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SUMMARY

1. We used allozyme electrophoresis to compare Bythotrephes longimanus (Crustacea:
Onychopoda: Cercopagididae) from recently founded North American populations with
those from native European populations, and to examine changes in genetic structure of
North American populations over time.

2. The genetic structure of North American populations in 1996 was similar to that of
European populations, because of the disappearance of founder effects which distin-
guished North American from European populations in 1989.

3. The Lake Ladoga, Russia population was more closely related to North American
populations than to other European populations, consistent with non-genetic evidence
implicating Lake Ladoga as the source of North American populations.

4. Our results provide additional evidence of the presence of an invasion corridor that
allows Urasian and Ponto-Caspian species to be introduced into North American
freshwater ecosystems, and show that founder effects can erode over time following

establishment of invasive species.
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Introduction

The introduction of exotic species into novel environ-
ments is a major concern of scientists studying the
effects of human activities on ecosystems (Vitousek
et al., 1997; Cohen & Carlton, 1998). The Laurentian
Great Lakes have become home to a number of exotic
organisms following the arrival of Europeans, with
many of these species causing marked changes in
the lakes’ ecosystems (Mills et al., 1993). The most
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notorious invader is the sea lamprey [Petromyzon
marinus (L)], which devastated native fish populations
in the mid-20th century (Smith & Tibbles, 1980). Most
recently, these ecosystems have experienced a spate of
Eurasian species becoming established during the
1980s and 1990s. Prominent examples of recent intro-
ductions are fishes such as ruffe [Gymnocephalus
cernuus (L)] and round goby (Neogobius melanostomus
Pallas), zebra and quagga mussels (Dreissena polymor-
pha Pallas and D. bugensis Andrusov, respectively),
and other benthic and planktonic invertebrates
(reviewed in Mills et al., 1993; Maclsaac, 1999). The
mode of introduction of these exotic species is believed
to be discharge of freshwater ballast transported
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from European waterways via ocean-going freighters
(Sprules, Riessen & Jin, 1990; Mills et al., 1993).

Bythotrephes sp., a Palearctic zooplankter, was first
found in the Great Lakes in 1982 (Johannsson, Mills &
O’Gorman, 1991). Initially identified as B. cederstroemi
Schoedler, recent work has shown that this taxon is
conspecific to B. longimanus Leydig (see discussion in
Yan & Pawson, 1998 and Maclsaac et al. 2000). Lake
Ladoga, Russia was implicated as a probable source
of this exotic species because of its direct connection
to the harbour of St Petersburg and the eastern Gulf
of Finland via the Neva River, and because freighters
bound for Great Lakes ports often take on ballast
water at St Petersburg (Sprules et al., 1990). At many
times of the year, this ballast is fresh or oligohaline
water because of the low salinity of the eastern Gulf
of Finland, which is strongly influenced by the Neva
River, a major tributary of the Baltic Sea. The
zooplankton community in Neva Bay, a part of St
Petersburg Harbour, is composed primarily of popu-
lations that originate in Lake Ladoga and are
transported to the bay via the Neva River (Telesh,
1995). Thus, the potential exists for ship-mediated
transcontinental transport of freshwater and euryha-
line organisms between the Lake Ladoga-Neva estu-
ary-Gulf of Finland system and the Laurentian Great
Lakes.

Like most cladocerans, B. longimanus is a cyclic
parthenogen. The primary mode of reproduction is
clonal, interspersed with bouts of sexual reproduction
under stressful environmental conditions, especially
during late autumn (Hebert, 1987). As such, new
populations can be established by the introduction of
as few as one female individual. Large-lake popula-
tions of cladocerans are characterised by stable allele
frequencies with genotypic arrays meeting Hardy-
Weinberg expectation (HWE) because of regular
episodes of sexual reproduction (reviewed in De
Meester, 1996). A previous study of Bythotrephes
found that populations from European lakes con-
tained relatively low levels of intrapopulation genetic
variation compared with other cladocerans, but that
genotype frequencies met HWE (Berg & Garton,
1994). Interpopulation variation was low within
drainage basins but high among basins in Finland
and Germany. In contrast, 2-5 years old North
American populations were characterised by geno-
type frequencies that were different from HWE as a
result of heterozygote excesses at the phosphoglu-

comutase (PGM) locus and low levels of variation
among populations (Weider, 1991; Berg & Garton,
1994).

Population genetic theory predicts that newly
established populations will exhibit founder effects,
including loss of genetic variation and/or alteration of
genetic structure from passing through a bottleneck, if
the founding population is small. Founder effects
have been noted in a number of aquatic invertebrate
taxa that show high levels of allele frequency diver-
gence among populations (Boileau, Hebert &
Schwartz, 1992; DeMelo & Hebert, 1994). Low levels
of interpopulation genetic variation and heterozygote
excesses found in North American populations of
B. longimanus probably represent a founder effect due
to the numerical dominance of some clonal groups
(multiple locus genotypes) with a heterozygous geno-
type at the PGM locus.

We used allozyme electrophoresis to survey genetic
variation in B. longimanus populations from the
Laurentian Great Lakes and Lake Ladoga. Samples
were collected in 1996, 9-12 years after invasion of the
Great Lakes. We compared these results with an
earlier (1989) allozyme survey of populations from the
Great Lakes and other European lakes (Berg & Garton,
1994) to determine whether Lake Ladoga was the
probable source of the North American populations,
and to assess the stability of the unique genetic
structure of the Great Lakes populations.

Methods

Bythotrephes longimanus were collected from Lakes
Ladoga, Superior, Michigan, and the North Channel
and main basin of Lake Huron from 28 July to 23
August 1996, using a 500-um mesh plankton net.
Captured individuals were preserved in a 15%
trehalose solution (Taylor, Finston & Hebert, 1994).
Standard cellulose acetate electrophoresis techniques
(Hebert & Beaton, 1989) were used to measure
genetic variation at nuclear loci. Loci surveyed were
alkaline phosphatase (ALP, EC 3.1.3.1), fumarase
(FUM, 42.1.2), glutamate oxaloacetate transferase
(GOT, 2.6.1.1), isocitrate dehydrogenase (IDH,
1.1.1.42), leucyl-alanine peptidase (PEP, 3.4.11),
malate dehydrogenase (MDH, 1.1.1.37), malic enzyme
(ME, 1.1.1.40), mannose phosphate isomerase (MPI,
5.3.1.8), (PGM 5.4.2.2), and phosphoglucose isomerase
(PGI, 53.1.9) for all populations. Sample sizes
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were 34-79 individuals per population. Data were
analysed using Biosys-1 (Swofford & Selander, 1981)
and Tools for Population Genetic Analysis (Miller,
1998). Polymorphic loci were defined as those in
which the most common allele was present at a
frequency < 0.95.

Results were compared with those from a previous
study of Bythotrephes (Berg & Garton, 1994), in which
sample sizes varied between 17 and 91 individuals per
population for populations from the same Great Lakes
sites sampled in this study plus additional sites in
Lake Erie, south-eastern Finland (four lakes), Sweden
(one lake), and Germany (two lakes). Two lakes in
Finland contained sympatric longimanus-type and
cederstroemi-type individuals; these were treated as
separate populations consistent with our earlier study
(Berg & Garton, 1994).

A cluster analysis of the 1996 data with European
populations from 1989 was performed using UPGMA
to create a dendrogram based on modified Rogers’
genetic distance calculated for eight loci (FUM and
GOT were not resolved in all European populations).
Confidence in the nodes of the dendrogram was
determined by bootstrapping 1000 replicates. Allele
and genotype frequency differences among popula-
tions were tested using R x C contingency tables. In
cases where expected values were too low to meet
the assumptions of a chi-square distribution, we
pooled rare alleles or genotypes. Deviations from
HWE were tested using Fisher’s Exact Test with a
sequential Bonferroni adjustment of significance lev-
els (Lessios, 1992). Genotypic distance (Hedrick,
1971) based on 10 loci was used to compare Great
Lakes populations from 1989 and 1996, because 1989
populations did not have genotype frequencies that
met HWE. A cluster analysis using genotypic dis-
tance based on the same 10 loci was performed for
Lake Ladoga with all of the 1989 data. Differences in
genotype frequencies, genetic and genotypic distan-
ces, and descriptive measures of genetic structure
among years in the Great Lakes populations were
tested using paired t-tests. Genotype frequencies and
other proportional measurements were arcsin-trans-
formed before analysis.

In order to determine whether changes in geno-
type frequencies between 1989 and 1996 might be
explained by recombination alone, we assumed
random mating of 1989 North American populations
and calculated expected genotype frequencies. These
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expected frequencies were then compared with the
frequencies found in the 1996 North American
populations using R x C contingency tables.

Results

Seven of the 10 loci sampled in 1996 had variation
present. Two loci (PEP and PGM) were polymorphic,
while rare alleles were found in single North Ameri-
can populations at five loci (FUM, IDH, MDH, ME,
PGIL; all at frequencies < 0.04). Clonal groups were
identified based on genotypes at the PEP and PGM
loci. The PGI locus was polymorphic in several 1989
European populations, while both the ALP and ME
loci were polymorphic in one population.

The Lake Ladoga population was more similar to
Great Lakes populations than to European popula-
tions (Fig. 1). Average genetic distance was signifi-
cantly lower between the Great Lakes and Lake
Ladoga populations (0.085 + 0.013 SE.) than between
Lake Ladoga and Finnish populations (0.202 + 0.039)
(Mann-Whitney test, n =10, P =0.01). All alleles
present in Lake Ladoga were present in the Great
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Fig. 1 Modified Rogers genetic distance among populations of
Bythotrephes from North American (1996) and European lakes.
Genetic distance was determined using eight allozyme loci per
individual. The dendrogram was constructed using UPGMA.
Numbers at nodes are the percentage of bootstrapped trees (out
of 1000 total trees) supporting the node. All other nodes were
supported by less than 50% of the trees (range = 10-45.3% of
trees). Abbreviations for populations are ‘Fin 1" and ‘Fin

2" = Lake Pdijdnne, Finland, ‘Fin 3’ and ‘Fin 4 = Lake
Vuohijarvi, Finland, ‘Fin 5" = Lake Kivijarvi, Finland, ‘Fin

6" = Lake Kuolimo, Finland, ‘Swe’ = Lake Vianern, Sweden, ‘Ger
1" = Stocksee, Germany, ‘Ger 2’ = Selenter See, Germany,
‘Huron NC’ = North Channel of Lake Huron. Swedish, German,
and certain Finnish (2, 3, 5) populations are longimanus-type. All
other populations are cederstroemi-type.
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Lakes, while other European lakes contained alleles
not found in the Great Lakes. The common MF
heterozygote at the PGM locus in Great Lakes
populations was also common in Lake Ladoga
(Table 1). This genotype was found at very low
frequency (0.02) in a single Finnish lake, while the F
allele was completely absent from all five other
Finnish populations. Nine clonal groups (the maxi-
mum number possible in a system with only two
polymorphic loci and two alleles at each locus) were
found in the Great Lakes, eight of which were also
present in Lake Ladoga. No other clonal groups were
found in Lake Ladoga. A large number of additional
clonal groups were found in the other European lakes
(Berg & Garton, 1994).

In 1996, neither allele nor genotype frequencies
(Table 1) were significantly different among Great
Lakes and Lake Ladoga populations at the PGM locus
(P > 04 for both analyses). At the PEP locus, allele
frequencies and genotype frequencies differed among
populations, both when Lake Ladoga was included
with the Great Lakes populations (Table 1, P < 0.0001)
and when it was omitted (P < 0.038). Patterns for both
of these loci were consistent with those from 1989
(Berg & Garton, 1994). Genotypic distances among
Great Lakes populations were greater in 1996 than in
1989 (t = 3.56, n = 6 pairs, P = 0.016). This divergence
was driven by changes in allele and genotype
frequencies in some of the Great Lakes populations
at the PGM and PEP loci (Table 1).

Great Lakes populations in 1996 were more similar
in genetic structure to Lake Ladoga and other Euro-
pean lakes than were 1989 populations. In 1996, 100%
of the tests for deviation from HWE were non-
significant (P = 0.05 for experimentwise error rate).

In 1989, 40% of the tests for Great Lakes populations
were significant, while only 12.5% of European
populations showed significant deviation (Berg &
Garton, 1994). These changes in genotype frequency
arrays were caused by the disappearance of hetero-
zygote excesses at the PGM locus from the 1996 Great
Lakes populations (t =12.29, n =4 pairs, P = 0.001).
Genotype frequencies at the PGM locus were not
significantly different between Lake Ladoga and 1996
Great Lakes populations, but were significantly dif-
ferent between Lake Ladoga and 1989 Great Lakes
populations (P < 0.0001). At the PEP locus, genotype
frequencies were significantly different between years
for Lake Superior and the Main Basin of Lake Huron
(P < 0.002), but not for the other Great Lakes.

In contrast to the results shown in Fig. 1, the Lake
Ladoga population clustered with populations from
Finland when 1989 North American populations were
used in the analysis. Again, this was mostly because
European lakes did not have the extreme heterozygote
excesses that characterised the North American pop-
ulations during 1989. However, genotypic distances
were lower between Lake Ladoga and 1989 North
American populations (0.079 + 0.005, n =6 pairs)
than between Finnish lakes and 1989 North American
populations (0.136 + 0.007, n = 42 pairs). Genotypic
distances between Great Lakes populations and Lake
Ladoga were smaller in 1996 than in 1989 (t = 3.99,
n = 4 pairs, P = 0.028). Average values for descriptive
measures of genetic structure were not significantly
different between 1989 and 1996 populations from the
Great Lakes (Tables 2, t < 2.08 for all tests, n =4,
P >0.1), but this may be the result of a lack of
statistical power because only four populations were
measured in both 1989 and 1996.

Table 1 Genotype frequencies at poly-

PGM PEP morphic allozyme loci for populations of
Population " SM MM MF  FF " ss SF FF Bythotrephes longimanus from North
American lakes and Lake Ladoga in 1996.
Huron - Main 55  0.000 0.400 0382 0218 57 0719 0193 0.088 7 =samplesize. ‘Great Lakes 1989 entries
Basin are means for the same Great Lakes
Huron — North 34 0.000 0471 0441 0.088 60 0.900 0.067 0.033 populations from summer 1989 (Berg &
Channel Garton, 1994). ‘Finland’ entries are means
Michigan 52 0.000 0.346 0500 0.154 53 0.792 0.170 0.038 for six populations from Finnish lakes
Superior 55 0.000 0.400 0491 0.109 65 0.646 0.246 0.108 (Berg & Garton, 1994). SE are listed below
Ladoga 40 0.000 0.500 0.300 0.200 58 0.448 0.328 0.224 means
Great Lakes 1989 69.3 0.000 0.133 0.719 0.148  69.0 0.931 0.058 0.011
SE (0.8) (0.000) (0.030) (0.032) (0.015)  (6.4) (0.027) (0.024) (0.011)
Finland 378 0.019 0978 0.003 0.000 40.0 0.868 0.108 0.024
SE (6.2) (0.010) (0.011) (0.003) (0.000) (10.1) (0.037) (0.032) (0.012)
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Table 2 Descriptive measures of genetic variation in 1996 Great Lakes and Lake Ladoga populations of Bythotrephes
longimanus. Numbers in parentheses are standard errors. Great Lakes 1989 data from Berg & Garton (1994)

Mean sample Mean number of Polymorphic Mean Number of

Population size per locus alleles per locus loci (%) heterozygosity clonal groups
Huron — Main Basin 59.2 (0.6) 12 (0.1 20 0.05 (0.04) 9

Huron — North Channel 60.6 (3.0) 1.3 (0.2) 20 0.05 (0.04) 5

Michigan 54.5 (0.3) 1.4 (0.2) 20 0.07 (0.05) 8

Superior 72.0 (2.1) 1.4 (0.2) 20 0.08 (0.05) 9

Ladoga 73.0 (4.2) 1.2 (0.1) 20 0.06 (0.04) 8

Great Lakes Mean (1996) 61.6 (3.7) 1.3 (0.0) 20 0.06 (0.01) 7.8 (0.9)
Great Lakes Mean (1989) 56.2 (3.3) 1.3 (0.2) 18 0.07 (0.00) 5.8 (0.5)

Changes in genetic structure of North American
populations between 1989 and 1996 were not a result
of recombination alone. In three of eight comparisons
(PEP and PGM in Lake Superior, PEP in the Main
Basin of Lake Huron), 1996 genotype frequencies were
significantly different from genotype frequencies pre-
dicted by random mating of 1989 populations. The
fast allele at the PEP locus was present in Lake
Superior in 1996, although it was not detected there in
1989.

Discussion

The genetic structure of North American populations
of B. longimanus changed significantly from 1989 to
1996. Genotype frequencies for 1996 populations met
HWE, consistent with results from Lake Ladoga and
the European lakes sampled in 1989. Thus, the genetic
structure of all Great Lakes populations of Bythotre-
phes has converged on that of long-established Euro-
pean populations. Our analyses assume that genotype
frequencies of European populations of B. longimanus
are stable over time. Previous work has demonstrated
such stability in large-lake cladoceran populations (De
Meester, 1996). The lack of such stability in North
American populations is therefore particularly note-
worthy.

The founder effect exhibited by Great Lakes popu-
lations in 1989 was especially obvious in the hetero-
zygote excesses at the PGM locus (Berg & Garton,
1994); these heterozygote excesses disappeared by
1996. Because observed changes in genetic structure
are caused by changes in frequencies of genotypes
(rather than the appearance of new alleles), recom-
bination during sexual reproduction is a potential
explanation for these differences. However, our
results show that recombination followed by random
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mating does not completely explain changes in
genetic structure from 1989 to 1996. In Bythotrephes,
the rapid removal of founder effects that alter genetic
structure is probably the result of both recombination
and the continued influx of individuals from Lake
Ladoga. The observation that North American pop-
ulations from 1996 are more similar to the Lake
Ladoga population than were North American pop-
ulations from 1989 supports this hypothesis. Repea-
ted colonisation of lakes has been invoked as a cause
of differences in genetic structure between native and
newly founded populations of other cladocerans
(DeMelo & Hebert, 1994). Previous work has noted
the persistence of founder effects among localised
populations of pond-dwelling invertebrates, but such
patterns were attributed to small numbers of foun-
ders and subsequent lack of gene flow among
populations (Boileau et al., 1992). In the case of North
American Bythotrephes, it is possible that immigration
from a source population has continued for over a
decade and that the original founder effect has been
eroded by incorporation of additional immigrants.
Our results are consistent with the hypothesis that
B. longimanus populations within the Great Lakes
arose from a single source, Lake Ladoga. We also
provide further evidence of the existence of an
invasion corridor that may allow other exotic species
to be introduced from Eurasia into the Great Lakes
(Ricciardi & Maclsaac, 2000; Maclsaac, Grigorovich, &
Ricciardi, 2001). The Lake Ladoga-Neva estuary-Gulf
of Finland corridor sits at the junction of an intra-
continental shipping that connects the
Ponto-Caspian basin with the Baltic region, and a
transoceanic route with ships travelling between the
low salinity eastern Gulf of Finland and freshwater
ports in the Laurentian Great Lakes. Lake Ladoga and
the eastern Gulf of Finland have been invaded by

system
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exotic species from the Ponto-Caspian basin and from
more distant regions of Eurasia (Leppdkoski, 1993;
Panov, Krylov, & Telesh, 1999). A large number of
Ponto-Caspian endemics are currently established in
the river/reservoir/canal system that connects the
Baltic and Ponto-Caspian basins and many of these
exotics are spreading northward (Table 3) (Panov
et al., 1999; Maclsaac et al. 2001). A large proportion of
these Ponto-Caspian endemics is euryhaline, with
populations established in fresh, brackish, and saline
habitats within their native ecosystems. The potential
exists for these species to become established in Lake
Ladoga or the eastern Gulf of Finland and then move
into St Petersburg harbour, where they can be incor-
porated into the ballast water of oceangoing freighters
bound for the Laurentian Great Lakes.

Cercopagis pengoi (Ostroumov), a predatory cerco-
pagid native to the Ponto-Caspian, illustrates the
rapidity with which the invasion process may occur. It
appeared in the Gulf of Finland in 1992, and is now
common in the Neva estuary (Ojaveer & Lumberg,
1995; Krylov et al., 1999). In 1998, C. pengoi was
discovered in Lake Ontario at densities of up to 322
individuals x m™ (Maclsaac et al., 1999). Analysis of
mitochondrial DNA indicates that the Lake Ontario
population is more closely related to the recently
established Baltic Sea population than to Caspian
Black Sea populations (Cristescu et al. 2001). These
Ponto-Caspian species represent the current wave of
invaders of North American freshwater ecosystems
(Ricciardi & Maclsaac, 2000). The Lake Ladoga-Neva
estuary-Gulf of Finland region appears to be serving
as a ‘stepping stone’ that allows Ponto-Caspian
freshwater and euryhaline species to move into

freshwater ecosystems on other continents (Ricciardi
& Maclsaac, 2000).

Genetic analyses can track the movements of exotic
species and identify routes of invasion. Using this
approach, we have provided further evidence of the
existence of an invasion corridor from the north-
eastern Baltic to the Laurentian Great Lakes. This
route has also been implicated in the dispersal of
C. pengoi to the Great Lakes from south-eastern
Europe (Maclsaac et al., 1999; Cristescu ef al. 2001).
Without
discharge by freighters travelling between freshwater
harbours, it is very likely that additional exotic species
will be introduced into North America from Eurasia.
Because many of these species are euryhaline, they
may even be resistant to management practices such
as midocean ballast water exchange. If so, transcon-
tinental movement of ships carrying freshwater and
euryhaline organisms in ballast will further contribute
to the homogenisation of the world’s aquatic fauna. In
addition, these species may be transported as live
individuals or as resting eggs in residual water and
sediments in ships that officially declare ‘No Ballast
on Board’ status when entering the Great Lakes. Thus,
invasions may be expected to continue unless
management strategies incorporate treatment of
residual water in ballast tanks as part of ballast water
treatment.

Analysis of the COI gene and minisatellite region
DNA has revealed that Bythotrephes from Lake
Ontario and a Fimish lake have identical sequences
(Therriault et al. 2002). This provides further evidence
that the eastern Baltic region is the source for North
American Bythotrephes.

stringent regulation of ballast water

Table 3 Potential candidate species for

Native region introduction to the Laurentian Great

Species Taxonomic group
Cornigerius maeoticus (Pengo)t Cladoceran
Podonevadne trigona (Sars)t Cladoceran
Heterocope caspia Sarst Copepod
Calanipeda aquaedulcis Kritchagint Copepod
Corophium curvispinum Sarst Amphipod
Dikerogammarus haemobaphes (Eichwald)t Amphipod
Gmelinoides fasciatus (Stebbing)* Amphipod
Hypania invalida (Grube)t Polychaete
Archaeobdella esmonti Grimmt Leech
Perccottus glenii Dybowski* Bony fish
Neogobius kessleri (Glinther)t Bony fish
Clupeonella cultriventris caspia Svetovidovt Bony fish

Lakes via Lake Ladoga-Neva estuary-Gulf

Ponto-Caspian ;
of Finland (Panov et al., 1999)

Ponto-Caspian
Ponto-Caspian
Ponto-Caspian
Ponto-Caspian
Ponto-Caspian
Baikalian
Ponto-Caspian
Ponto-Caspian
Russian Far East
Ponto-Caspian
Ponto-Caspian

*Present in Lake Ladoga-Neva estuary-Gulf of Finland.
tPresent in reservoirs of the Volga River.
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