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Abstract

The recent establishment of the round goby (Neogobius melanostomus), an invasive fish in Lake
Michigan, provides a model system to view fine scale evolutionary and ecological processes that
can create genetic structure within a population. We used seven nuclear polymorphic
microsatellite markers (N = 11-17 per site) and measurements of fish total length, weight, and
sex (N = 20-74 per site) on round gobies captured by minnow traps and angling among 12 sites
around the entire shore of Lake Michigan to determine if evolutionary processes are present in
Lake Michigan by characterizing population structure of the round goby. Specific objectives
were to determine whether: 1) there are significant patterns of genetic population structure
among sites along the shore of Lake Michigan (e.g., a correlation between genetic diversity and
geographic distance), 2) ferry shipping routes create strong deviations from normal population
structure observed to occur around the lakeshore, and 3) density, fish size, and condition at the
12 sites differ from each other. Results include: significant pairwise Fst values, a pattern of
isolation by distance (IBD) along the eastern and western shores of Lake Michigan, no IBD
along the entire lakeshore, northern, or southern shores, different catch per unit effort (CPUE)
and mean weight between sites. A length/weight relationship between fish at all 12 sites was not
different. Results indicate that round goby pierhead sites exhibit population structure in Lake
Michigan.

Introduction

Ecological and evolutionary factors that hinder or facilitate the range expansion of species
are of fundamental interest to evolutionary ecologists. Invasive species offer unique
opportunities to study the evolutionary ecology of range expansions (Hanfling 2007, Lee 2002,
Sax et al. 2007, Suarez and Tsutsui 2008). A focus of invasion biology is to understand what
factors cause an invasion to be so successful. Exposure to novel environmental factors during
range expansion can cause many ecological and evolutionary changes to population structure
(Hanfling 2007, Lee 2002, Sax et al. 2007, Suzrez and Tsutsui 2008). These changes may give
an indication of reasons behind the relative success of a range expansion (Lee 2002).

The evolutionary potential of invasive species is another major focus of invasion biology. A
species’ evolutionary potential represents the adaptive and nonadaptive processes that may
explain why some species invade new ranges so well (Chun et al. 2009). Adaptive processes are
changes in heritable (genetically based) traits via natural selection that increase survival and
fecundity. Nonadaptive processes are changes in traits via processes other than natural selection
(Chun et al. 2009). For example, genetic isolation, or a lack of gene flow, among subpopulations
may cause genetic differentiation by random change (i.e., genetic drift). Genetic drift is
accelerated by founder effects and demographic bottlenecks, both of which may be frequently
experienced in range expansions (Stepien et al. 2005).

The presence of evolutionary processes may be tested by the use of genetic markers to
determine genetic population structure (Le Roux and Wieczorek 2009). For example,
microsatellites (tandem repeats of nucleotides within the genomic sequence) can be used to
calculate measures of neutral genetic variation between subpopulations. This allows us to answer
whether invasive species consist of ecologically and/or evolutionarily distinct versus
homogeneous collections of subpopulations. We then can infer whether evolutionary processes



are present in a species invasive range, which is the first step to determine if evolutionary
potential has facilitated range expansion.

We are using the invasive round goby (Neogobius melanostomus) in Lake Michigan to study
the evolutionary potential of invasive species. The round goby is an ideal species to study
evolutionary ecology of range expansions, because it was recently discovered in the St. Claire
River in 1990. The round goby was most likely transported to the Great Lakes by ship ballast
water uptake of vertically migrating larval fish (Hensler and Jude 2007, Hayden and Miner
2008). Brown and Stepien (2009) determined that the round goby source population originated
from the mouth of the southern Dnieper River in Kherson, Ukraine, a major Black Sea port by
the use of mitochondrial cytochrome b gene sequences and seven nuclear microsatellites. The
round goby has also been very successful. The invasion of the five Great Lakes occurred within
10 years of its first discovery.

Both ecological and evolutionary hypotheses have been proposed to explain the great success
of the round goby in the Great Lakes. Ecologically, tolerance to a wide range of environmental
factors such as being able to survive in marine and freshwater habitats (Jude et al. 1992) and
thermal tolerance (Cross and Rawding 2009) may have facilitated this fish’s invasion. The
invasion of a native food source, the zebra mussel (Dreissena polymorpha), may have also have
helped the round goby (Bauer et al. 2007, Stepien et al. 2005). Evolutionarily, it has been
hypothesized that by multiple founding sources and the absence of founder effects, which would
be a cause of high genetic diversity in the invasive population, may facilitate invasive success
(Brown and Stepien 2009, Brown and Stepien 2008, Dillon and Stepien 2001, Dougherty et al.
1996, Stepien and Tumeo 2006, Stepien et al. 2005). Multiple founding sources could create new
genotypic combinations allowing for selection of the most adaptive phenotype in a novel
environment. It has been found that in a comparison of genetic differentiation between
populations from the native and invasive ranges, that genetic diversity was similar (Brown and
Stepien 2009, Brown and Stepien 2008). This is also true for other Ponto-Caspian invaders to the
Great Lakes such as the Eurasian ruffe (Gymnocephalus cernuus), zebra mussel, and tubenose
goby (Proterorhinus semilunaris) (Stepien et al. 2005).

The objective of our study was to characterize round goby population structure in
genetics, density, size, and fish condition to determine if evolutionary processes are present in
Lake Michigan. Specific objectives were to determine whether: 1) there are significant patterns
of genetic population structure among sites along the shore of Lake Michigan (e.g., a correlation
between genetic diversity and geographic distance), 2) ferry shipping routes create strong
deviations from normal population structure observed to occur around the lakeshore, and 3)
density, fish size, and condition at the 12 locations differ from each other.

Methods
Data Collection

We collected round gobies by baited minnow traps and angling in rocky substrate from 12
pierhead locations around the lakeshore of Lake Michigan between May 26 to July, 1 2009 (Fig.
1). Round gobies tend to prefer rocky substrate (Ray and Corkum 2001, Taraborelli et al. 2009).
Minnow traps were found to be an effective method for round goby capture in middle to late
summer by Diana et al. (2006). Traps were set in the evening baited with approximately 0.20 Ib



of chicken liver and pulled in the morning. Mean average soak time ranged from 12.72 hr (SE =
0.045) in Holland, Ml to 20.59 hr (SE = 0.283) in Chicago, IL.

Total length, weight, and sex was recorded for 20-74 fish per site. Caudal fins were removed
from 20-52 fish per site and stored individually in 95% ethanol for genetic analysis.
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Fig. 1. Pierhead sites in Lake Michigan.

DNA Extraction and Amplification

Genomic DNA was extracted from caudal fin tissue with Qiagen DNeasy 96 kits for 11-17
individuals per site (Nt = 186) and stored at -20.0 °C.

Eight polymorphic nuclear microsatellite loci from Dufour et al. (2007) were amplified by
polymerase chain reaction (PCR). We used a 10 L PCR reaction mixture that contained 5X taq
buffer (Promega), 2.5 mM MgCl,, 0.2 mM dNTPs, 0.2 uM of each fluorescent microsatellite
primer (Dufour et al. 2007), 1.0 U tag polymerase (PROMEGA), and template with an oil
overlay to guarantee constant volume. Amplification was performed on a EPgradient S
Mastercycler (eppendorf) with an initial 120 s denaturation at 94 °C, followed by 10 cycles of 94
°C with 15 s annealing at 55 °C, and a 15 s 72 °C extension, followed by 30 cycles of 94 °C and
annealing at 48 °C. Microsatellite amplification products were then separated into two plates and
send to the University of Illinois for fragment analysis. The first plate consisted of Nme 1, Nme



2, Nme 4, Nme 5, and Nme 7 with PCR products diluted 1:20 for Nme 1, 2, 4 and 1:50 for Nme
5 and 7. The second plate consisted of Nme 3, Nme 8, and Nme 9 with a 1:20 dilution.

Genetic Analysis

Raw data was scored in GENEMAPPER for allele size and then visually inspected. We
excluded Nme 6 and 10 from our analysis due to scoring abnormalities. Null alleles and large
allelic dropout that can cause significant deviation from Hardy-Weinberg Equilibrium was
checked for by MICROCHECKER version 3.23 (Van Oosterhout et al. 2004). Nme 7 was found
to significantly deviate from Hardy-Weinberg Equilibrium due to the possible presence of null
alleles. We excluded Nme 7 from analysis. Linkage disequilibrium was calculated by
ARLEQUIN 3.1 (Excoffier et al. 2005) to determine if association of pairs of alleles at two loci
were nonrandom. No physical linkage between pairs of loci was discerned.

Table 1. Microsatellite markers (Dufour et al. 2007). Number of alleles (N,), allelic range
(base pairs), repeat motif, observed heterozygosity (Hop), expected heterozygosity (Hg),
inbreeding coefficent (Fis) for round gobies collected at 12 sites in Lake

Microsatellite N, Allelic Range (bp) Repeat Motif Ho Hg Fis
Nme 1 16 252-368 (GTCA)8(GTCT)11GC(CTGT)10 11.83 11.14 0.018
Nme 2 4 238-249 (CA)13 475 4.82 0.027
Nme 3 9 135-187 (AGAC)14 9.89 9.33 0.065
Nme 4 3 107-124 (TCTG)7 758 7.15 -0.08
Nme 5 6 134-149 (CA)AGC(TCTG)7 2 2.68 -0.016
Nme 8 8 281-292 (TG)8 12 11.19 -0.064
Nme 9 7 168-220 (ATCC)12 8.42  8.64 0.006

*Nme 5 was momomorphic for 5 sites.

Average allelic frequency and conformations to Hardy-Weinberg equilibrium were
calculated by GENEPOP version 3.4 (Raymond and Rousset 1995). AMOVA in ARLEQUIN
3.1 was used to explain genetic variation partitioned among and within populations. F-statistics
were used to determine if significant population structure was exhibited in the twelve sites from
Lake Michigan. Pairwise Fsr values and significance after sequential Bonfferoni corrections
(Rice 1989) with 1,023 permutations was calculated by ARLEQUIN 3.1. A Mantel test by
ARELQUIN 3.1 was performed to determine if pairwise Fst values and geographic distance
were related in a pattern of isolation by distance. Geographic distance was calculated as the
shortest distance between sites along the lakeshore.

Genetic differentiation between sites directly across the eastern and western lake shores of
Lake Michigan were compared for deviations from the observed isolation by distance pattern.
Pairwise Fst values were compared for significance between Muskegon, MI and Milwaukee, WI
and Ludington, MI and Manitowoc, WI, Both pairs of sites are connected by daily cross lake
ferry transport (Lake Express, SS Badger).

Demography, Size, and Condition



Analysis of variance (ANOVA) was used to determine differences in mean catch per unit
effort (CPUE) and mean weight of fish captured in minnow traps between pairwise comparisons
of sites. Variance explained by linear regression in a total length/weight relationship of all fish
captured by minnow traps was determined by ANOVA. Significance was determined after
Tukey-Kramer corrections.

Results
Genetic Diversity

Seven microsatellite markers were amplified for 12 sites in Lake Michigan (N = 11-17)
(Table 2). We found all loci at all sites to be polymorphic except for Nme 5, which was
monomorphic for five locations. The average number of alleles per loci at each site ranged from
3.14-5.14 (Table 2). Populations did not deviate significantly from Hardy-Weinberg
Equilibrium, because expected heterozygosity did not deviate significantly from expected
heterozygosity (Table 2).

Table 2. Locations, sample size (N), average number of
alleles (Average N,,) observed heterozygosity (Hop),
expected heterozygosity (Hg), average inbreeding
coeffiecent (Average Fig) for round goby subpopulations in
Lake Michigan.

Average Average
Location = Abr. N Na Ho Hg Fig
St. Joseph SJ 17 4 9.33  9.27 -0.011
Holland HO 16 414 95 | 9.16 -0.056
Muskegon MU 16 486 829 844 -0.001
Ludginton LU 16 471 929 9.63 0.055
Frankfort FR 17 371 1033 9.98 -0.039
Charlevoix | CA 17 400 843 835 | -0.015
St. Ignace Sl 16 @ 514 9.00 8.78 -0.034
Escanaba ES 16 443 843 841 0.019
Manitowoc. MA = 16 4 9.17 | 8.79 @ -0.031
Milwaukee Ml 12 429 6.29 6.76  0.051
Kenosha KE 17 357 729 7.68 0.028
Chicago Cl 11 314 6.17 566 | -0.084

Genetic Differentiation

AMOVA determined that 5.31% of genetic variation was found among populations (P =
<0.001) and 94.69% of genetic variation was found within populations (P = <0.001) (Table 3).



Table 3. Hierarchal genetic variation (AMOVA) among
and within 12 round goby pierheads in Lake Michigan.

Source of Percentage
Variation Variance Variation P-value
Among Populations  0.09572 5.31 <0.001
Within Populations = 1.70678 94.69 <0.001
Fsr 0.0531

*Significance test by 1023 permutations.

Pairwise Fst values found a range of population differentiation levels between sites.
Values ranged from -0.018 to 0.155 (Table 4). Out of 65 pairwise comparisons, 23 were
significant after sequential Bonferonni corrections (Table 4). The greatest difference was
between St. Ignace and Holland at 0.155. The smallest degree of difference was between
Chicago and Escanaba at -0.018. St. Ignace had the most significant pairwise Fst comparisons of
all 12 sites (10 of 11).

Table 4. Pairwise Fgt values of 12 round goby pierheads in Lake Michigan with
significant values after sequential Bonferonni corrections bolded (a < 0.05).

SJ HO MU LU  FR  CA S ES MA Ml KE
Holland = 0.032
Muskegon | 0.033 0.012
Ludington = 0.034 0.038 0.026
Frankfort = 0.047 0.089 0.045 0.025
Charlevoix  0.0008 0.072 0.034 0.007 0.006
St. Ignace  0.117 0.155 0.073 | 0.088 0.085 0.081
Escanaba 0.008 0.044 0.028 0.038 0.032 0.014 0.146
Manitowoc | 0.1  0.128 0.063 0.056 0.04 0.053 0.042 0.100
Milwaukee = 0.037 | 0.04 | -0.02 0.015 0.029 0.026 0.054 0.028 0.037
Kenosha = 0.015 0.078 0.053 0.061 0.064 0.02 0.084 0.041 0.073 0.046
Chicago = 0.018 0.061 0.052 0.042 0.05 0.023 0.153 -0.018 0.140 0.044 0.052

We used a Mantel test to determine if a correlation between pairwise Fst and geographic
distance was present between sites around the lakeshore of Lake Michigan (Fig. 2.a). No
isolation by distance (IBD) pattern was observed (Mantel = 0.0058, P = 0.453). A Mantel test did
find a pattern of IBD along the eastern shore of Lake Michigan from St. Joseph to St. Ignace
(Mantel = 0.56, P = 0.007) (Fig. 2.b) and along the western lake shore from Chicago to
Manitowoc (Mantel = 0.83, P = 0.028) (Fig. 2.c). No IBD pattern was found along the northern
lake shore from Escanaba to Frankfort (Mantel = -0.18, P = 0.56) (Fig. 2.d) or the southern
lakeshore from Milwaukee to Muskegon (Mantel = -0.04, P = 0.56) (Fig. 2.e). When the outlier
comparison between Milwaukee and Muskegon (distance = 633.88 km, Fst =-0.015) is removed
the linear regression between sites on the southern lakeshore shows a stronger positive
correlation between pairwise Fst and geographic distance (Fig. 2.1).
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Fig. 2. Correlation between pairwise Fst values and geographic distance in Lake
Michigan along a) 12 sites (Mantel = 0.0058, P = 0.453), b) the eastern lakeshore (St.
Joseph to St. Ignace) of Lake Michigan (Mantel = 0.56, P = 0.007), c) the western

lakeshore (Chicago to Manitowoc)of Lake Michigan (Mantel = 0.83, P=0.028), d) the
northern lakeshore (Frankfort to Escanaba) of Lake Michigan (Mantel = -0.18, P=0.56),

e) the southern lakeshore (Muskegon to Milwaukee) of Lake Michigan (Mantel = -0.04, P
= 0.56), f) the southern lakeshore (Muskegon to Milwaukee) of Lake Michigan minus
pairwise comparison between sites Muskegon and Milwaukee.

A comparison between sites directly across Lake Michigan and connected by passenger

ferry transport showed conflicting relationships. The pairwise Fst between Muskegon and
Milwaukee was not significant at -0.015 (Table 4). This indicates transport of round gobies
between the two locations is potentially strong by the Lake Ferry Express. Ludington and

Manitowoc had a significant pairwise Fst of 0.056 (Table 4) indicating that transport of round

gobies may not be extensive by the SS Badger.

Demography, Size, and Condition




A total of 1,388 round gobies were captured at 12 sites in Lake Michigan. A total of
1,314 round gobies were captured by minnow traps from the 12 pier head locations in Lake
Michigan. The highest mean CPUE was 34.69 fish per trap (SE = 3.203) in Chicago, IL and the
lowest 0.14 (SE = 0.097) in Escanaba, MI (Fig. 3). The mean CPUE at each site was
significantly different between pairwise comparisons of locations by ANOVA (39 out 66
comparisons significant).
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Fig. 3. Mean catch per unit effort (CPUE) of minnow traps at 12 pierheads in Lake
Michigan (ANOVA: F11 160 = 26.8, p<0.001). CPUE significantly different for 39 of 66
pairwise population comparisons. Error bars = 1 SE.

Weight was taken for a total of 571 fish captured by minnow traps at each of the twelve sites.
Mean weight of fish caught in minnow traps ranged from 4.26 g (SE = 0.329) in St. Ignace, Ml
to 18.91 g (SE = 1.10466) in Kenosha, W1 (Fig.4). The mean weight of fish caught at each site
was significantly different for 36 out of 66 pairwise comparisons by ANOVA.
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Fig. 4. Size of round gobies captured by minnow traps at 12 pierheads in Lake
Michigan (ANOVA: F 11,633 = 52.49, p<0.001). Weight differed significantly for
36 of 66 pairwise population comparisons. Error bars + 1 SE.

A relationship between the Log;o total length and Logio weight for all fish captured by
minnow traps for all sites produced a linear regression of y = 3.18482x — 2.03463 (p<0.0001)
(Fig. 5). Linear regression explained 96.74% of the variation in the dataset (adjusted R?=
0.9674). As an indicator of fish health a length/weight relationship slope over three indicates a
fish weighs more than its length and a value below three indicates that a fish is longer than its
weight.
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Fig. 5. Relationship between length and weight of round gobies captured by
minnow traps at all sites in Lake Michigan (N = 644).

Discussion
Genetic Diversity
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AMOVA determined that hierarchal genetic variation was low among populations
(5.31%) and was explained mostly by within population genetic variation (94.69%) (Table 3).
Despite low genetic variation between populations, pairwise Fst values indicate that population
structure of round gobies at pierheads in Lake Michigan is present (Table 4). There are many
possible underlying evolutionary causes that could create population structure of the round goby
in Lake Michigan, such as multiple founding sources or absence of founder effects (Brown and
Stepien 2009, Brown and Stepien 2008, Dillon and Stepien 2001, Dougherty et al. 1996, Stepien
and Tumeo 2006, Stepien et al. 2005).

A barrier to gene flow such as long geographic distances between sites along the Lake
Michigan shore could create population structure by genetic drift. As a population becomes more
isolated, the potential for stochastic processes to create different genotypes in the population
becomes more likely. This is known as a pattern of isolation by distance. The round goby is a
small, benthic fish and its capacity to swim far distances may be limited. Adult round gobies are
known to stay relatively close to their home range (Ray and Corkum 2000). A pattern of IBD
was not found around the entire lakeshore (Fig. 2.a), though a significant relationship between
pairwise Fst and geographic distance was found on the eastern (Fig. 2.b) and on the western
shores of Lake Michigan (Fig. 2.c). A pattern of IBD was not found along the northern (Fig. 2.d)
or southern (Fig. 2.e) shores of Lakes Michigan. When an outlier (Muskegon and Milwaukee,
distance = 633.88 km, Fst=-0.015) is removed from the linear regression on the southern shore
sites, a clear positive correlation between pairwise Fsrand geographic distance is seen (Fig. 2. f).

There are several methods of transport possible for round gobies in Lake Michigan. It has
been hypothesized that the round goby was transported to the Great Lakes by uptake of larval
fish in the ballast water of ships (Hensler and Jude 2007, Hayden and Miner 2008). It is likely
that ships traveling through the Great Lakes move round gobies between different ports. This
type of movement could breakdown isolation by distance patterns along the shore of Lake
Michigan as is seen here. The Lake Ferry Express travels daily between Muskegon, Ml and
Milwaukee, WI for passenger transport. The pairwise Fst comparison indicates that these two
pierhead populations are very similar genetically (Fst=-0.015, Table 4), while geographic
distance along the lakeshore is considerable at 633.88 km. A low, non significant pairwise Fst
value indicates that there is probably gene flow between these two pierheads. The pairwise Fsr
value between Ludington, MI and Manitowoc, W1 is significant (Fst = 0.056, Table 4). The SS
Badger travels daily between these two ports for passenger transport. It is unclear why Ludington
and Manitowoc are genetically different, while Muskegon and Milwaukee are not. Other factors
not discerned may be causing these conflicting patterns of population structure, such as the depth
of Lake Michigan could be a deterrent for adult round goby migration across the lake. Further
information on shipping routes in the Great Lakes is needed to evaluate possible methods of
round goby transport in the Great Lakes.

Lake currents are another possible mode of round goby transport in Lake Michigan. In a
ten year study on climatological circulation in Lake Michigan, it was shown that the lake exhibits
a stable, large scale cyclonic circulation pattern in stratified and non stratified conditions
(Beletsky and Schwab 2008). Larval round gobies have been found to vertically migrate in the
water column on a diel cycle (Hensler and Jude 2007, Hayden and Miner 2008). Larval yellow
perch (Perca flavescens) were found to be transported by Lake Michigan currents (Dettmers et
al. 2005), but no study has thus been done on larval round goby transport. This type of
movement could potentially affect the genetic population structure of the round goby in Lake
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Michigan. Further work, such as verifying if larval round gobies are actually transported by lake
currents, is needed to determine if this could breakdown a pattern of IBD.

Demography, Size, and Condition

Catch per unit effort (CPUE) of round gobies caught in minnow traps was differed
significantly between sites (Fig. 3). This suggests that densities vary spatially across Lake
Michigan. This could be a result of different population sizes, but also an error of sampling
methods. Differences in the habitat where sampling occurred, distribution of fish within a
habitat, and temporal changes in density at a location could all change the CPUE even though
population sizes at different locations may be similar.

Mean weight of fish caught in minnow traps was different between sites in Lake
Michigan (Fig. 4). This indicates that either environmental or genetic causes are creating a
difference between fish size at different locations in Lake Michigan. Possible causes of weight
difference between round gobies include environmental factors, metabolic rate, genetics, or a
combination of these.

A linear regression of the relationship between length and weight indicates the condition
and health of fish. The slope of all round gobies captured by minnow traps in Lake Michigan
points to fish that are in relatively healthy (Fig.5). Jude et al. (1992) found a similar relationship
between length and weight of round gobies captured in the St. Claire River from 1990-1991
(LogioW = 3.4821 Logsol * 5.7100, R? = 0.98). This relationship is very close to relationship
between length and weight found by us. Round gobies in Lake Michigan have mostly the same
condition between pierheads.

Conclusion

Our results show that Lake Michigan is not composed of a single, homogenous
population of round gobies, but exhibits population structure in genetics, density, size, but not
condition of fish. A pattern of isolation by distance explains some of the population structure we
have found present in Lake Michigan. It is intriguing that there is population structure in Lake
Michigan, even though it is a single body of water. Ecological and evolutionary processes may
have created population structure by restriction of gene flow or by other factors. It is possible
that the round goby possesses adaptive (evolutionary) potential. Further work needs be done to
determine if the round goby exhibits evolutionary potential that may have facilitated its rapid
establishment in the Great Lakes.

Acknowledgments

We thank Dustin Wcisel for laboratory and sampling help. Jeff LaRue, Jordan Allison, Amanda
Potter, and Sarah LaRue provided sampling assistance. Ben Stacey provided advice on how to
collect fish. Funding for this project was provided by Student Summer Scholars 2009.

Literature Cited

Bauer, C. R., A. M. Bobeldyk, and G. A. Lamberti. 2007. Predicting habitat use and trophic

12



interatctions of Eurasian ruffe, round gobies, and zebra mussels in nearshore areas of the Great
Lakes. Biological Invasions 9: 667-678.

Beletsky, D. and D. Schwab. 2008. Climatological circulation in Lake Michigan. Geophysical
Research Letters 35: L21604.

Brown, J. A. and C. A. Stepien. 2009. Invasion genetics of the Eurasian round goby in North
American: tracing sources and spread patterns. Molecular Ecology 18: 64-79.

Brown, J. E. and C. A. Stepien. 2008. Ancient divisions, recent expansions: phylogeography and
population genetics of the round goby Apollonia melanostoma. Molecular Ecology 17: 2598-
2615.

Chun, Y. J., J. D. Nason, and K. A. Moloney. 2009. Comparison of quantiatative and molecular
genetic variation of native vs. invasive populations of purple loosestrife (Lythrum salicaria L.,
Lythraceae). Molecular Ecology 18: 3020-3035.

Cross, E. E. and R. S. Rawding. 2009. Acute thermal tolerance in the round goby, Apollonia
melanostaoma (Neogobius melanostomus). Journal of Thermal Biology 34: 85-92.

Dettmers, J. M., J. Janssen, B. Pientka, R. S. Fulford, and D. J. Jude. 2005. Evidence across
multiple scales for offshore transport of yellow perch (Perca flavescens) larvae in Lake
Michigan. Canadian Journal of Fisheries and Aquatic Science 62: 2683-2693.

Dougherty, J. D., W. S. Moore, and J. L. Ram. 1996. Mitochondrial DNA analysis of round goby
(Neogobius melanostomus) and tubenose goby (Proterorhinus marmoratus) in the Great Lakes
basin. Canadian Journal of Fisheries and Aquatic Science 53: 474-480.

Diana, C. M., J. L. Jonas, R. M. Claramunt, J. D. Fitzsimons, and J. E. Marsden. 2006. A
comparison of methods for sampling round goby in rocky littoral areas. North American
Journal of Fisheries Management 26: 514-522.

Dillon, A. K. and C. A. Stepien. 2001. Genetic and biogeographic relationships of the invasive
round (Neogobius melanostomus) and tubenose (Proterorhinus marmoratus) gobies in the
Great Lakes versus Eurasian populations. Journal of Great Lakes Research 27: 267-280.

Dufour, B. A., T. M. Hogan, and D. D. Heath. 2007. Ten polymorphic microsatellite markers in
the invasive round goby (Neogobius melanostomus) and cross-species amplification. Molecular
Ecology Notes 7: 1205-1207.

Excoffier, L., G. Laval, S. Schneider. 2005. ARLEQUIN ver. 3.0: An integrated software
package for population genetics data analysis. Evolutionary Bioinformatics Online, 1, 47-50.
<http://cmpg.unibe.ch/software/arlequin3/>.

GeneMapper Software Version 3.7. 2004. Applied Biosystems.

Hayden, T. A. and J. G. Miner. 2008. Rapid dispersal and establishment of a benthic Ponto-
Caspian goby in Lake Erie: diel vertical migration of early juvenile round goby. Biological
Invasions.

Hanfling, B. 2007. Understanding the establishment success of non-indigenous fishes: lessons
from population genetics. Journal of Fish Biology 71 (Supplement D): 115-135.

Hensler, S. R. and D. J. Jude. 2007. Diel vertical migration of round goby larvae in the Great
Lakes. Journal of Great Lakes Resources 33: 295-302.

Jude, D. J., R. H. Reider, and G. R. Smith. 1992. Establishment of Gobiidae in the Great Lakes
Basin. Canadian Journal of Fisheries and Aquatic Science 49: 416-421.

Lake Express. 2009. Lake Express, LLC. <http://www.lake-express.com/>.

Lee, C. E. 2002. Evolutionary genetics of invasive species. Trends in Ecology and Evolution 17:

386-391.

13



Le Roux, J. and A. M. Wieczorek. 2009. Molecular systematics and population genetics of
biological invasions: towards a better understanding of invasive species management. Annals
of Applied Biology 154: 1-17.

Ray WJ & LD Corkum (2001) Habitat and site affinity of the round goby. Journal of Great
Lakes Research 27(3) 329-334.

Raymond, M. and F. Rousset. 1995. GENEPOP (version 1.2): population genetics software for
exact tests and ecumenicism. Journal of Heredity 86:248-249.

Rice, W. R. 1989. Analyzing tables of statistical tests. Evolution 43: 223-225.

Sax, D. F., J. J. Stachowicz, J. H. Brown, J. F. Bruno, M. N. Dawson, S. D. Gaines, R. K.
Grosberg, A. Hasting, R. D. Holt, M. M. Mayfield, M. I. O’Connor, and W. R. Rice. 2007.
Ecological and evolutionary insights from species invasions. Trends in Ecology and Evolution
22: 465-471.

SS Badger. Lake Michigan Carferry 2009. <http://www.ssbadger.com/home.aspx>.

Stacey, M. B., C. Ruetz I1l, R. Thum, T. Armstrong. 2008. Population structure of the invasive
round goby (Neogobius melanostomus) along the eastern shore of Lake Michigan. Student
Summer Scholars. Grand Valley State University.

Stepien, C. A. and M. A. Tumeo. 2006. Invasion genetics of Ponto-Caspian gobies in the Great
Lakes: a “cryptic’ species, absence of found effects, and comparative risk analysis. Biological
Invasions 8: 61-78.

Stepien, C. A., J. E. Brown, M. E. Neilson, and M. A. Tumeo. 2005. Genetic diversity of
invasive species in the Great Lakes versus their Eurasian source populations: insights for risk
analysis. Risk Analysis 25: 1043-1060.

Suzrez A. V. and N. D. Tsutsui. 2008. The evolutionary consequences of biological invasions.
Molecular Ecology 17: 351-360.

Taraborelli, A. C., M. G. Fox, T. Schaner, and T. B. Johnson. 2009. Density and habitat use by
the round goby (Apollonia melanostoma) in the Bay of Quinte, Lake Ontario. Journal of Great
Lakes Research 35: 266-271.

Van Oosterhout, C., W. F. Hutchinson, D. P. M. Willis, and P. Shipley. 2004. MICRO-
CHECKER: software for identifiying and correcting genotyping errors in microsatellite data.
Molecular Ecology Notes 4: 535-538. http://www.microchecker.hull.ac.uk/

14



	Grand Valley State University
	ScholarWorks@GVSU
	2009

	Population Structure of the Invasive Round Goby in Lake Michigan
	Elizabeth A. LaRue
	Carl Ruetz III
	Ryan Thum
	Recommended Citation


	Microsoft Word - S3_Final_Report_2009_Elizabeth_LaRue.doc

