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Abstract
The genus Dreissena includes two widespread and aggressive aquatic invaders, the zebra
mussel, Dreissena polymorpha, and the quagga mussel, Dreissena bugensis. This genus
evolved in the Ponto-Caspian Sea basin, characterized by dynamic instability over multiple
timescales and a unique evolutionary environment that may predispose to invasiveness.
The objectives of this study were to gain insights into the demographic history of Dreissena
species in their endemic range, to reconstruct intraspecific phylogeographic relationships
among populations, and to clarify systematics of the genus, using DNA sequences from the
mitochondrial cytochrome oxidase I (COI) gene. We found four deeply diverged clades
within this genus, with a basal split that approximately coincided with the Cretaceous–
Tertiary boundary. Divergence events within the four base clades were much more recent,
corresponding to geographically disjunct sets of populations, which might represent
species complexes. Across all taxa, populations of Dreissena shared a common pattern of
genetic signatures indicating historical population bottlenecks and expansions. Haplotype
diversity was relatively low in Ponto-Caspian drainages relative to more stable tectonic
lakes in Greece, Macedonia, and Turkey. The phylogeographic and demographic patterns
in the endemic range of Dreissena might have resulted from vicariance events, habitat instability, and the high fecundity and passive dispersal of these organisms.
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Introduction
The genus Dreissena, which includes the invasive zebra
mussel, Dreissena polymorpha, and quagga mussel, Dreissena
bugensis, evolved in the Ponto-Caspian Seas and the preceding Paratethys Sea. Strikingly, a very high proportion
(70%) of species that have invaded the Laurentian Great
Lakes between 1985 and 2000 are endemic to the PontoCaspian Seas (Ricciardi & MacIsaac 2000). The Ponto-Caspian
region is characterized by dynamic instability on multiple
timescales and constitutes a unique evolutionary environment, perhaps predisposing to invasiveness. This region has
peculiar characteristics in terms of species composition.
Although the brackish waters of the Ponto-Caspian are
depauperate in species, they do contain many endemics
arising from the ancient Paratethys Sea. This endemic
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fauna is drawn from a limited number of families and
includes a set of species flocks. In particular, Dreissena
constitutes an abundant and widespread species flock in
this region, composed of species and subspecies occupying
diverse ecological niches (Kinzelbach 1992; Starobogatov
1994). Thus, the objectives of this study were to (i) examine
effects of geographic and demographic history on genetic
signatures of Dreissena populations in their endemic range
and (ii) to clarify systematic relationships within the genus
Dreissena on a global scale.
The genetic structure of Dreissena populations has never
been extensively examined in the endemic Ponto-Caspian
range. We anticipated that specific geological and climatic
events, including fluctuations in water level and interconnectedness between the Ponto-Caspian Seas, would have
shaped intraspecific genetic patterns. In addition, passive
dispersal in this genus would have led to a high degree of
genetic fragmentation among drainages. The fluctuations
and instability of the Ponto-Caspian Sea basin, in combination
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with passive dispersal and an inability to escape environmental shifts, would have led to frequent extinctions and
colonizations and favoured high reproductive potential
(Stearns 1992; Henle et al. 2004). Frequent extinction/recolonization events, coupled with a high intrinsic population
growth rate after colonization, would have generated
genetic signals of population bottlenecks and expansions.
In contrast to the fluctuations of the Ponto-Caspian Seas,
populations in ancient stable lakes, such as Lakes Prespa
and Ohrid in the Balkans (Stankoviç 1960; Watzin et al.
2002), should have experienced relatively static environments. Such conditions would have resulted in genetic signatures reflecting greater stability, such as higher haplotype
diversity. These genetic signatures might yield information
on the evolutionary regimes imposed by the Ponto-Caspian
Sea region, a major source for generating invasive populations.
Our second objective was to clarify the systematics and
taxonomy of Dreissena, because this genus contains many
described species and subspecies for which systematic and
phylogeographic relationships are unclear (Locard 1893;
Kinzelbach 1992; Schütt 1993; Rosenberg & Ludyanskiy
1994). Uncertainties in systematic designations could result
in unsound hypotheses or incorrect conclusions on evolutionary and invasion history of populations. For example,
ancient freshwater populations in Eurasian lakes have
been proposed as potential sources of invasions (Strayer
1999) but their phylogenetic relationship to invasive populations of D. polymorpha has been uncertain. Reconstructions based on geography, morphology, and the fossil
record have been compromised by morphological variation
and overlap in shell morphology among species (Andrusov
1897; Babak 1983; Nuttall 1990; Kinzelbach 1992; Schütt
1993; Starobogatov 1994; Claxton et al. 1998), possibly as
a result of environmental plasticity. Consequently, the
number of described species ranges from about 4 to over
20 with various subspecies designations (Andrusov 1897;
Nuttall 1990; Kinzelbach 1992; Schütt 1993; Rosenberg &
Ludyanskiy 1994; Starobogatov 1994).
In order to examine the evolutionary history of dreissenid
species, we reconstructed intraspecific phylogeographic
relationships and analysed patterns of haplotype frequencies across a broad geographic range in the endemic region,
including the Ponto-Caspian basin and lakes in Greece,
Macedonia, and Turkey. Coalescent analysis was used to
make inferences about population size, fragmentation,
colonization, and migration. To clarify systematic relationships, we constructed a comprehensive phylogeny of
Dreissena including described species of the genus Dreissena and D. polymorpha populations of uncertain systematic
status from Turkey. Our analyses employed DNA
sequences (606 bp) from the mitochondrial COI gene.
Previous molecular systematic and phylogeographic
studies of this genus had been more limited in geographic
scope (Therriault et al. 2004). Comparing invasive and non-

invasive populations of Dreissena might provide insights
into associations between source habitats and the propensity to invade. It is conceivable that adaptation to unstable
environments contributed to the invasive potential of
Ponto-Caspian species (Geary et al. 2000; Ricciardi &
MacIsaac 2000; Reid & Orlova 2002).

Materials and methods
Population sampling, DNA extraction, and COI DNA
sequencing
Sampling design, including sample sizes and locations, and
methods of DNA extraction and sequencing are discussed
in the accompanying paper (see Methods, Table 1 and
Fig. 1 in May et al. submitted). See Fig. 4 for photographs of
taxa and Appendix S2 in Supplementary materials for
physical descriptions.

Haplotype networks
Haplotype networks were constructed using the statistical
parsimony software package tcs 1.13 (Clement et al. 2000).
These networks were used to represent relatedness among
extant haplotypes in Dreissena polymorpha (sites 9, 11–12,
15–18, 22–28), Dreissena caputlacus (site 27), and Dreissena
stankovici (sites 20, 21).

Tests of population expansion
Analyses of population growth were performed for
individual populations of D. stankovici and D. caputlacus,
and for the collective population set in D. p. polymorpha and
D. p. anatolica. For the latter two species, analysis was
not performed on individual populations because of
prohibitively low genetic polymorphism. dnasp 4.0 (Rozas
& Rozas 1999) was used to estimate Fu and Li’s D statistic
(Fu & Li 1993) to test for deviations from a neutral Wright–
Fisher model consistent with population expansion. The
coalescent analysis program fluctuate 1.5 (Kuhner et al.
1998) was used to examine the joint likelihood surface for
θ (θ = Neµ for mtDNA, where µ = mutation rate and Ne =
effective population size, provided Ne = 2Nf) and population growth rate g under a model of exponential growth.
Joint estimation is required in this case because the
parameters are not independent — a higher growth rate g
would result in a larger value of θ.
The program arlequin 2.001 (Schneider et al. 2000) was
used to estimate τ (2µt, where t = time in generations and
µ = mutation rate/generation), the time since demographic
expansion, as well as initial and final θ, under a model of
sudden demographic expansion (Schneider & Excoffier
1999). A generalized least squares approach is employed
for parameter fitting to the pairwise mismatch distribution.
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033– 1050
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This analysis was performed for individual populations
of D. stankovici and D. caputlacus. Alternative methods were
used when a model of range expansion appeared more
suitable than one of simple demographic expansion, or
when mandated by technical difficulties in implementation (see below). Validity of the sudden expansion model
was assessed using parametric bootstrap coalescent simulations [goodness-of-fit test based on proportion of bootstrap replicates in which the sum-of-squared-deviations
(SSD) for the simulated data sets equalled or exceeded
the observed SSD]. arlequin parameter estimation
algorithms failed for one population (Lake Prespa). Consequently, these data were analysed following the methods
of Schneider & Excoffier (1999) as in arlequin, but using
alternative nonlinear optimization algorithms ( Kelley 1998),
with coalescent simulations performed using treevolve
(Grassly & Rambaut 2003).
A four-parameter model of sudden range expansion
(Excoffier 2004) was fitted for D. caputlacus and D. p. polymorpha mismatch distributions with a generalized least
squares approach using nonlinear optimization algorithms
(Kelley 1998). Under this model, a single deme (size θ0)
instantaneously colonizes, at time τ (2µ t), an infinite number
of demes (each of size θ1), which exchange migrants at rate
M (M = 2Nm = θ1m/µ). Under such spatial expansion and
a relatively ‘low’ migration rate (i.e. Nm < 50) between colonized demes, a large number of coalescent events occur
within the individual colonized demes. This results in a
pairwise mismatch peak at 0 mismatches (sequence identity) before gene lineages enter the overall population pool
(note that coalescent analysis looks backward in time).
The latter coalescent events generate a second peak corresponding to time of onset of expansion. For D. p. polymorpha
this spatial expansion model was fitted to the mean intrapopulation mismatch distribution (averaged across all
sampled populations).
Technical limitations prevented appropriate application
of least squares fitting of expansion models to the D. p.
anatolica pairwise mismatch distribution. As an alternative
methodology, parameters of a model of sudden demographic expansion (τ, initial θ, and final θ) were estimated
using the program sites (Wakeley & Hey 1997). sites
employs information from the number of sites segregating
at particular frequencies in the sample, fitting observed
values to the expectation under particular expansion
parameters. This analysis was performed by pooling haplotypes from all populations sampled, since gross predominance of haplotype F (see below) rendered individual sites
largely uninformative. Tests of population expansion have
generally been viewed as robust to population substructure, since pooling of demes under equilibrium island
models would not result in an artefactual signal of expansion. However, historical branching processes resulting in
fine-scale population structure can produce genetic signa© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033–1050

tures similar to population expansion when pooled
samples are used, due to accumulation of new mutations
in isolated demes (Ptak & Przeworski 2002). We cannot
exclude such a possibility here.

Intraspecific analysis of population structure
The Bayesian Markov chain Monte Carlo (MCMC) program
batwing 1.02 (Wilson et al. 2003) was used to conduct
coalescent analysis under a bifurcating population model
to estimate (i) posterior probabilities for alternative
rooted phylogenetic trees of populations, and (ii) posterior
probabilities of haplotype ancestry, rooting intraspecific
haplotype networks. Specifically, a rooted population tree
was estimated for the D. polymorpha species complex, and
ancestral haplotypes were inferred for D. polymorpha,
D. stankovici, and D. caputlacus. Total population size was
assumed constant over time (a constraint required for
satisfactory mixing of the MCMC chain), with sequence
evolution occurring under a unique event polymorphism
model. Truncated uniform priors were used for θ and
times of population divergence, while a uniform Dirichlet
(1,1, … ,1) prior was used for relative subpopulation size.
MCMC samples from the posterior probability distribution
of rooted topologies were analysed using the mrbayes 3.01
sumt function (Huelsenbeck et al. 2001), generating a
consensus tree.
Branch lengths of the population tree (specified in terms
of T = µt, or expected number of mutations along each
branch) and values of θ, reflecting population size, were
estimated using the Bayesian program mcmccoal (Rannala
& Yang 2003). These parameters were estimated under a
Hasegawa–Kishino–Yano (HKY) model of sequence evolution, conditional on the topology obtained using batwing.
mcmccoal requires priors for θ for all current and ancestral populations, and priors for branch lengths in the population tree. Priors were generated via an empirical Bayes
approach. An identical prior for θ was used for each population. The two parameters of this gamma prior were
obtained by calculating the mean and variance of Watterson’s
θ (1975) across all sampled populations. A gamma prior for
branch length (T) was likewise obtained from the mean
and variance for branch lengths in a genetic distance-based
Kitsch population tree. The Kitsch tree, which should
approximate the coalescent analysis-based tree, was
constructed using phylip (Felsenstein 1998), employing
corrected average pairwise Tamura and Nei distances
between populations (calculated using arlequin). Posterior means of MCMC samples from mcmccoal were used
as parameter estimates.
The Bayesian MCMC program im (Hey & Nielsen 2005)
was used to simultaneously estimate divergence time and
migration rate between pairs of populations, as well as
values of θ for the ancestral and each daughter population,
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under an HKY model of sequence evolution (the most
appropriate mutational model available in im). Methods
that assume strict population bifurcation without migration, or the inverse, conflate divergence time with effects
of subsequent migration. Truncated uniform priors were
used for all parameters. In accordance with author’s recommendation (Hey & Nielsen 2005), the modal value of
the integrated likelihood surface was used as the parameter
estimate.
Coalescent population parameters such as θ and T
entangle demographic parameters of interest with the
mutation rate µ. Demographic parameters were extracted
by assuming a mutation rate of 0.5%/million years (Myr),
based on rates of COI sequence divergence in arcid bivalves
with calibration from the fossil record (Marko 2002). Specifically, this mutation rate (0.5%/Myr) represents a mean
across three fossil calibration points, with lower and upper
bounds as follows (0.34, 0.48; 0.54, 0.61; 0.38, 0.53) in
percentage per million years (Marko 2002). Marko’s (2002)
calibration was selected based on its relative rigour (first
appearance in the fossil record of three geminate species
pairs) and its similarity to estimates of mitochondrial
divergence rates in numerous other marine species. The
uncertainty inherently associated with the use of such a
calibration would represent an additional source of error
in our time estimates (see next section).

Phylogenetic reconstruction
A phylogeny of the genus Dreissena was constructed using
the COI gene. Sequences were aligned using clustal v
(Higgins et al. 1992). Bayesian inference of the phylogeny
was performed using mrbayes 3.01 (Huelsenbeck et al.
2001) via MCMC sampling for 5 million generations (four
simultaneous MC chains; sample frequency 100; burn-in
500 000 generations; chain temperature 0.2) under a codonstructured GTR + G model with 4 gamma rate categories (a
parameter-rich model in keeping with the recommendations
of Huelsenbeck & Rannala 2004 for Bayesian phylogenetic
inference). A favoured tree was obtained by majority rule
consensus.
Additional phylogenetic reconstructions using maximumparsimony, distance matrix (neighbour joining), and
maximum-likelihood (ML) approaches were performed using
paup* 4.0 (Swofford 1998). For neighbour-joining and ML
reconstructions, modeltest (Posada & Crandall 1998) was
used to select the substitution model (using bottom-up heirarchical likelihood-ratio tests) and estimate base frequencies, rate matrix, and gamma shape parameter that best
fit the data. The reconstructions were performed using
heuristic searches with tree-bisection–reconnection (TBR)
branch swapping. To estimate statistical support for tree
topology, 100 bootstrap replicates were performed. For all
phylogenetic reconstructions, Mytilopsis leucophaeata and

Congeria kusceri sequences were used as outgroup species
(GenBank Accession nos UU47649, AF325444).
A parsimony tree was constructed with 10 replicates
performed within each heuristic search, using random
taxon addition. A neighbour-joining tree was constructed
using distances estimated by ML, under a K81uf + G substitution model (Kimura 3-parameter with unequal base
frequencies incorporating rate heterogeneity) and gamma
shape parameter 0.1930. The ML tree reconstructions used
substitution model K81uf + G and gamma shape parameter 0.1802, and employed a reduced data set because of
lengthy computation (haplotypes enumerated in legend of
Fig. 2).
Molecular clock analyses were performed to date the
primary divergence points in Dreissena. An ML tree was
estimated using paup* 4.0 using the K81uf + G model and
the reduced data set (enumerated in Fig. 2 legend) without
a molecular clock constraint, and then applying such a
constraint. A likelihood-ratio test comparing the unconstrained tree with the constrained tree with identical
topology did not reject the hypothesis of a global molecular
clock (P > 0.1). mrbayes 3.01 was also used to perform
molecular clock analysis under a birth-death prior, using
the codon-structured GTR + G model. Only MCMC tree
samples that respected topological constraints imposed by
the four primary clades were used for this analysis. Additional analyses were performed to further corroborate the
approximate validity of dates estimated using the clock of
Marko (2002) and COI sequence data, and to provide a
rough lower bound on the date of the basal Dreissena divergence event (see Appendix S1 in Supplementary materials).

Results
Intraspecific genetic polymorphism
Haplotype relatedness for the Dreissena polymorpha species
complex, Dreissena caputlacus, and Dreissena stankovici was
represented using statistical parsimony networks (Fig. 1).
For the D. polymorpha complex, two clusters were apparent,
centred on haplotypes B and F. Haplotype F, central in
the D. polymorpha anatolica cluster, was five mutational
steps removed from both B (central to the D. polymorpha
polymorpha cluster) and E (D. polymorpha gallandi), while
B and E were separated by two steps (Fig. 1A). Under
coalescent expectations, the connectedness and high frequency of B suggested that it was basal for D. p. polymorpha
(Crandall & Templeton 1993). Coalescent simulations
under a unique event polymorphism model of mutation
yielded a 76% posterior probability that B was ancestral
for D. p. polymorpha. The inferred haplotype labelled Ω1
(Fig. 1A) situated between B and E, exhibited the highest
posterior probability (43%) of being ancestral for the
entire D. polymorpha species complex. For the D. caputlacus
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033– 1050
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Fig. 1 Haplotype networks of species of Dreissena. Point mutations are indicated by dashes (—). (A) Dreissena. polymorpha complex. Circle
area reflects haplotype frequencies in samples collected from the endemic range of D. polymorpha (sites 9, 11, 15–18, 22–28). Haplotype
patterns correspond to those in Fig. 2. Ω1 represents the most probable ancestral root for this complex. (B) Dreissena caputlacus. Circle area
reflects haplotype frequencies in the sample collected from Seyhan Dam, Turkey (site 27). Ω2 represents the most probable ancestral root.
(C) Dreissena stankovici. Circle area reflects the frequencies of haplotypes in samples collected from Lakes Prespa and Ohrid. The lighter
circles represent haplotypes from Lake Prespa (site 21), while the darker circles represent haplotypes from Lake Ohrid (site 20). Ω3
represents the most probable ancestral root.

haplotype network, the inferred haplotype Ω2 exhibited
the highest root probability (39%) (Fig. 1B). For D. stankovici,
Lakes Ohrid and Prespa formed distinct haplogroups
containing mutually exclusive subsets of haplotypes.
Coalescent analysis of possible D. stankovici ancestral roots
suggested that the inferred haplotype Ω3, situated central
to the Lake Ohrid clade (Fig. 1C), might have been
ancestral (59% posterior probability). In phylogenetic
reconstruction of the genus, all Lake Ohrid haplotypes
were basal within D. stankovici (although degree of support
varied among methods) (Fig. 2), supporting placement
of the D. stankovici ancestral root within Lake Ohrid. For
Lake Prespa, haplotype S was most likely ancestral (63%
posterior probability).

Evidence of population expansions
Populations showed evidence of a history of expansion
events. Haplotype networks exhibited starlike phylogenies
(Fig. 1), a pattern consistent with population growth
(Slatkin & Hudson 1991). Tests for population growth
were performed for individual populations of D. stankovici
and D. caputlacus, and for the collective population set
in D. p. polymorpha and D. p. anatolica, using fluctuate
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033–1050

(Kuhner et al. 1998). Stable estimates and substantial
positive values of g were obtained for Lake Ohrid D.
stankovici, D. caputlacus, D. p. polymorpha, and D. p. anatolica,
with the 99% confidence interval excluding a value of 0 for
both D. p. polymorpha and D. p. anatolica. Although the
starlike phylogeny of the Lake Prespa population contained
little information on θ, precluding stable joint estimation of
growth rate and θ, high values were favoured for both
parameters (i.e. likelihood maximized at the high edge of
the permitted parameter space). Since estimates from
fluctuate are known to suffer from a degree of upward
bias (i.e. potentially comparable to the magnitude of the
growth estimate for D. caputlacus) Fu and Li’s D statistic
(Fu & Li 1993) was also calculated to test for deviations
from a neutral Wright–Fisher model consistent with
population expansion (Table 1). This statistic generally
appeared to support inferences of population expansion.

History of expansion events
To further characterize apparent expansions, a model
of sudden demographic growth was fit to the pairwise
sequence mismatch distribution. A model of simple
demographic expansion was applied to D. stankovici from
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Fig. 2 Phylogeny of the genus Dreissena using sequences (606 bp) of the mitochondrial cytochrome oxidase I (COI) gene. For the Dreissena
polymorpha complex, distinct haplotypes are shown at branch tips (see Fig. 2 in May et al. submitted for locations of haplotypes), while for
Dreissena stankovici and Dreissena caputlacus sampling locations are shown. Patterned circles correspond to those in Fig. 2 of May et al.
(submitted). The phylogeny shown was constructed using a Bayesian approach (see Materials and methods). Scale bar corresponds to
number of substitutions per site. Numbers next to nodes are posterior probabilities (top number), and bootstrap values based on 100
bootstrap replicates using parsimony (second number), distance (third number), and maximum-likelihood (fourth number)
reconstructions. The maximum-likelihood reconstructions employed a reduced data set because of lengthy computation, and included: D.
polymorpha complex haplotypes A, D2, E, F, and H; D. stankovici haplotypes T, R, Z, Q, and P; D. caputlacus haplotypes SD1, SD4, and SD7;
Dreissena bugensis, and Dreissena rostriformis. Nonsignificant bootstrap values are indicated by ns (either due to clade support < 50%, or lack
of estimation due to use of a restricted data set in the case of maximum likelihood).
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033– 1050
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Table 1 Statistical tests of population expansion

Population

Fu and Li’s D
(P value)

fluctuate: g
[θper site]

Lake Prespa D. stankovici
Lake Ohrid D. stankovici
Seyhan D. caputlacus
D. p. polymorpha
D. p. anatolica

− 2.614 (0.005)**
− 2.311 (0.007)**
− 2.198 (0.027)*
− 0.296 (0.383)
− 3.166 (0.003)**

496 [0.01]a
663 [0.0871]
155 [0.0116]
3622** [0.0099]
3198** [0.0125]

All P values are given as independent hypotheses (nonBonferroni adjusted).
*Significant at 0.05 level.
**Significant at 0.01 level.
aθ fixed at 0.01 to obtain stable estimate of g.

D. p. polymorpha was estimated as τ = 0.65, corresponding
to an age of 110 000 years, with an estimate of θsource_deme =
0.0028 (model fit was insensitive to the value of M and
the magnitude of θcolonized_demes was too large to permit
accurate estimation). Technical limitations prevented
appropriate application of least squares model fitting
to the D. p. anatolica pairwise mismatch distribution. The
program sites (Wakeley & Hey 1997) was used as an
alternative method of estimation of τ for D. p. anatolica under
a model of simple demographic expansion. This provided
a value of τ = 0.15, corresponding to an age of 25 000 years.
Although sites implicitly requires an assumption of panmixia,
model fit to the D. p. anatolica data set appeared adequate.

Phylogenetic analysis within and among species
Lakes Prespa and Ohrid and D. caputlacus from Seyhan
Dam (Table 2). In each case, the fit of the model of sudden
expansion appeared adequate (i.e. parametric bootstrap
goodness-of-fit tests did not reject the model). Estimated
times of these expansion events are shown in Table 3. In
the case of D. caputlacus, although the simple model of
sudden demographic expansion was not rejected in a test
of goodness-of-fit, the pairwise mismatch distribution
exhibited a prominent peak at 0 mismatches (corresponding
to full sequence identity) in addition to the primary peak
at 5 mismatches. Such a pattern would be expected given
range expansion (as opposed to purely demographic
expansion) with a relatively ‘low’ migration rate (i.e. Nm <
50) between colonized demes (Excoffier 2004). Compared
to a model of purely demographic expansion, a fourparameter model of sudden range expansion resulted in
a substantially better model fit for D. caputlacus (sum of
squared deviations reduced from 0.0540 to 0.0262; parameter
estimates, with θ specified per sequence, θsource_deme =
0.0029, θcolonized_demes = 0.949; τ = 4.44; M = 2.68). This
estimate of τ would correspond to an onset of expansion
c. 740 000 years before present (bp). A model of range
expansion was also applied to D. p. polymorpha, given that
the D. p. polymorpha data set was composed of multiple
partially differentiated demes (rather than a single panmictic
population as assumed under the simple demographic
expansion model). The time of onset of expansion for

Phylogenetic reconstruction of the genus. The Dreissena populations we sampled fell into four deeply diverged clades
that formed a symmetric phylogenetic tree (Fig. 2). Turkish
populations of D. polymorpha formed a highly supported
clade (94% posterior probability, 92–100% bootstrap
values; Fig. 2) with endemic and invasive populations of
D. p. polymorpha. D. stankovici formed a highly supported
clade (100% posterior probability, 98 –100% bootstrap
values) with haplotypes of the D. polymorpha complex
[D. p. polymorpha plus D. polymorpha found in Turkey (sites
22–28)]. Populations of D. stankovici from Lakes Prespa and
Ohrid contained many haplotypes that formed a clade
(100% posterior probability) where all Lake Ohrid haplotypes were basal (Fig. 2). D. caputlacus contained eight
haplotypes, and formed a clade (100% posterior probability,
78–99% bootstrap values) with the pontodreissenids
D. bugensis and D. rostriformis. Populations of D. bugensis
contained only one haplotype, which formed a clade with
D. rostriformis (100% posterior probability, 97–100% bootstrap values) with little divergence (haplotypes separated
by 3 point mutations) (Fig. 2). DNA sequences from
D. rostriformis distincta and D. rostriformis compressa were
identical. Populations and species of Dreissena currently
known to be highly invasive (D. p. polymorpha haplotypes
A and B, and D. bugensis) were not monophyletic (Fig. 2),
raising the possibility that the propensity to invade might
have arisen multiple times independently.

Table 2 Mismatch distribution analysis of Dreissena stankovici and Dreissena caputlacus populations

τ (95% CI)
θ0 (95% CI)†
θ1 (95% CI)†
P(Sim. Ssd ≥ Obs. Ssd)*

Lake Prespa D. stankovici

Lake Ohrid D. stankovici

Seyhan Dam D. caputlacus

1.982 (1.024, 4.504)
0.232 (0.000, 0.600)
1126 (2.960, 6965)
0.735

3.767 (1.556, 7.527)
0.989 (0.000, 4.756)
45.001 (15.509, 6965)
0.120

5.496 (1.844, 10.637)
0.005 (0.000, 1.586)
5.290 (1.677, 1359.04)
0.158

*Test of model goodness-of-fit.
†θ per sequence.
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033–1050
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Divergence event

Timing of divergence (95% CI)

Dreissena basal split:
68 Ma (35–125); 71 Ma*
Carinodreissena + Dreissena sensu stricto vs. Pontodreissena + D. caputlacus
Dreissena major clades:
21 Ma (10–40); 29 Ma*
Carinodreissena (D. stankovici) vs. Dreissena sensu stricto (D. polymorpha)
Dreissena major clades:
17 Ma (8–30); 28 Ma*
D. caputlacus vs. Pontodreissena (D. bugensis + D. rostriformis)
D. stankovici Lake Ohrid vs. Lake Prespa
840 000 bp (400 000–1 600 000)
D. polymorpha subspecies:
730 000 bp (290 000–1 370 000)
D. p. anatolica vs. D. p. polymorpha + D. p. gallandi
D. polymorpha subspecies:
510 000 bp (140 000–1 030 000)
D. p. gallandi vs. D. p. polymorpha
D. p. polymorpha Black/Caspian Sea split:
166 000 bp (59 000–783 000)
D. p. polymorpha Black Sea vs. Ural†
D. rostriformis vs. D. bugensis
c. 500 000 bp‡
Population expansion events

Timing of divergence (95% CI)

D. caputlacus
D. stankovici Lake Ohrid
D. stankovici Lake Prespa
D. p. polymorpha
D. p. anatolica

920 000 bp (310 000–1 780 000)
640 000 bp (270 000–1 290 000)
340 000 bp (180 000–770 000)
c. 110 000 bp
c. 25 000 bp

Table 3 Estimated dates of divergence or
population expansion, based on the COI
molecular clock calibration of Marko (2002)

*The first value was estimated using Bayesian analysis (under a birth-death prior), while the
second was estimated with maximum-likelihood analysis. Bayesian analyses using a
uniform prior for the molecular clock produced posterior means that were shifted toward
the maximum-likelihood estimates (data not shown).
†This estimated date assumes that the Ural River is representative of Caspian Sea drainages
and that introgression from the Black Sea has contaminated areas proximal to the Volga River.
‡High uncertainty due to low information content of samples (reciprocally monophyletic
species separated by few mutations).

A molecular clock analysis was used to date the three
primary divergence points within Dreissena (see Table 3, first
three lines). Alternative bivalve fossil divergence points
and additional genes (mitochondrial 16S and nuclear 18S)
were used to corroborate results obtained using the clock
of Marko (2002) with COI. The alternative estimates of the
timing of basal divergence in Dreissena were roughly comparable and consistent with the date of c. 68 million years
ago (Ma) (Table S1, Supplementary materials). To provide
a lower bound on the date of the basal Dreissena divergence
event, we used Bayesian phylogenetic analysis anchored
with a minimum date for the Congeria vs. Mytilopsis +
Dreissena split (lower Eocene boundary, 54 Ma), resulting
in an estimated minimum age of 26 Ma (95% CI 14–42) for
the Dreissena basal split (see Appendix S1 in Supplementary materials).
Intraspecific population structure. Intraspecific population
structure and population divergence times were examined
using coalescent analysis, so as to incorporate the effects
of both mutation and lineage sorting. The topology of the
D. polymorpha population tree, estimated using the program
batwing (Wilson et al. 2003), showed three clades corres-

ponding to the three subspecies, with good support for the
D. p. gallandi and D. p. anatolica clades (Fig. 3). Coalescent
analysis provided a rooted tree, and suggested a basal split
between D. p. anatolica and the other two subspecies (D. p.
polymorpha + D. p. gallandi), although support for a specific
rooting was quite low. Divergence times were estimated
conditional on this topology. The age of the basal split
was estimated as c. 730 000 years, while the age of the split
between D. p. gallandi and D. p. polymorpha was estimated
as c. 510 000 years (Table 3). Under an assumption of one
generation per year, the current D. polymorpha population
sizes implied by the estimated values of θ ranged from
60 000 to 300 000, with a median population size of 110 000.
The program im (Hey & Nielsen 2005) was used to examine divergence time and migration between Lakes Prespa
and Ohrid populations of D. stankovici. There appeared to
be little evidence of migration following the initial divergence event, with the highest value of marginal posterior density essentially at 0 (lower limit of resolution). The
estimated value of θper_sequence was 20.9 (95% CI 10.7 –244.5)
for Lake Prespa, 92.7 (95% CI 39.0–1171) for Lake Ohrid,
and 3.95 (95% CI 0.78–23.7) for the ancestral population,
and T was estimated as 2.45 (95% CI 1.16–4.64). The esti© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033– 1050
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Fig. 3 Phylogeny of populations for the
Dreissena polymorpha complex derived by
coalescent analysis of mitochondrial cytochrome oxidase I (COI) gene sequences.
The topology of the tree was inferred under
a unique event polymorphism model of
sequence evolution using the Bayesian
program batwing. Posterior probabilities
are shown for each branch of the resulting
consensus tree. Branch lengths and values
of θ, reflecting population size, were
estimated using the Bayesian program
mcmccoal under an HKY model of sequence
evolution, conditional on the topology
obtained using batwing. Branch width is
proportional to the estimated value of θ for
each population. The horizontal scaling bar
reflects the molecular clock estimate of
Marko (2002). For each population, the
corresponding site numbers are specified.

mated value of T would correspond to a divergence time of
840 000 years between the populations in Lakes Prespa
and Ohrid (Table 3). Under the additional assumption of
one generation per year, estimates of θ would correspond
to Ne = 7.0 × 106 for Lake Prespa and Ne = 3.1 × 107 for Lake
Ohrid.

Discussion
We examined genetic imprints created by evolution in a
region prone to disturbance. We hypothesized that such
an evolutionary history might have produced distinctive
genetic patterns at neutral markers and predisposed
particular populations to invasiveness. Di Castri (1989)
postulated that Old World species have a higher invasion
potential than New World species due to a history of
greater natural and anthropogenic disturbance. Some
statistical support exists for such a bias in the directionality
of invasion (Lonsdale 1999). The Ponto-Caspian basin has
a history marked by fluctuations in environmental
factors on multiple timescales (Svitoch et al. 2000; Reid &
Orlova 2002).
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033–1050

The genetic patterns that we observed, including genetic
signals of population bottlenecks and expansions, increased
haplotype diversity in ancient stable lakes, and fragmentation into geographically disjunct, genetically distinct sets
of populations, largely conformed to our expectations (see
Introduction). Below, we retrace the evolutionary history
of Dreissena in the Ponto-Caspian region. We then present
a general synthesis examining the joint effects of habitat
instability, passive aquatic dispersal, and high fecundity
on the phylogenetic and coalescent genetic patterns that
we observed in this genus.

Origins of the genus Dreissena
The origins of the genus Dreissena, like many other PontoCaspian fauna, trace back to the ancient marine Tethys Sea
and subsequent brackish Paratethys Sea (Starobogatov
1994; Reid & Orlova 2002). Based on our analysis, the
timing of the basal divergence event within Dreissena is far
more ancient than previously recognized (68 Ma; 95% CI
35–125; also see Table S1). The basal split within Dreissena
(Fig. 3) occurred during the Tethys Sea period and coincided
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approximately with the Cretaceous–Tertiary mass extinction
event (63 Ma) (Raup & Jablonski 1993). In addition, this
estimated time range could implicate ecological changes,
including periodic desiccation, which preceded final closure
of the Tethys seaway connecting the Mediterranean and
Indian Oceans. These ecological changes were apparently
responsible for basal divergence (into eastern and western
clades) in two other aquatic genera from this region,
Aphanius fish (37.3 7 Ma) (Hrbek & Meyer 2003) and
Anguilla eels (30– 45 Ma) (Tsukamoto & Aoyama 1998).
Most previous authors have suggested a much more
recent date for the basal split in this genus, based generally
on morphological and fossil data, which can be ambiguous
(Starobogatov 1994). Andrusov (1897) correctly believed
the basal divergence between Pontodreissena and Dreissena
sensu stricto to be an ancient Palaeogene event, although his
rationale is suspect since he failed to recognize the monophyly of Dreissena. However, morphological analysis
(reviewed in Nuttall 1990) potentially reconciles our older
divergence dates with apparently more recent fossil dates.
A key feature that distinguishes Dreissena from Mytilopsis,
reduction of the apophysis, might actually be polyphyletic
within Dreissena (Nuttall 1990). Thus, the morphologically
identifiable forms of fossil Dreissena might have appeared
independently in the lineages following the basal split
within Dreissena, incorrectly suggesting recent derivations.
The only previous explicit estimate of the basal divergence based on molecular sequence data was 13.2 ± 2.2 Ma
using the mitochondrial 16S gene (Stepien et al. 1999).
However, the sole calibration point used here was divergence between the families Corbiculidae and Dreissenidae,
anchored at the beginning of the Eocene (54 Ma). At the
time of this analysis, it was widely believed that Dreissenidae was derived from the superfamily Corbiculidea (families Corbiculidae + Sphaeriidae) on approximately this
timescale. However, recent molecular phylogenetic analysis (Park & ÓFoighil 2000) has clearly undermined this
hypothesis, but is instead broadly consistent with Starobogatov’s (1994) hypothesis that these three families
(Corbiculidae, Sphaeriidae, Dreissenidae) last shared a
common ancestor in the Ordovician (c. 500 Ma). Furthermore, allozyme data for Dreissena bugensis and Dreissena
polymorpha (Nei’s D = 1.69) (Spidle et al. 1994) also suggests
a more ancient divergence date (> 32 Ma; allozyme clock of
Grant 1987; see Maxson & Maxson 1979 regarding allozyme
saturation).
Our phylogenetic analysis revealed four major clades
within Dreissena (Fig. 2), rather than just the three subgenera currently recognized (Pontodreissena, Carinodreissena,
and Dreissena sensu stricto) (Starobogatov 1994). Our tree
topology for the three corresponding clades recapitulates
recent findings of Therriault et al. (2004), also based on
mtDNA sequence data. The additional clade, Dreissena
caputlacus, is a recent discovery and its systematic place-

ment had not been extensively considered (Fig. 2; Table 3).
The morphological form of D. caputlacus closely resembles
that of the fossil taxon Dreissena diluvii (Schütt 1993).
Two major divergence events within Dreissena (Fig. 2;
Carinodreissena/Dreissena sensu stricto and Pontodreissena/
D. caputlacus), one within each basal branch, both date to
the early-mid Miocene and may reflect allopatric fragmentation events in the Paratethys Sea (Table 3). On this timescale, the Paratethys Sea began to separate from the Tethys
near the Eocene–Oligocene boundary, 23 Ma. In the earlymid Miocene, seaway closures resulted in intermittent
contact between the Eastern and Western Paratethys Seas,
and between the Paratethys Sea, Mediterranean Sea, and
Indo-Pacific Ocean (Rogl 1999; Harzhauser et al. 2002),
potentially resulting in vicariant speciation. The divergence events in Dreissena might have coincided with a
bloom in bivalve species diversity in the Paratethys, dating
to the boundary between Karpatian and Badenian periods,
16 Ma (Harzhauser et al. 2003).

Ancient lakes in the Balkans
The genetic imprints left by divergence and expansion
events within the major clades of Dreissena indicate that
these events occurred much more recently than divergence
among the major clades. Among the oldest divergence
events within major clades are the colonizations of Lakes
Ohrid and Prespa in the Balkans. These adjacent lakes
appear to host ancient relict populations of Dreissena
stankovici. Estimates of τ are consistent with midPleistocene colonization events (Tables 2 and 3).
The high haplotype diversity and abundance of rare
haplotypes (Fig. 1) conformed to our expectations, and
suggest population growth and large effective population
size in both lakes. Haplotype network and coalescent
analyses suggest that colonization bottlenecks might have
accompanied the invasion of both lakes (Fig. 1; Tables 1
and 2) and indicate that the Lake Ohrid population of
D. stankovici might have been ancestral.
These ancient lakes, which formed c. 2–4 Ma (Stankoviç
1960; Watzin et al. 2002), would have provided relatively
stable environments, in contrast to the fluctuations of the
Ponto-Caspian Seas. In addition to their geological stability,
their Balkan locations and the great depth of Lake Ohrid
(maximum depth 289 m) should have insulated populations from disturbance during Pleistocene glacial cycles.
These two lakes also harbour many other ancient fauna
that have been geographically isolated for millions of
years (Stankoviç 1960; Watzin et al. 2002). Endemism is
extremely high among their benthic fauna (e.g. 86% of 50
known species of gastropods) (Watzin et al. 2002). In some
cases, such as that of the sponge Ochridospongia rotunda, the
closest related taxa inhabit distant Lake Baikal, another
deep ancient tectonic lake (Watzin et al. 2002).
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033– 1050
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Fig. 4 Side view photographs of species of Dreissena (also see Appendix S2 in Supplementary materials). (A) Dreissena polymorpha
polymorpha sampled from Lake Michigan (site 2); (B) member of the D. polymorpha complex sampled from Lake Kovada, Turkey (site 24),
presumptive D. polymorpha anatolica; (C) member of the D. polymorpha complex sampled from Lakes Büyükçekmece (top) and Uluabat
(bottom), Turkey (sites 22 and 28, respectively), presumptive D. polymorpha gallandi; (D) Dreissena stankovici sampled from Lakes Prespa
(top) and Ohrid (bottom) (sites 20 and 21, respectively); (E) member of the genus Dreissena sampled from the Seyhan Dam (site 27) that
morphologically resembled Dreissena caputlacus.

Evidence of an ancient demographic expansion event in
Turkey
Dreissena caputlacus is a recently described species (Schütt
1993) that is highly distinctive, both morphologically
(Fig. 4, Appendix S2 in Supplementary materials) and
genetically (Fig. 2). Like D. stankovici, D. caputlacus showed
a pattern of high haplotype diversity and possible evidence
of an ancient expansion. The high haplotype diversity
at Seyhan Dam reservoir was consistent with a large
historical population size, conforming to our expectation
for a stable lake habitat. The estimate of τ under a model of
pure demographic expansion (Table 2) corresponded to an
age of c. 920 000 years for the population, suggesting a
mid-Pleistocene population expansion event (Table 3).
However, the observed mismatch distribution, with an
additional peak at 0 mismatches, fit a model of spatial
expansion at time τ better than one of purely demographic
expansion (yielding similar estimates of τ under both
models) (Excoffier 2004). Such a pattern could also have been
generated by a relatively recent postexpansion population
bottleneck and might reflect invasion of the Seyhan Dam
reservoir, from its endemic range within lakes of the
nearby Gölbaßi tectonic basin (Schütt 1993).

Fragmentation of D. polymorpha
Our data were consistent with the hypothesis that geographic
isolation of ancient lakes and seas in the Ponto-Caspian
basin resulted in formation of a sibling species complex of
D. polymorpha (Locard 1893; Kinzelbach 1992; Schütt 1993;
Rosenberg & Ludyanskiy 1994; Starobogatov 1994). We
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033–1050

found evidence of distinct evolutionary units within D.
polymorpha, with no sharing of haplotypes between the
Ponto-Caspian region and Turkey, or between northwestern
and southcentral Turkey. Additional geographically disjunct
subspecies of D. polymorpha have been described (Andrusov
1897; Kinzelbach 1992; Schütt 1993; Starobogatov 1994).
Hrbek et al. (2004) noted an abundance of deeply diverged
cryptic species in geologically complex areas of the Middle
East, due to range fragmentation. All populations (and subspecies) within D. polymorpha exhibited low levels of haplotype
diversity (especially relative to D. caputlacus and D. stankovici),
and genetic signatures of recent population growth were
detected. This pattern conformed to our expectation for
fluctuating environments in the Ponto-Caspian Sea basin.
Of the D. polymorpha subspecies sampled, D. polymorpha
anatolica (sites 23–27) was most genetically divergent
(May et al. submitted; Figs 1–3), with a divergence estimate
between D. p. anatolica and the other two subspecies (D. p.
polymorpha + D. p. gallandi) of c. 730 000 bp (95% CI 290 000–
1370 000 bp). The geographic location and timing of the
split roughly coincided with a peak in species divergence
events c. 2.23–1.07 Ma in two groups of endemic Mediterranean freshwater ichthyofauna, the genus Chondrostoma
and the Leuciscus subgenus Squalius (Durand et al. 2003).
Durand et al. (2003) hypothesized a wave of colonization in
which Mesopotamian populations reached the Black and
Caspian Seas through an extensive Anatolian inland lake
system (Görür et al. 1995). Allopatric fragmentation resulted
as the original Pliocene-era Anatolian lake was gradually
eliminated with the advent of the Pleistocene due to
tectonic uplift of the central Anatolian plateau (Görür et al.
1995; Westaway et al. 2004).
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Dreissena polymorpha anatolica exhibited a genetic signature of an apparent population expansion c. 25 000 bp
following a severe population bottleneck or founder event
(Fig. 1; Table 1), a scenario congruent with geological data
(Karabiyikoglu et al. 1999). Populations of D. p. anatolica
currently inhabit Anatolian tectonic lakes in the Mediterranean zoogeographic province, predominantly within the
Menderez-Taurus tectonic block (Kinzelbach 1992; Schütt
1993; Starobogatov 1994). Climatic cycles caused hydrological instability in this region during the late Pleistocene.
High water levels last existed here during the last glacial
maximum, 23 000 –17 000 bp (Karabiyikoglu et al. 1999),
coinciding with the population expansion event inferred
from haplotype data. D. p. anatolica has not previously been
reported to occur in the Seyhan Dam reservoir (site 27),
and its presence here, like that of D. caputlacus, might have
resulted from secondary introduction from its previously
described range.
Dreissena polymorpha gallandi has been reported to occur
in lakes bordering the Sea of Marmara south of Istanbul
(Schütt 1993), within the Euro-Siberian zoogeographic
province of Turkey. Its evolutionary history might be associated with the Marmara Basin, with its geological history
of intermittent connection with the Black and Mediterranean Seas, and periodic existence as an isolated lake
(Aksu et al. 1999). Contact between the Black and Marmara
Seas was last restored c. 7000 –10 000 bp (Aksu et al. 1999).
Populations were monomorphic for haplotype E, unique to
this subspecies, with coalescent analysis providing a divergence estimate of c. 510 000 years between D. p. gallandi
and D. p. polymorpha (Table 3).

Split between D. polymorpha populations in the Black
and Caspian Seas
The Black and Caspian Seas separated about 5 Ma, and
have since experienced periods of interconnection and
separation due to water level fluctuations (‘transgressions’
and ‘regressions’). The connections between the seas during
transgressions occurred along the low-lying Manych
depression, the last such episode ending c. 9000 bp (Reid &
Orlova 2002). These seas host a large number of endemic
species adapted to brackish water. And due to their semiindependent history, these seas differ in endemic species
composition, with 209 endemics restricted to the Caspian
Sea and 20 restricted to the Black and Azov Seas
(Mordukhai-Boltovskoi 1979).
Imperfect separation between these seas resulted in a
region characterized by instability, with extirpations and
recolonizations. Geological and fossil evidence suggest
that Dreissena may have been extirpated in the Caspian Sea
during a mass extinction event in the early Pliocene (c. 5.8
Ma) (Grigorovich et al. 2003). Subsequent recolonization of
D. polymorpha and D. rostriformis appears to have occurred

during the Akchagylian transgression (2–3.4 Ma), a period
of temporary reconnection with the Black Sea (Grigorovich
et al. 2003). More recently, during the Pleistocene, repeated
incursions from the Mediterranean into the Black Sea
resulted in periods of high salinity and extinction of many
brackish-water Ponto-Caspian lineages within the Black
Sea, with surviving lineages often confined to estuaries.
Some Ponto-Caspian lineages may have subsequently
recolonized the Black Sea from the Caspian, which
experienced greater stability during this period. Such a
recolonization, during the New Euxinian transgression
(9000–19 000 bp) at the end of the Pleistocene, has been
hypothesized in the case of D. rostriformis/D. bugensis (Babak
1983). Recent fluctuations in environmental conditions in
the Black Sea may, in part, account for the strikingly small
long-term effective population size of D. polymorpha in
the Black Sea drainage (Ne approximately 80 000 given
θper_site = 0.00041, assuming one generation/year).
Populations of D. p. polymorpha from Black and Caspian
Sea drainages show evidence of a possible phylogeographic
break, but relationships remain uncertain due to possible
recent human-mediated introgression. Haplotypes C, D,
and D2 were restricted to the Caspian Sea drainage, while
A and B were geographically widespread. The presence of
haplotypes A and B in areas proximal to the Volga River
might have resulted from human activity (e.g. construction
of the Don Canal). Samples from the Ural River (site 15), an
independent Caspian Sea river system, contained only
haplotypes C and D. The possibility of recent introgression
of haplotypes A and B from the Black Sea into the Caspian
Sea drainage via the Volga River is supported by both
reports of other nonindigenous Black Sea-derived species
(Grigorovich et al. 2003) and mtDNA haplotype data from
other taxa (Cristescu et al. 2003). Coalescent analysis using
batwing showed apparent high support for one population subclade within D. p. polymorpha (Fig. 3). This subclade excluded two Caspian Sea drainage populations,
including the Ural River. Because batwing is limited to
a nonreticulated representation of evolutionary history,
it might not perfectly represent the secondary contact
scenario above. However, the population phylogeny from
batwing is consistent with a split between Black and Caspian Sea drainages, but with blurring due to recent events
(possibly human-mediated transport).
However, we cannot exclude the possibility that the
presence of haplotypes A and B in the Caspian Sea pre-dated
recent anthropogenic influences. This second hypothesis
might be plausible because haplotypes A and B occur in
the region of the final point of contact between the Black
and Caspian Seas (i.e. low-lying Manych Depression/
Northeastern Caspian). Under such a scenario, genetic
differentiation between the Ural drainage and the Volga/
Northeastern Caspian might reflect historical allopatric
fragmentation, possibly due to an intervening salinity
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033– 1050
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barrier. However, the Ural delta is only 150 km from the
Volga delta, and both rivers empty into the freshest (most
Northern) part of the Caspian (salinity < 1 PSU in the surface layers; TES 1992, cited in Kaplin 1995), reducing the
likelihood that haplotype differentiation would be longstanding and preserved on geological timescales.
To obtain a date of divergence between the Black and
Caspian Seas under a hypothetical scenario in which haplotypes A and B were recent introductions, we performed
coalescent analysis using the program IM for the Ural vs.
Black Sea drainages (Kherson, site 11 + Ingulets, site 9).
Here, the haplotype composition of the Ural sample was
assumed to represent the pre-anthropogenic Caspian state.
This analysis provided an estimate of c. 166 000 years
(Table 3), potentially suggesting divergence following the
ancient Euxinian transgression (350 000 –250 000 bp).
Furthermore, the timing of this split is roughly concordant with the timing of the inferred late-Pleistocene
population expansion of D. p. polymorpha, c. 110 000 bp.
Phylogeographic breaks between the Black and Caspian
Seas observed in Dreissena (e.g. D. p. polymorpha and D. rostriformis/D. bugensis) and dates for demographic events
appear to be relatively shallow compared to those of other
species. Studies based on mtDNA sequence data have
found deep breaks across four species of amphipods and
three cladocerans, with little population structure observed
among sampling sites within each basin (Cristescu et al.
2003, 2004). Planktonic cladoceran species showed consistent mid-Pleistocene divergence times, with divergence
dates c. 0.6–1.1 Ma (Cristescu et al. 2003). Benthic amphipod species exhibited older and more variable divergence
dates, ranging from late Miocene (5.0 –7.9 Ma) to early
Pleistocene (1–1.6 Ma) (Cristescu et al. 2003, 2004). Overall,
the species with more recent Black/Caspian divergence
dates tend to show lower haplotype diversity. This trend
might have arisen from greater extirpation/recolonization
tendencies. Higher salinity tolerance and /or better capacity
for upstream dispersal might have prevented extinctions
in these cladoceran and amphipod species during salinity
crises associated with marine transgressions. Additionally,
long-lived populations of diapause eggs might have buffered
against extinction in some microcrustaceans.

Origins of D. bugensis, a second invasive Ponto-Caspian
dreissenid
A second invasive, the quagga mussel D. bugensis, is native
to estuaries of the Black Sea (Marsden et al. 1996; Mills et al.
1996). This mussel is closely related to the Caspian Sea
native D. rostriformis, with a divergence estimate of c.
500 000 bp (Table 3). This date roughly coincides with the
appearance of specimens resembling D. bugensis, as well as
the appearance of other Black Sea endemics, in the Black
Sea basin fossil record (Starobogatov 1994). Starobogatov
© 2006 Blackwell Publishing Ltd, Molecular Ecology, 15, 1033–1050

(1994) argued that D. bugensis was derived from the Black
Sea endemic D. tchaudae. In contrast, Babak (1983) believed
that D. bugensis arose from a recent, New Euxinian Epoch
(9000–19 000 bp), reinvasion of the Black Sea by Caspian
Sea D. rostriformis, following extinction of endemic Black
Sea Pontodreissena. Based on data similar to our own,
Therriault et al. (2004) argued that the low levels of genetic
divergence in mtDNA sequences supported the hypothesis
of Babak (1983). However, an estimate based on only three
mutations in 606 nt (from one nonrecombining locus in
reciprocally monophyletic taxa) is only moderately informative. Such data cannot fully resolve this issue because of
the stochasticity in the coalescent (Edwards & Beerli 2000),
but merely provide a loose upper bound on the divergence
date. A molecular marker with higher resolution is
required to accurately determine timing of this split.
A single haplotype was observed across two recognized
subspecies of D. rostriformis that occupy habitats of differing
depth. The differences between D. rostriformis compressa
and D. rostriformis distincta in morphology and pigmentation exactly parallel differences between the deep and shallow forms of D. bugensis (Karpinsky 2005). Moreover, the
morphological transition occurs at a similar depth in both
species (Dermott & Munawar 1993; Karpinsky 2005). Deep
and shallow forms of D. bugensis share a single identical
mtDNA haplotype (Claxton et al. 1998; G. E. May & C. E.
Lee, unpublished) and exhibit similarities in microsatellite
allele frequencies (G. E. May & C. E. Lee, unpublished),
possibly suggesting morphological plasticity rather than
genetic differentiation. Lack of haplotype variation within
both D. rostriformis and D. bugensis conforms to our expectations for dreissenids in the Ponto-Caspian Sea basin.

Synthesis: genetic imprints of a Ponto-Caspian heritage
The Ponto-Caspian Seas present a unique evolutionary
environment. These seas experience major fluctuations
in salinity, water level, temperature, and dissolved oxygen
on both seasonal and geological timescales (Kaplin 1995;
Svitoch et al. 2000). Although they contain unique species
flocks that have radiated from a limited number of families,
the total number of species is low (Remane & Schlieper
1971; Reid & Orlova 2002). Brackish-water habitats tend
to be depauperate in species, and in any biogeographic
region typically share a limited number of cosmopolitan
taxa (Remane & Schlieper 1971). Furthermore, brackishwater habitats can constitute unsaturated biotopes in which
species can achieve high population growth without
displacing other fauna (Arndt 1989). Estuarine habitats in
the Ponto-Caspian Seas thus provide a resource-rich but
physically challenging and unstable environment.
The mode of dispersal of Dreissena could promote
genetic fragmentation (Bohonak 1999). Dreissena possess
pelagic, passively dispersed larvae. Poor dispersal and the
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absence of mechanisms for dispersal counter to water flow
contribute to the potential for allopatric fragmentation.
Such fragmentation, occurring as a result of water level
fluctuations (and perhaps salinity barriers), appears to
have driven much of the observed genetic differentiation.
Thus, taxa are confined to disjunct geographic regions (i.e.
distinct seas and lake systems) (Fig. 2) (May et al. submitted).
Habitat instability and low dispersal ability would
favour evolution of high reproductive potential and rapid
maturation (Stearns 1992; Dillon 2000). For example, D. p.
polymorpha gonadal tissue may constitute > 30% of body
mass and a 15-mm female produces approximately 96 000
oocytes (Sprung 1991). Such high reproductive potential
would facilitate escape to sites outside a zone of disturbance.
Frequent local extinctions and high reproductive potential might have been responsible for the genetic signals
of bottlenecks and expansions that are common across
Dreissena taxa and populations (Fig. 1; Tables 1 and 2). The
genetic signals of such events would have been obscured if
they were far in the past, or reduced if the number of
colonizing propagules were large (i.e. weaker bottleneck).
Environmental fluctuations outside the range of tolerance
are likely to have been frequent in the Ponto-Caspian
region, increasing the frequency of local extinctions. Moreover, with high reproductive potential and rapid maturation, once a few individuals colonized a site, numbers
would have increased rapidly. Later migrants would have
made little difference in the coalescent process and genetic
diversity in the resulting population would have been low
(with restoration of diversity requiring a mutational timescale). Colonizations at any given site would thus tend to
be more recent and their genetic signatures would not have
been erased by time.
The shape of the Dreissena phylogeny, with very long
internal branches and a substantial number of branches
near the tips, might also reflect a high extinction rate
(Fig. 2). Increasing extinction rate relative to speciation rate
increases internode length internally in a species tree,
resulting in such a pattern (Nee et al. 1994). The dynamic
instability of the Ponto-Caspian environment might have
contributed to these features. Extinction proneness also
increases with reduced dispersal power, due to a reduction
in the ability to escape a zone of disturbance (Henle et al.
2004). As relict populations are confined to individual
lakes or lake systems and most lakes are short-lived on a
geological timescale, extinction of a lake would render the
inhabiting populations of Dreissena extinct.
Adaptation to fresh water is polyphyletic (Fig. 2). Dreissenids are members of the bivalve subclass Heterodonta,
from which frequent independent colonizations of fresh
water have occurred (Deaton & Greenberg 1991). Heterodont mussels exhibit a capacity for hyperosmoregulation
and hypercalcaemia (elevating haemolymph calcium concentrations) in dilute brackish water, traits that might serve

as pre-adaptations for freshwater colonization (Deaton &
Greenberg 1991). The fluctuating salinity of the Paratethys
and Ponto-Caspian Seas and their estuaries, with periods
of low salinity, might have facilitated adaptation to fresh
water (Lee & Bell 1999). Theoretical models suggest that
such temporal fluctuations facilitate evolutionary adaptation
to an otherwise inaccessible environmental niche (Holt
et al. 2004).

The Ponto-Caspian basin and possible antecedents of
invasiveness
The Ponto-Caspian basin has been a source of many
invasive species into the Great Lakes of North America
(Lee & Bell 1999; Ricciardi & MacIsaac 2000). In particular,
since 1985 fresh and brackish waters of the Ponto-Caspian
region have contributed up to 70% of the invasive species
into the Great Lakes (Ricciardi & MacIsaac 2000). Many
Ponto-Caspian species, including zebra mussels (Hebert
et al. 1989), quagga mussels (May & Marsden 1992),
Echinogammarus ischnus (Witt et al. 1997), Cercopagis pengoi
(MacIsaac et al. 1999), and Bythotrephes cederstroemi (Bur
et al. 1986) were likely introduced via ballast water.
The fluctuating environmental conditions characteristic
of the Ponto-Caspian Seas could promote the evolution of
broad tolerance or the maintenance of genetic variance
for tolerance upon which selection could act (Gillespie &
Turelli 1989; Sasaki & Ellner 1997; Bürger & Gimelfarb
2002). Broad tolerance or high quantitative genetic diversity would increase the range of environments that a
species could colonize. Broad tolerance might also facilitate survival during transport. For example, the relatively
broad salinity tolerance characteristic of many PontoCaspian species might permit colonization of freshwater
sites in North America despite partial mid-ocean ballast
water exchange (Ricciardi & Rasmussen 1998). Furthermore, selection for high reproductive potential and rapid
maturation could increase invasiveness on purely demographic grounds.
Populations of Dreissena that have evolved outside the
dynamic environment of the Ponto-Caspian basin have
not yet been observed to invade on a widespread scale.
D. stankovici, D. caputlacus, D. p. gallandi, and D. p. anatolica
are native to tectonic lakes. It is possible that the stable
geological history and relative environmental constancy of
tectonic lakes could have resulted in species less able to
survive environmental shifts and, consequently, less able
to readily invade. In addition to possible constraints due to
physiology, life history, or adaptive potential, it is also possible that limited opportunity for transport is a factor, as
shipping traffic from ancient Eurasian freshwater lakes is
generally lower than traffic from Ponto-Caspian drainages.
The diversity of unique COI haplotypes in populations
of D. stankovici and D. caputlacus (Fig. 1; Table 3 in May
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et al. submitted) stands in sharp contrast to the depauperate set of haplotypes observed in dreissenid taxa such as
D. p. polymorpha and D. bugensis, which are known to be
highly invasive and that inhabit estuarine environments in
Ponto-Caspian drainages. Ponto-Caspian species such as
the invasive amphipod Echinogammarus ischnus (Cristescu
et al. 2004) and several cladocerans (Cristescu et al. 2003)
also exhibited low levels of intraspecific haplotype and
nucleotide diversities at putatively neutral markers. Invasive populations of E. ischnus contained a single mitochondrial genotype of Black Sea origin (Cristescu et al. 2004).
The low levels of genetic diversity of many Ponto Caspian
species suggest that recent and severe bottlenecking events,
possibly resulting from environmental fluctuations, not
only occurred in populations of dreissenids but also in
other Ponto-Caspian species.
The Ponto-Caspian Seas present an environment that
might foster evolution of traits associated with invasiveness. Evolution in such an environment might leave
unique phylogenetic and population genetic signatures, in
part through selection of particular life history characteristics. However, patterns vary across taxa, with microcrustaceans showing much deeper phylogenetic splits
between Black and Caspian Sea populations than that
seen in dreissenids. Relatively little research has been done
on evolutionary genetics of invasive species (Lee 2002).
Characterization of additional taxonomic groups from this
region might permit identification of cohesive patterns
across species and yield general insights.
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Appendix I: Molecular Clock Analyses
To further corroborate the approximate validity of dates estimated using the clock of
Marko (2002) and COI sequence data, we performed alternative estimations of the age of the
basal divergence within Dreissena. We employed alternative calibration points within the
bivalve fossil record and sequence data from mitochondrial COI and 16S and nuclear 18S genes
(see below). Specifically, a set of three to four fossil-based divergence times (Table 4, below)
were used to calculate a mean molecular clock rate for each gene, based on proportional
difference between pairs of sequences estimated using a Kimura 2-parameter model of sequence
evolution. For each of the three genes, this rate was then used to estimate the age of the
Dreissena basal split using sequence data from D. polymorpha and D. bugensis.
To provide a loose lower bound on the date of the basal Dreissena divergence event, we
anchored the divergence between the Mytilopsis + Dreissena clade versus Congeria at the lower
Eocene boundary (54 mya). This clock analysis was performed using MrBayes 3.01, under a
birth-death prior, using the codon-structured GTR+G model. We note that the fossil record for
the period preceding the Eocene is sparse (Nuttall 1990) and the actual basal divergence date for
Dreissenidae might have been much earlier than 54 mya. This analysis assumes the validity of
the phylogeny of Starabogatov (1994). Starabogatov concluded that Congeria descended from
the fossil taxon Eocongeria, with a split from Mytilopsis+Dreissena "earlier than the Eocene"
due to the diversity and abundance of both lineages in the later Eocene. Analysis of COI data,
using MrBayes 3.01 and outgroups Corbicula flumina and Macoma bathica (GenBank
accession# U47647, AY162256), conforms to this phylogeny and confirms basal divergence of
the Congeria lineage (Mytilopsis+Dreissena clade posterior probability estimated as 0.99). This
analysis resulted in an estimate of 26 mya (95%CI 14-42) for the minimum age of the basal
divergence event within Dreissena.
Table 4. Alternative calibrations and inferred divergence time between D. polymorpha and D.
bugensis. Estimates of proportional difference based on Kimura 2-parameter model (K2P) are
presented for the specified contrasts and genes. The mean rate for each gene is used to estimate
an age for the D. polymorpha/D. bugensis split. The set of species chosen for analysis of COI is
largely identical to that used by Luttikhuizen et al. (2003).
Contrast
Macoma vs. Donax

Divergence Time (Reference)
90-140 mya (Pohlo 1982)

Sinonovacula constricta vs. Donax/Macoma
Mytilus edulis vs. Mytilus californianus

206-251 mya (Pohlo 1982)
30 mya (Coan et al. 2000)

Mytilus vs. Adamussium/Pecten
Barbatia lima vs. Arca ventricosa

400-480 mya (Moore 1969)
144-206 mya (Cox et al. 1969)

Chamelea gallina vs. Venus verrucosa

25-40 mya (Cox et al. 1969)

Gene
COI
18S
COI
COI
16S
18S
16S
COI
18S
16S

D. polymorpha vs. D. bugensis

Inferred Divergence Time
89 mya estimate
41 mya estimate
92 mya estimate

COI
16S
18S

GenBank Sequences used in Molecular Clock Calibration Analyses
16S rRNA: AJ243882 (Adamussium colbecki), AJ548762 (Chamelea gallina), AJ548763
(Venus verrucosa), AY650084 (Pecten maximus), AF023600 (Mytilus californianus), U68770
(Mytilus californianus), AY350784 (Mytilus edulis), U22885 (Mytilus galloprovincialis),
AF507049 (Dreissena polymorpha), AF507047 (Dreissena bugensis)
COI: AB076935 (Arca ventricosa), AB076931 (Barbatia lima), AB040842 (Donax cuneatus),
AB076949 (Sinonovacula constricta), AF443221 (Macoma balthica), AB040844 (Donax faba),
U68776 (Mytilus californianus), AF241963 (Mytilus edulis)
18S rRNA: AY570554 (Macoma balthica), AJ309018 (Donax trunculus), X90960 (Arca noae),
AF207646 (Barbatia barbata), X91974 (Barbatia virescens), L33448 (Mytilus edulis), L33449
(Mytilus californianus), AF305702 (Dreissena polymorpha), AF305703 (Dreissena bugensis).
Appendix II: Physical Descriptions of Newly Collected Samples of Dreissena
Dreissena polymorpha anatolica (Fig. 4B; sites 23-27)
Shells were relatively small, rather elongated, and almost rectangular, with equally-sized valves
that were moderately inflated. The umbo bent slightly, but often acutely (in a beaked fashion),
and was close to the ventral field. The byssal hole is closer in proximity to the posterior than to
the anterior. The central portion of the dorsal rim was often relatively straight and parallel to the
ventral rim. A wing-like ridge near the ventral field on the valves extended from the umbo and
tapered off near to the anterior of the ventral field. The shells were greyish/cream in color and
often had a faint dark striped pattern similar to that of D. p. polymorpha.
Dreissena polymorpha gallandi (Fig. 4C; sites 22, 28)
Shells were moderately large and relatively elongated, with equally-sized valves that were
moderately inflated. The umbo bent deeply and was close to the ventral field. The byssal hole
was closer in proximity to the posterior than to the anterior. The posterior portion of the shell
was slightly bulbous from a side view, with the dorsal rim forming a long sweeping arc. A winglike ridge near the ventral field on the valves extended from the umbo and tapered off to the
midpoint of the ventral field. The shells were white, tan, greenish-tan, and light blue with no
distinguishable patterns.
Dreissena caputlacus (Fig. 4E; site 27)
The type specimens occur in lakes near Gölbaşi, Turkey, but have not previously been observed
in the Seyhan Dam reservoir near Adana, Turkey (site 27). Shells were moderate/small in size
and triangular, with equally-sized valves that were inflated. The byssal hole was very small and
narrow and closer in proximity to the posterior than to the anterior. A wing-like ridge near the
ventral field on the valves extended from the umbo and tapered off to the midpoint of the ventral
field. The dorsal field was very wide; the dorsal edge was characterized by a pointed “wing” that
was narrow and nearly flat. From a ventral view, the ventral shell margin was slightly

sinusoidal. The exterior of the shell was very dark brown, nearly black in color. The interior of
the shell was blue and black.

