0295 [0.0261,0.0329] 

DLNL 
independent 0.9999 [0.9999,0.9999] 

0.004 
1.0000 [1.0000,1.0000] 

0.014 
successive 0.0001 [0.0001,0.0001] 0.0000 [0.0000,0.0000] 

DLORW 
independent 0.9993 [0.9991,0.9994] 

0.018 
0.9988 [0.9985,0.9990] 

0.078 
successive 0.0007 [0.0006,0.0009] 0.0012 [0.0010,0.0015] 

BLP 
independent 0.9999 [0.9999,0.9999] 

0.014 
0.9877 [0.9862,0.9892] 

0.086 
successive 0.0001 [0.0001,0.0001] 0.0123 [0.0108,0.0138] 

DLPRA 
independent 0.9973 [0.9969,0.9977] 

0.049 
0.9948 [0.9940,0.9957] 

0.135 
successive 0.0027 [0.0023,0.0031] 0.0052 [0.0043,0.0060] 

BLRO 
independent 0.9910 [0.9898,0.9921] 

0.066 
0.8818 [0.8756,0.8880] 

0.222 
successive 0.0090 [0.0079,0.0102] 0.1182 [0.1120,0.1244] 

ALSM 
independent 0.9991 [0.9988,0.9993] 

0.001 
0.9701 [0.9675,0.9727] 

0.038 
successive 0.0009 [0.0007,0.0012] 0.0299 [0.0273,0.0325] 

 
 
 
Note: PER corresponds to Posterior Error Rate, see main text for details. The codes of the samples are used for simplicity, see Table 1 
for details and full description of the samples. See Figure 2 for a description of the two scenarios contrasted. 
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Table 4: Results of the scenario comparisons performed with ABC analyses to investigate the role of Prior Lake as secondary source 
for invasion. Results shown are for Prior Lake sample PRLB, see Table S5 for the results with 2 other samples Posterior probabilities 
and their 95% confidence intervals (CI) were obtained using a polychotomous logistic regression (Cornuet et al. 2010; Cornuet et al. 
2008) and the LDA option (Cornuet et al. 2014; Estoup et al. 2012). 
 

  Prior set 1 Prior set 2 
Destination 
lake samples 

Introduction 
scenario Posterior probability [95% CI] PER Posterior probability [95% CI] PER 

ALD 
independent 0.8366 [0.8306,0.8426] 

0.175 
0.8729 [0.8648,0.8811] 

0.167 
successive 0.1634 [0.1574,0.1694] 0.1271 [0.1189,0.1352] 

ALBRO 
independent 0.8033 [0.7963,0.8103] 

0.184 
0.8022 [0.7938,0.8106] 

0.242 
successive 0.1967 [0.1897,0.2037] 0.1978 [0.1894,0.2062] 

CAL 
independent 0.9989 [0.9987,0.9991] 

0.041 
0.9997 [0.9996,0.9998] 

0.030 
successive 0.0011 [0.0009,0.0013] 0.0003 [0.0002,0.0004] 

BLC 
independent 0.9961 [0.9955,0.9966] 

0.060 
0.9964 [0.9958,0.9971] 

0.078 
successive 0.0039 [0.0034,0.0045] 0.0036 [0.0029,0.0042] 

DLCRY 
independent 0.9414 [0.9373,0.9455] 

0.115 
0.9714 [0.9676,0.9752] 

0.186 
successive 0.0586 [0.0545,0.0627] 0.0286 [0.0248,0.0324] 

ALCWD 
independent 0.9722 [0.9697,0.9746] 

0.156 
0.9626 [0.9581,0.9671] 

0.153 
successive 0.0278 [0.0254,0.0303] 0.0374 [0.0329,0.0419] 

BLGIL 
independent 0.9595 [0.9562,0.9627] 

0.049 
0.9571 [0.9535,0.9607] 

0.088 
successive 0.0405 [0.0373,0.0438] 0.0429 [0.0393,0.0465] 

BLLH 
independent 0.9838 [0.9821,0.9854] 

0.076 
0.9912 [0.9899,0.9926] 

0.080 
successive 0.0162 [0.0146,0.0179] 0.0088 [0.0074,0.0101] 

ALIDA 
independent 0.9972 [0.9968,0.9977] 

0.036 
0.9196 [0.9147,0.9245] 

0.140 
successive 0.0028 [0.0023,0.0032] 0.0804 [0.0755,0.0853] 

ALIR 
independent 0.9542 [0.9508,0.9576] 

0.191 
0.7768 [0.7696,0.7841] 

0.232 
successive 0.0458 [0.0424,0.0492] 0.2232 [0.2159,0.2304] 

ALMT 
independent 0.8881 [0.8824,0.8939] 

0.133 
0.8033 [0.7962,0.8104] 

0.214 
successive 0.1119 [0.1061,0.1176] 0.1967 [0.1896,0.2038] 

LSLC independent 0.9882 [0.9869,0.9896] 0.028 0.9539 [0.9503,0.9575] 0.092 
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successive 0.0118 [0.0104,0.0131] 0.0461 [0.0425,0.0497] 

ALV 
independent 0.8505 [0.8439,0.8570] 

0.207 
0.7492 [0.7415,0.7568] 

0.253 
successive 0.1495 [0.1430,0.1561] 0.2508 [0.2432,0.2585] 

LW 
independent 0.9924 [0.9913,0.9934] 

0.109 
0.9970 [0.9963,0.9976] 

0.156 
successive 0.0076 [0.0066,0.0087] 0.0030 [0.0024,0.0037] 

DLMEL 
independent 0.9934 [0.9925,0.9943] 

0.050 
0.9939 [0.9929,0.9949] 

0.104 
successive 0.0066 [0.0057,0.0075] 0.0061 [0.0051,0.0071] 

ALMP 
independent 0.9823 [0.9806,0.9841] 

0.060 
0.8721 [0.8658,0.8785] 

0.198 
successive 0.0177 [0.0159,0.0194] 0.1279 [0.1215,0.1342] 

DLNLID 
independent 0.9656 [0.9627,0.9685] 

0.084 
0.9732 [0.9701,0.9762] 

0.101 
successive 0.0344 [0.0315,0.0373] 0.0268 [0.0238,0.0299] 

BLNL 
independent 0.9983 [0.9980,0.9986] 

0.018 
0.9979 [0.9975,0.9983] 

0.028 
successive 0.0017 [0.0014,0.0020] 0.0021 [0.0017,0.0025] 

DLORW 
independent 0.9663 [0.9635,0.9691] 

0.109 
0.9729 [0.9696,0.9763] 

0.141 
successive 0.0337 [0.0309,0.0365] 0.0271 [0.0237,0.0304] 

BLP 
independent 0.9970 [0.9965,0.9974] 

0.119 
0.9916 [0.9900,0.9932] 

0.167 
successive 0.0030 [0.0026,0.0035] 0.0084 [0.0068,0.0100] 

DLPRA 
independent 0.9337 [0.9291,0.9383] 

0.157 
0.9531 [0.9475,0.9587] 

0.197 
successive 0.0663 [0.0617,0.0709] 0.0469 [0.0413,0.0525] 

BLRO 
independent 0.9487 [0.9447,0.9527] 

0.176 
0.9262 [0.9184,0.9339] 

0.198 
successive 0.0513 [0.0473,0.0553] 0.0738 [0.0661,0.0816] 

ALSM 
independent 0.9579 [0.9549,0.9610] 

0.058 
0.9625 [0.9592,0.9659] 

0.058 
successive 0.0421 [0.0390,0.0451] 0.0375 [0.0341,0.0408] 

 
 
Note: PER corresponds to Posterior Error Rate, see main text for details. The codes of the samples are used for simplicity in the 
description of the analyses and scenarios, see Table 1 for details and full description of the samples. See Figure 2 for a representation 
of the two scenarios contrasted. 
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Table 5: Results of the scenario comparisons performed with ABC analyses to investigate the relationships between lakes in clustered 
invasions. Three lake-rich regions have been studied: Alexandria, Brainerd and Detroit Lakes. Posterior probabilities and their 95% 
confidence intervals (CI) were obtained using a polychotomous logistic regression (Cornuet et al. 2010; Cornuet et al. 2008) and the 
LDA option (Cornuet et al. 2014; Estoup et al. 2012). 
 
 

  Detroit Lakes Area Brainerd Area Alexandria Area 

Scenario Description scenario Posterior Probability         
[95 % CI] 

Posterior Probability        
[95 % CI] 

Posterior Probability       
[95 % CI] 

1 PopANC → Lake 1 → Lake 2 and Lake 3 and Lake 4 0.0125 [0.0059,0.0190] 0.0135 [0.0001,0.0270] 0.0005 [0.0000,0.0369] 
2 PopANC → Lake 1 → Lake 2 and Lake 3 ; Lake 2 → Lake 4 0.0077 [0.0009,0.0145] 0.0181 [0.0051,0.0312] 0.0404 [0.0061,0.0748] 
3 PopANC → Lake 1 → Lake 2 and Lake 3 ; Lake 3 → Lake 4 0.1013 [0.0933,0.1094] 0.0013 [0.0000,0.0160] 0.0000 [0.0000,0.0364] 
4 PopANC → Lake 1 → Lake 2 and Lake 3 ; PopANC → Lake 4 0.0173 [0.0110,0.0236] 0.0132 [0.0000,0.0267] 0.0389 [0.0048,0.0730] 
5 PopANC → Lake 1 → Lake 2 → Lake 3 ; Lake 1 → Lake 4 0.0144 [0.0079,0.0209] 0.0559 [0.0456,0.0662] 0.0000 [0.0000,0.0364] 
6 PopANC → Lake 1 → Lake 2 → Lake 3 and Lake 4 0.0354 [0.0293,0.0415] 0.0182 [0.0051,0.0313] 0.0001 [0.0000,0.0365] 
7 PopANC → Lake 1 → Lake 2 → Lake 3 → Lake 4 0.1791 [0.1656,0.1926] 0.0018 [0.0000,0.0249] 0.0000 [0.0000,0.0364] 
8 PopANC → Lake 1 → Lake 2 → Lake 3 ; PopANC → Lake 4 0.0236 [0.0174,0.0299] 0.0240 [0.0115,0.0364] 0.0001 [0.0000,0.0365] 
9 PopANC → Lake 1 → Lake 2 and Lake 4 ; PopANC → Lake 3 0.0093 [0.0026,0.0160] 0.1586 [0.1427,0.1744] 0.0000 [0.0000,0.0364] 
10 PopANC → Lake 1 → Lake 2 → Lake 4 ; PopANC → Lake 3 0.0115 [0.0048,0.0181] 0.1071 [0.0950,0.1192] 0.0010 [0.0000,0.0374] 
11 PopANC → Lake 1 → Lake 2 ; PopANC → Lake 3 → Lake 4 0.1950 [0.1788,0.2112] 0.0024 [0.0000,0.0170] 0.0000 [0.0000,0.0364] 
12 PopANC → Lake 1 → Lake 2 ; PopANC → Lake 3 ;  PopANC → Lake 4 0.0627 [0.0562,0.0691] 0.0130 [0.0000,0.0265] 0.0001 [0.0000,0.0365] 
13 PopANC → Lake 1 → Lake 3 and Lake 4 ; PopANC → Lake 2  0.0033 [0.0000,0.0103] 0.0136 [0.0002,0.0270] 0.0026 [0.0000,0.0388] 
14 PopANC → Lake 1 → Lake 3 ; PopANC → Lake 2 → Lake 4 0.0026 [0.0000,0.0096] 0.0185 [0.0055,0.0315] 0.3507 [0.3108,0.3907] 
15 PopANC → Lake 1 → Lake 3 → Lake 4 ; PopANC → Lake 2  0.0233 [0.0172,0.0293] 0.0016 [0.0000,0.0163] 0.0003 [0.0000,0.0367] 
16 PopANC → Lake 1 → Lake 3 ; PopANC → Lake 2 ; PopANC → Lake 4 0.0038 [0.0000,0.0108] 0.0108 [0.0000,0.0245] 0.5557 [0.5270,0.5844] 
17 PopANC → Lake 1 → Lake 4 ; PopANC → Lake 2 → Lake 3 0.0067 [0.0000,0.0135] 0.1766 [0.1582,0.1951] 0.0000 [0.0000,0.0364] 
18 PopANC → Lake 1 ; PopANC → Lake 2 → Lake 3 and Lake 4 0.0287 [0.0225,0.0348] 0.0324 [0.0204,0.0445] 0.0003 [0.0000,0.0367] 
19 PopANC → Lake 1 ; PopANC → Lake 2 → Lake 3 → Lake 4  0.1200 [0.1099,0.1300] 0.0027 [0.0000,0.0173] 0.0000 [0.0000,0.0364] 
20 PopANC → Lake 1 ; PopANC → Lake 2 → Lake 3 ; PopANC → Lake 4 0.0190 [0.0126,0.0253] 0.0614 [0.0508,0.0719] 0.0001 [0.0000,0.0365] 
21 PopANC → Lake 1 → Lake 4 ; PopANC → Lake 2 ; PopANC → Lake 3 0.0050 [0.0000,0.0119] 0.1612 [0.1454,0.1770] 0.0001 [0.0000,0.0365] 
22 PopANC → Lake 1 ; PopANC → Lake 2 → Lake 4 ; PopANC → Lake 3 0.0090 [0.0023,0.0158] 0.0627 [0.0520,0.0734] 0.0064 [0.0000,0.0425] 
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23 PopANC → Lake 1 ; PopANC → Lake 2 ; PopANC → Lake 3 → Lake 4 0.0895 [0.0818,0.0971] 0.0027 [0.0000,0.0173] 0.0001 [0.0000,0.0365] 
24 PopANC → Lake 1 ; PopANC → Lake 2 ; PopANC → Lake 3 ; PopANC → Lake 4 0.0197 [0.0134,0.0259] 0.0288 [0.0167,0.0409] 0.0024 [0.0000,0.0386] 

 
 
 
Note: PopANC corresponds to an unidentified ancestral population. Lake 1, Lake 2, Lake 3 and Lake 4 correspond to Pelican Lake 
(west access site), Lake Prairie, Orwell Reservoir and Lake Melissa for the Detroit Lakes region; Lake Ossawinnamakee, Rice Lake, 
Gull Lake (site B), Pelican Lake for the Brainerd region; and Lake Carlos, Lake Darling, Lake Irene and Lake Mary for the 
Alexandria region. See Table 1 and Figure 1 for details and full description of the samples. See Figure S1 for a representation of the 
24 scenarios contrasted. 
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FIGURE LEGENDS 
 
Fig. 1 Location of the sampling sites of zebra mussel used in this study. Three lake-rich 

regions in Minnesota have been more densely sampled and they are shown in the lower part of 

the figure. The numbers correspond to the sampling site numbers, as reported in Table 1. For 

more details about the sampling sites, see Table 1. 

 

Fig. 2 Scenarios contrasted in the ABC analyses performed to investigate the role of hub 

lakes in the zebra mussel invasion. Lake Mille Lacs and Prior Lake are among the most 

important potential hub lakes in MN so that they have been considered potential sources in these 

analyses. 35 and 28 lakes have been tested as destination lakes for Lake Mille Lacs and Prior 

Lake, respectively (see text for details). The different colors in the scenarios correspond to 

different effective sizes (see Table 2 for the description of parameters). 

 

Fig. 3 Pattern of invasion of zebra mussels in the USA. The cumulative number of infested 

lakes is plotted against the year of infestation (earliest date of discovery). Only the US states 

having more than 25 infested lakes are shown and are the following: Illinois (IL), Indiana (IN), 

Minnesota (MN), New-York (NY), Ohio (OH), Wisconsin (WI) and Michigan (MI). 

 

Fig. 4 Genetic structure of zebra mussel populations in MN. (A) Bar plots of the coefficients 

of co-ancestry obtained in STRUCTURE analyses with several values of K. Each vertical bar 

corresponds to one mussel (bar height = posterior probability of cluster membership) and each 

cluster is represented by a color. The tested populations and the major clusters that discriminate 

lakes are indicated below and above the figure, respectively (see Table 1 for population label 



Draf
t - 

Not 
to 

be
 sh

are
d

codes). The most frequent clustering patterns per K value, identified with Clumpp and 

represented with Distruct, are shown (the minor ones, which do not exhibit important 

differences, are shown in Figure S4, when applicable). (B) Neighbor-Joining tree built with 

Cavalli-Sforza and Edwards distances (Cavalli-Sforza and Edwards 1967). Bootstrap percent 

support values (5,000 replications) label bifurcations with > 20 % support.  

 

Fig. 5 Two scenarios of invasion of Alexandria-area lakes, selected by Approximate 

Bayesian Computation. (A) The most-likely scenario (posterior probability = 0.556) depicting 3 

independent introduction events and 1 successive introduction event. (B) The second most-likely 

scenario (posterior probability = 0.351) depicting 2 independent introduction events and 2 

successive introduction events.  

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 













Figure 6.  Colors mark each of 
five unique genetic clusters in 
Minnesota


