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Abstract

We investigated the evolutionary radiation of a freshwater zooplankter that possesses a mixed breeding system
and a detailed, dated, subfossil record. We estimated the phylogenetic relationships among the proposed species
with complete nicotinamide adenine dinucleotide dehydrogenase subunit 2 mitochondrial gene sequence
variation. We sequenced 374 Eubosmina specimens representing 10 out of 11 distinct morphospecies from 86
water bodies in three separate Holarctic regions. As expected for a Holocene radiation, there was a lack of
monophyly for the proposed species and rare sharing of derived haplotypes among some species. Nevertheless, the
proposed species exhibited little or no sharing of mitochondrial deoxyribonucleic acid haplotypes. Moreover, the
phylogenetic and haplotype network results revealed a radiation pattern that is concordant with the subfossil
record—with an older Bosmina (E.) longispina radiating into several new forms. Our results bolster the subfossil,
morphometric, experimental, and within-population genetic evidence that B. (E.) longispina has radiated into

several incipient species during the Holocene.

The best-known cases of recent radiations occur within
strictly sexual organisms in newly created and isolated
habitats. However, invertebrates with mixed breeding
systems also appear to undergo rapid radiations (Peccoud
et al. 2009; Faustova et al. 2010). Importantly, at least one
of these groups Eubosmina (Crustacea: Bosminidae) has a
detailed and dated subfossil record in the sediment of
Holarctic lakes. These lakes appeared after the last
glaciation (< 20,000 years ago) and were colonized from
refugial waters. Coincident with the formation of glacial
lakes and, in some cases, eutrophication (Hofmann 1978;
Gasiorowski and Szeroczynska 2004), Eubosmina appears
to have radiated into a taxonomically difficult species flock
(Lieder 1983; De Melo and Hebert 1994; Taylor et al.
2002).

Although FEubosmina (Crustacea, Cladocera) is a com-
mon component of recent glacial lakes (< 20,000 years
old), its taxonomy remains in a state of flux. Within-lake
study has revealed genetic and morphometric differentia-
tion among coexisting species of Eubosmina, but the
among-lake relations of the proposed taxa in this radiation
are unknown. Moreover, it is unknown if radiation from
the Eurasian B. (E.) longispina morphospecies, apparent
from the subfossil record, is supported by the genetic
evidence. Eubosmina (< 1.5 mm) is a planktonic cladoceran
that reproduces parthenogenetically for most of the year.
When exposed to certain environmental conditions, most
bosminids switch to producing sexual resting eggs stored in
ephippia (protective capsules created from part of the
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carapace). Carapaces and head shields of Eubosmina are
well preserved in sediments, often being the most common
animal subfossils in late Pleistocene and early Holocene
lakes (Frey 1960a,b). Subfossil remains normally retain the
morphological features (carapace shape, antennules, mu-
cro) that are commonly used to distinguish different
morphospecies. There is growing evidence that the evolu-
tion of size and shape differences in the carapace,
antennules, and mucro of bosminids is associated with
invertebrate predation (Kerfoot 2006). The only Eubosmina
morphospecies to be detected in the oldest sediments at the
end of glaciation (late Pleistocene) in Europe and North
America is Bosmina (E.) longispina—sedimentary records
of other Eubosmina morphospecies are younger (Frey 1962;
Hofmann 1978). The ancestral B. (E.) longispina hypothesis
could be a sampling artifact, but the paleolimnological
evidence continues to converge on this hypothesis.

Haney and Taylor (2003) attempted to test the ancestral
B. (E.) longispina hypothesis using a phylogeographic
approach, but their results indicated that B. (E.) longispina
sensu strictu was likely absent from North America and
that there was no resolution among European Eubosmina
with the examined genes. They detected three phylogroups:
two corresponded to the morphologically uniform B. (E.)
longispina from eastern and western parts of North
America, and a third group contained European Eubosmina
with B. (E.) longispina s.s. and several members of the
proposed Holocene species flock (Lieder 1996). This earlier
genetic data and a later study (Kotov et al. 2009) lacked the
phylogenetic resolution to test if the European B. (E.)
longispina form is indeed the basal or ancestral species in
Europe. Kerfoot (2006) has shown that there is a genetic
component to the morphological features used for classi-
fication. Faustova et al. (2010) later provided morphomet-
ric and genetic evidence that coexisting morphospecies of
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Fig. 1.

Map showing localities of analyzed specimens of European Eubosmina (red circles).

Additional sites from North America, lake names, and location coordinates are given in the

Web Appendix.

Eubosmina in European lakes are indeed genetically
differentiated. However, the ancestral B. (E.) longispina
hypothesis and the among-population relationships of
European Eubosmina remain unaddressed.

In the present study, we test the ancestral B. (E.)
longispina hypothesis for European Eubosmina (as predict-
ed by paleolimnology) and assess the among-population
differentiation of the European radiation. We follow the
latest taxonomical system based on morphological features
(Lieder 1996) and include 10 out of 11 main morphospecies
from the system. We use the mitochondrial nicotinamide
adenine dinucleotide dehydrogenase subunit 2 (ND2) gene,
as Faustova et al. (2010) have shown this region to be
useful in differentiating species within lakes.

Methods

Samples collection—We analyzed 342 Eubosmina speci-
mens from 72 water bodies in Europe and 32 specimens
from 14 North American lakes (in the United States and
Canada) collected from 1998 to 2006 (see Web Appendix,
http://www.aslo.org/lo/toc/vol_56/issue_2/0440a.html). The
North American specimens are included in our data, as
existing studies suggest a sister group relation to the
European radiation (Haney and Taylor 2003; Kotov et al.
2009). We tried to cover the geographic range in Europe
(Fig. 1); most samples come from the circumbaltic area,
where the morphological diversity is greatest. Samples were

preserved in 96% ethanol or frozen at —80°C. We identified
European specimens according to Lieder’s (1996) identifi-
cation system. We sampled all four species and 10 out of 11
subspecies. We included only adult specimens that could be
assigned to 1 of 10 defined subspecies. All North American
specimens (save the specimen from Lime Lake, New York)
in this study are of the native form belonging to one
“subspecies” defined by Lieder as B. (E.) longispina
longispina (Haney and Taylor 2003).

Deoxyribonucleic acid extraction, polymerase chain reac-
tion, sequencing, and cloning—We extracted total deoxy-
ribonucleic acid (DNA) of single individuals using 25-30 uL.
of Quick-Extract (Epicentre) solution. We homogenized
the specimens and then incubated samples at 65°C for 2 h
and 98°C for 10 min. Samples were stored at —20°C. We
performed polymerase chain reaction (PCR) in 50 uL
reaction using 5 uL of template, 5 uL of 10X PCR buffer,
1.5 puL of each of 10-mmol L-! deoxyribonucleotide
triphosphate solution, 1.5 uL. of each 10-umol L—! primer.
The PCR conditions were 94°C for 30 s, 50°C for 30 s, and
72°C for 1 min 20 s for 39 cycles, followed by 72°C for 7 min
for ND2 gene sequences. Primers to amplify and sequence
both strands of the ND2 gene were MetR1 (5'-CCGAC-
CATAGAGTCAAATCTCCTCTCTG-3') and COIMf
(5'-ACGGATAAGCATTCTAAGTGCAGTACCC-3") or
ND2aRew (5'-GTGATTAGTAGAAAAGAGCCATC-
GTCGCAC3") and MetR4 (5'-GCTTCAGCTTCGGCC-
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ATCCTGTCAG-3") or their combinations. The PCR
products were sequenced in both directions by either
Roswell Park Cancer Institute or Genaissance Pharmaceu-
ticals. When multiple PCR bands appeared, we used a gel
purification kit to isolate PCR products of the expected
size. We used a DNA topoisomerase thymine, adenine
(TOPO TA®) cloning kit (Invitrogen) to obtain a clear
sequence of ND2 gene for one specimen from the United
Kingdom (Loch Lubnaig), where ambiguities appeared
after direct sequencing of PCR product.

DNA sequences alignments and analyses—We assembled
and edited sequences using Sequencher 4.2. (Gene Code
Corporation) and aligned sequences manually using Se-Al
2.0. We excluded 35 sequences of ND2 that had ambiguities
or insertion(s) or that showed stop codons before the real
stop codon from the next analyses because of the potential
for pseudogenes. All sequences are deposited in GenBank
under accession numbers HM194228-HM194601.

We performed maximum likelihood (ml) estimation of
phylogenies using Phyml 3.0 with nearest neighbor
interchange and subtree pruning and reconnection tree
searches with five random starting trees. We used the best-
fit nucleotide substitution model of Hasegawa-Kishino-
Yano plus Gamma (Bayesian Information Criterion with
jModeltest 0.1.1; Posada 2008). Support was measured with
approximate likelihood ratios (aLRT; a measure of support
similar to the bootstrap). We also performed Bayesian
reconstruction using MrBayes 3.1.2. (Huelsenbeck and
Ronquist 2001) with models partitioned by codon position.
The analysis required 5 million generations for convergence
(yielding 50,000 trees, of which the first 30,000 were
considered burn-in). We applied a cutoff > 0.95 for
posterior probability values and > 0.85 for aLRT values.
We used the Templeton, Crandall, and Sing (TCS) 1.21
program (Clement et al. 2000) to estimate an ND?2
haplotype network with connections that have a 95%
probability of being the most parsimonious (in our case, 13
steps connecting parsimoniously two haplotypes).

To calculate the pairwise fixation index (Fgr; Reynolds
et al. 1983; Slatkin 1995; Holsinger and Weir 2009), we
used integrated software for population genetics data
analysis (Arlequin 3.00; Excoffier et al. 2005). We tested
the significance of Fgr values using a permutation
procedure (1000 permutations). We used the same program
to estimate the proportion of genetic variance explained by
different morphological groupings using analysis of molec-
ular variance (AMOVA; Weir and Cockerham 1984;
Excoffier et al. 1992; Weir 1996) with 10,000 replications
under Tamura-Nei and Kimura’s model (the closest
available fit to the selected models by Modeltest). We
assigned specimens to four main morphospecies corre-
sponding to Lieder’s species list—B. (E.) longispina,
including all North American samples, B. (E.) coregoni,
B. (E.) crassicornis, and B. (E.) longicornis—and 10
morphospecies following Lieder’s subspecies list—B. (E.)
longispina longispina, B. (E.) L reflexa, B. (E.) coregoni
coregoni, B. (E.) c. thersites, B. (E.) c. gibbera, B. (E.)
crassicornis, B. (E.) longicornis longicornis, B. (E.) L
berolinensis, B. (E.) I cederstroemi, and B. (E.) . kessleri,

excluding all North American samples. In both analyses,
populations corresponded to morphospecies from one lake.
Whenever we analyzed two or more morphospecies from
the same water body, we established them as different
populations. We ran two different statistical analyses: one
with all 374 analyzed sequences and one with the 342
European sequences. We also calculated the probability of
identity (Melton et al. 1995) to quantify haplotype sharing
between all pairs of morphospecies. The values of
probability of identity can range from 0 to 1, where 1
corresponds to identical haplotypes.

To infer the population history (demographic parame-
ters) of the European radiation, we used the frequency
distribution of the number of pairwise differences (the
mismatch distribution) among all European FEubosmina
based on pairwise sequence differences calculated in
ARLEQUIN. This method takes the advantage of mito-
chondrial DNA (mtDNA) characteristics (haploid mater-
nal inheritance) and treats mtDNA haplotypes as the
simple products of mutational divergence of evolutionary
descendants without recombination. We used the bootstrap
approach to derive confidence intervals around the
estimated parameters and to test the observed data under
the models of the pure demographic expansion (sudden
expansion) and spatial expansion by comparing the sum of
squared deviations between the observed (SSDeogs) and
simulated data. To estimate the time (t) of the expansion
for both pure sudden (unsubdivided populations suddenly
expand in population size) and spatial (subdivided popu-
lations expand the distribution range and increase the
number of individuals) expansion models of the European
clade, we used Tau = 2ut, where u = mtu, m is number of
nucleotides under the study, and u is the mutation rate per
time. The number of migrants (M) among neighboring
demes per time (a parameter likely to be affected by priority
effects in zooplankton) was calculated for a model of
spatial expansion. We note that the 95% confidence
intervals for Tau and M as well as for mismatch
distribution were calculated using a parametric bootstrap
approach with 1000 replications.

Results

The alignment was 1005 bases long with no gaps. We
detected 116 unique haplotypes belonging to 342 European
specimens, four unique haplotypes belonging to four
eastern North American specimens, and 11 unique haplo-
types belonging to 28 western North American specimens.
There were three major geographic clades strongly sup-
ported by posterior probability values and aLRT values
(Fig. 2). The mean genetic divergence within each group
was very similar, ranging from 0.010 to 0.011 with
Kimura’s two-parameter distance. The western Palearctic
(European) clade was comprised of two subclades. The first
of these was comprised of numerous European haplotypes
from many locations. Some branches with high posterior
probability values (= 95) supported subgroups with several
morphospecies. The second main subclade was basal and
comprised of four haplotypes belonging to eight B. (E.)
longispina specimens from two Austrian lakes and one B.
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Fig. 2. Pictures of the 10 main morphospecies of European Eubosmina and the maximum likelihood phylogram of ND2 gene
sequences belonging to 374 Eubosmina specimens from Europe and North America. Blue circles at a branch node indicate approximate
likelihood ratio (aLRT) values > 0.85 and posterior probabilities > 0.95. Branch tips comprised of two or more different morphospecies
are left black. The star symbol represents an ND2 sequence obtained from a whole mitochondrial genome amplicon from Lime Lake,
New York. The star specimen is expected to be an invader from the western Palearctic. The gray shading indicates a clade with
morphotypes that are unknown from Pleistocene subfossil records and postdate longispina in the Holocene subfossil record. Habitat,
haplotype, and specimen details can be found in the Web Appendix.
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Fig. 3.

The TCS most parsimonious network based on 342 European ND2 gene sequences of Eubosmina. Each of the 10 different

shapes and colors corresponds to a different morphospecies (in accordance with Lieder’s taxonomy for Eubosmina). When a haplotype is
found in more than one morphospecies, a pie graph is used to depict frequencies. The size of the circle or the Eubosmina symbol
corresponds to the number of individuals sharing the haplotype. Sample numbers are shown when five or more individuals share the
haplotype. Each line between two haplotypes symbolizes one mutational step. Inferred haplotypes are marked as small circles. The four
boxes correspond to the four species of Lieder’s taxonomic system. The name of the first morphospecies in each box corresponds to the

name of the species of Lieder’s system.

(E.) longispina specimen from one British lake. Haplotype
labels and details for each specimen on the phylogram can
be found in the Web Appendix.

The maximum parsimony network of the 116 ND2
haplotypes (Fig. 3) belonging to the European specimens
had a starlike topology. The central haplotype of the
network corresponded to 27 specimens identified as B. (E.)
longispina morphospecies from lakes within the large
Scandinavian region (four Norwegian, three Swedish, and
one Finnish lake) and one individual identified as the B.
(E.) reflexa morphospecies from a Swedish lake.

There were five cases where a haplotype was found in
two morphospecies, one case where a haplotype was found
in three morphospecies, and two cases where a haplotype
was found in four morphospecies. These shared haplo-
types occurred mainly at the tips of the haplotype network
(see Fig. 3). AMOVA revealed a weak association
between morphospecies and ND2 haplotypes (Table 1).

A statistically significant amount of genetic variation was
explained by morphospecies for both the European species
and the European subspecies data partitions. However,
most of the genetic variation was partitioned among
populations within morphospecies: 57.9% and 76.7% for
European specimens and all specimens under the study,
respectively. Pairwise Fgr values (Table 2) ranged from
0.06184 to 0.47792, and all contrasts were significant at
the 0.05 level. One of the lowest Fgt values (0.07719)
belonged to B. (E.) longispina and B. (E.) reflexa, whereas
the highest differentiation (above 0.4) was found between
berolinensis and several other morphospecies: B. (E.)
longispina, B. (E.) reflexa, B. (E.) thersites, B. (E.) gibbera,
B. (E.) longicornis, and B. (E.) cederstroemi. The proba-
bility of identity values equaled zero in cases of no sharing
of haplotypes between two morphospecies and were
smaller than 0.037 in all other cases, where haplotypes
were shared between morphospecies (Table 2), with the
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Table 1.

Hierarchical AMOVA based on 342 mitochondrial ND2 sequences among four* taxa—B. (E.) longispina, B. (E.) coregoni,

B. (E.) crassicornis, and B. (E.) longicornis—and 10 taxa of Eubosmina—B. (E.) . longispina (excluding North American members), B. (E.)
I reflexa, B. (E.) c. coregoni, B. (E.) c. thersites, B. (E.) c. gibbera, B. (E.) crassicornis, B. (E.) l. longicornis, B. (E.) l. berolinensis, B. (E.) L.
kessleri, and B. (E.) L cederstroemi. Fcr, test by permuting whole populations among groups; Fsc, test by permuting genotypes among
populations and among groups; Fsr, test by permuting genotypes among populations and among groups.

Variance component

Hierarchical structure Source of variation Sum of squares % A% Fixation index )4

1* Among morphospecies 488.547 11.94% Va=1.38097 Fer=0.11937 <0.0049

2% Among populations 3271.538 76.68% Vb=8.87078 Fsc=0.87069 <0.0000
within morphospecies

3* Within populations 353.073 11.39% Ve=1.31744 Fs1=0.88613 <0.0000

1 Among morphospecies 370.843 15.15% Va=0.78011 Fer=0.15146 <0.0000

2 Among populations 977.507 57.92% Vb=2.98294 Fsc=0.68254 <0.0000
within morphospecies

3 Within populations 346.851 26.94% Vc=1.38740 Fgr=0.73063 <0.0000

highest value between B. (E.) longispina and B. (E.) reflexa
morphospecies.

The observed mismatch distribution of the European
clade closely matched the expected distributions of both the
sudden expansion model (SSDops = 0.002211) and the
spatial expansion model (SSDogs = 0.002772; not shown).
The Tau parameters were 9.824 (6.946-13.478 in 95%
confidence interval [CI]) and 8.514 (6.305-11.952 in 95%
CI) in the sudden expansion model and the spatial
expansion model, respectively. When assuming a diver-
gence rate of 2.0% per million years for arthropod
mitochondrial protein coding genes (DeSalle et al. 1987),
the expansion time of the European clade was estimated to
be 211,791 years BP (156,841-297,313 years BP in 95% CI)
for the spatial expansion model and 244,378 years BP
(172,787-335,274 years BP in 95% CI) for the sudden
expansion model.

Discussion

Our genetic analysis of the Eubosmina complex is
consistent with the predictions from the paleolimnological
record—a rapid European radiation from B. (E.) longispina
into several differentiated morphospecies. Phylogenetic
reconstruction revealed three major clades of Eubosmina,
one of which included haplotypes from all the European
populations studied (Fig. 2). TCS analysis (Fig. 3) revealed
that the basal haplotype was found only in the B. (E.)
longispina morphospecies and more rarely in its closest
relative B. (E.) reflexa. In the case of ancient polymor-
phism, one would expect starlike subnetworks with several
related central haplotypes (Jakob and Blattner 2006).
However, the ND2 haplotype network (Fig. 3) had an
obvious starlike pattern, suggesting that one initial B. (E.)
longispina haplotype was the relatively recent progenitor of
all other haplotypes and that the B. (E.) longispina
morphospecies gave rise to all other morphospecies. The
starlike shape of the haplotype network also suggests that
one main refugium existed for present-day European
Eubosmina. The near identical within-group genetic diver-
gences of the European clade and the other two proposed
postglacial refugial expansions (eastern Nearctic and
western Nearctic) support colonization from a main

refugium for Europe. Weak haplotype sharing among
morphospecies (a pattern that is also found within lakes
(Faustova et al. 2010) could indicate that reproductive
barriers among morphotypes are incomplete.

A starlike network pattern could result from a postgla-
cial selective sweep of mitochondrial DNA, but selective
homogenization cannot account for the significant mor-
phospecies associations with mtDNA variation or the
concordance of the mtDNA network with the paleolimno-
logical record, that is, a radiation from an ancestral B. (E.)
longispina morphospecies. Finally, selective sweeps of
mtDNA are inconsistent with the similar patterns of
genetic variation observed for mitochondrial and nuclear
markers (allozymes, randomly amplified polymorphic
DNAs [RAPD], and nuclear DNA sequences, though with
less resolution and fewer samples than here; De Melo and
Hebert 1994; Hellsten and Sundberg 2000; Haney and
Taylor 2003). The converging evidence from nuclear,
mitochondrial, paleolimnological, biogeographical, mor-
phometric, and experimental sources is consistent with B.
(E.) longispina as the ancestral morphospecies of a
Holocene radiation of European Eubosmina.

The independent-multiple (polyphyletic) origin of several
morphospecies is supported by the strong posterior
probability and maximum parsimony values in the
consensus tree (Fig. 2) and the appearance of the same
morphospecies in several different branches of the TCS
network (Fig. 3). Parallel formation may have contributed
to the weak observed association between haplotypes and
morphospecies in the AMOVA analysis (Table 1). Impor-
tantly, sharing of haplotypes among different morphospe-
cies is low (eight from 116 haplotypes, about 7%), and
probabilities of identity are low, indicating nonrandom
mating and reproductive isolation between morphospecies
as suggested by Hellsten and Sundberg (2000) from
analyses of RAPD markers. Nonrandom mating and
significant reproductive isolation among morphospecies
has also been reported within single lake sites where
morphospecies coexist (Faustova et al. 2010). In four of the
lakes in this study (the nearby Swedish lakes of Bjorvattnet,
Kérnsjon, Ragnerudssjon, and Vassbotten) and in six other
lakes in the same drainage basin, we recorded the co-
occurrence of the sexual stages of two or more B. (E.)
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longispina, B. (E.) coregoni, B. (E.) gibbera, B. (E.) kessleri,
and an intermediate B. (E.) longicornis—type morphospecies
at varying densities. We have recorded the opposite sexes of
at least two different morphospecies within the same
sample from eight of 10 lakes during November. Thus,
there are no large differences in the temporal or the spatial
distribution that may prevent encounters between sexual
stages of sympatric morphospecies. Other isolating mech-
anisms appear to be acting that enable genetic divergence
under sympatry.

The occurrence of the same haplotypes among repro-
ductively isolated morphospecies can also be explained by
shared ancestry in the case of central and other older
haplotypes (Omland et al. 2006; Ritz et al. 2008). The
possibility that gene flow occurs just for part of the genome
and not for genes responsible for morphology is perhaps
unlikely. Mutation in cis-regulatory sequences (Fondon
and Garner 2004) or similar mechanisms can enable the
rapid evolution of different morphospecies that can be
reproductively isolated by a variety of mechanisms. A
repeated evolution of adaptive traits has been shown in an
experimental set by MacLean and Bell (2003), and
parallelism of defensive characters, feeding morphology,
or coloration appears quite often in the adaptive radiations
of cichlids and other groups (Streelman and Danley 2003;
Colosimo et al. 2005). Despite theoretical expectations of a
weak capacity for radiation in cyclic parthenogens,
Eubosmina and pea aphids appear to be among the fastest
and the youngest radiations known (Peccoud et al. 2009;
Faustova et al. 2010). The extrinsic factors and ecological
selection models are known for many vertebrate radiations
(Streelman and Danley 2003) but remain unclear in the
Eubosmina radiation. Obviously, all young radiations
exhibit similar genetic characteristics to those found in
Eubosmina (ancestral sharing of haplotypes and incomplete
lineage sorting). However, the Fubosmina radiation resem-
bles those of sticklebacks (Taylor and McPhail 1999;
Rundle et al. 2000; Bell 2001) and Coregonus fish (Douglas
et al. 1999; Ostbye et al. 2006; Mehner et al. 2010) in
multiple origins, frequent co-occurrences, taxonomic diffi-
culty, and habitat. As coexisting morphospecies are located
in different clades, our genetic data suggest an allopatric
origin of presently co-occurring morphospecies of Eubos-
mina. This pattern could be explained by the exceptional
dispersal abilities of Eubosmina and the widespread
anthropogenic disturbance of European lakes.

Eubosmina is presently missing from three (Iberian
peninsula, Appenine peninsula in Italy, and the Balkans)
of the five main proposed refugial regions (Hewitt 1999,
2004) for the last glaciation in Europe. While Eubosmina
occurs in two proposed refugia (the area around Moscow
and the Ponto-Caspian region), present-day populations of
B. (E.) longispina morphospecies are found mainly in colder
oligotrophic lakes in the northern part of Europe or high
mountains, never southward near the main mountain
ranges (the Pyrenees and Alps; Lieder 1996). The possibility
that B. (E.) longispina has emerged from southern refugia
and are absent in today’s lakes appears to be unlikely
because of the absence of the paleolimnological records
from the region (this is, however, a negative result).

Samples from Russia and the Ponto-Caspian region need
to be examined to determine whether European Eubosmina
followed similar colonization routes as some freshwater fish
(Hewitt 2004).

Scandinavia is a candidate region for a refugium, as the
oldest haplotype (including 28 specimens from nine lakes)
is widespread and the genetic diversity is high here.
However, Scandinavia was completely covered by a
continental ice sheet during the last maximum glaciation.
It is unlikely that Eubosmina managed to survive below the
ice during this glaciation. It is more likely that Scandinavia,
together with the Baltic Sea and its different stages (Yoldia
Sea, Baltic Ice Lake, and Ancylus Lake), acted as a
secondary late Pleistocene refugium. This hypothesis is also
supported by the fact that some Eubosmina populations are
known to withstand higher salinities (up to 5%o) and that
one of these populations probably formed what has been
known as B. (E.) longispina maritima from the Baltic Sea
(present in the sedimentary record and recent samples; De
Melo and Hebert 1994; Hofmann and Winn 2000). A
possible aquatic refugium in Britain is suggested by a
paleolimnological record of B. (E.) longispina from the
most recent glaciation in the United Kingdom (Beales 1976;
Gibbart and Aalto 1977). A similar refugium has been
suggested for aquatic beetles (Mende et al. 2010) and for
frogs (Teacher et al. 2009). A local British refugium would
also explain the genetic distinctness of some specimens
from Britain in our study as well in Haney and Taylor’s
(2003) study.

The close fit of the mismatch distributions for both
models means that we cannot conclude whether an
ancestral B. (E.) longispina underwent expansion in the
refugium (primary or secondary) and then new haplotypes
spread to newly created lakes (sudden expansion model) or
whether some subpopulations with distinct haplotypes
colonized different lakes from which they later colonized
more distant habitats (spatial expansion model). More
paleolimnological and genetic analyses are needed to assess
the location(s) of Palearctic refugia.

Another remaining mystery of the Eubosmina radiation
is how diversification occurred in such an apparently
homogeneous habitat—the epilimnion of glacial lakes—
and why the radiation occurred in Europe but is missing in
the other Holarctic regions. The fact that the regional
assemblages of invertebrate predators in North America
and Europe differ and that contemporary predator
communities may differ appreciably from historic commu-
nities (Kerfoot 2006; Kerfoot and McNaught 2010) has led
Kerfoot (2006) to argue that the absence of Epischura or
similar predators and exposure to Leptodora and Mesocy-
clops in Europe led to greater morphological variation of
Eubosmina in Europe. Potential differences in large
calanoid predation between North America and Europe
may also be worth studying. Present-day predation by
Heterocope (whose European distribution may also be
related to the historic absence of Epischura) is important in
many lakes of southern Scandinavia, and different species
are associated with different FEubosmina morhospecies.
Heterocope appendiculata co-occurs with B. (E.) longispina,
B. (E.) gibbera, B. (E.) longicornis, and B. (E.) kessleri,
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while Heterocope borealis may co-occur with B. (E.)
longispina, B. (E.) cederstroemi, B. (E.) longicornis, and B.
(E.) kessleri (Hellsten and Stenson 1995; J.-E. Svensson
unpubl.).

Temporal changes from B. (E.) longispina to other
morphospecies of Eubosmina have been associated with
anthropogenic eutrophication (Szeroczynska 1991; Gasior-
owski and Szeroczynska 2004; Alliksaar et al. 2005). Other
planktonic cladocerans, such as the Daphnia longispina
complex, have also shown taxonomic sensitivity to
eutrophication (Brede et al. 2009). Most of the derived
morphospecies of FEubosmina appeared to be associated
with anthropogenic eutrophication and are more common
in mesotrophic or eutrophic lakes compared to oligotrophic
lakes (Hofmann 1978; Lieder 1996). The eutrophication
process is much older in Europe compared to North
America. Europe underwent significant deforestation and
eutrophication over large areas as much as 15,000 years
ago. Mesotrophic and eutrophic lakes are common, while
oligotrophic lakes are restricted largely to high altitudes
(mountains regions) and high latitudes (Norway, Sweden,
and Finland). The lack of a radiation in other parts of the
Holarctic could result from eutrophication there being only
centuries old compared to the millennial-scale eutrophica-
tion in Europe. The present study estimated that European
Eubosmina expansion occurred around 212,000 to
245,000 years ago. However, expansion time can be
overestimated by more than 10 times because of the
tendency of mtDNA clocks to overestimate recent diver-
gence (Simon et al. 2005). There is very likely a further
inflation of divergence times from our assumption of a 2%
rate of change for a rapidly evolving gene such as ND2 in a
very small cladoceran. We note that similar network shapes
and overestimated divergence times (upper ranges are
113,000-189,000) are found for the apparent Holocene
expansions of Daphnia (a larger cladoceran than Bosmina)
using the homologous ND2 gene (Ishida and Taylor
2007a,b). Eutrophication is also associated with changes
in predation regimes, so further studies will be required to
establish the role of eutrophication and predation as the
primary factor or factors leading to diversification in
European Eubosmina.

We have carried out a geographically broad molecular
study of a dated radiation in cyclic parthenogens. Our
genetic evidence is consistent with the sediment record in
finding evidence for the radiation of Eubosmina morpho-
species from B. (E.) longispina. The European Eubosmina
appears to be a flock of very young morphospecies showing
evidence of reproductive barriers both within and among
lakes. As expected from an ongoing or Holocene animal
radiation, the genetic differentiation is at the level of
haplotype frequencies rather than reciprocal monophyly.
Our results support the proposal that the Eubosmina species
complex provides a rare system for detailed study of an
animal radiation with both a mixed breeding system and a
detailed subfossil record.
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