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Abstract We examined the population genetics of six
species of marine cladocerans, using a »600 bp fragment
of the cytochrome oxidase subunit I gene sequence. Phylogenetic analysis revealed signiWcant intraspeciWc, semiallopatric phylogenetic breaks in four out of Wve species
belonging to the Podonidae, supporting an ancient radiation
and oceanic expansion for this group. By contrast, Penilia
avirostris (Sididae) displayed no phylogeographic structure
across a global sampling, suggesting a recent worldwide
expansion. Our results also show a transoceanic distribution
of identical or very similar haplotypes in several species of
marine Cladocera, which may be interpreted as either natural transport or evidence of recent anthropogenic transport.
If the latter is the case, marine cladocerans represent one of

Sequence data from this article have been deposited with the EMBL/
GenBank Data Libraries under accession nos. EU675871–EU675924.
Communicated by T. Reusch.
Electronic supplementary material The online version of this
article (doi:10.1007/s00227-008-0996-x) contains supplementary
material, which is available to authorized users.
A. Durbin (&)
Department of Marine Sciences,
University of North Carolina, 340 Chapman Hall,
CB# 3300, Chapel Hill, NC 27599, USA
e-mail: amdurbin@email.unc.edu
P. D. N. Hebert
Department of Integrative Biology,
University of Guelph, Guelph, ON, Canada N1G 2W1
M. E. A. Cristescu
Great Lakes Institute for Environmental Research,
University of Windsor, Windsor, ON, Canada N9B 3P4

the Wrst genetically documented cases of exotic or invasive
marine zooplankton, likely an underreported group.

Introduction
Although there are over 600 described species of cladocerans, only 8 are truly marine. The relative scarcity of marine
cladocerans compared to the high diversity of their freshwater and brackish relatives has been remarked as curious
(Rivier 1998) and has been attributed to their high dispersal
ability which may inhibit vicariant speciation by enhancing
genetic connectivity between distant populations (EgloV
et al. 1997). On the other hand, the very broad distribution
range of marine cladocerans suggests them as good candidates for phylogeographic and population genetic investigations. Cryptic speciation has been documented in many
other “cosmopolitan” organisms, including species with
high dispersal ability such as marine and freshwater zooplankton (Goetze 2003, 2005). To investigate questions of
evolutionary history and population dynamics among
marine zooplankton, we examined the phylogeography of
six marine cladocerans of the families Podonidae (Order
Onychopoda; Evadne nordmanni, Pseudevadne tergestina,
Podon leuckarti, Podon intermedius, Pleopis polyphemoides) and Sididae (Order Ctenopoda; Penilia avirostris).
The two marine cladoceran families are convergent on
marine adaptations, sharing a pelagic, neritic-to-oceanic
habitat niche, and a similar reproductive biology that
includes nursing embryos in a brood pouch (EgloV et al.
1997). The Podonidae further share a grasping mode of
feeding, while P. avirostris is a Wlter feeder. With the
exception of P. intermedius, all marine cladocerans
included in this study have either a circumhemispheric distribution, or are reported worldwide (Table 1; EgloV et al.
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1997; Rivier 1998). High seasonal population densities of
up to 100,000 individuals per square meter are achieved
through a parthenogenetic reproduction phase, followed by
the production of sexual resting eggs and population crash
(EgloV et al. 1997). Since resting eggs must be laid in continental shelf areas to hatch, the marine cladoceran populations are anchored to near-shore habitats. However, P.
avirostris has the ability to maintain planktonic populations
without male or resting egg production, (Tang et al. 1995;
EgloV et al. 1997).
Similar to radiations of other predatory cladocerans,
including the brackish Caspian podonids, the speciation of
the marine podonids is likely related to the dynamic
hydrogeologic history of the Ponto-Caspian region (Cristescu and Hebert 2002). In this scenario, cycles of habitat
fragmentation and salinity Xuctuations lead to the Miocene
and Pliocene emergence of the podonid genera, which
gained access to the world ocean soon after. A more recent
expansion has been hypothesized for P. avirostris (Lochhead 1954; Egborge 1987) and also the Podonidae (Dumont
1998, 2000), wherein colonization of the world ocean took
place in the late Pleistocene or Holocene. We used molecular data from worldwide distributed marine cladocerans to
examine the evolutionary history of this group.
One confounding factor when interpreting population
histories from mitochondrial phylogenies is the possibility
of anthropogenic transport via transoceanic shipping (e.g.,
Roy and Sponer 2002). It has been postulated that small
invertebrate taxa are underreported as invasive species
(Ruiz et al. 2000), and this may be particularly the case for
zooplankton species that are morphologically similar, thus
making identiWcation diYcult. Marine cladocerans are good
candidates for ballast-water transport because of their production of resistant resting eggs and asexual reproduction,
which means only a single parthenogenetic female is
required to populate a new habitat. Use of genetic methods
suggested a 50,000-fold increase in the background rate of
trans-oceanic dispersal in freshwater cladocerans due to
ballast-water dispersal (Hebert and Cristescu 2002).
Although it is diYcult to genetically distinguish natural
transport from human-mediated transport in an organism
with unknown phylogeography, we examined this question
using both the phylogeographic evidence from molecular
data and available empirical data on ballast water transport.

b

a

Rivier, I. K. (1998)
EgloV et al. (1997)

Subtropical to tropical, neritic and oceanic
habitats between 45°N and 40°Sa
NE Atlantic: Aegean Sea (2), Gulf of Naples (3); NW PaciWc:
Hong Kong Harbor (2); SW PaciWc: Sydney Harbor (5);
SE Indian: Perth Harbor (5)
Penilia avirostris

EU675916–EU675924

Widely distributed in neritic habitats between 65 and
70°N and 40°S; also brackish estuaries, polluted
harbors and nearly fresh riverine environmentsa
NE Atlantic: Black Sea (6), Portugal (3), Copenhagen Harbor (2),
Baltic Sea (11); NW Atlantic: Bay of Fundy (2);
NE PaciWc: Vancouver (6)
Pleopis polyphemoides

EU675894–EU675897;
EU675912–EU675915

Atlantic Ocean and adjoining seas up to 40°Na
NE Atlantic: Aegean Sea (2), English Channel (24), Oslo Fjord (1),
Copenhagen Harbor (2)
Podon intermedius

EU675874–EU675875; EU675877;
EU675880–EU675882; EU675901

Subarctic to subtropical waters of the
northern PaciWc and Atlantic oceansa
NE Atlantic: Oslo Fjord (5), Copenhagen Harbor (2), Baltic Sea (3);
NW Atlantic: Narragansett Bay (2); NE PaciWc: Bering Strait (3),
Vancouver (7), Oregon Coast (1)
Podon leuckarti

EU675876; EU675878–EU675879;
EU675906–EU675909;

Worldwide neritic habitats of subtropical
and tropical regions between 40–45°N and 40°Sa
NE Atlantic: Aegean Sea (1), Gulf of Naples (2); NW PaciWc:
Gulf of Thailand (1); SW PaciWc: Sydney Harbor (4)
EU675898–EU675900;
EU675910–EU675911
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Pseudevadne tergestina

NE Atlantic: Portugal (12), Netherlands (2),
Copenhagen Harbor (2), Baltic Sea (12); NW Atlantic:
Narragansett Bay (1); NE PaciWc: Bering Strait (5),
Vancouver (29); SW PaciWc: Tasmania (3)
EU675871–EU675873;
EU675883–EU675893;
EU675902–EU675905
Evadne nordmanni

Collection locations (number of individuals sampled)
GenBank

Table 1 Collection locations and number of individuals sampled, and reported ranges

Subarctic to subtropical waters
in the northern PaciWc and Atlantic
oceansa; also reported from the
Argentine Seab
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Reported ranges

2

Materials and methods
The study included six marine cladoceran species belonging to two families, Podonidae (Order Onychopoda; Podon
leuckarti, Podon intermedius, Pleopis polyphemoides,
Evadne nordmanni, and Pseudevadne tergestina) and
Sididae (Order Ctenopoda; Penilia avirostris). Individuals
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were collected from 19 sites around the globe, which were
grouped together as the NE Atlantic (including adjoining
seas), NW Atlantic, NE PaciWc, SW PaciWc, NW PaciWc,
and SW Indian (Table 1, supporting data online). Animals
were identiWed using Rivier’s 1998 key, and a mitochondrial protein coding gene, the cytochrome c oxidase subunit
I (COI) was used to explore sequence diversity. DNA was
extracted using a lysis buVer protocol following Schwenk
et al. (1998). A 658 base pair (bp) fragment of CO1 was
ampliWed using the primers LCO1490 (5⬘-GGT CAA ATC
ATA AAG ATA TTG G-3⬘) and HCO2198 (5⬘-TAA ACT
TCA GGG TGA CCA AAA AAT CA-3⬘) (Folmer et al.
1994). A total of 50 L PCR reactions contained 4 L of
DNA, 5.2 L of 10£ buVer, 3.0 L of 25 mM Mg(OAC)2,
1.3 L of 10 mM dNTP, 1.3 L of 10 M forward and
reverse primers, and one unit of Taq polymerase. Conditions for PCR included: 5 min at 95°C, followed by Wve
cycles of 1 min at 94°C, 1:15 min at 48°C, 1:15 min at
72°C, 30 cycles of 1 min at 94°C, 1:15 min at 50°C, and
1:15 min at 72°C, followed by an extension period at 72°C
for 5 min. PCR product was puriWed using a SPRI protocol
(Elkin et al. 2001), and DNA sequencing was carried out on
ABI377 and ABI3730 automated sequencers, using the
LCO1490 primer and the Big Dye 3 and Big Dye 3.1
sequencing kit, respectively (30 cycles and 55° annealing
temperature).
Sequence alignment and editing was performed on
CodonCode Aligner software (CodonCode Corporation)
and was conducted separately for P. avirostris and the
podonids. Phylogenetic analysis was conducted using both
maximum parsimony (MP) and Bayesian analysis. To
choose a model of sequence evolution for the Podonidae
and for Penilia, MrModeltest 2.2 (Nylander 2004) and
PAUP* (SwoVord 1998) were used to calculate the maximum likelihood and parameter values of 24 candidate models of sequence evolution, given an inferred neighborjoining tree and the data, followed by the selection of the
best-Wt model by hierarchical likelihood ratio tests (hLRTs)
(Posada and Crandall 2001). The model chosen for the
Podonids was a general-time-reversible model with -distributed rate heterogeneity ( = 1.913) and a proportion of
invariant sites (0.5953) (Tavaré 1986 1986; Waddell and
Steel 1997). For Penilia, the hLRTs did not all select the
same model, so the Akaike Information Criterion (Akaike
1974) was used to select a general time reversible model
with a proportion of invariant sites, which was used to generate a phylogeny in MrBayes. The best-Wt model and estimated parameter values for the Podonidae were then used
to implement a LRT of the molecular clock hypothesis for
this group in PAUP*. MrBayes 3.1 (Ronquist and Huelsenbeck 2003) was used to estimate model parameter values
and Bayesian posterior probabilities of clades, under a general time reversible model with gamma-distributed rate var-
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iation and a proportion of invariant sites (GTR + I + G).
Bayesian analyses were conducted for 4 million generations, with the Wrst 25% of sampled trees discarded as burnin. PAUP* was used to infer a maximum parsimony tree
using heuristic search with 100 random addition sequence
replications, and clade support values were generated using
bootstrap analysis at a 70% consensus level and 1,000 replications. The podonid tree was rooted using Polyphemus
pediculus (Onychopoda: Polyphemidae) while Sida crystalline (Ctenopoda: Sididae) was used to root the Penilia tree.
Net between-clade pairwise distances were calculated
for the Podonidae with MEGA 3.0 (Kumar et al. 2004),
using the Tamura-Nei model (Tamura and Nei 1993) with a
gamma rate distribution and  = 1.913, which was the closest approximation to a GTR + I + G model available in
MEGA. For three species (Evadne nordmanni, Podon leuckarti and Pleopis polyphemoides) which show not only
signiWcant sampling but also strong intraspeciWc phylogenetic structure, i.e. monophyletic groups that exceed the 3%
divergence level accepted by many authors as deWning phylogenetic species (Avise 2004), minimum spanning networks were calculated in Arlequin 3.0 with  = 0.05
(ExcoYer et al. 2005). Genetic diversity within species and
within phylogroups was characterized by the standard
diversity indices of haplotype diversity (Hd) and nucleotide
diversity (G) using Arlequin.

Results
COI sequence data from the six species of the Podonidae
were unambiguously aligned resulting in a 655-bp alignment. Penilia avirostris COI data were also unambiguously aligned as a 646 bp fragment. Size of the assembled
and aligned contigs reXects the maximum extent of highquality sequence data for each species. No insertions or
deletions were detected. Of the 655 base pair total alignment for the Podonidae, there were 242 synonymous
changes and 17 nonsynonymous changes, and 193 parsimony-informative changes. For P. avirostris, out of 646
sites, there were 16 variable sites, 4 of which were parsimony-informative, and 1 of which represented non-synonymous substitutions. The Bayesian analysis for the
podonids produced tree topologies that were largely congruent with the MP analysis, with few exceptions (e.g., the
MP analysis did not resolve hierarchical relations between
species, and instead produced polytomies). Since these
diVerences do not interfere with the interpretation of the
phylogenetic structure, only the Bayesian trees were presented (Fig. 1). Four species with global or hemispheric
distributions, namely E. nordmanni, P. leuckarti, P. polyphemoides, and P. tergestina showed signiWcant intraspeciWc phylogenetic structure, approaching or exceeding the
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Fig. 1 a Bayesian trees of the
marine Podonidae, and b Penilia
avirostris. Scale is in units of
expected substitutions per site.
Support values are Bayesian
posterior probabilities and MP
bootstrap values, respectively,
stars indicate no MP bootstrap
support for the Bayesian topology. Major podonid intraspeciWc
clades are indicated with gray
bars, and haplotypes are labeled
with letters (see S1 in ESM for
collection information)

3% COI divergence level generally accepted as deWning
phylogenetic species (Avise 2004) (Fig. 1a). Although the
molecular clock hypothesis was rejected using a hLRT
model (¡2 ln LR = 65.2; df = 44; P < 0.05), applying the
CO1 molecular clock of 1.4% myr¡1 calculated from Synalpheus shrimp (Knowlton and Weight 1998) suggested
an approximate clade ages of 1–4 millions of years old
(Tables 2, 3). While the intraspeciWc clades revealed for E.
nordmanni, P. leuckarti, and P. polyphemoides were divergent, they contained limited internal genetic structure and
low nucleotide diversity (Table 2). The single phylogroup
recovered for P. intermedius contained nucleotide and haplotype diversity typical of the major intraspeciWc clades
found in the other podonids.
There is a substantial degree of concordance between
phylogroup and geographic region evident in the haplotype
networks (Figs. 2 3, S1 in Electronic supplementary material). This concordance is most apparent in E. nordmanni,
where a PaciWc-Atlantic phylogeographic split is evident.
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All Atlantic E. nordmanni haplotypes fall into one phylogroup, clade II, with no representatives of this phylogroup
recovered elsewhere. Most E. nordmanni haplotypes from
the NE PaciWc were also closely related, constituting all of
Clade I. The split between clades in P. leuckarti and P.
polyphemoides may also be associated with a PaciWc/Atlantic phylogeographic split: clade I of P. leuckarti consisted
solely of NE PaciWc haplotypes, and clade I of P. polyphemoides consisted mostly of NE Atlantic haplotypes. Notably, only a single phylogroup was sampled from European
waters for all three species, although this was by far the
best sampled region, both geographically and numerically
(Fig. 2).
However, phylogroups in these species contained
closely related haplotypes collected from diVerent ocean
basins (clade II of P. leuckarti and clade I of P. polyphemoides) or distant regions of the same ocean basin (clade II of
both species; Figs. 2, 3). The same phenomenon was
observed among the PaciWc haplotypes of E. nordmanni
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Table 2 Number of individuals sampled (n), number of haplotypes (H), contig size, molecular diversity data, and divergence time estimates for
intraspeciWc clades
n

H

Contig
size

Haplotype
Nucleotide
diversity (Hd) diversity ()

Substitution type

Range of
Approximate
intraspeciWc age of divergences
Synonomous Nonsynonomous Tamura(1.4% myr¡1)
Nei distances

E. nordmanni

66 18 605

0.89 § 0.022

0.013 § 0.0067

38

3

Clade I

29

8 605

0.86 § 0.035

0.0032 § 0.0021

9

0

Clade II

30

6 605

0.60 § 0.072

0.0013 § 0.0011

4

2

Clade III

5

3 605

0.70 § 0.21

0.0033 § 0.0026

5

0

Haplotype r

2

1 605

E. tergestina

8

5 642

0.86 § 0.11

0.034 § 0.019

41

P. leuckarti

23

7 601

0.78 § 0.063

0.0093 § 0.0051

6

4 601

0.90 § 0.16

0.0029 § 0.0023

Clade I

0.016–0.036

1.1–2.6 myr

3

0.028–0.058

2.0–4.1 myr

18

1

0.024

1.7 myr

4

0

0.059

4.2 myr

Clade II

17

3 601

0.64 § 0.074

0.0013 § 0.0011

2

0

P. intermedius

29

7 646

0.48 § 0.11

0.0011 § 0.00096

6

1

P. polyphemoides 30

8 619

0.85 § 0.034

0.020 § 0.010

18

1

Clade I

24

6 619

0.80 § 0.051

0.0028 § 0.0019

4

2

Clade II

6

2 619

0.29 § 0.20

0.00088 § 0.00092

2

0

17

9 630

0.92 § 0.037

0.0051 § 0.0031

16

1

P. avirostris

Table 3 Net Tamura-Nei distances between species and between major intraspeciWc clades for Podonidae, below diagonal, and standard errors
for distance calculations, above diagonal
1
1. Evadne nordmanni clade I

2

3

4

5

6

7

8

9

10

11

12

0.005

0.005

0.008

0.027

0.026

0.026

0.031

0.029

0.025

0.026

0.025

0.005

0.007

0.026

0.025

0.025

0.030

0.028

0.024

0.026

0.024

0.007

0.025

0.026

0.026

0.030

0.028

0.025

0.026

0.025

0.026

0.026

0.026

0.031

0.029

0.025

0.026

0.025

0.010

0.009

0.028

0.027

0.027

0.028

0.027

0.007

0.027

0.026

0.025

0.027

0.026

0.025

0.025

0.025

0.027

0.026

2. Evadne nordmanni clade II

0.016

3. Evadne nordmanni clade III

0.017

0.013

4. Evadne nordmanni haplotype r

0.036

0.030

0.029

5. Evadne tergestina clade I

0.228

0.224

0.219

0.234

6. Evadne tergestina haplotype d

0.219

0.218

0.224

0.223

0.058

7. Evadne tergestina haplotype e

0.220

0.218

0.224

0.233

0.044

0.028

8. Podon leuckarti clade I

0.290

0.280

0.280

0.287

0.241

0.242

0.226

9. Podon leuckarti clade II

0.268

0.257

0.257

0.265

0.233

0.231

0.215

0.024

10. Podon intermedius

0.207

0.199

0.199

0.209

0.246

0.223

0.227

0.204

0.194

11. Pleopis polyphemoides clade I

0.229

0.228

0.234

0.235

0.250

0.241

0.240

0.233

0.239

0.209

12. Pleopis polyphemoides clade II

0.210

0.205

0.215

0.219

0.253

0.246

0.244

0.237

0.235

0.202

0.006

0.023

0.027

0.026

0.022

0.026

0.026

0.022

0.021
0.011

0.059

IntraspeciWc distances are in bold

(clade III; Fig. 2). Further, within the relatively well-sampled NE Atlantic region, the most frequently occurring
E. nordmanni haplotype, haplotype k, was recovered from
disparate regions in the NE Atlantic, the Baltic Sea and
Portugal, while haplotype i was recovered from both the
NE and NW Atlantic (Fig. 3).
Although sampling in P. tergestina was more limited,
three divergent haplogroups were recovered. A few haplotypes from the northwest and southwest PaciWc grouped
together, while the remaining two haplotypes, collected
from the Mediterranean and southwest PaciWc, respec-

tively, grouped separately as highly divergent singletons
(Fig. 1a). In contrast to the four podonid species with signiWcant phylogenetic diversity, P. intermedius, reportedly a
species restricted to the Atlantic (Rivier 1998), formed single phylogroups (Fig. 1a). Like P. intermedius, the globally
distributed P. avirostris displayed little phylogenetic structure (Fig. 1b), and molecular diversity indices were again
equivalent to those found for the intraspeciWc clades of the
Podonidae (Table 2). Haplotype diversity for entire species
as well as within major clades tended to be high, ranging
from 0.60 for E. nordmanni clade II to 0.92 for P. aviros-
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Fig. 2 Minimum spanning networks for a Evadne nordmanni, b
Podon leuckarti, and c Pleopis polyphemoides. Each circle represents
a haplotype, size of circle represents its sampling frequency with the
smallest circles denoting a single individual, and connecting lines and
hache marks each signify one mutational diVerence. Larger mutational
distances are indicated by gapped lines and numbers. The shading and
partitioning of each circle indicates the number of that haplotype collected from a speciWc ocean region

tris, with only P. intermedius having a low overall haplotype diversity of 0.48 (Table 2).

Discussion
The present study has revealed signiWcant phylogeographic
structure in four of six marine cladoceran species. AccordFig. 3 Haplotype frequencies
and locations for E. nordmanni
(EN, haplotypes a-r), P. leuckarti (PL, haplotypes a-f), and P.
polyphemoides (PP, haplotypes
a-h). The same pattern refers to
the same alphabetic haplotype
name in each species, so all “a”
haplotypes have the same pattern. Smallest circle corresponds
to 1 individual, and the largest
corresponds to 29 individuals
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ing to rough calculations using the snapping shrimp CO1
clock (Knowlton and Weight 1998), this structure is the
result of »1–4 million years of isolated evolution. Based on
CO1 divergences, the marine Podonidae appear to have
occupied the world oceans since the late Pliocene to mid
Pleistocene, contradicting the suggestion that colonization
of the world oceans by this group took place in the latest
Pleistocene or Holocene (e.g., Dumont 2000). On the other
hand, the lack of phylogenetic structure and the low molecular diversity for P. avirostris (Fig. 1b; Table 2) appears to
support the hypothesis of a recent invasion of the world
ocean by this species (Lochhead 1954; Egborge 1987).
Although a similar phylogenetic and molecular diversity
pattern was found for P. intermedius, a recent oceanic
expansion is unlikely, as P. intermedius is a sister species to
P. leuckarti, which appears to be anciently oceanic (Cristescu and Hebert 2002; this study). The apparent lack of
phylogeographic structure is most likely due to sampling
restricted to the European coastal seas. It is possible that
divergent phylogenetic groups for P. intermedius species
exist in the Atlantic and elsewhere but were not recovered
in this study.
Between-clade divergences of 1.3–3.6% for E. nordmanni, 2.8–5.8% for P. tergestina, 2.4% for P. leuckarti,
and 5.9% for P. polyphemoides (Table 3) are similar to
intraspeciWc divergence reported in other widely-distributed planktonic arthropods, including calanoid copepods
(Bucklin et al. 2003), oceanic water striders (Andersen
et al. 2000), and freshwater cladocerans (Hebert et al.
2003). These intraspeciWc divergences are signiWcantly
smaller than the genetic breaks found at the CO1 locus
between celebrated examples of zooplankton cryptic species (e.g., the copepods of the genus Eucalanus and Acartia,
and the chaetognath Sagitta setosa; Goetze 2003; Lee 2000;
Caudill and Bucklin 2004; Peijnenburg et al. 2004; Taylor
et al. 1998) which range between 15 and 30% divergent at
COI. On the other hand, other morphological species of cladocerans, both marine, brackish (Cristescu and Hebert
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2002) and freshwater (Schwenk et al. 2000) show less than
6% divergence between sister species, or are even paraphyletic. Therefore, cryptic speciation cannot be conWrmed or
rejected for the marine cladocerans examined in this study.
The major phylogenetic splits evident in E. nordmanni,
P. leuckarti, and P. polyphemoides appear to be associated
with the North American continental barrier dividing
PaciWc and Atlantic populations. Support for this interpretation is best exhibited in the allopatric distribution of clades
I and II of E. nordmanni, the best sampled species, with all
individuals sampled from four European sites grouping
together in clade I, and 30 of 33 individuals collected from
two NE PaciWc sites grouping in clade II of this species
(Figs. 2, 3; Table SI in ESM). These divergences, dated
tentatively as 1.2–4.2 millions of years old (Table 2), are
younger than the opening of the Bering Strait »4.8–
7.4 mya (Marincovich and Gladenkov 1999), and coincide
with a period during which the Arctic Ocean was often seasonally or perennially ice-free, which was followed by a
period during which it was frequently ice-covered (Harris
2005). The ages of the intraspeciWc divergences are consistent with a scenario in which the Podonidae expanded to the
PaciWc via the Arctic Ocean, and possibly the Panamanian
seaway, and subsequently became isolated due to the onset
of more frequent severe glaciation »0.8 mya (Harris 2005)
and the rise of the Isthmus of Panama »3 mya (Cronin and
Dowsett 1996).
E. nordmanni, which appears to be the sister species to
the Ponto–Caspian-restricted, brackish-water E. anonyx
(Cristescu and Hebert 2002), may have gained access to the
world ocean during roughly the same period as Pleopis and
Podon, or may have evolved during a later period of marine
connection and high salinity in the Ponto-Caspian region 1–
3 mya (Cristescu and Hebert 2002). The latter scenario, in
which the worldwide net intraspeciWc divergence observed
in CO1 in this study (1.65–3.6%) roughly equates to the
interspeciWc mitochondrial divergence between E. nordmanni and E. anonyx (»2%; Cristescu and Hebert 2002), is
consistent with a rapid period of colonization of the world
ocean by E. nordmanni and subsequent isolation of phylogroups.
A problem with interpreting the phylogeographic structure in P. polyphemoides, P. leuckarti, and E. nordmanni as
representing the simple allopatric evolution of populations
is the appearance of identical haplotypes in both the Atlantic and PaciWc (Figs. 2, 3). SigniWcantly divergent phylogroups, which in the case of E. nordmanni, P.
polyphemoides and P. leuckarti approach or exceed the 3%
CO1 divergence level which is considered by some to
deWne phylogenetic species, are the result of restricted gene
Xow, either by niche specialization or by geographic isolation (Avise 2004). If the phylogroups are indeed the result
of geographic isolation, the appearance of identical haplo-
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types in diVerent ocean basins requires additional explanation. This pattern may result either from recent
anthropogenic dispersal superimposed over the evolutionary geographic isolation of phylogroups, or from intermittent or low-level natural dispersal between population
centers of diVerent phylogroups.
The hypothesis that the identical CO1 haplotypes in the
Atlantic and PaciWc are the result of natural dispersal is
supported by the reported occurrence of P. polyphemoides,
P. leuckarti and E. nordmanni in the seas of the Arctic
Ocean (Rivier 1998), although this habitat, with typically a
1–5°C summertime maximum, is below the temperature
optimum for the cold-tolerant cladoceran species, P. leuckarti (7–13°C) and P. polyphemoides (5–20°C) (EgloV et al.
1997). Poore et al. (1993) report a foraminifer species with
temperature tolerances similar to the subpolar Podonidae in
cores taken from the Arctic Ocean, which date to the interglacials of the last 400,000 years. Thus, cold-tolerant podonid species may disperse across the Arctic during
interglacials such as the current one.
A phylogenetic structure in which a trans-Arctic species
displays an Atlantic–PaciWc clade split but one phylogroup
occurs in both oceans has also been reported in the bivalve
Macoma balthica (Luttikhuizen et al. 2003). This pattern is
interpreted as the result of long-distance transport and colonization from the PaciWc during a range expansion event,
speciWcally when the Baltic became habitable for marine
organisms following the last glacial maximum. Likewise,
the appearance of haplotypes b and a of P. polyphemoides
and haplotypes g and e of P. leuckarti in both the Atlantic
and PaciWc may represent a natural trans-Arctic interchange
associated with the expansion of Atlantic temperate neritic
habitat following the LGM. Genetic sampling from intermediate regions, such as the Nearctic region, may reveal
whether natural dispersal between the Atlantic and PaciWc
is occurring, since the low ship traYc through these regions
would be expected to minimize eVects of anthropogenic
dispersal.
The euryhaline nature of many marine cladocerans,
some of which can tolerate near freshwater, as well as the
wide temperature tolerances of the cool-temperate species
(Rivier 1998), make them ideal candidates for transport in
ballast water. Adult marine cladocerans have been shown to
survive several days (E. nordmanni, P. polyphemoides) to a
week (P. avirostris) in ballast water tanks (Gollasch et al.
2000), which at an average ship speed of 15 knots
(»28 km h¡1), means theoretical transport ranges of thousands of kilometers in several days. Resting eggs may also
be an important promoter of ballast water-mediated dispersal. Bailey et al. (2003) found viable resting eggs of E.
nordmanni and P. polyphemoides in ballast tank sediments
from transoceanic ships, even after mid-ocean purges of
ballast water. Although it has been suggested that resting
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eggs enhance invasion resistance and genetic insularity
among freshwater cladoceran populations (De Meester
et al. 2002), resting eggs may also enhance invasion success via ballast water transport (Panov et al. 2004). In this
view, selection during ballast water transport favors strains
that produce higher numbers of resting eggs, a trait which
enables these strains to colonize a new environment despite
intense competition from native cladocerans and novel predation regimes.
The invasive potential of cladocerans is well-documented (e.g., Hebert and Cristescu 2002), and prior studies
provide several examples of marine cladocerans that
recently colonized new habitats, possibly with the help of
transoceanic shipping. P. avirostris has appeared suddenly
in several areas, including of the Bay of Naples, Italy (Cattley and Harding 1949), Great Harbor, Woods Hole, USA
(Lochhead 1954), and on George’s Bank (Colton 1985). P.
intermedius was newly found in the Chesapeake Bay in
1974 (Bryan and Grant 1974). P. schmackeri has been
reported as a native of the warm waters of the North PaciWc
(Rivier 1998) but was also recorded in the port harbor of
Santos, Brazil (da Rocha 1985). However, global occurrences of these species may go unreported because of their
close similarity to congeners, which are diYcult to distinguish morphologically. Knowledge of the native distributions of marine cladocerans is also incomplete, particularly
in the southern hemisphere. For example, E. nordmanni is
not reported as ranging to Tasmania in recent reviews of
marine cladoceran ecology and biology (EgloV et al. 1997;
Rivier 1998), although this was a collection site for this
species in this study. This makes it diYcult to determine
which reports represent novel introductions.
There are a few cases reported in the literature of identical or nearly identical zooplankton haplotypes collected
from distant locations (Goetze 2003; Bucklin et al. 2003;
Taniguchi et al. 2004), such as nearly identical CO1 haplotypes in two copepod species found in New Zealand and the
Aegean Sea (Bucklin et al. 2003). The distances and presumed dispersal barriers across which podonid phylogroups
are distributed, such as Clade III of E. nordmanni, found
over 13,000 km apart in Tasmania and Vancouver, BC, is
remarkable for a neritic zooplankter. The same phenomenon has been reported in eukaryotic phytoplankton, including cases of identical haplotypes collected from opposite
poles (Montresor et al. 2003; de Vargas et al. 1999; Darling
et al. 2000). The ecological impact of invasive zooplankton
is a growing area of research (Bollens et al. 2002), and
questions such as the relative roles of anthropogenic transport versus natural long-distance gene Xow in planktonic
species have been little explored. Answering them will be
important to our understanding of the evolution and current
population genetics of marine plankton.
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Conclusions
The current study examined the genetic structure in 6 species of marine cladocerans, of which four species, E. nordmanni, P. tergestina, P. polyphemoides, and P. leuckarti
displayed signiWcant phylogenetic structure, conWrming an
ancient oceanic expansion for the Podonidae (Cristescu and
Hebert 2002). For three of these species, E. nordmanni, P.
polyphemoides, and P. leuckarti, this phylogenetic structure
appears to be associated with a phylogeographic split
between Atlantic and PaciWc populations. The presence of
identical haplotypes in multiple oceanic regions could be
explained either by natural dispersal or by anthropogenic
introductions. The more parsimonious explanation may be
recent anthropogenic dispersal superimposed upon evolutionary isolation of phylogroups. Further studies are necessary to distinguish these possibilities.
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