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Abstract 

Increasing our understanding of aquatic invasive species is important because of the 

negative influence they can have on the economies and ecosystems of invaded regions by 

negatively affecting ecotourism as well as commercial and recreational fisheries. There is 

growing interest in how environmental variability (e.g. temperature) and stochastic 

invasion events (e.g. founder effect) affect the genetic composition of populations of 

invasive species. Rainbow smelt (Osmerus mordax) are a cold-water, planktivorous fish 

that spread into the Great Lakes basin in the early 1900s. We performed genetic analyses 

using microsatellites to determine if a temperature induced mortality event affected the 

genetic structure of a population of invasive rainbow smelt and to also investigate the 

influence stochastic invasion events have had on the genetic composition of invasive 

rainbow smelt populations across broad geographic ranges. Overall, there was no genetic 

difference in rainbow smelt collected before, during, or after the temperature induced 

mortality event. To investigate the influence stochastic invasion events have on 

populations of invasive rainbow smelt, we conducted population genetics analyses on 

rainbow smelt specimens from Lake Ontario, Lake Michigan, Lake Superior, and four 

inland lakes in Northern Wisconsin. Most population pairs had pairwise Fst values 

significantly different than zero except two comparisons. Based on clustering analysis 

and PCoA analysis, four distinct population clusters were identified. Overall, this study 

provides evidence that founder effects have more of an impact on invasive rainbow smelt 

population diversity than extreme population reductions.  
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Introduction 

Introductions of invasive fish species can be economically damaging by 

negatively affecting ecotourism, commercial and recreational fisheries. In 2005, the 

overall economic cost of invasive fish in the United States was estimated at $5.5 billion 

USD (Pimentel 2005). Increasing our understanding of invasive fish species at multiple 

levels is critical to the development of successful management strategies. Population 

genetics of invasive species is one area of invasive biology that has seen growth in recent 

years as genetic analysis becomes more affordable. Specifically, there has been growing 

interest in how environmental variability (e.g. temperature) and stochastic invasion 

events (e.g. founder effects) affect the genetic composition of populations of invasive 

species (Wares et al. 2005, Holt et al. 2005, Keller and Taylor 2008).  The stochasticity 

of the introductions and the variable environmental conditions can cause uncertainty in 

predicting the genetic structure of an invasive population. For example, during an 

invasion event, there is typically a loss in genetic diversity. However, if genetic 

admixture occurs due to multiple source populations, the invasive populations can have 

higher diversity in the naturalized environment compared to populations in the native 

environment (Wares et al. 2005). Assessing the amount of diversity found in invasive fish 

populations throughout their invaded territory could aid in the development of 

management strategies (Stepien et al. 2005). When there is a lack of heritable phenotypic 

variation, range expansion models predict that spread and adaptation of invasive species 

to local environments will be limited. However, despite these predictions, many invasive 

species have continued expanding their ranges (Kirkpatrick and Barton 1997, Garcia-

Ramos and Rodriguez 2002). Investigating population genetics of invasive species 
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throughout their invaded range may enable us to increase our understanding of the 

evolutionary processes that drive adaptation and range expansion (Lambrinos 2004, Lee 

2002).  

Rainbow smelt (Osmerus mordax) are an excellent species for studying the 

population genetics of invasive fish species because they persist in a variety of 

environments in their native and introduced ranges and exhibit various life history 

strategies. Rainbow smelt can persist in coastal environments where they exhibit 

anadromous behavior, or in landlocked, freshwater environments (Coulson et al. 2006). 

Within freshwater environments, two ecotypes have been identified. These two ecotypes, 

referred to as “dwarf” or “normal”, can occur as allopatric or sympatric populations 

(Saint-Laurent et al. 2003). The native range of rainbow smelt extends from New Jersey, 

USA to Labrador, Canada. Rainbow smelt were intentionally introduced into the 

Laurentian Great Lakes Region in the early 1900s to serve as forage for predatory fishes 

(Creaser 1927). Within their native range, rainbow smelt serve as forage for predators 

(fishes, birds, and mammals) and are also important for recreational and commercial 

fisheries. In their non-native range, they negatively impact native fish through larval 

predation and competition and have caused economic damage to a region that relies 

heavily on both commercial fishing and recreational tourism by degrading the native food 

webs (Hrabik et al. 1998, Hrabik et al. 2001, Gaeta et al. 2012).  

Rainbow smelt dispersal is controlled by the ability of rainbow smelt to move 

between connected waterways, anthropogenic transfer, and the suitability of abiotic and 

biotic characteristics of the waterbody (Evans and Loftus 1987, Nellbring 1989, Hrabik 

and Magnuson 1999, Rooney and Paterson 2009). The expansion of rainbow smelt into 
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the Laurentian Great Lakes region began with intentional stocking of rainbow smelt from 

Green Lake, Maine into Crystal Lake, Michigan in 1912 (Creaser 1925). This intentional 

stocking effort provided smelt an entry point to the Great Lakes because Crystal Lake 

connects via stream to the Betsie River which then flows into Lake Michigan (Van 

Oosten 1937). By 1923, rainbow smelt were detected in Lake Michigan and from there 

they spread to Lake Huron (1925), Lake Superior (1930), Lake Erie (1935) and 

waterbodies within Wisconsin, Minnesota, and Ontario. Smelt were also intentionally 

stocked in the New York Finger Lakes in 1917 and likely spread from there through 

waterways into Lake Ontario where they were first reported in 1929 (Nellbring 1989, 

Rooney and Paterson 2009).  In connected systems, downstream migrations of larval 

smelt likely accounted for a larger proportion of smelt dispersal compared to upstream 

migration of adult rainbow smelt due to the increased ability for larval smelt to bypass 

obstacles such as rapids, falls, and dams (Franzin et al. 1994). The stochastic nature of 

the invasion events of rainbow smelt throughout the Laurentian Great Lakes Region 

makes rainbow smelt a prime study subject for assessing how the genetic composition of 

invasive populations changes through a series of invasion events.  

There have been some efforts to try and eradicate smelt in their non-native range. 

One effort was known as the Crystal Lake Mixing Project. This whole lake mixing 

project was initiated to thermally stress the invasive rainbow smelt population to 

eliminate them from the lake. While this effort led to significant mortality, the population 

persisted at a low level (Lawson et al. 2015).  This manipulation presented an opportunity 

to evaluate how large mortality events due to thermal stress might affect the genetic 

structure of an invasive smelt population which has implications for lakes warming 
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owing to climate change. During the manipulation, Crystal Lake was completely 

destratified and the maximum temperatures achieved were 21.6°C for 20 days in 2012 

and 20.8°C for 2 days in 2013 (Lawson et al. 2015). Because the temperatures greatly 

exceeded the upper thermal tolerance in the published literature (18 degrees Celsius, see 

Lantry and Stewart 1993), the increase in temperature was expected to eradicate smelt 

from Crystal Lake. While the population was reduced by over 90%, after the two-year 

thermal manipulation, the eradication effort was unsuccessful. Therefore, the Crystal 

Lake project challenges our concept of suitable habitat for smelt and provides us an 

opportunity to investigate how the genetic structure of a rainbow smelt population is 

influenced by a temperature induced mortality event.   

Overall, the objectives of this study were 1) to determine if the altered thermal 

regime affected the genetic structure of Crystal Lake rainbow smelt and 2) to investigate 

the influence stochastic invasion events have on the genetic composition of invasive 

rainbow smelt populations across broad geographic ranges. To address these objectives, 

we performed genetic analyses using microsatellites on rainbow smelt collected from 

four northern Wisconsin lakes (Crystal Lake, Sparkling Lake, Diamond Lake, and Long 

Lake) and three Great Lakes (Lake Superior, Lake Michigan, and Lake Ontario).   

 

Methods 

Sample Collection 

A total of 120 Crystal Lake specimens from before (2011), during (2012 and 

2013), and after (2014) the whole-lake mixing experiment (30 individuals per year) were 

obtained from stored samples at UW-Trout Lake Station (see Lawson et al. 2015 and 
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Heald et al. 2017). Crystal Lake specimens were collected using vertical gillnets (3 m 

wide; 19 mm stretch mesh). Thirty rainbow smelt specimens were collected from each 

lake in Wisconsin (Diamond Lake, Sparkling Lake, and Long Lake) using gillnets. Thirty 

rainbow smelt specimens from the Great Lakes (Lake Superior, Lake Michigan, and Lake 

Ontario) were collected during either mid-water or bottom trawl surveys conducted by 

the United States Geological Survey (Ann Arbor and Oswego stations), Minnesota 

Department of Natural Resources, and the University of Minnesota-Duluth. The latitude 

and longitudes were recorded for each sampling location (Table 1, Figure 2). Dorsal fin 

clips of each specimen were sent to the Molecular Conservation Genetics Laboratory 

(MCGL) at the University of Wisconsin-Stevens Point (UWSP) for processing. 

Laboratory Analysis 

 MCGL standard operating procedures were used for DNA extraction, DNA 

normalization, polymerase chain reaction (PCR) amplification, and microsatellite (msat) 

genotyping (Turnquist et al. 2017). A 3 mm punch was taken from each fin clip to start 

the DNA extraction process. Next, the tissue samples underwent DNA extraction and 

then the purified DNA was quantified by a Nanodrop® ND-100 spectrophotometer. Once 

the purified DNA was quantified, the DNA was normalized to a standard concentration of 

20 ng/µL. Next, PCR was performed to amplify 10 msat loci. Msat loci identified by 

Coulson et al. (2006) were utilized (Table 3).   

Msats were genotyped using an ABI 3730xl DNA Analyzer (Life Technologies, 

Carlsbad, CA). To determine allele sizes during the genotyping process, Geneflow™ 625 

(Life Technologies, Carlsbad, CA) size standards were used. Genemapper® software 

(Life Technologies, Carlsbad, CA) was used to visualize PCR fragment lengths and to 



6 

 

determine allele calls. Manual confirmation of the allele calls for each locus in each 

individual rainbow smelt specimen was conducted.  

Data Analysis 

 Ten msat loci specified by Coulson et al. were used to evaluate genetic metrics of 

each rainbow smelt population. Before investigating genetic diversity and genetic 

differentiation, quality control of the data was conducted. For quality control, individuals 

were removed if they were missing genotypes in >50% of loci. Loci were removed if they 

were missing genotypes in >50% of individuals. Contamination was identified by looking 

for >2 alleles at each individual locus genotype. Exact tests were performed using 

GENEPOP 4 (Rousset 2008) to detect deviations from Hardy-Weinberg Equilibrium and 

linkage equilibrium (level of significance set at α=0.02) and the presence of potential null 

alleles was assessed using the program ML-NULLFREQ 

(www.montana.edu/kalinowski/).  

 After quality control, observed heterozygosity (HO), expected heterozygosity (HE) 

and allelic richness (AR) were calculated using ARLEQUIN software (version 3.5.2.2, 

Excoffier and Lischer 2010), the adegenet package (Jombart 2008) using R statistical 

software (version 3.2.2, R Core Team; available at www.r-project.org), and GenAlEx 6.5 

software (Peakall & Smouse 2006; 2012). For each locus, the number of alleles (A), the 

allelic richness (AR), observed heterozygosity (HO), expected heterozygosity (HE), FST, 

and FIS (Weir and Cockerham 1984) were calculated in GenAlEx (Table 3). Effective 

population sizes (Ne) were estimated using NeEstimator V2 software (Do et al. 2014).  

The linkage disequilibrium random mating method was used with a minor allele 

frequency cutoff of 0.05. BOTTLENECK was used to determine the likelihood of recent 

http://www.r-project.org/
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bottlenecks for each population by examining the allele frequency distribution of each 

population. A mode-shift away from the expected allele frequency distribution indicates 

recent bottlenecks in a population (Piry et al. 1999). The presence of private alleles for 

each population was assessed using GenAlEx. 

 ARLEQUIN was used to generate pairwise FST values across all loci to estimate 

genetic differentiation among populations. The significance of FST values was evaluated 

in Arlequin by running 1000 permutations and using the sequential Bonferroni method to 

correct for multiple tests (significance level set at α =0.02). A Mantel test was conducted 

using GenAlEx to determine if FST was correlated to linear geographic distance (Diniz-

Filho et al. 2013). GenAlEx was then used to construct PCoAs based on the pairwise FST 

values to visualize patterns of population structure. POPTREE2 software (Takezaki et al. 

2010) was used to build a neighbor-joining tree based on corrected FST (10,000 

bootstraps) to visualize relationships among populations. 

 STRUCTURE 2.3.4 (Pritchard, Stephens, and & Donnelly, 2000) was used to 

identify clustering using the Bayesian Markov chain Monte Carlo (MCMC) approach. K 

values of one through seven were tested twenty times each with 150,000 MCMC 

iterations with a burn-in period of 100,000. STRUCTURE HARVESTER (Earl and 

Vonholdt 2012) was used to identify the most likely K value based on the STRUCTURE 

results using the method of Evanno et al. (2005). CLUMPP (version 1.1.2, Jakobsson and 

Rosenberg 2007) was used to align individual STRUCTURE runs and the CLUMPP 

outputs were graphically displayed using Distruct (version 1.1, Rosenberg 2004).  

 Using ARLEQUIN, an analysis of molecular variance (AMOVA) was conducted 

to determine the percentage of variance explained by differences among populations, 
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among individuals, and within individuals. An AMOVA was also conducted on the 

clusters identified by the clustering analysis to determine the percentage of variance 

explained by differences among groups, among population within groups, and within 

populations.   

 

Results 

 Genetic samples were obtained from 297 smelt representing seven geographically 

separated populations (Table 1, Figure 1). Tests for locus-specific deviations from 

Hardy–Weinberg and linkage equilibrium revealed that three loci deviated from Hardy-

Weinberg Equilibrium (Omo3, Omo14, and Omo16) for greater than 50% of the 

populations while no loci deviated from linkage equilibrium for greater than 50% of the 

populations. Consequently, Omo3, Omo14, and Omo16 were removed before conducting 

any further analyses. At the remaining loci, no potential null alleles were identified using 

ML-NULLFREQ.  

There were no decreasing trends in either observed or expected heterozygosity for 

the Crystal Lake rainbow smelt years groups (Table 4). Although there was a decreasing 

trend in allelic richness throughout the duration of the project (Table 4), the differences in 

allelic richness amongst year groups were not significant (Kruskal-Wallis, H(3)=3, 

p=0.392). The FST values between the Crystal Lake year groups (2011, 2012, 2013, 2014) 

pairings were not significantly different from zero (Table 5). Therefore, there was no 

differentiation among the four Crystal Lake rainbow smelt year groups and individuals 

from the 2014 year group were used to represent Crystal Lake for all further analyses. 
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Observed heterozygosity for the populations of smelt ranged from 0.520 to 0.818 

with an average observed heterozygosity of 0.739 (Table 2). The allelic richness of the 

populations ranged from 3.065 to 5.821 with an average allelic richness of 5.061 (Table 

2). Crystal Lake rainbow smelt had the lowest level of observed heterozygosity and 

allelic richness while Sparkling Lake rainbow smelt had the highest level of observed 

heterozygosity and Lake Superior rainbow smelt had the highest level of allelic richness 

(Table 2). Bottleneck analysis revealed that Crystal Lake was the only population with an 

allele frequency distribution that was not expected under mutation-drift equilibrium 

indicating recent population reduction events. Lake Michigan had the highest estimated 

effective population size while Lake Ontario had the lowest estimated effective 

population size. The effective population size confidence bounds were largely 

asymmetrical and several populations had a lower confidence bound below 100 with an 

infinite upper bound.  Private alleles were present in the Sparkling Lake, Diamond Lake, 

Lake Superior, and Lake Michigan populations but were not present in the Crystal Lake, 

Long Lake, and Lake Ontario populations (Appendix; Table i).  

Clustering analysis revealed that a K value of 3 was indicated as most likely 

although a K of 2 and K of 4 were also probable based on a delta K values (Appendix; 

Table ii). Crystal Lake and Long Lake smelt clustered away from all other populations at 

K=2 (Figure 3). At K=3, Long Lake smelt clustered away from Crystal Lake smelt and at 

K=4, Lake Ontario smelt clustered out from the other smelt (Figure 3). Distinct clustering 

within the Lake Ontario population at K=4 prompted additional STRUCTURE analysis 

of only Lake Ontario individuals. This analysis at K=2 revealed the absence of admixture 

for most individuals, indicating two genetically diverged populations (Figure 4). A 
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membership value (q) ≥ 0.7 (Hagen et al. 2015) was used to separate Ontario individuals 

into two groups, A.ONT (n=12) and B.ONT (n=11), for further analyses (Table 6). 

Individuals with a membership value less than 0.7 were excluded from both A.ONT and 

B.ONT (n=4).  

All population pairs except Diamond Lake/Lake Michigan and Lake 

Superior/Lake Michigan had FST values significantly greater than zero (Table 7). 

Pairwise FST values ranged from 0.004 (Diamond Lake/Lake Michigan) to 0.274 (Crystal 

Lake/Long Lake). B.ONT was more different from the other populations than A.ONT 

based on pairwise FST values (Table 7). The pairwise FST values supported the clustering 

analysis by Crystal Lake pairings having the highest average pairwise FST value (0.225), 

followed by Long Lake pairings (0.123), and then the B.ONT pairings (0.103).  There 

was no correlation between FST and linear geographic distance based on a Mantel test.  

Principle coordinate analysis also supported the clustering analysis with Crystal 

Lake and Long Lake separating out from the other populations based on PC 1 vs PC 2 

and then B. ONT separating out based on PC 1 vs PC 3 (Figure 5). The neighbor-joining 

tree constructed in POPTREE2 also supports the clustering analysis by Crystal Lake, 

Long Lake, and B.ONT branching out from the other populations (Figure 6).  

Based on the AMOVA results, the greatest amount of variance was within 

individuals (83% of total), while the amount of total variance found among populations 

was 14% and the amount of total variance found among individuals within populations 

was 3%, consistent with the high observed heterozygosity levels and indicating that each 

population (with the exception of Lake Ontario) is largely panmictic (Table 8). When 

applied to the four clusters indicated by STRUCTURE (1.Crystal Lake, 2.Long Lake, 
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3.Lake Ontario, 4.Sparkling Lake/Diamond Lake/Lake Superior/Lake Michigan), the 

AMOVA results indicated that the amount of variance found within populations was 

83%, while the variance among groups was 15% and the amount of variance among 

populations within groups was 2% (Table 8).  

  

Discussion 

The genetic structure of an invasive population can change if the population is 

severely reduced in size (Tsutsui et al. 1999, Lee et al. 2002, and Puillandre et al. 2007). 

Interestingly, the genetic structure of the Crystal Lake rainbow population did not change 

despite a 90% reduction in population size of adult rainbow smelt both manipulation 

years (Lawson et al 2015). The absence of an effect of genetic differentiation between 

year groups of the thermally challenged Crystal Lake rainbow smelt could be due to their 

r-selected life strategy. Early maturing organisms are generally small, utilize low 

amounts of energy, produce many offspring, provide minimal parental care, and have 

short life expectancies (Molles Jr. 2010).  Although the Crystal Lake rainbow smelt 

population was reduced by an order of magnitude (from approximately 200,000 to less 

than 15,000 individuals), the population recovered very rapidly.  A dilemma of invasion 

ecology is that invasive species tend to exhibit rapid range expansion despite typically 

having low genetic diversity and, consequently, low evolutionary potential (Frankham 

2005).  The rapid rebound of the Crystal Lake rainbow smelt due to their r-selected 

strategy might explain why rainbow smelt have been successful at range expansion 

throughout the Laurentian Great Lakes region despite range expansion models predicting 

inhibited expansion of invasive populations due to low genetic potential. Should a low 
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number of rainbow smelt be introduced into a system, early maturation and high 

fecundity might overcome genetic constraints to adaptation and establishment in the 

newly invaded habitat.  

Although no significant differentiation was present among Crystal Lake year 

groups, Crystal Lake had the lowest level of heterozygosity and allelic richness compared 

to all other populations and was the only population with an allele frequency distribution 

exhibiting a mode shift indicating that the population has undergone a recent size 

reduction event.  Crystal Lake rainbow smelt were also the most different from all other 

lakes based on FST values, clustering analysis, and PCoA analysis. Out of the seven lakes, 

Crystal Lake is the most isolated in terms of boating traffic and resident density therefore, 

it is likely that Crystal Lake has had the fewest introduction events and consequently the 

fewest number of introduced individuals. The strong founder effect due to the isolated 

nature of Crystal Lake coupled with Crystal Lake being the smallest lake sampled and 

one of the least diverse in terms of habitat might explain the low amount of genetic 

variation found in the Crystal Lake rainbow smelt population.  In comparison, the Great 

Lakes have the highest allelic richness values which could be explained due to having the 

most diverse habitats, largest populations, and being the least isolated in terms of boating 

traffic and resident density.   

Interpretations cannot be made from the effective population sizes of the rainbow 

smelt in this study due to the largely asymmetrical confidence intervals and infinite upper 

bounds for most of the populations. Because there were infinite upper bounds despite low 

estimated effective population sizes for some populations, the loci used in this study 

might not be informative enough to use assess effective population size. The sample 
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sizes, especially in the case of A.ONT and B.ONT, might have also contributed to the 

uncertainty of the effective population size estimates. Since effective populations sizes 

can provide insight into evolutionary consequences of individuals contributing 

nonrandomly to future generations, a future study incorporating more loci and more 

individuals would be helpful to improve our ability to predict trends in diversity of the 

rainbow smelt populations (Wright 1931, 1938). For example, if a rainbow smelt 

population has a low estimated effective population size and unlike this study, we can be 

confident about that estimate, we can predict that there might be a loss of diversity over 

time. This knowledge could aid in management decisions because populations with low 

effective population sizes are more susceptible to extinction (Newman and Pilson 1997, 

Saccheri et al. 1998).  

Significant differentiation was present for the majority of the population pairs. 

This suggests that the stochastic introduction events have influenced the genetic structure 

of the rainbow smelt populations within the Laurentian Great Lakes region. The genetic 

differentiation of most of the rainbow smelt populations could have resulted from a 

combination of founder effects, low number of introduction events, post-founding 

bottleneck events, and selection (Sakai et al. 2001). The high amounts of differentiation 

found between populations could be due to low levels of gene flow due to the absence of 

direct connectivity between systems (excluding the Great Lakes) and different 

environmental conditions of the systems. 

The non-significant FST values between the population pairings Lake 

Superior/Lake Michigan and Diamond Lake/Lake Michigan indicates that either the 

populations have not drifted apart or that some level of gene flow occurs. In the case of 
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Lake Superior and Lake Michigan, gene flow could occur due to downstream larval drift 

or upstream migration of adult rainbow smelt through the St. Mary’s river. For example, 

Winnell and Jude (1991) found that rainbow smelt larvae comprised 82% of the total 

larval fish drift density in the St. Mary’s river. Future studies that include Eastern arm 

rainbow smelt and rainbow smelt found within the St. Mary’s river could help clarify the 

relationship between Lake Superior and Lake Michigan rainbow smelt. Unlike the non-

significant FST value between Lake Superior and Lake Michigan populations, the non-

significant FST value between the Diamond Lake and Lake Michigan populations cannot 

be explained by adult migration or larval drift of smelt due to the lack of connectivity 

between Diamond Lake and Lake Michigan. Therefore, the non-significant FST value 

between Diamond Lake and Lake Michigan might be due to an absence of drift between 

populations, a high rate of anthropogenic transfer of rainbow smelt between lakes, and/or 

a large initial introduction of individuals into Diamond Lake from Lake Michigan. 

Clustering analysis and PCoA analysis revealed the likelihood of four distinct 

population clusters: 1. Crystal Lake, 2. Long Lake, 3. B.ONT, 4. Sparkling Lake, 

Diamond Lake, Lake Superior, Lake Michigan, A.ONT. A possible explanation for why 

Crystal Lake and Long Lake cluster out from the other populations could be that they 

originated from other source populations besides the Great Lakes but the absence of 

private alleles makes this scenario unlikely. A more likely scenario based on the low M-

ratio values of Crystal Lake and Long Lake compared to the other populations is that 

Crystal Lake and Long Lake rainbow smelt populations drifted away from the other 

populations as a result of strong founder effects, fewer introductions, a higher number of 

population reduction events, or larger population reduction events.  
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Both clustering analysis and principle coordinate analysis provide evidence of two 

distinct clusters in the Lake Ontario population (A.ONT and B.ONT). There was also a 

significant difference between A.ONT and B.ONT based on pairwise FST analysis. A 

possible explanation of the two distinct Lake Ontario clusters found in this study could be 

that the two glacial races of rainbow smelt identified by Bernatchez (1997) in the St. 

Lawrence Estuary could also be present in Lake Ontario. Because Bernatchez (1997) 

used mitochondrial DNA to identify the two glacial races of smelt, a future study using 

mitochondrial DNA from specimens collected from Lake Ontario could be used to 

determine if the two Lake Ontario clusters found in this study are the two glacial races 

found by Bernatchez.  

Although both A.ONT and B.ONT were significantly different from the western 

populations, A.ONT pairwise FST values with the western populations were lower than 

the B.ONT pairwise FST values with the western populations. If the two Lake Ontario 

clusters represent the two glacial races found by Bernatchez, it would be interesting to 

see if the A.ONT group and the western populations are of the same glacial races.  If the 

other Great Lakes are included in a future study using mitochondrial DNA, the invasion 

history of rainbow smelt in the Laurentian Great Lakes Region could be further 

elucidated.   

Overall, this study provides evidence that rainbow smelt populations have drifted 

apart within their invaded territory and a thermally induced mortality event did not affect 

the genetic structure of a population of rainbow smelt. The ability of Crystal Lake 

rainbow smelt to propagate to pre-manipulation levels and retain similar levels of genetic 

diversity despite a 90% reduction in population two consecutive years and the 
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differentiation found among invasive rainbow smelt populations found in the Laurentian 

Great Lakes region can help explain the continual expansion and establishment of 

rainbow smelt populations throughout a range of habitats with different environmental 

characteristics. Furthering the efforts of this study by collecting more rainbow smelt 

specimens from both the native and non-native ranges could help further elucidate the 

invasive history of rainbow smelt and give us a better understanding of the adaptability 

and diversity of rainbow smelt populations and the evolutionary processes that drive their 

adaptive capabilities and wide range expansion. 
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Tables and Figures 

Table 1.  Population abbreviation, year, latitude, longitude, and sample size (N) for each 

rainbow smelt population.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Population Abr. Year Lat. (N) Long. (W) N 

Crystal CRY 2011-2014 46.00194 89.61306 119 

Sparkling SPK 2017 46.00974 89.70056 30 

Diamond DIA 2017 46.26209 91.14278 30 

Long LNG 2016 46.06432 89.02444 30 

Superior SUP 2016 46.86276 91.63028 30 

Michigan MIC 2017 45.81541 86.02910 30 

Ontario ONT 2016 43.42694 77.92417 27 
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Table 2.  Observed heterozygosity (HO), expected heterozygosity (HE), allelic richness 

(AR), and effective population size (Ne) with 95% confidence intervals for each rainbow 

smelt population.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Population HO HE AR Ne 

Crystal 0.520 0.528 3.065 21.6 (7.2-718.1) 

Sparkling 0.833 0.772 5.112 82.3 (31.9-Inf) 

Diamond 0.774 0.773 5.640 127.6 (41.2-Inf) 

Long 0.707 0.667 3.969 Inf (76.2-Inf) 

Superior 0.753 0.782 5.999 56.5 (26.9-436.0) 

Michigan 0.771 0.773 5.815 Inf (319.8-Inf) 

Ontario 0.818 0.681 5.821 2.8 (2.1-5.2) 
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Table 3. Microsatellite loci used in analysis including the following information for each 

locus; Number of alleles (A), allelic richness (AR), observed heterozygosity (HO), 

expected heterozygosity (HE), FST, Fis, and annealing temperatures (Ta (°C)). A, AR, HO, 

HE, and FIS values represent averages across all populations. FST values represent a global 

value for each locus. Omo3, Omo14, and Omo16 (in bold) were excluded from all 

analyses due to deviations from HWE. All loci were identified by Coulson et al. (2006). 

Locus A AR HO HE FST FIS T(°C) 

Omo1 7 3.923 0.755 0.686 0.077 -0.147 54 

Omo3 19 7.630 0.368 0.481 0.331 0.234 - 

Omo4 10 4.271 0.688 0.672 0.120 -0.064 - 

Omo5 14 5.019 0.819 0.748 0.125 -0.147 - 

Omo9 13 5.778 0.753 0.769 0.093 0.006 - 

Omo11 8 3.908 0.638 0.625 0.174 -0.066 - 

Omo13 13 4.554 0.752 0.727 0.118 -0.053 - 

Omo14 12 3.712 0.159 0.239 0.077 0.336 - 

Omo15 9 5.100 0.795 0.753 0.145 -0.105 - 

Omo16 19 7.321 0.347 0.480 0.328 0.276 - 
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Table 4. Abbreviation, year, sample size (N), observed heterozygosity (HO), expected 

heterozygosity (HE), allelic richness (AR), and effective population size (Ne) with 95% 

confidence intervals for Crystal lake smelt prior to, during, and after thermal 

manipulation. 

Abbr. Year N HO HE AR Ne 

CRY11 2011 29 0.582 0.559 3.364 40.3 (11.0-Inf) 

CRY12 2012 30 0.524 0.507 3.198 15.8 (6.3-57.1) 

CRY13 2013 30 0.543 0.522 3.175 534.7 (21.3-Inf) 

CRY14 2014 30 0.520 0.528 3.065 21.6 (7.2-718.1) 
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Table 5. Pairwise FST values for each Crystal Lake (CRY) year pair generated in 

Arlequin using the distance method (Number of different alleles). All FST values were not 

significant (significance level α=0.02).  

 CRY14 CRY13 CRY12 CRY11 

CRY14     

CRY13 -0.01229       

CRY12 -0.00329   -0.00497     

CRY11 -0.00432   -0.00193    -0.00248     
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Table 6. Sample size (N), observed heterozygosity (HO), expected heterozygosity (HE), 

allelic richness (AR), and effective population size (Ne) for the two separated Lake 

Ontario groups A.ONT and B.ONT.  

Population N HO HE AR Ne 

A.ONT 12 0.876 0.757 4.800 5.8 (2.3-19.4) 

B.ONT 11 0.746 0.489 2.239 Inf (Inf-Inf) 
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Table 7. Pairwise FST values for each population pair generated in Arlequin using the 

distance method (Number of different alleles). All FST values were significant except 

Diamond Lake/Lake Michigan and Lake Superior/Lake Michigan (significance level 

α=0.05). Lake abbreviations can be found in Table 1.  

 
CRY SPK DIA LNG SUP MIC ONT A.ONT B.ONT 

CRY 0         

SPK 0.154 0        

DIA 0.220 0.029 0       

LNG 0.274 0.099 0.073 0      

SUP 0.211 0.032 0.013 0.087 0     

MIC 0.217 0.024 0.008 0.083 0.004 0    

ONT 0.249 0.058 0.068 0.132 0.034 0.046 0   

A.ONT 0.243 0.025 0.040 0.111 0.026 0.019 -- 0  

B.ONT 0.258 0.071 0.080 0.136 0.037 0.063 -- 0.074 0 
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Table 8. AMOVA results generated from GenaAlEX for two grouping methods: 1) 

grouping by population, and 2) grouping based on clusters by STRUCTURE results 

Grouping Method Source of Variation df SS Est. Var. % 

Populations Among Populations 7 196.505 0.395 14 

 Among Individuals w/in Pop. 284 696.781 0.075 3 

 Within Individuals 292 672.500 2.303 83 

 Total 583 1565.786 2.773 100 

      

Clusters Among Groups 3 140.908 0.337 15 

 Among Populations w/in Groups 4 18.876 0.055 2 

 Within Populations 576 1076.125 1.868 83 

 Total 583 1235.909 2.261 100 
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Figure 1. U.S. geographic distribution of rainbow smelt (Osmerus mordax). Map was 

developed by the United States Geological Survey (Fueller et al. 2018). The Canadian 

native range (not pictured) extends along the Eastern coast from Nova Scotia to Labrador. 
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Figure 2. Rainbow smelt sampling locations in the Laurentian Great Lakes Region 

(produced in ArcGIS online). Lake abbreviations can be found in Table 1. 
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Figure 3. STRUCTURE results, aligned using CLUMPP, visually displayed using 

Distruct for K values of a) K=2, b) K=3, c) K=4. Lake abbreviations can be found in 

Table 1.   
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Figure 4. Results from STRUCTRE clustering analysis for Lake Ontario smelt for K=2.  
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Figure 5. Principle coordinate analyses performed in GenAlEX based on pairwise FST 

values produce in ARLEQUIN. Lake abbreviations can be found in Table 1. 
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Figure 6. NJ network based on population FST with 10,000 bootstrap replication 

(POPTREE2). Lake abbreviations can be found in Table 1. 

 

 

 

 

 

 

 

 



31 

 

REFERENCES 

Bernatchez, L. 1997. Mitochondrial DNA analysis confirms the existence of two glacial 

races of rainbow smelt Osmerus mordax and their reproductive isolation in the St. 

Lawrence River estuary (Quebec, Canada). Mol. Ecol. 6: 73-84 

Coulson, M.W., Paterson, I.G., Green, A., Kepkay, R. and Bentzen, P., 2006. 

Characterization of di- and tetranucleotide microsatellite markers in rainbow 

smelt (Osmerus mordax). Mol. Ecol. Notes. 6(3): 942-944. 

Creaser, C.W. 1925. The establishment of the Atlantic smelt in the upper waters of the 

Great Lakes. Pap. Mich. Acad. Sci., Arts, Lett. 1925: 405-424. 

Creaser, C. W. 1927. The smelt in Lake Michigan. Science 69:623. 

Diniz-Filho, J.A.F., Soares, T.N., Lima, J.S., Dobrovolski, R., Landeiro, V.L., de C 

Telles, M.P., Rangel, T.F., Bini, L.M. 2013. Mantel test in population genetics. 

Genet. Mol. Biol. 36: 475–485. 

Do, C., Waples, R.S., Peel, D., Macbeth, G.M., Tillett, B.J. and Ovenden, J.R. 2014. 

NeEstimator V2: re-imlementation of software for the estimation of contemporary 

effective population size (Ne) from genetic data. Mol. Ecol. Resour. 14(1): 209-

214. 

Earl, D. A., and Vonholdt, B.M. 2012. STRUCTURE HARVESTER: a website and 

program for visualizing STRUCTURE output and implementing the Evanno 

method. Conserv. Genet. Resour. 4: 359–361. 

ESRI 2011. ArcGIS Desktop: Release 10. Redlands, CA: Environmental Systems 

Research Institute. 



32 

 

Evanno, G., Regnaut, S., and Goudet, J. 2005. Detecting the number of clusters of 

individuals using the software STRUCTURE: a simulation study. Mol. Ecol. 14: 

2611-2620. 

Evans, D.O., and Loftus, D.H. 1987. Colonization of inland lakes in the Great Lakes 

region by rainbow smelt, Osmerus mordax: their freshwater niche and effects on 

indigenous fishes. Can. J. Fish. Aquat. Sci. 44(Suppl. 2): 249-266. 

Excoffier, L. and Lischer H.E.L. 2010. Arlequin suite ver 3.5: A new series of programs 

to perform population genetics analyses under Linux and Windows. Mol. Ecol. 

Resour. 10: 564-567. 

Frankham, R. 2005. Resolving the genetic paradox in invasive species. Heredity. 94:385. 

Franzin, W.G., Barton, B.A., Remnant, R.A., Wain, D.B., and Pagel, S.J. 1994. Range 

extension, present and potential distribution, and possible effects of rainbow smelt 

in Hudson Bay drainage waters of northwestern Ontario, Manitoba, and 

Minnesota. N.A. J. Fish. Manage. 14: 65-76. 

Fuller, P., Maynard, E., Larson J., Fusaro A., Makled T.H., and Neilson, M. 

2018. Osmerus mordax (Mitchill, 1814): U.S. Geological Survey, Nonindigenous 

Aquatic Species Database, Gainesville, FL, 

https://nas.er.usgs.gov/queries/factsheet.aspx?SpeciesID=796, Revision Date: 

9/29/2015, Peer Review Date: 4/1/2016, Access Date: 7/18/2018. 

Gaeta, J.W., Read J.S., Kitchell J.F., and Carpenter S.R. 2012. Eradication via 

destratification: whole-lake mixing to selectively remove rainbow smelt, a cold-

water invasive species. Ecol. Appl. 22(3): 817-827.  



33 

 

Hagen S.B., Kopatz A., Aspi J., Kojola I., and Eiken H. G. 2015. Evidence of rapid 

change in genetic structure and diversity during range expansion in a recovering 

large terrestrial carnivore. P. Roy. Soc. B-biol. Sci. 282: 20150092.  

Heald, E., Hrabik, T.R., Li, Y., Lawson, Z.J., Carpenter, S.R., Vander Zanden, M.J. 2017. 

The effects of experimental whole-lake mixing on horizontal spatial patterns of 

fish and Zooplankton. Aquat Sci. 79:543-556. 

Henderson, B. A., and Nepszy, S. J. 1989. Factors affecting recruitment and mortality 

rates of rainbow smelt (Osmerus mordax) in Lake Erie, 1963-85. J. Great Lakes 

Res. 15:357-366. 

Holt, R.D., Barfield M., Gomulkiewicz R. In: Species Invasions. Insights into Ecology, 

Evolution, and Biogeography. Sax DF, Stachowicz JJ, Gaines SD, editors. 

Sunderland, MA: Sinauer; 2005. pp. 260–290. 

Hrabik, T. R., Carey M. P., and Webster M. S. 2001. Interactions between Young-of-the 

Year Exotic Rainbow Smelt and Native Yellow Perch in a Northern Temperate 

Lake. Trans. Am. Fish. Soc. 130:568-582. 

Hrabik, T.R., and Magnuson, J.J. 1999. Simulated dispersal of exotic rainbow smelt 

(Osmerus mordax) in a northern Wisconsin lake district and implications for 

management. Can. J. Fish. Aquat. Sci. 56(Suppl. 1): 35-42. 

Hrabik, T. R., Magnuson J. J., and McLain A. S. 1998. Predicting the effects of rainbow 

smelt on native fishes in small lakes: evidence from long-term research on two 

lakes. Can. J. Fish. Aquat. Sci. 55: 1364-1371. 



34 

 

Jakobsson M., Rosenberg N.A. 2007. CLUMPP: a cluster matching and permutation 

program for dealing with label switching and multimodality in analysis of 

population structure. Bioinformatics. 23: 1801-1806. 

Jombart, T. 2008. adegenet: a R package for the multivariate analysis of genetic markers. 

Bioinformatics. 24: 1403-1405. 

Keller, S.R. and Taylor, D.R. 2008. History, chance and adaptation during biological 

invasion: separating stochastic phenotypic evolution from response to selection. 

Ecol. Lett., 11, 852– 866. 

Lambrinos J.L. 2004. How interactions between ecology and evolution influence 

contemporary invasion dynamics. Ecology. 85:2061–2070. 

Lantry, B.F. and Stewart D.J. 1993. Ecological energetics of rainbow smelt in the 

Laurentian Great Lakes: an interlake comparison. Trans. Am. Fish. Soc. 122: 

951–976. 

Lawson, Z.J., Vander Zanden J.M., Smith C.S., Heald E., Hrabik T.R., and Carpenter S. 

R. 2015. Experimental Mixing of a North-Temperate Lake: Testing the Thermal 

Limits of a Coldwater Invasive Fish. Can. J. Fish. Aqaut. Sci. 

Lee, C. 2002. Evolutionary genetics of invasive species. Trends in Ecology & Evolution. 

18 (8): 386-391. 

Nellbring, S. 1989. The ecology of smelts (genus Osmerus): a literature review. Nordic J, 

Freshwater Res, 65: 116-145. 

Newman, D. and Pilson, D. 1997. Increased probability of extinction due to decreased 

genetic effective population size: experimental populations of Clarkia pulchella. 

Evolution, 51, 354–362. 



35 

 

Pimentel, D. 2005. Aquatic nuisance species in the New York State Canal and Hudson 

River systems and the Great Lakes Basin: An economic and environmental 

assessment. Environ. Manage. 35(5): 692-701. 

Piry, S. Luikart, G., Cornuet, J.M. 1999. BOTTLENECK: A computer program for 

detecting recent reductions in the effective population size using allele frequency 

data. J. Hered. 90(4): 502-503.  

Puillandre, N., Dupas, S., Dangles, O., Zeddam, J.L., Capdevielle-Dulac, C., Barbin, K., 

Torres-Leguizamon, M., Silvain, J.F. 2008. Genetic bottleneck in invasive 

species: the potato tuber moth adds to the list. Biol. Invasions 10: 319–333. 

Rooney, R.C., and Paterson, M.J. 2009. Ecosystem effects of rainbow smelt (Osmerus 

mordax) invasions in inland lakes: a literature review. Can.Tech. Rep. Fish. 

Aquat. Sci. 2845: iv-33. 

Rosenberg N.A. 2004. Distruct: a program for the graphical display of population 

structure. Mol. Ecol. Notes. 4: 137-138. 

Saccheri, L., Kuussaari, M., Kankare, M., Vikman, P., Fortelius, W., and Hanski, I. 1998.  

Inbreeding and extinction in a butterfly metapopulation. Nature. 392: 491–494. 

Sakai, A.K., Allendorf, F.W., Holt, J.S., Lodge, D.M., Molofsky, J., With, K.A., 

Baughman, S., Cabin, R.J., Cohen, J.E., Ellstrand, N.C. and McCauley, D.E., 

2001. The population biology of invasive species. Annu. Rev. Ecol. Syst. 32(1): 

305-332. 

Stepien, C.A., Brown J.E., Neilson M.E., and Tumeo M.A. 2005. Genetic Diversity of 

Invasive Species in the Great Lakes Versus Their Eurasian Source Populations: 

Insights for Risk Analysis. Risk Anal. 35(4): 1043-1059. 



36 

 

Saint-Laurent, R., Legault, M. and Bernatchez, L., 2003. Divergent selection maintains 

adaptive differentiation despite high gene flow between sympatric rainbow smelt 

ecotypes (Osmerus mordax Mitchill). Mol. Ecol. 12(2): 315-330. 

Takezaki, N.,  Nei, M., and Tamura, K. 2010. POPTREE2: software for constructing 

population trees from allele frequency data and computing other population 

statistics. 

Tsutsui N.D., Suarez A.V., Holway D.A., Case T.J. 2000. Reduced genetic variation and 

the success of an invasive species. Proc. Natl. Acad. Sci. USA 97: 5948-53. 

Turnquist, K. N., Larson, W. A., Farrell, J. M., Hanchin, P. A., Kapuscinski, K. L., 

Miller, L. M., Scribner, K.T., Wilson, C.C., and Sloss, B. L. 2017. Genetic 

structure of muskellunge in the Great Lakes region and the effects of 

supplementation on genetic integrity of wild populations. J. Great Lakes Res.  

43(6): 1141–1152. 

Van Oosten, J. 1937. The Great Lakes fisheries: their proper management for sustained 

yields. Trans. Am. Fish. Soc. 66: 131-138. 

Wares J.P., Hughes A.R., Grosberg R.K. In: Species Invasions. Insights into Ecology, 

Evolution, and Biogeography. Sax DF, Stachowicz JJ, Gaines SD, editors. 

Sunderland, MA: Sinauer; 2005. pp. 229–257. 

Weir, B.S. and Cockerham, C.C.  1984. Estimating F-statistics for the analysis of 

population-structure. Evolution. 38:1358–1370. 

Winnell, M.H. and Jude, D.J. 1991. Northern Large-River Benthic and Larval Fish Drift: 

St. Marys River, USA/CANADA. J. Great Lakes Res. 17(2): 168-182. 

Wright, S. 1931. Evolution of Mendelian populations. Genetics, 16: 97–159.  



37 

 

Wright, S .1938. Size of populations and breeding structure in relation to evolution. 

Science, 87: 430–431. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



38 

 

APPENDIX 

Table i. Private alleles and the associated loci and frequencies for the rainbow smelt used 

in the study. Crystal Lake, Long Lake, and Lake Ontario populations did not have any 

private alleles. Lake abbreviations can be found in Table 1.  

Pop Locus Allele Freq 

SPK Omo4 161 0.017 

DIA Omo15 182 0.050 

SUP Omo5 268 0.036 

--- Omo13 153 0.017 

--- Omo13 183 0.017 

MIC Omo1 132 0.017 

--- Omo5 284 0.017 

--- Omo13 165 0.017 
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Table ii. Evanno table output for STRUCTURE run produced using StructureHarvester. 

The most likely value of K based on delta K method (K=3) is highlighted. For futher 

information see Evanno et al. (2005) and vonHoldt (2012).  

K Reps Mean LnP(K) Stdev LnP(K) Ln’(K) |Ln”(K)| Delta K 

1 20 -5096.51 0.17 - - - 

2 20 -4839.32 11.20 257.19 97.77 8.73 

3 20 -4679.90 1.45 159.42 30.35 20.99 

4 20 -4550.83 12.65 129.07 93.07 7.36 

5 20 -4514.83 29.51 36.00 116.36 3.94 

6 20 -4595.19 53.07 -80.36 78.72 1.48 

7 20 -4754.27 57.09 -159.08 - - 

 

 

 

 

 

 

 

 

 

 

 

 


