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Abstract

Theory predicts that genetic diversity and genetic differentiation may strongly vary

among populations of the same species depending on population turnover and local

population sizes. Yet, despite the importance of these predictions for evolutionary and

conservation issues, empirical studies comparing high-turnover and low-turnover

populations of the same species are scarce. In this study, we used Daphnia magna, a
freshwater crustacean, as a model organism for such a comparison. In the southern ⁄ cen-
tral part of its range, D. magna inhabits medium-sized, stable ponds, whereas in the

north, it occurs in small rock pools with strong population turnover. We found that these

northern populations have a significantly lower genetic diversity and higher genetic

differentiation compared to the southern ⁄ central populations. Total genetic diversity

across populations was only about half and average within-population diversity only

about a third of that in southern ⁄ central populations. Moreover, an average southern

population contains more genetic diversity than the whole metapopulation system in the

north. We based our analyses both on silent sites and microsatellites. The similarity of

our results despite the contrasting mutation rates of these markers suggests that the

differences are caused by contemporary rather than by historical processes. Our findings

show that variation in population turnover and population size may have a major impact

on the genetic diversity and differentiation of populations, and hence may lead to

differences in evolutionary processes like local adaptation, hybrid vigour and breeding

system evolution in different parts of a species range.
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Introduction

Geographically widespread species have to adapt to dif-

ferent types of habitats. As a consequence, population

turnover and local population sizes may strongly vary

throughout a species range. This can lead to substantial

differences in genetic diversity and genetic differentia-

tion within the same species. In fragmented habitats,

populations are subdivided and only connected by

migration. This may increase the extinction risk of local

subpopulations (Hanski 1999), in some cases leading to

turnover dynamics where local extinction and recolon-

ization alternate. Theoretical studies predict that meta-

populations with strong turnover dynamics have a

reduced genetic diversity compared to stable and struc-

turally uniform populations owing to restricted gene

flow and genetic bottlenecks during colonization. In

addition, turnover dynamics are predicted to increase

differentiation among subpopulations because of

genetic drift and strong founder effects (McCauley

1991; Boileau et al. 1992; Hastings & Harrison 1994;

Harrison & Hastings 1996; Hanski & Gilpin 1997; Han-

ski 1999; Pannell & Charlesworth 1999, 2000).

Empirical studies of metapopulations have yielded

some support for these predictions. In insects, Saccheri
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et al. (1998) showed a correlation between heterozygos-

ity and extinction rate in a metapopulation system of a

butterfly, and Massonnet et al. (2002) found high extinc-

tion rates and strong degrees of genetic differentiation

between local populations of aphids. Freeland et al.

(2000) found evidence for a metapopulation existing

over a large spatial scale in a freshwater bryozoan.

Other studies show a decrease in genetic differentiation

and an increase in genetic diversity with increasing

time since colonization (Giles & Goudet 1997; Haag

et al. 2005). This supports the idea that turnover

decreases genetic diversity and increases genetic differ-

entiation, and that these effects are alleviated by subse-

quent gene flow. However, differences in genetic

diversity and genetic differentiation between high-turn-

over and low-turnover populations of the same species

have rarely been investigated, even though many spe-

cies show fragmented populations and turnover

dynamics only in parts of their distribution.

One species that exists in such contrasting systems is

the small freshwater crustacean Daphnia magna. It is

widely distributed in Europe, and in most of its range,

it inhabits medium-sized, stable ponds. In contrast,

northern populations mainly occur in small rock pools

along the coast. Ecological and demographic studies in

the archipelago of southern Finland have shown that

these populations exhibit strong turnover dynamics

with high rates of extinction and recolonization (Ranta

1979; Hanski & Ranta 1983; Pajunen 1986; Pajunen &

Pajunen 2003). Genetic studies of the same metapopula-

tion found strong founder effects and restricted gene

flow both between ponds on the same island as well as

between ponds on different islands (Haag et al. 2006).

In contrast to these high-turnover populations in the

north, no turnover dynamics have been reported for the

populations of southern and central Europe (Vano-

verbeke & De Meester 1997; Vanoverbeke et al. 2007).

To investigate potential differences in genetic diver-

sity and genetic differentiation between these two sys-

tems, we sampled populations across a wide

geographical range in Europe. Our sampling includes

both populations from rock pools as well as from med-

ium-sized ponds. Habitat ecology and geographical site

are strongly correlated in D. magna, as rock pool popu-

lations with high turnover are found in northern Eur-

ope, whereas large, non-turnover populations are found

in southern and central Europe. Because geography also

correlates with postglacial colonization history, it is

important to distinguish between contemporary and

historic influences when comparing genetic diversity

and differentiation between the two systems (Hewitt

1999; Petit et al. 2003; Obbard et al. 2006). In our study,

this was particularly important because both turnover

and potential bottlenecks during postglacial coloniza-

tion are predicted to lead to reduced diversity in the

north.

However, equilibration times of genetic diversity after

a bottleneck may differ substantially among loci because

for populations that expand after a genetic bottleneck,

the time to reach equilibrium depends mostly on the

influx of new mutations (Crow & Aoki 1984; Pannell &

Charlesworth 1999), which varies among loci. The maxi-

mum time to go halfway to a new equilibrium (t0.5) is

approximately ln(2) ⁄ [2uK ⁄ (K ) 1)], where u is the muta-

tion rate and K is the number of alleles (Crow & Aoki

1984). This is a maximum estimate, as the time can be

shorter, depending on effective population sizes N and

number of populations n (t0.5 = ln(2) ⁄ [2uK ⁄ (K ) 1)

+ 1 ⁄ (2Nn)] if the term 1 ⁄ (2Nn) cannot be neglected (Crow

& Aoki 1984), migration rates m among populations

(t0.5 = ln(2) ⁄ [2uK ⁄ (K ) 1) + 2m ⁄ (n ) 1)] if m << 1 ⁄N and

if the term 2m ⁄ (n ) 1) cannot be neglected (Crow & Aoki

1984), and immigration of alleles from outside the newly

colonized region (which are an additional source of

genetic variation similar to new mutations, Allendorf &

Luikart 2007). The equilibration time is also much shorter

if colonization leads to a permanent reduction in the

effective population size (rather than to a bottleneck with

subsequent expansion) or if turnover rate is increased in

the new habitat (Pannell & Charlesworth 1999).

If indeed historical events during postglacial coloniza-

tion are still the main determinants of today’s genetic

diversity patterns, then t0.5 should not be much shorter

than the timing of postglacial colonization. To estimate

maximum equilibration time, we used two types of

genetic markers with strongly contrasting mutation

rates: silent sites of housekeeping genes and microsatel-

lites. Even though their exact mutation rates are not

known for D. magna, estimates exist for other inverte-

brates. Assuming a microsatellite mutation rate of

u = 7.11 · 10)5 as estimated for Daphnia pulex (Seyfert

et al. 2008) and K = 10 alleles per locus, maximum

t0.5 = 8912 generations or 1800 years, assuming a mini-

mum of five generations per year (Ebert 2005). We used

conservative estimates both for mutation rate (Ellegren

2000; Seyfert et al. 2008) and for numbers of generations

per year; hence, the true equilibration time for microsat-

ellites may be even shorter. In contrast, t0.5 = 34.7 mil-

lion generations (about 7 million years) for silent sites,

assuming a mutation rate of u = 10)8 (Haag-Liautard

et al. 2007) and K = 2 alleles per locus. It is unknown

when D. magna reached northern Europe, but the likely

time window of colonization can be inferred from the

European postglacial colonization history. Around

20 000 years ago, when the ice cover started to retreat

(Clark et al. 2009), parts of southern ⁄ central Europe

were already ice-free and the recolonization of the spe-

cies was in progress (Hewitt 2000). The large-scale
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recession of the Scandinavian ice sheet, however,

started only 14 600 years ago (Rinterknecht et al. 2006),

and it is thus unlikely that D. magna colonized the

southern margins of this region long before this

moment and the spread further north occurred proba-

bly even more recently. However, given their rapid col-

onization of empty habitats and treeless islands

(Pajunen & Pajunen 2003, 2007; Louette & De Meester

2004), it is likely that postglacial colonization started

soon afterwards and was completed before 7800 years

ago when the trees reached northernmost Scandinavia

(Willis et al. 1998).

Comparing the maximum equilibration times with

the likely timing of postglacial colonization, it appears

possible that genetic signatures of this colonization are

still detectable in the silent sites, but microsatellites

should have had time to substantially recover from a

bottleneck. Hence, if patterns of genetic diversity were

still influenced by postglacial colonization history, we

would expect to see dissimilar patterns between the

two types of markers, with a stronger difference in

genetic diversity between the northern and the south-

ern ⁄ central populations in the silent site data compared

to the microsatellite data. In contrast, if the two types of

markers showed similar patterns of diversity between

the regions, this would suggest that both have had time

to approach a new equilibrium and hence that patterns

of genetic diversity are mainly influenced by contempo-

rary rather than historical processes.

In the current study, we investigated differences in

the genetic population structure between metapopula-

tions and non-metapopulations of D. magna from differ-

ent geographical regions. Understanding intraspecific

differences in the genetic population structure is impor-

tant in order to understand potentially different out-

comes of evolutionary processes (e.g. the efficacy of

selection) in different parts of a species distribution as

well as for conservation issues. However, when com-

paring populations on a large scale, it is important to

take into account potential confounding factors owing

to differences in colonization history. By using two

types of markers with contrasting mutation rates, we

made an attempt to disentangle historical vs. contempo-

rary processes—an approach that might be applicable

also to other geographically widespread species with

sufficiently small generation times.

Materials and methods

Study system

Daphnia magna is a small, filter-feeding freshwater crus-

tacean. It reproduces by cyclical parthenogenesis where

phases of clonal reproduction are intermitted by sexual

reproduction, the latter leading to the production of

drought-resistant and freezing-resistant resting eggs

(Hobaek & Larsson 1990; Kleiven et al. 1992). These rest-

ing eggs are also thought to be the main dispersal and

colonization stage because they can be carried by wind,

water or birds (Ranta 1979; Figuerola et al. 2003, 2005).

Owing to clonal reproduction, colonization even by a

single resting egg is sufficient to establish a population

and populations have the potential to grow rapidly dur-

ing the clonal phase. D. magna is widely distributed in

the northern hemisphere and occurs in different types of

habitats. In northern Europe, populations exist in highly

dynamic metapopulation systems and have estimated

yearly extinction rates of 17% (Bengtsson 1989; Pajunen

& Pajunen 2003). These populations do not have long-

lasting resting egg banks (as they tend to lose their sedi-

ment owing to ice movements and winter storms), and

the likelihood of recolonization of a pond depends

strongly on the distance to the nearest pond occupied

by D. magna (Pajunen & Pajunen 2003). This indicates

that most recolonizations take place by immigration

from other ponds rather than by hatching of a few

remaining local resting eggs. In contrast, the southern

and central European populations are mainly stable

(Vanoverbeke et al. 2007). The current study only

includes populations with at least one sexual cycle per

year to avoid potentially confounding effects of strong

clonal selection, which are possible in populations with

permanent growing conditions (De Meester et al. 2006).

Sampling design

We investigated a total of 71 Daphnia magna individuals

from 12 populations (Table 1, Figure S1 in supporting

information) at 32 microsatellite loci and six housekeep-

ing genes. Our design followed theoretical recommen-

dations (Nei 1987; Kalinowski 2005) that suggest to

maximize numbers of loci rather than numbers of indi-

viduals to optimize power for the estimates of genetic

differentiation when differentiation is strong, as it is

expected in Daphnia (Vanoverbeke & De Meester 1997;

Haag et al. 2005; Thielsch et al. 2009). Seven of these 12

populations originated from rock pools in northern Eur-

ope and five populations originated from medium-sized

ponds in southern and central Europe (Table 1).

Individuals were hatched from resting eggs or were

sampled just after hatching in nature. As resting eggs

are produced sexually in D. magna, our sample does

not include copies of the same clone. The individuals

were used to establish clonal lines by placing them sin-

gly into 300 ml of artificial Daphnia medium (Klüttgen

et al. 1994) and allowing them to reproduce clonally.

The cultures were fed daily with unicellular algae

(Scenedesmus sp.).
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Sequencing of housekeeping genes

We extracted genomic DNA from 5 to 10 genetically

identical individuals per line using the DNeasy blood

and tissue kit (Qiagen) and sequenced single amplicons

(439–672 bp) from six genes including four metabolic

enzymes, a translation initiation factor and a nuclear

receptor protein (Table 2). Primers (Table 2) had either

been designed earlier (Haag et al. 2009) or were modi-

fied and newly designed with Primer3 (Rozen & Skalet-

sky 2000). PCR reactions were performed according to

the standard protocols using TopTaq polymerase (Qia-

gen), and cleaned PCR products were directly

sequenced (Macrogen Inc., South Korea). The sequences

are deposited on GenBank (Accession numbers see

Table S1 in supporting information). Despite several

repetitions including new DNA extractions, we failed to

obtain high-quality sequences for a few individuals and

thus had to exclude these from the analyses (Got: one

individual from BOL; Ldh: one individual from AST;

Usp: three individuals from BOL, two from AST). We

cannot exclude that this has induced a slight bias in

diversity estimates for populations BOL and AST, but

the results for these three loci were very similar to the

results for the loci at which all individuals were suc-

cessfully amplified.

Microsatellite genotyping

We genotyped all individuals at 32 microsatellite mark-

ers assembled in four multiplex sets (Molecular Ecology

Resources Primer Development Consortium et al. 2010).

We set-up reactions of 10lL, using the Type-it Multi-

plex PCR kit (Qiagen) with cycling conditions according

to the recommendations of the manufacturer. Fragments

were run on an ABI Prism 3130 Genetic Analyser

(Applied Biosystems), and fragment lengths were ana-

lyzed using GeneMapper Software version 4.0 (ABI

Prism) with Gene Scan-500 LIZ as size standard.

Ambiguous genotypes were repeated. Despite two

attempts, we were unable to obtain clear microsatellite

genotypes for one individual from population BOL

(probably due to low DNA quality) and thus excluded

this individual from the analyses (microsatellite geno-

types see Table S2 in supporting information).

Analysis of sequence data

Sequences were aligned and manually edited using

Sequencher version 4.8 (Gene Codes) and BioEdit (Hall

1999), and primer sequences were removed. We used

DnaSP version 5.00.06 (Librado & Rozas 2009) to ana-

lyze diversity based on pairwise differences (p) or the

number of segregating sites (h). We used subscripts to

designate diversity indices that are based on all sites

(all) or only on silent sites (sil, non-coding and synony-

mous combined). In addition, we used subscripts to dis-

tinguish total nucleotide diversity across populations

(pT), average within-population nucleotide diversity

(pS), the between-population component of diversity

(pT)S, a measure of the absolute degree of population

differentiation), the divergence between pairs of haplo-

types sampled from two different populations (pB) and
pD, the difference between pB and pS (Charlesworth

1998). All the latter estimates were based on silent sites

only and were estimated for each of the two groups

(northern and southern ⁄ central populations) separately.
We used DnaSP to estimate pT by pooling individuals

from all populations within each of the two groups. As

sample size does not correspond with population size

in our study, we weighted populations equally as sug-

gested by Charlesworth (1998) by using ten sequences

from each population, which were randomly chosen if

more sequences were available. For Ldh, we had only

Table 1 List of the 12 Daphnia magna populations used in this study

Abbreviation Locality N Latitude Longitude System

AST Astrakhan, Russia 5 N45�54¢13.00¢¢ E47�39¢23.00¢¢ Southern ⁄Central
BOL Bolshoi Asafiy, Russia 6 N66�25¢30.00¢¢ E33�50¢00.00¢¢ Northern

ISM Ismaning, Germany 10 N48�12¢24.94¢¢ E11�42¢12.55¢¢ Southern ⁄Central
K Tvärminne (Island K), Finland 5 N59�49¢25.62¢¢ E23�15¢09.30¢¢ Northern

KMG Tvärminne (Island Kummelgrundet), Finland 5 N59�49¢18.54¢¢ E23�12¢20.04¢¢ Northern

LVR Langerodevijver, Belgium 2 N50�49¢42.08¢¢ E04�38¢20.60¢¢ Southern ⁄Central
MOS Moscow, Russia 6 N55�45¢48.65¢¢ E37�34¢54.00¢¢ Southern ⁄Central
N Tvärminne (Island Storgrundet), Finland 10 N59�49¢19.62¢¢ E23�15¢38.28¢¢ Northern

SE1 Tvärminne (Island Segelskär), Finland 6 N59�45¢48.00¢¢ E23�22¢24.30¢¢ Northern

SOE Östhammar (Söderboda hamn), Sweden 5 N60�26¢55.56¢¢ E18�23¢12.78¢¢ Northern

SRO West of Pisa, Italy 5 N43�41¢31.00¢’ E10�17¢20.00¢’ Southern ⁄Central
VR1 Vääränmaanruskea, Finland 6 N60�16¢17.82¢¢ E21�53¢46.74¢¢ Northern

N, number of individuals.
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eight sequences per population and for Usp only six.

We discarded the population LVR from these analyses

because we had only four sequences per locus from this

population. Additionally, we used averaged estimates

of psil to estimate pS. Here, we included all sequences

and all populations. The indices pT)S, pD and pB were

estimated as described in Charlesworth (1998) and used

to compute a p-based estimate of FST (equation 3a in

Charlesworth 1998). All indices (including the FST esti-

mate) were estimated separately for each locus and then

averaged across loci, giving equal weight to each locus.

To test whether FST differed between the two groups

(more precisely, whether FST among populations within

groups differed between the two groups), we used the

software FSTAT 2.9.3 (Goudet 2001) and performed a

permutation test (10 000 permutations) by randomly

assigning populations either to the north or to the

south ⁄ central group while keeping the number of popu-

lations per group constant. We did this separately for

each locus, weighing populations equally by using the

same data as above, and then combined P-values of the

different loci according to Fisher (1925). To make sure

that the same hypothesis was tested for each locus, we

used a one-sided test, assessing whether differentiation

among northern populations was significantly higher

than among southern ⁄ central populations, but an

approximate P-value for a two-sided test can easily be

obtained by multiplying the one-side P-value by two.

The estimation of FST in FSTAT treats each polymorphic

site as a separate locus, which essentially assumes free

recombination between sites. Despite the fact that this

assumption is almost certainly violated within each

locus, this is a problem only for testing FST > 0, not for

estimating FST (Hudson et al. 1992). We used this

method only to estimate FST in the real sample of north-

ern and southern ⁄ central populations and in many per-

muted samples (as described above), but did not test

whether FST within each group was significantly larger

than zero. The latter was shown convincingly in the

microsatellite data (see below). Hence, the permutation

test implemented in FSTAT provided a convenient way

to test for differences in within-group differentiation

between the two groups, even for the nucleotide diver-

sity.

Analysis of microsatellite data

We used FSTAT to estimate pairwise FST and expected

heterozygosity (HS), an estimate of genetic diversity

robust to small sample size (Nei 1978, 1987). Addition-

ally, we used FSTAT to calculate the overall expected

heterozygosity per group (HT). We estimated all param-

eters for each population and compared them between

the two groups of populations (10 000 permutations,T
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two-tailed tests). Additionally, we analyzed isolation by

distance using Mantel tests and by plotting

FST ⁄ (1 ) FST) against the logarithm of geographic dis-

tance for each pair of populations (Rousset 1997).

Results

Marker polymorphism

Across the six loci, we obtained about 3550 base pairs

of sequence per individual (Table 3). The number of

polymorphic sites per locus ranged from 9 (Ldh) to 24

(Usp). Averaged across all loci, 90.3% of the polymor-

phisms were at silent sites (synonymous sites or non-

coding sites) and 9.7% at non-synonymous sites

(Table 3). 66 of the 71 individuals were heterozygous at

least at one of the 32 microsatellite loci. The most poly-

morphic locus had 14 alleles across all populations,

whereas three loci had only three alleles.

Genetic diversity within populations

Genetic diversity in housekeeping genes based on pair-

wise differences (p) averaged across loci and popula-

tions was 0.0022 and average h based on the number of

polymorphic sites was 0.0018. Calculated for silent sites

only, psil was 0.0048 and hsil was 0.0041. The mean

expected heterozygosity HS within populations (micro-

satellite data) was 0.265 (Table 3). The two measures of

within-population genetic diversity (psil based on silent

sites and HS based on microsatellites) were strongly cor-

related (R2 = 0.71565, P < 0.0005), indicating clear and

consistent differences in genetic diversity among popu-

lations (Figure 1). This implies that small sample size is

not an important issue in our genetic diversity data.

Northern rock-pool populations had lower within-

population nucleotide diversities and expected hetero-

zygosities than southern ⁄ central non-rock-pool popula-

tions. Average within-population diversity was

psil = 0.0025 for northern populations and psil = 0.0080

for southern ⁄ central populations based on silent site

data, and HS = 0.135 and HS = 0.448 based on microsat-

ellite data. In both cases, the difference between north-

ern and southern ⁄ central populations was significant

(P = 0.014 and P = 0.002, respectively, Table 3). Further-

more, total nucleotide diversity across all northern pop-

ulations (pT = 0.0058) was smaller than across southern

populations (pT = 0.0104, Table 4). The same was true

for the comparable parameter HT based on microsatel-

lite data (HT = 0.414 and HT = 0.689, for northern and

southern ⁄ central populations, respectively).

Genetic differentiation among populations

Genetic differentiation among northern populations as

estimated with FSTAT (FST = 0.699, microsatellite data)

Table 3 Sequence length and measures of genetic diversity across the six nuclear loci, as well as average expected heterozygosity at

32 microsatellite loci, listed for each population

Population System N

Sequence data Microsatellite

data

Sequence length (nt) Polymorphic

sites

Genetic diversity

Non-coding Coding Sall Ssil pall psil hall hsil HS

AST Southern ⁄Central 5 796 2700 36.0 32.0 0.0045 0.0103 0.0039 0.0091 0.682

ISM Southern ⁄Central 10 812 2748 30.0 28.0 0.0029 0.0063 0.0023 0.0052 0.456

LVR Southern ⁄Central 2 813 2748 23.0 20.0 0.0035 0.0073 0.0035 0.0073 0.359

MOS Southern ⁄Central 6 812 2745 27.0 24.0 0.0033 0.0073 0.0026 0.0058 0.446

SRO Southern ⁄Central 5 813 2818 26.0 25.0 0.0034 0.0087 0.0026 0.0065 0.296

Average 6 809 2752 28.0 26.0 0.0035 0.0080 0.0030 0.0068 0.448

BOL Northern 6 812 2751 34.0 30.0 0.0038 0.0083 0.0032 0.0069 0.162

K Northern 5 813 2751 8.0 7.0 0.0004 0.0008 0.0008 0.0013 0.154

KMG Northern 5 813 2751 9.0 8.0 0.0012 0.0024 0.0009 0.0017 0.159

N Northern 10 813 2751 9.0 8.0 0.0012 0.0024 0.0007 0.0013 0.137

SE1 Northern 6 817 2736 14.0 13.0 0.0016 0.0033 0.0015 0.0035 0.241

SOE Northern 5 813 2751 1.0 1.0 0.0001 0.0001 0.0001 0.0002 0.017

VR1 Northern 6 813 2751 0.0 0.0 0.0000 0.0000 0.0000 0.0000 0.076

Average 6 813 2749 11.0 10.0 0.0012 0.0025 0.0010 0.0021 0.135

N, number of individuals; Sall, total number of segregating sites; Ssil, number of segregating silent sites; pall, diversity based on

pairwise differences at all sites; psil, diversity based on pairwise differences at silent sites; hall, diversity based on the number of all

segregating sites; hsil, diversity based on the number of segregating silent sites; HS, expected heterozygosity.
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was significantly higher than among southern ⁄ central
populations (FST = 0.382, P = 0.003, Table 4). The FST
estimate based on pS and pT of the nucleotide diversity

was similar to the one obtained for microsatellites

(Table 4) and again significantly different between the

two groups (P = 0.044). Isolation by distance based on

microsatellite data was significant for the northern pop-

ulations (R2 = 0.3946, P < 0.0023) but not for the south-

ern ⁄ central populations (R2 = 0.0743, P = 0.4461,

Figure 2).

Discussion

This study shows that Daphnia magna populations

inhabiting rock pools in northern Europe have strongly

reduced levels of genetic diversity and increased levels

of genetic differentiation compared to populations

inhabiting medium to large ponds in southern and cen-

tral Europe. These findings are consistent with the theo-

retical expectations that high-turnover dynamics and

reduced population size increase genetic drift and

hence lead to reduced genetic diversity within subpop-

ulations and increased differentiation among them. Our

results are also congruent with other empirical studies

of metapopulations. Massonnet et al. (2002) showed

that frequent events of extinction and recolonization in

the aphid species Macrosiphoniella tanacetaria lead to

high differentiation even among very close populations.

Several studies found a correlation between population

age and the degree of differentiation, with younger

populations being more differentiated than older ones

(Giles & Goudet 1997; Haag et al. 2005; Garcia-Verdugo

et al. 2010). This implies that the high degrees of

genetic differentiation among the rock-pool populations

reflect a high-turnover rate, which prevents subsequent

gene flow to reduce the effects of colonization bottle-

necks on the genetic population structure.

Table 4 Comparison of nucleotide diversity and FST among the two systems

System

Sequence data Microsatellite data

pT pT)S pS pB pD FST HO HS FST

Northern 0.0058 0.0034 0.0025 0.0064 0.0039 0.5221 0.081 0.135 0.699

Southern ⁄Central 0.0104 0.0024 0.0080 0.0112 0.0032 0.2817 0.364 0.448 0.382

P 0.0220 0.002 0.002 0.003

pT, total diversity; pT)S, between-population component of diversity; pS, mean within-population diversity; pB, divergence between a

pair of alleles sampled from two different populations; pD, difference between pB and pS; HO, observed heterozygosity; HS, expected

heterozygosity.
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Our results are based on both silent sites and microsat-

ellites, and the proportional differences in genetic diver-

sity and in genetic differentiation were notably similar

for the two types of markers, which differ strongly in

mutation rate. The latter is reflected in the much lower

absolute measures of genetic diversity in the silent site

data compared with the microsatellite data. As explained

in the introduction, the similarity of the results using

markers that strongly differ in mutation rates implies

that ongoing contemporary processes rather than histori-

cal factors are mainly responsible for the differences in

genetic differentiation and genetic diversity between

northern and southern ⁄ central populations.
Among the contemporary factors, both population

size and turnover could play a role. Both have been

shown to affect genetic diversity and genetic differentia-

tion in Daphnia (Haag et al. 2006; Vanoverbeke et al.

2007). However, whereas reduced population size only

leads to a reduction in the genetic diversity within pop-

ulations (through genetic drift within populations),

turnover may reduce the genetic diversity of the whole

metapopulation system (through genetic drift across the

entire system, Pannell & Charlesworth 1999, 2000). To

evaluate these two possibilities, we compared the esti-

mates of total diversity (pT) and mean within-popula-

tion diversity (pS). According to Pannell &

Charlesworth (1999), population turnover causes a

reduction both in pT and pS, which is what we observed

in our data: pS in the northern pool populations was

considerably lower than in the southern ⁄ central popula-
tions, and pT was only about half of the value of

the southern ⁄ central populations. Moreover, pT in the

northern populations was even lower than pS in the

southern ⁄ central populations. This was also true for HS

and HT in the microsatellite data and suggests that the

whole metapopulation system in the north contains less

genetic diversity than an average single population in

southern ⁄ central Europe. Because again the same pat-

tern was observed in silent sites and microsatellites, our

data imply that contemporary rather than historical fac-

tors contribute to the reduction in total genetic diversity

in the north. We suggest that this reduction is caused

by the different rates of population turnover observed

between the two regions.

The estimates of pS can also be used as an estimator

of h = 4Nel, but only in populations with no turnover

(Pannell & Charlesworth 1999). Thus, estimates of the

mutation effective population size (Whitlock & Barton

1997) of D. magna should use pS from the southern ⁄ cen-
tral populations, not from the northern ones. Using

average pS = 0.008 (Table 4) and a mutation rate of 10)8

(as in Pannell & Charlesworth 1999; Haag et al. 2009)

results in an estimate of Ne = 200 000 (see also Haag

et al. 2009; Omilian & Lynch 2009).

In natural populations of Daphnia magna, pond size

and turnover dynamics are correlated: The northern

high-turnover populations mainly live in small ponds

(Pajunen & Pajunen 2003; Haag et al. 2005), whereas

the southern ⁄ central low-turnover populations inhabit

larger ponds (Vanoverbeke et al. 2007). Therefore, it is

possible that differences in pond size may also contrib-

ute to the strong differences in genetic diversity and

differentiation between northern and southern ⁄ central
populations. The effect may either be indirect because

pond size likely affects the rate of population turnover

or direct through its probable effect on population size

and thus genetic drift. Indeed, Vanoverbeke et al.

(2007) found lower genetic diversity and stronger dif-

ferentiation in populations from small water bodies

compared to larger ponds in central Europe. Similarly,

Haag et al. (2005) found significant correlations

between pond volume and genetic diversity and differ-

entiation in Daphnia longispina from the Finnish meta-

population, but not in D. magna (although marker

resolution for the latter species was low). These find-

ings suggest that in D. magna populations inhabiting

small ponds, genetic drift may not be limited to coloni-

zation bottlenecks but may rather be an effect of pond

size. Thus, it is likely that differences in pond size also

contribute to some degree to decreased within-popula-

tion diversity and increased genetic differentiation in

the north, but the effects on total diversity discussed

above are only predicted if turnover plays a significant

role.

The significantly higher genetic differentiation among

northern populations compared to southern ⁄ central
populations was true despite the fact that the average

geographic distances among northern populations were

smaller than among the southern ⁄ central populations.

Indeed, the differences in genetic differentiation

between northern and southern ⁄ central populations are

even more pronounced if similar distances are com-

pared (Fig. 2). Isolation by distance was found in north-

ern, but not in southern ⁄ central populations. This may

be explained by the fact that no nearby ponds were

sampled in southern ⁄ central Europe (Palsson 2000;

Haag et al. 2006). Thus, we cannot exclude that isola-

tion by distance also exist in the southern ⁄ central popu-
lations.

De Meester et al. (2002) explained the strong differen-

tiation among nearby populations of Daphnia by the

‘monopolization hypothesis’. They argued that strong

founder effects lead to strong initial differentiation and

that local adaptation impedes the successful establish-

ment of new immigrants and thus reduces subsequent

gene flow. Additionally, they stated that large resting

egg banks provide a source of numerical advantage of

the local residents. This hypothesis may very well
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explain differentiation among populations in south-

ern ⁄ central Europe. However, the rock pools in north-

ern Europe often fail to establish a resting egg bank, as

they lose their sediment during winter (Pajunen & Paj-

unen 2003). Moreover, the strong genetic drift in these

populations during and after colonization likely coun-

teracts local adaptation (Whitlock 2000). Indeed, Alt-

ermatt et al. (2007) found no local adaptation of

D. magna to their parasites in the Finnish metapopula-

tion, but rather local maladaptation. This resulted in a

reduced competitive fitness of local residents relative to

immigrants because the local residents suffered more

from the resident parasites than the immigrants. Addi-

tionally, Ebert et al. (2002) showed that these immi-

grants have a further strong selective advantage as

offspring from crosses between residents and immi-

grants have an increased fitness owing to hybrid vig-

our. This effect can be rather strong and increases

effective gene flow per immigrant several times com-

pared to the nominal migration rate (Ebert et al. 2002).

This is in contrast to southern ⁄ central populations,

where immigrants are thought to have a strong disad-

vantage owing to locally adapted residents and owing

to priority effects (the monopolization hypothesis, De

Meester et al. 2002).

Our results suggest that genetic drift is a much stron-

ger evolutionary force in the northern compared to the

southern ⁄ central populations of D. magna. This implies

that strongly deleterious alleles may be partially purged

from the northern populations (‘purging by drift’, Glé-

min 2003), whereas mildly deleterious alleles may accu-

mulate or even go to fixation (‘drift load’, Glémin 2003).

The hybrid vigour observed in crosses between north-

ern populations is likely a consequence of this drift load

(Whitlock et al. 2000). Purging of highly deleterious

alleles and fixation of mildly deleterious alleles are also

predicted to reduce levels of inbreeding depression

(Kimura et al. 1963; Lynch et al. 1995; Wang et al.

1999), which is an important evolutionary factor, nota-

bly for breeding system evolution (Lande & Schemske

1985). Some populations of D. magna show a breeding

system polymorphism resembling gynodioecy, with

some genotypes producing both sexes and others pro-

ducing only females (Galimov et al. 2011). This breed-

ing system polymorphism also occurs in other Daphnia

species and had been explained by the fact that female-

limited genotypes always undergo outbreeding and

thus suffer less from inbreeding depression (Innes &

Dunbrack 1993). It is possible that the same is true in

D. magna, especially because this breeding system poly-

morphism has only been found in southern ⁄ central
populations where inbreeding depression is expected to

be strong (Galimov et al. 2011; Y. Galimov, personal

communications).

Conclusion

In this study, we found empirical support for the theo-

retically predicted effects of turnover dynamics on

genetic diversity and genetic differentiation. To our

knowledge, this is one of the first studies documenting

such strong differences in genetic variation between

high-turnover and low-turnover populations of the

same species. Our results imply that evolutionary pro-

cesses may differ substantially in different parts of a

species range. These findings may be particularly

important in model organisms like Daphnia magna,

which are frequently used to investigate general ques-

tions in evolutionary biology and population genetics.

Our data suggest that by focusing only on one part of

the species range, many important evolutionary pro-

cesses may be missed or it may be neglected that con-

clusions do not apply to the whole species range. The

same should be considered also in other species that

live in environments with different degrees of turnover.

Finally, understanding the ongoing processes that

influence genetic diversity and genetic differentiation in

natural populations is not only of interest for evolution-

ary biology, but also relevant from a conservation point

of view, as it underlines the importance to maintain suf-

ficient gene flow and to support the genetic diversity of

subdivided populations.
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