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We have used microsatellite and mitochondrial sequence data to gain insight into patterns of gene
¯ow and genetic diversity among North American and European populations of the freshwater
bryozoan Cristatella mucedo. Mitochondrial sequence data reveal numerous, widely distributed,
divergent genetic lineages in North America that can be broadly categorized into two groups, one of
which is genetically homogenous and relatively similar to the European haplotypes, the other of
which is more diverse. The maximum North American sequence di�erentiation translates into a
divergence time of approximately 1.5 Myr BPBP. In contrast, European populations contained only
three haplotypes that are all closely related. Microsatellite data reveal higher overall levels of genetic
diversity in North America than Europe, although levels of within-population genetic variation are
similar on the two continents. In North America, two of the three microsatellite loci show bimodal
distributions of allele sizes which are signi®cantly associated between the two loci. As a result, two
microsatellite lineages are evident, and these are assortatively distributed between the mitochondrial
haplotype groupings. The combined mitochondrial and microsatellite data suggest two distinct
genetic lineages in North America that may represent cryptic species. Hybridization between the two
presumptive species or subspecies may have contributed to the high levels of genetic diversity in North
America. The overall lower levels of genetic diversity in Europe can be attributed to postglacial
derivation of extant populations from a single mitochondrial lineage, and conformation to a
metapopulation structure.
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Freshwater invertebrate species distributed over large
geographical distances often show a marked lack of
morphological variation, despite the fact that many are
incapable of active dispersal (reviewed in Frey, 1995).
These seemingly invariant populations were regarded
historically as providing evidence for frequent long-
distance dispersal by a variety of vectors, particularly
waterfowl (Darwin, 1859; Mayr, 1963). However, since
ponds and lakes represent discrete habitats, their occu-
pants may be expected to form subdivided populations
in the absence of gene ¯ow. This hypothesis may apply
particularly to freshwater species that are incapable of
active dispersal, and is supported by molecular data that

reveal patterns of limited dispersal in many species.
Cladoceran populations, for example, commonly show
high levels of genetic di�erentiation despite morpholo-
gical similarity across short geographical distances
(e.g. Crease et al., 1990), although there are exceptions
to this rule (e.g. Hann, 1995).

Despite frequent examples of pronounced genetic
di�erentiation among neighbouring freshwater inver-
tebrate populations, overall levels of mitochondrial
sequence divergence are often low enough to suggest
substantial historical gene ¯ow within continents
(Colbourne et al., 1998), although there are also exam-
ples of pronounced mitochondrial divergence at this
scale (Taylor et al., 1998). Comparisons of populations
from di�erent continents similarly reveal variable
patterns. Some freshwater zooplankton species exhibit*Correspondence. E-mail: B.Okamura@reading.ac.uk
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marked intercontinental genetic discontinuities (e.g.
Taylor et al., 1996), and others show genetic similarities
and evidence of recent intercontinental dispersal (e.g.
Berg & Garton, 1994).
Dispersal is an integral part of population genetics and

evolution, as the extent of gene ¯ow in¯uences a range of
variables including population subdivision and genetic
variation. Dispersal and gene ¯ow are particularly
important to populations that are prone to localized
extinctions and recolonizations (Slatkin, 1977; Whitlock,
1992), and also to taxa that inhabit discrete sites such as
lakes or ponds (Barrett et al., 1993; Berg & Garton,
1994). Nevertheless, our understanding of the e�ects of
gene ¯ow under di�erent regimes remains largely theor-
etical because multiple factors can a�ect dispersal and
colonization. A comparison of genetic patterns within
and among conspeci®c populations with di�erent histor-
ies should provide important insights into these complex
processes. Here we present such a comparison by
analysing the population genetics of the freshwater
bryozoan Cristatella mucedo (Phylum Bryozoa, Class
Phylactolaemata) in North America and Europe.
Colonies of C. mucedo commonly grow on roots,

submerged branches, aquatic macrophytes, and other
hard substrata in lakes and large ponds throughout the
Holarctic region. Reproduction occurs largely through
clonal processes, including budding, colony ®ssion, and
the production of highly resistant, dormant propagules
called statoblasts, which are the only means of over-
winter survival. Statoblast buoyancy allows for consid-
erable movement within a site. In addition, statoblasts
may be dispersed to more distant sites by animal vectors
when they become entangled in feathers or fur, or are
transported in digestive tracts. Freshwater bryozoans
are hermaphroditic, and a limited phase of sexual
reproduction may occur early in the growing season,
at which time short-lived motile larvae are released.
However, only a small proportion of colonies engage in
sex (Okamura, 1997), and the consistent deviations from
Hardy±Weinberg equilibrium in all C. mucedo popula-
tions investigated with codominant markers (Freeland
et al., 2000a,b) are at least partially a result of this
species' predominantly clonal nature. A more detailed
discussion of the ecology and life history of C. mucedo
can be found in Okamura (1997).
In this study we address the questions of whether or

not there are di�erent levels of genetic diversity in North
American and European populations of C. mucedo and,
if so, is this related to di�erent patterns of dispersal and
gene ¯ow on the two continents? To answer these
questions we analysed data from three microsatellite loci
and partial 16S rDNA mitochondrial sequences. The
information provided by these two molecular markers
revealed signi®cantly di�erent patterns pertaining to the

phylogeography and evolutionary history of C. mucedo
in Europe and North America, and these patterns can be
linked to biodiversity at di�erent spatial scales.

Methods

Mitochondrial data

DNA was extracted from approximately 1 mm3 of tissue
in 500 lL of water with 5% Chelex (Bio-Rad Laborat-
ories, Inc., California), following the manufacturer's
protocol. We ampli®ed a portion of 16S rDNA using
primers 16SL (5¢-CGCCTGTTTATCAAAAACAT-3¢)
and 16SH (5¢-CCGGTCTGAACTCAGATCACGT-3¢)
(Palumbi et al., 1991). PCR reactions included 1 lL
DNA, 1 ´ PCR bu�er with 1.5 mMM MgCl2 (Promega),
200 lMM dNTPs, 0.5 lMM of each primer, and 1 U Taq
DNA polymerase (Promega) in a 20-lL reaction.
DNA ampli®cation was performed in a Techne thermo-
cycler with the following parameters: 1 cycle of 2 min at
95°C; 35 cycles of 30 s at 95°C, 30 s at 54°C, and 30 s at
72°C;1 cycle of 10 min at 72°C. The ampli®ed products
were puri®ed with Promega Wizard kits, ligated into a
Promega pGem-T Easy Vector, and transformed into
XL1 MRF¢ competent cells. One insert from each PCR
reaction was sequenced along both strands using an
ALFexpress DNA Sequencer with ¯uorescently labelled
universal plasmid primers SP6 and M13F.
A total of 479±480 bp of 16S rDNA were sequenced

from 34 North American colonies and 41 European
colonies. The North American data included sequences
of three di�erent clones (identi®ed by the microsatellite
data, see below) from each of the populations shown
in Table 1. In addition, one colony was sequenced
from each of Golf Course Bay, Lake of the Woods,
Ontario (49°46¢ N, 94°27¢ W), Mud Lake, WI (43°17¢ N,
89°39¢ W), Mirror Lake, WI (43°35¢ N, 89°48¢ W),
Bolton Landing Pond, NY (43°36¢ N, 73°40¢ W),
Morley Pond, MI (43°29¢ N, 85°27¢ W), Cat®sh Lake,
WI (45°54¢ N, 89°3¢ W), Yellow Birch Lake, WI
(45°56¢ N, 89°14¢ W), Adam Lake, Manitoba (49°3¢ N,
100°3¢ W), Whitewater Lake, WI (42°45¢ N, 88°42¢ W),
and Washburn Lake, MO (46°51¢ N, 93°59¢ W). The
European data included sequences of three di�erent
clones (identi®ed by the microsatellite data, see below)
from each of the populations shown in Table 1. In
addition, one colony was sequenced from each of
TassjoÈ , Sweden (56°20¢ N, 13°0¢ E), Hunn, Sweden
(58°49¢ N, 15°57¢ E), Bussloo, Netherlands (52°12¢ N,
6°7¢ E), Hald Sù, Denmark (56°23¢ N, 9°23¢ E), and
Etang de la TheÂ vineÁ re, France (47°10¢ N, 1°6¢ W). All
16S rDNA fragments were sequenced along both
strands, and sequences have been deposited into
GenBank (Accession numbers AF260067-AF260119).
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Table 1 Location of populations (with numbers corresponding to population identities in Table 3), number of colonies
collected, number of microsatellite genotypes identi®ed, total number of alleles, proportion of novel clones (D*), Shannon±
Weaver diversity index (I ), observed (Ho) and expected heterozygosity (He) with standard deviation (SD), and number of
mitochondrial haplotypes (out of three colonies sequenced per location)

Location

Latitude
and

longitude

No. of
colonies
collected

No. of
microsatellite
genotypes

Total
no.of
alleles D*

I
(SD)

Ho

(SD)
He

(SD)
No. of

haplotypes

Europe
Etang du Gros Caillou, 47°7¢ N 26 7 11 0.2 0.92 0.29 0.53 1
France (1) 2°5¢ W 7 (0.80) (0.51) (0.05)

Le Lac de Grand Lieu, 47°3¢ N 30 16 7 0.5 0.78 0.07 0.48 2
France (2) 1°35¢ W 3 (0.17) (0.09) (0.42)

Nationaal Park de 51°40¢ N 28 20 15 0.7 1.22 0.32 0.65 2
Biesbosch, Netherlands (3) 4°53¢ E 1 (0.32) (0.25) (0.12)
Herpen Lake, 51°48¢ N 29 9 12 0.3 0.93 0.25 0.52 1
Netherlands (4) 5°47¢ E 1 (0.29) (0.44) (0.15)

Ry Mùlle Sù, 56°5¢ N 29 8 9 0.2 0.63 0.22 0.39 2
Denmark (5) 9°45¢ E 8 (0.43) (0.38) (0.28)

Sùndersù Nùrresù, 56°27¢ N 30 4 8 0.1 0.51 0.30 0.28 2
Denmark (6) 9°23¢ E 3 (0.68) (0.52) (0.37)

RoÈ ssjoÈ n, Sweden (7) 56°23¢ N 30 16 9 0.5 0.90 0.20 0.54 2
13°5¢ E 3 (0.31) (0.34) (0.16)

Sommen, Sweden (8) 58°0¢ N 30 16 11 0.5 1.03 0.09 0.60 1
15°15¢ E 3 (0.21) (0.15) (0.07)

Littoistenjarvi, 60°30¢ N 29 5 8 0.17 0.5 0.55 0.34 1
Finland (9) 22°19¢ E 2 (0.47) (0.51) (0.30)

EnaÈ rjaÈ rvi, Finland (10) 60°28¢ N 29 24 16 0.8 1.2 0.14 0.64 1
22°55¢ E 3 (0.25) (0.12) (0.08)

Keitele, Finland (11) 62°53¢ N 28 17 17 0.6 1.19 0.13 0.59 1
25°58¢ E 1 (0.29) (0.23) (0.15)

Konnevesi, Finland (12) 62°40¢ N 30 18 13 0.6 1.17 0.30 0.64 2
26°34¢ E 0 (0.29) (0.12) (0.10)

North America
Punderson Lake, OH (1) 41°27¢ N 30 23 17 0.7 1.25 0.08 0.58 3

81°12¢ W 7 (0.75) (0.09) (0.31)

Big Evans, MI (2) 43°44¢ N 28 15 18 0.5 1.22 0.39 0.61 2
85°14¢ W 4 (0.43) (0.22) (0.16)

Rock Lake, MO (3) 46°25¢ N 29 23 22 0.7 1.55 0.08 0.73 3
94°29¢ W 9 (0.43) (0.08) (0.13)

Lida Lake, MO (4) 46°32¢ N 29 21 17 0.7 1.23 0.33 0.63 3
95°59¢ W 2 (0.38) (0.29) (0.16)

North Star Lake, MO (5) 47°34¢ N 30 7 12 0.2 1.04 0.00 0.58 3
93°39¢ W 3 (0.46) (0.00) (0.19)

Thistledew Lake, MO (6) 47°48¢ N 30 23 8 0.7 0.75 0.18 0.48 2
97°15¢ W 7 (0.23) (0.31) (0.13)

Kewatin Bay, 49°47¢ N 29 22 18 0.7 1.37 0.07 0.69 2
Lake of the Woods,

Ontario (7)
94°31¢ W 6 (0.82) (0.09) (0.19)

Star Lake, Manitoba (8) 49°46¢ N 30 11 9 0.3 0.53 0.01 0.26 3
95°15¢ W 7 (0.92) (0.02) (0.44)
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Sequences were aligned in CLUSTALXCLUSTALX (Thompson et al.,
1997). Distances (d) between them were calculated in
MEGAMEGA v1.02 (Kumar et al., 1993) following the Kimura
2-parameter model of the number of nucleotide substi-
tutions per site (Kimura, 1980). The aligned sequences
were then imported into PHYLIPPHYLIP (Felsenstein, 1995) and
a maximum likelihood tree was reconstructed using
empirical base frequencies, a transition/transversion
ratio of 2.0, and 1000 bootstrap replicates.

Microsatellite data

Two earlier studies on North American and European
populations of C. mucedo utilized di�erent suites of
microsatellite loci and therefore did not allow direct
comparisons between the two continents (Freeland et al.,
2000a,b). For this paper, we analysed a subset of these
data taken from the three microsatellite loci common to
both studies (loci 1.1, 2.2, and 6.7; Freeland et al., 1999),
and representing 12 populations from north-western
continental Europe and eight populations from central
North America (Table 1). These populations were
chosen because they are located within areas lacking
major disruptions such as mountain ranges. The Euro-
pean populations were separated by 20±2500 km, and
the North American populations were separated by
50±1500 km.
Assessment of Hardy±Weinberg equilibrium, and

calculations of expected and observed heterozygosity
values (Ho and He) were performed in POPGENPOPGEN (Yeh &
Boyle, 1997). Genetic diversity was measured in four
ways: (i) D* (� number of multilocus genotypes/number
of colonies); (ii) Expected heterozygosity (He); (iii)
Number of alleles; and (iv) Shannon±Weaver diversity
index (I; Shannon & Weaver, 1949). The within-popu-
lation diversity measures from the two continents were
compared using a t-test for the expected heterozygosity
values and a Mann-Witney test for the I-values. The
cumulative measures of genetic diversity for the two
continents, based on a comparison of the total number
of genotypes and the total number of clonal replicates,
were compared using a v2 contingency table analysis.
Kolmogorov±Smirnov tests were used to compare the
shape of the allele frequency distributions irrespective of
the absolute allele sizes. Allele sizes for each continent
were standardized by assigning a value of one to the
smallest allele, and consecutively numbering the remain-
ing alleles by adding one for each additional two
basepairs.
FST values were calculated in GENEPOPGENEPOP (Raymond &

Rousset, 1995) and Rho values, unbiased estimators
of Slatkin's RST (Slatkin, 1995), were calculated in
RSTCALCRSTCALC (Goodman, 1997). Estimates of gene ¯ow were
calculated as Nm� 1/4[(1/FST) ) 1], and as Nm�

1/4[(1/Rho))1]. In addition, nonparametric discriminant
function analyses (Kolmogorov±Smirnov test for nor-
mality: P < 0.01 in all populations) were conducted to
classify each colony to the population whose overall
genotype it most closely resembled (Manly, 1994), there-
by allowing an independent inference of connectivity
among populations. This entailed calculating distances
based on the absolute di�erence in number of repeat
units between each pair of colonies for each locus, and
then summing these distances over all loci. This value
was then squared to obtain a more realistic representa-
tion of the number of mutational steps involved. A cross-
validation method in which a single colony was removed
from the dataset was employed for each calculation.
The relationship between geographical and genetic

distances was investigated in GENEPOPGENEPOP using Mantel
tests with 1000 permutations to compare pairwise
values of both FST and Rho [as FST/(1 ) FST) or
Rho/(1 ) Rho)] against the natural log of the shortest
geographical distance between sites. FST (Wright, 1951)
assumes a low mutation rate and either an in®nite alleles
model or a k-alleles model, whereas RST (Slatkin, 1995)
assumes a rapid mutation rate and a stepwise mutation
model. We used both measurements in the test for
isolation by distance, as there is no consensus as to
whether FST or RST (Rho) is more appropriate for
analysing microsatellite data.

Results

Mitochondrial data

The distances among the 19 16S rDNA sequences are
shown in Table 2. One indel meant that the total
number of sequenced base pairs ranged from 479 bp (in
16 haplotypes) to 480 bp (in 3 haplotypes). There were
39 variable sites, of which 18 were phylogenetically
informative. The ratio of transitions/transversions ran-
ged from 0.0 to 7.0 in pairwise comparisons, with a
mean ratio of 1.8. Sixteen haplotypes were found in the
34 North American colonies that were sequenced, with a
maximum sequence divergence of 0.036. In contrast,
only three haplotypes were found in the 41 European
colonies that were sequenced, with a maximum sequence
divergence of 0.006. The distances between North
American and European sequences ranged from 0.008
to 0.026. Some North American sequences were more
similar to the European sequences than to other North
American haplotypes. Many North American popula-
tions contained multiple haplotypes, while European
populations more commonly revealed a single haplotype
(Table 1). Figure 1 shows the scaled relationships
among haplotypes as depicted by a maximum likelihood
tree.
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Table 2 Kimura 2-parameter distances between mitochondrial haplotypes. Numbers in bold represent comparisons involving
the three European haplotypes. Haplotype identity numbers correspond to colonies from the following populations (number
after location refers to number of colonies with that haplotype):1:Kewatin Bay, Lake of the Woods, Ontario (2); Golf Course
Bay, Lake of the Woods, Ontario (1); Washburn Lake, MO (1); Rock Lake, MO (1); Lida Lake, MO (1); Punderson Lake,
OH (1); Big Evans Lake, MI (2); Morley Pond, MI (1); 2: Mirror Lake, Wisconsin (1); 3: Mud Lake, WI (1) 4: Bolton
Landing Pond, NY (1); 5: Punderson Lake, OH (1); 6: Rock Lake, MO (1); North Star Lake, MO (1); Kewatin Bay, Lake of
the Woods, Ontario (1); Lida Lake, MO (1); Cat®sh Lake, WI (1); 7: Star Lake, Manitoba (1); Whitewater Lake, WI (1);
8: Thistledew Lake, MO (2); 9: Yellow Birch Lake, WI (1); 10: Adam Lake, Manitoba (1); 11: Star Lake, Manitoba (1); Lida
Lake, MO (1); 12: Star Lake, Manitoba (1); 13: North Star Lake, MO (1); 14: Big Evans Lake, MI (1); Rock Lake, MO (1);
15: Punderson Lake, OH (1); 16: North Star Lake, MO (1); Thistledew Lake, MO (1); 17: Etang de la TheÂ vineÁ re, France (1);
Etang du Gros Caillou, France (3); Le Lac de Grand Lieu, France (2); Bussloo, Netherlands (1); Nationaal Park de
Biesbosch, Netherlands (2); Herpen, Netherlands (3); Hald Sù, Denmark (1); Hunn, Sweden (1); Sommen, Sweden (3);
Keitele, Finland (3); EnaÈ rjaÈ rvi, Finland (3); Littoistenjarvi, Finland (3); Sùndersù Nùrresù, Denmark (2); RoÈ ssjoÈ n, Sweden
(2); Konnevesi, Finland (2); Ry Mùlle Sù, Denmark (2); 18: Le Lac de Grand Lieu, France (1); Ry Mùlle Sù, Denmark (1);
Sùndersù Nùrresù, Denmark (1); TassjoÈ , Sweden (1); Nationaal Park de Biesbosch, Netherlands (1); 19: RoÈ ssjoÈ n, Sweden (1);
Konnevesi, Finland (1)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

2 0.021
3 0.002 0.023
4 0.013 0.026 0.015
5 0.021 0.004 0.023 0.026
6 0.023 0.032 0.026 0.011 0.032
7 0.021 0.030 0.023 0.013 0.030 0.011
8 0.015 0.015 0.017 0.028 0.015 0.034 0.032
9 0.004 0.026 0.006 0.017 0.026 0.028 0.026 0.019

10 0.002 0.023 0.004 0.011 0.023 0.021 0.019 0.017 0.006
11 0.026 0.034 0.028 0.013 0.034 0.002 0.013 0.036 0.030 0.023
12 0.002 0.023 0.004 0.015 0.023 0.026 0.023 0.017 0.006 0.004 0.028
13 0.004 0.025 0.006 0.017 0.026 0.028 0.026 0.019 0.008 0.006 0.030 0.006
14 0.002 0.023 0.004 0.015 0.023 0.026 0.023 0.017 0.006 0.004 0.028 0.004 0.006
15 0.004 0.026 0.006 0.017 0.026 0.028 0.026 0.019 0.008 0.006 0.030 0.006 0.008 0.006
16 0.004 0.026 0.006 0.017 0.026 0.028 0.026 0.019 0.008 0.006 0.030 0.006 0.008 0.006 0.008
17 0.008 0.017 0.011 0.013 0.017 0.019 0.017 0.019 0.013 0.011 0.021 0.011 0.013 0.011 0.013 0.013
18 0.010 0.019 0.013 0.015 0.019 0.021 0.019 0.021 0.015 0.013 0.023 0.013 0.015 0.013 0.015 0.015 0.002
19 0.013 0.021 0.015 0.017 0.021 0.023 0.021 0.023 0.017 0.015 0.026 0.015 0.017 0.015 0.017 0.017 0.004 0.006

Fig. 1 Scaled maximum likelihood tree
of the 19 mitochondrial haplotypes.

Number in brackets after the popula-
tion name refers to the number of
individuals with that sequence (only

speci®ed when >1). Bootstrap values
>50 are written above the branches.
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Microsatellite data

The 348 European colonies yielded 160 multilocus
genotypes and 188 replicates, which gives a total
European D* value of 0.46. The 235 North American
colonies yielded 145 multilocus genotypes and 90
replicates, which gives a total North American D* value
of 0.62. The v2 test indicated that North America has a
relatively higher number of unique genotypes than
Europe (v2� 13.281, d.f.� 1, P < 0.001). This is re¯ec-

ted by the overall higher number of alleles in North
America (61 alleles in 235 colonies) compared to Europe
(43 alleles in 348 colonies; Fig. 2). While two of the three
microsatellite loci had some alleles common to both
North America and Europe, the distributions of allele
frequencies were signi®cantly di�erent at all three loci
(Kolmogorov±Smirnov: Locus 1.1: P� 0.001; Locus
2.2: P� 0.000; Locus 6.7: P� 0.000; Fig. 2). Loci 2.2
and 6.7 revealed bimodal patterns of distribution of
allele sizes in North American populations (Fig. 2). At

Fig. 2 Allele frequency distributions
taken from the North American and

European data. Allele identities repre-
sent the size of the ampli®ed fragment.
Note the di�erent scale on the Y-axis in

Fig. 1(c).
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locus 2.2, group 1 alleles ranged in size from 252 to
270 bp, and group 2 alleles ranged from 292 to 342 bp.
At locus 6.7, group 1 alleles ranged from 276 to 290 bp,
and group 2 alleles ranged from 312 to 352 bp. Note
that the 300 bp alleles at locus 6.7 cannot be assigned
clearly to either group and, therefore, the four genotypes
that contained this allele were excluded from further
analysis. Of the remaining 141 North American micro-
satellite genotypes, 30 (21.3%) contained alleles from
group 1 at locus 2.2 and group 2 at locus 6.7; 72 (51.1%)
contained alleles from group 2 at locus 2.2 and group 1
at locus 6.7; 14 (9.9%) contained alleles from group 1 of
each locus; 19 (13.5%) contained alleles from group 2 of
each locus; and 6 (4.3%) were heterozygous for alleles
from each group in at least one of the two loci. A
contingency coe�cient tested with a v2 analysis showed
that there is an overall association between the allele
groups of the two loci (v2� 39.65, d.f.� 1, P < 0.001).

In order to compare the allele groups at loci 2.2 and
6.7 with the mitochondrial haplotypes, the latter were
divided into two groups based on the pairwise distances
between sequences. The ®rst group included 9 haplo-
types with pairwise divergences of 0.002±0.008 (haplo-
types 1,3,9,10,12±16; Table 2). Haplotypes within this
group are separated from the European haplotypes
by pairwise sequence divergences of 0.008±0.013, and
are contained within the cluster that is closest to the
European haplotypes in Fig. 1. The second mitochon-
drial group contains the 7 remaining North American
haplotypes, and these have pairwise sequence divergen-
ces of 0.011±0.028 within the group, and 0.013±0.021 in
comparison with the European haplotypes. While the
division of these two groups is not based on stringent
criteria, they can be described as a cohesive group with
relatively high similarity to the European haplotypes,
and a more diverse group that shows greater di�eren-
tiation from the European haplotypes.

Seventeen individuals from haplotype group one were
microsatellite genotyped. Of these, 13 had alleles from
group 2 and group 1 of loci 2.2 and 6.7, respectively; 2
had alleles from group 1 and group 2 of loci 2.2 and 6.7,
respectively; and 1 had alleles from group 2 of both loci.
Ten individuals from haplotype group 2 were microsat-
ellite genotyped, and of these 7 had alleles from group 1
and group 2 of loci 2.2 and 6.7, respectively, and 3 had
alleles from group 2 and group 1 of loci 2.2 and 6.7,
respectively. The proportion of individuals with group 1,
locus 2.2, and group 2, locus 6.7, compared to the
proportion of individuals with group 2, locus 2.2, and
group 1, locus 6.7, is signi®cantly di�erent between the
two haplotype groups (Fisher's exact test: P� 0.009).
Therefore, two genetic lineages can be identi®ed in
North America based on the mitochondrial haplotypes
and the alleles at loci 2.2 and 6.7. A small proportion of

individuals does not agree with these lineage classi®ca-
tions, and these may be explained by hybridization
between the two lineages (see Discussion).

Within-population values of genetic variation, meas-
ured as the number of alleles, D*, I and He are given in
Table 1. Comparisons of the within-population values
of He (t-test: t�)1.51, d.f.� 18, P� 0.148) and I
(Mann±Witney: T� 95.5, P� 0.396) show that levels
of within-population diversity did not di�er between
continents (see also Fig. 3 for a graphic comparison of
population He values). In addition, levels of observed
heterozygosity in the European and North American
populations (Table 1) were not signi®cantly di�erent
from one another (t-test: t� 1.54, d.f.� 18, P� 0.142).
None of the populations on either continent were found
to be in Hardy±Weinberg equilibrium.

When Nm is derived from Rho, values are higher
among European populations [range� 0.11±14.86,
n� 66, mean� 1.21 � 0.31(SE)] compared to the North
American populations (range� 0.03±0.87, n� 28, mean
� 0.20 � 0.04). When Nm is derived from FST this
di�erence is considerably reduced, although Nm remains
higher for the European (range� 0.11±4.2, n� 66,
mean� 0.70 � 0.07) than the North American popula-
tions (range� 0.19±0.73, n� 28, mean� 0.44 � 0.03).
Higher levels of connectivity among European popu-

Fig. 3 Summary of within-population diversity (measured as
HE) and among population divergence (measured as average
pairwise FST or Rho for each population) for all North

American and European data. Note the di�erent scales on the
Y-axes.
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lations are also suggested by the discriminant function
analyses which showed that 32.5% of European colonies
(representing 51.3% of European multilocus genotypes)
were classi®ed to populations other than the one from
which they were collected, compared to 18.3% of North
American colonies (representing 24% of North Ameri-
can multilocus genotypes; Table 3).
Figure 3 summarizes within-population diversity and

among population di�erentiation in the two continents.
This depiction reiterates the similar levels of within-
population genetic variation (here shown as He) from
two continents, and also represents the variable levels of
population subdivision. According to pairwise FST

values, the European and North American populations
are separated by similar genetic distances, but according
to Rho the North American populations show consid-
erably higher levels of subdivision than the European
populations. The Mantel tests showed no pattern of
isolation by distance in either North America (P� 0.62
when FST values are used, P� 0.94 when Rho values are
used) or Europe (P� 0.80 when FST values are used,
P� 0.77 when Rho values are used).

Discussion

Gene ¯ow in North America and Europe

In North America, multiple mitochondrial haplotypes
have been maintained both within populations and

within the continent as a whole. The maximum mito-
chondrial sequence divergence of 0.036 in North
America translates into a divergence time of approxi-
mately 1.5 Myr BPBP, assuming a molecular clock similar
to that of 2.3% per million years for arthropod
mitochondrial DNA (Brower, 1994). Because much of
North America was glaciated up to 10±20 000 yr BPBP,
numerous haplotypes must have been maintained
throughout glacial±interglacial cycles, possibly in mul-
tiple refugia. The presence of multiple haplotypes within
the same populations indicates repeated colonization
events.
Estimates of gene ¯ow in North America based on

microsatellite data are consistently low, but the reason
for this is not readily apparent. The pronounced levels
of genetic di�erentiation revealed by the microsatellite
data must be reconciled with the lack of population
di�erentiation shown by the mitochondrial data. This
discrepancy may be attributed to the relatively rapid
mutation rate of microsatellite loci that, in conjunction
with little ongoing gene ¯ow, could explain the relatively
rapid acquisition of population-speci®c microsatellite
alleles. However, it should be noted that the high
mutation rate of microsatellite loci could generate a
large number of di�erent alleles over a relatively short
time period. Our limited sample sizes mean that a
number of these alleles would remain undetected,
potentially leading us to underestimate the numbers of
shared alleles among populations and, in turn, to

Table 3 Classi®cation of colonies
according to the discriminant function
analyses. Numbers in bold represent
individuals assigned to a population
other than the one in which they were
found. When clonal replicates are
included in this number, the number in
brackets written immediately
afterward refers to the number of
unique multilocus genotypes. Rows
correspond to the site from which the
colony was collected, columns
correspond to the sites to which the
colony was classi®ed. Column and row
numbers correspond to the population
numbers in Table 1

1 2 3 4 5 6 7 8 9 10 11 12

(a) European populations
1 24 0 0 0 0 0 1 0 0 0 0 1
2 0 11 0 2 0 17(9) 0 0 0 0 0 0
3 0 0 12 3 1 3 5 2(1) 0 1 1 0
4 1 1 0 25 0 1 1 0 0 0 0 0
5 0 1 0 0 25 3(2) 0 0 0 0 0 0
6 0 0 0 0 0 28 0 2(1) 0 0 0 0
7 2 0 0 0 0 1 24 1 1 0 0 1
8 1 2 3 3 2(1) 5(2) 2 15 0 0 0 0
9 0 0 0 0 0 0 0 1 28 0 0 0

10 3 1 4 3 0 0 0 1 0 18 2(1) 1
11 0 0 2 3 0 2(1) 1 1 0 0 20 1
12 1 0(1) 0 0 0 4(3) 0 3(2) 0 4 1 14

(b) North American populations
1 28 0 2 0 0 0 0 0
2 0 21 2 5(3) 0 0 0 0
3 2 1 16 10(9) 0 0 0 0
4 1 0 4 23 0 0 0 1
5 0 0 0 0 25 0 0 5(2)
6 0 0 0 0 0 30 0 0
7 0 0 0 0 4 0 23 2
8 0 0 0 0 4(2) 0 0 26
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underestimate gene ¯ow. Furthermore, we sampled
from only a small proportion of the large number of
sites that may support C. mucedo populations, and
sampling from a greater number of lakes may have
revealed patterns of connectivity among some locations.

In Europe, rather di�erent patterns of population
di�erentiation were evident. Only three mitochondrial
haplotypes were detected, all of which were closely
related. The relatively low number of haplotypes in
Europe as compared to North America is particularly
notable given the substantially larger sampling area in
Europe. Because these European sequences are similar
to some of the North American sequences, and fall
within the range of divergences among all North
American and European haplotypes, it appears possible
that C. mucedo colonized Europe from North America.
Intercontinental dispersal events between the two con-
tinents have been identi®ed in other freshwater inverte-
brates (e.g. Berg & Garton, 1994; Taylor et al., 1996).
Alternatively, the current distribution of mitochondrial
haplotypes may be explained if the European and North
American populations represent two ends of an essen-
tially continuous distribution of C. mucedo populations
across Asia and the Bering Straits. The paucity of
mitochondrial haplotypes in north-western Europe
today may have resulted from a loss of diversity during
glacial cycles, as opposed to a founder e�ect following
colonization from North America.

Measures of population di�erentiation and subse-
quent inferences of gene ¯ow are similar in the North
American and European populations when FST values
are calculated, but di�er considerably according to
calculations of RST (Rho). While RST may be more
suitable for microsatellite data owing to its inherent
SMM and allowance for a high mutation rate (Slatkin,
1995), measure of FST may be more appropriate at
smaller geographical distances (Estoup et al., 1995).
Calculations of RST may be more appropriate for
populations that have low migration rates, as these will
show signi®cant e�ects of mutation (Rayboud et al.,
1998). Estimates of population subdivision based on
Rho and FST di�er most strikingly with respect to the
relatively high levels of di�erentiation among North
American populations according to Rho values (Fig. 3).
This may be attributed to the high variance in allele sizes
in the North American populations, as RST is equivalent
to the fraction of the total variance in allele size that is
between populations (Slatkin, 1995; Goodman, 1997).
A downward bias in estimates of population di�erenti-
ation calculated from FST has been predicted for
microsatellite data, as the IAM of FST does not allow
for forward and backward mutation in allele size and
will therefore underestimate the total divergence
between populations (Slatkin, 1995). However, the

complex patterns of microsatellite mutation and evolu-
tion (Primmer & Ellegren, 1998 and references therein)
mean that the most appropriate method for analysing
microsatellite data has not yet been agreed upon.

The relatively low levels of population subdivision in
Europe revealed by FST and Rho suggest correspond-
ingly high levels of connectivity among populations on
that continent, a conclusion that is reinforced by the
discriminant function analyses. This genetic similarity of
populations may be partially attributed to the postgla-
cial (re)colonization of lakes by a single genetic lineage.
However, it may also be in¯uenced by ongoing events,
as the process of population di�erentiation will be
slowed or even arrested in the presence of ongoing gene
¯ow among sites. The European samples were from
water bodies located along a transect that roughly
corresponds to a migratory route followed by many
waterfowl (Scott & Rose, 1996). Occasional dispersal of
statoblasts by waterfowl may explain why European
populations exhibited higher levels of connectivity than
the North American populations, which were collected
from sites traversed by a network of divergent migratory
routes (Bellrose, 1968). Waterfowl are obvious agents
for long-distance dispersal of bryozoan statoblasts.
C. mucedo statoblasts ensnared in moulted feathers are
frequently encountered along the shores of lakes
(Okamura, pers. obs.), and have recently been observed
to hatch following passage through the digestive tracts
of ducks (I. Charambilidou, pers. comm.). In addition,
statoblasts are produced most proli®cally in autumn, a
time that coincides with one of the two main periods of
waterfowl migration.

Genetic variation

As discussed above, mtDNA data revealed a substan-
tially greater number of genetic lineages both within and
among populations in North America. Similarly, the
microsatellite data revealed overall higher levels of
diversity in North America. In North America, the
two distinct genetic lineages suggested by the combina-
tions of mitochondrial and microsatellite data may
re¯ect cryptic species. While C. mucedo is assumed to be
a monospeci®c genus, this conclusion is based on a fairly
super®cial knowledge of this species throughout much
of its range. Furthermore, two di�erent genome sizes
have been discovered in North American C. mucedo
(Potter, 1979). The relationship among the microsatellite
alleles and the mitochondrial sequences in the two
lineages identi®ed in this study is imperfect, but this may
be explained by occasional di�erential introgression of
DNA following hybridization between the two lineages.

Although overall genetic diversity was higher in
North America, within-population variation was the
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same in the two continents. This suggests that similar
local processes may a�ect genetic variation, such as the
contribution of sexual reproduction. While the ecology
of North American C. mucedo has not been well studied,
similar measures of observed heterozygosity and a lack
of Hardy±Weinberg proportions on the two continents
suggest comparable levels of sex. We suggest that the
disparate levels of within-continent genetic variation in
North America and Europe are related to a historical
bottleneck in north-western Europe, compounded by a
current metapopulation structure. Ongoing gene ¯ow
provides evidence that dispersal links subpopulations
within a metapopulation in Europe (Freeland et al.,
2000a), although there is little evidence for such a
structure in North America (Freeland et al., 2000b).
Notably, the e�ective size of a metapopulation should
be smaller than the sum of its component populations
(Hedrick & Gilpin, 1997). Our European data agree
with this prediction, as they show maintenance of
genetic variation within local populations, but depletion
of variation within the metapopulation as a whole.

Conclusions

In C. mucedo populations, both historical events and
current population dynamics in¯uence patterns of gen-
etic diversity. In North America, a relatively large
number of divergent mitochondrial genetic lineages have
been maintained for the past 1.5 Myr, presumably
within multiple glacial refugia throughout much of the
Pleistocene. In marked contrast, a small number of
mitochondrial lineages are found in north-western
Europe, and these may be traced to the (re)colonization
of this area either from North America or from
European glacial refugia. However, neither a residual
founder e�ect nor an apparent metapopulation structure
has diminished levels of within-population genetic
variability in Europe, perhaps in part because ongoing
dispersal results in the continued introduction of novel
genotypes into local populations. In contrast, North
American C. mucedo have an overall higher level of
genetic diversity which may result in part from hybrid-
ization between cryptic species, a process that has
previously been inferred to increase genetic variation
(Freeland & Boag, 1999). Our results suggest that
caution should be employed when extrapolating popu-
lation genetic patterns throughout a species range, and
reveal that both historical and ongoing events a�ect
current patterns of biodiversity.
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