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Abstract

We compared mitochondrial DNA and gill-raker number variation in populations of the
European whitefish 

 

Coregonus lavaretus

 

 (L.) species complex to illuminate their evolutionary
history, and discuss mechanisms behind diversification. Using single-strand conformation
polymorphism (SSCP) and sequencing 528 bp of combined parts of the cytochrome oxidase

 

b

 

 (cyt 

 

b

 

) and NADH dehydrogenase subunit 3 (ND3) mithochondrial DNA (mtDNA)
regions, we documented phylogeographic relationships among populations and phylogeny
of mtDNA haplotypes. Demographic events behind geographical distribution of haplotypes
were inferred using nested clade analysis (NCA) and mismatch distribution. Concordance
between operational taxonomical groups, based on gill-raker numbers, and mtDNA patterns
was tested. Three major mtDNA clades were resolved in Europe: a North European clade
from northwest Russia to Denmark, a Siberian clade from the Arctic Sea to southwest Norway,
and a South European clade from Denmark to the European Alps, reflecting occupation in
different glacial refugia. Demographic events inferred from NCA were isolation by distance,
range expansion, and fragmentation. Mismatch analysis suggested that clades which colonized
Fennoscandia and the Alps expanded in population size 24 500–5800 years before present,
with minute female effective population sizes, implying small founder populations during
colonization. Gill-raker counts did not commensurate with hierarchical mtDNA clades, and
poorly with haplotypes, suggesting recent origin of gill-raker variation. Whitefish designa-
tions based on gill-raker numbers were not associated with ancient clades. Lack of congruence
in morphology and evolutionary lineages implies that the taxonomy of this species complex
should be reconsidered.
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Introduction

 

The evolutionary significance of taxonomic designations
needs to be validated in several settings such as before
prioritizing among biological units for conservation (see

Fraser & Bernatchez 2001). Comparing patterns of molecular
and phenotypic trait variation can be a powerful means
towards this goal (e.g. Pinceel 

 

et al

 

. 2004). Yet, despite criteria
for species delimitation (Avise & Ball 1990; Mallet 1995),
rather few studies have attempted to study species limits,
or testing traditional taxonomy, using a combination of
morphological and molecular analyses in a phylogeographic
context (but see Puorto 

 

et al

 

. 2001; Wiens & Penkrot 2002).
One reason for this is the contention regarding what
constitutes a theoretical and operational species under
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different species concepts. de Queiroz (1998) states that
most species concepts agree that species are evolutionary
lineages united by gene flow in sexual organisms. Moreover,
as different species concepts may illuminate different
phenomena associated with separation of lineages, data
need to be tested against predictions from several criteria
(Templeton 2001; Sites & Marshall 2003). A first step
towards this objective is to test whether the variation in
diagnostic phenotypical traits of suggested taxa is asso-
ciated with evolutionary lineages defined by molecular
markers.

Northern freshwater fishes have for decades intrigued
scientists due to the occurrence of polymorphism in many
genera (Behnke 1972; Bodaly 1979; Svärdson 1979; Robinson
& Wilson 1994; Taylor 1999). The repeated occurrence of
intralacustrine morphs suggests that evolutionary processes
such as adaptive phenotypic plasticity, divergent selection
and/or colonization of numerous lineages have been
involved in generating the tremendous phenotypic diversity
among these fishes (Schluter 2000; Bernatchez 2004;
Dieckmann 

 

et al

 

. 2004). Indeed, distinct colonization path-
ways, hybridization events, and new selective regimes in
new niches following deglaciation may be inferred from
the phylogeographic structure of many organisms (e.g. Nesbø

 

et al

 

. 1999; Hewitt 2000; Seehausen 2004). Since intralacus-
trine divergence between populations may reflect early
stages of species formation, or secondary contact of
allopatric lineages, intralacustrine fish morphs constitute
pertinent targets in evolutionary ecology (Bernatchez 2004;
Gavrilets 2004).

The European whitefish 

 

Coregonus lavaretus

 

 (L.) species
complex is ideal for contrasting the role of historical con-
tingency and evolutionary events, as it displays levels of
variation in morphology, life history, ecology, and spawn-
ing preferences that surpasses that documented in most
northern freshwater fish species (Svärdson 1957; Amundsen

 

et al

 

. 2004; Kahilainen 

 

et al

 

. 2004; Østbye 

 

et al

 

. 2005). The
complex pattern of phenotypic diversity has generated tax-
onomic splitting or lumping under different authorships.
Many taxonomic designations have been put forward
(Linnaeus 1758; Järvi 1928; Berg 1962; Svärdson 1979; Kottelat
1997), with more than 200 intraspecific forms described
(Reshetnikov 2004). Traditional whitefish taxonomy has
relied on the number of gill-rakers (Himberg 1970) for
assessing systematic relationships. This trait is assumed to
be a reliable marker with high heritability (Svärdson 1970;
Hermida 

 

et al

 

. 2002), and temporal stability, even when
transferred to new environments (Svärdson 1950, 1979;
Sandlund 1992). However, its association with foraging
(e.g. Bergstrand 1982; Amundsen 

 

et al

 

. 2004) suggests that
this trait is also exposed to selection. Moreover, the parallel
occurrence of allopatric and sympatric populations suggests
that morphological species designations may not commen-
surate with evolutionary history (Bernatchez 1995). Indeed,

a previous study by Bernatchez & Dodson (1994) of the lake
whitefish (

 

Coregonus clupeaformis

 

) 

 

×

 

 European whitefish
(

 

C

 

. 

 

lavaretus

 

) complex in their natural range in the Northern
Hemisphere revealed five glacial refugia, and a mismatch
between taxonomic designations and genetic groups. More-
over, 

 

C

 

. 

 

lavaretus

 

 comprised a southern and a northern glacial
refugia in Europe.

In this study, we illuminate the evolutionary history of
the European whitefish species complex by documenting
patterns of variation in mitochondrial DNA (mtDNA) and
gill-raker numbers. We first establish phylogenetic rela-
tionships among mtDNA haplotypes mainly from central
and northern Europe. Second, we use a nested clade analysis
(NCA) (Templeton 

 

et al

 

. 1987, 1992) and mismatch statistics
(Rogers & Harpending 1992) to resolve the demographic
patterns resulting from past isolation and colonization.
Third, we test potential concordance between gill-raker
variation and genetic structure at various levels of temporal
separation. Finally, we test whether operational taxonom-
ical groups based mainly on gill-raker numbers com-
mensurate with phylogeographic patterns in the European
whitefish.

 

Materials and methods

 

Sample collection

 

We sampled 129 populations of 

 

Coregonus lavaretus

 

 (L.)
from 94 geographical sites comprising lakes, rivers and
brackish water, in the natural distribution area in Europe,
including two localities in Siberia, north Russia (Table S1,
Supplementary material). These sampling sites cover a
large part of the natural distributional range of 

 

C

 

. 

 

lavaretus

 

in Europe (Bernatchez & Dodson 1994). Each population
was characterized by geographical coordinates, main river,
migratory habits (stationary or anadromous), and spawning
habitat (lakes, rivers or brackish water), and mean (

 

±

 

 SD)
numbers of gill-rakers (see Table S1). Most counts were
done by ourselves, but for many populations, we relied on
counts from literature, which may introduce some noise
into the data set (Table S1). However, the temporal stability
of gill-rakers justifies this procedure (Svärdson 1979). We
chose to use this single trait as it is heritable, frequently
reported in scientific papers, and influenced by natural
selection in whitefish (Bernatchez 2004). A recent operational
taxonomical grouping of 

 

C

 

. 

 

lavaretus

 

 into several ecological
forms (e.g. CLF = the fera group in Table S1) by Kaukoranta

 

et al

 

. (2000), based on Svärdson’s (1979) study of gill-raker
variation, was tested on our populations (Table S1). In using
this definition, we weighted gill-rakers more than the
spawning habitats when in conflict.

Genetic variation was screened in two mtDNA regions
for 4–30 fish per population (Table S1). We also included 29
lake whitefish 

 

Coregonus clupeaformis

 

 (Mitchill) from North
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America, representing the Missisippian, Atlantic, Acadian
and Beringian glacial refugia for comparison with earlier
studies (Bernatchez & Dodson 1991, 1994). A vendace

 

Coregonus albula

 

 L. from Lake Orrevann, Norway (#107;
Table S1), was used as an outgroup for rooting the internal
relationships in the phylogenetic analysis of whitefish. The
mtDNA material comprised 1341 fish, with 1311 European
whitefish.

 

Single-strand conformation polymorphism analysis and 
mtDNA sequencing

 

Tissue samples were stored in ethanol, and DNA was
extracted using phenol–chloroform (Sambrook 

 

et al

 

. 1989). We
designed primers amplifying a 282-bp region of cytochrome
oxidase 

 

b

 

 (cyt 

 

b

 

), and a 246-bp region of NADH dehydro-
genase subunit 3 (ND3) (Schulz 

 

et al

 

. in press); cyt 

 

b

 

F

 

(CTTCGCCTACGCAATCCTAC)/ cyt 

 

b

 

R

 

 (GGCTCATTCG-
AGGGCTTTAT), ND3

 

F

 

 (CATCACCATCGCACTATCCA)/
ND3

 

R

 

 (CCTCCTTGGGTTCACTCGTA). Polymerase chain
reaction (PCR) was performed in 12.5-

 

µ

 

L reaction volumes
with 25–50 ng genomic DNA, 800 n

 

m

 

 primer, 75 

 

µ

 

m

 

 CTP,
GTP and TTP, 5 

 

µ

 

m

 

 ATP, 0.2 

 

µ

 

Ci 

 

35

 

S-ATP, 1.5 m

 

m

 

 MgCl

 

2

 

,
and 0.25 unit 

 

Taq

 

 polymerase. The PCR cycles were 1 

 

×

 

(3 min at 95 

 

°

 

C), 32 

 

× 

 

(1 min at 95 

 

°

 

C, 45 s at 60 

 

°

 

C, 1 min at
72 

 

°

 

C), 1 

 

× 

 

(10 min at 72 

 

°

 

C).
Prior to the single-strand conformation polymorphism

(SSCP) runs, 5 

 

µ

 

L formamide blue was added to the ampli-
fied products and denatured at 95 

 

°

 

C for 5 min and put on
ice. Products migrated for 16 h at 8 

 

°

 

C for cyt 

 

b

 

 (at 2000 V,
300 mA, 12 W, 0.5

 

×

 

 TBE buffer), and 18 h at 8 

 

°

 

C for ND3
(at 2000 V, 300 mA, 20 W, 1.0

 

×

 

 TBE buffer) on polyacryla-
mide gels [7.0% acrylamide (1 : 49 bisacrylamide : acryla-
mide) +7.2% glycerol]. SSCP conformers were visualized
by autoradiography (Sambrook 

 

et al

 

. 1989). Reference SSCP
patterns were used in each run, and representatives of all
SSCP conformers were run on comparative gels. In order
to insure reliability of the mtDNA-SSCP approach, and to
resolve genetic relationships between different SSCP con-
formations, we sequenced two or more representatives of
all conformers from two or more geographically distant
sites. Here, only one SSCP-conformant harboured more than
one sequence, in which case all individuals with this con-
formant were sequenced. In total, 156 fish were sequenced
for cyt 

 

b

 

 and 199 fish were sequenced for ND3. Sequences
were run on ABI automated sequencers after PCR ampli-
fication in 25-

 

µ

 

L reaction volume (conditions as above), and
purification of PCR products using the QIAGEN purifica-
tion kit. All sequences were aligned in 

 

seqapp

 

 1.9a157 (D.
Gilbert, University of Indiana). The sequences were aligned
to a complete mtDNA sequence of 

 

C

 

. 

 

lavaretus

 

 from Miya &
Nishida (2000; GenBank Accession no. AB034824). Sequences
(with composite coding) are deposited in GenBank,
Accession no: DQ173305–DQ173428.

 

Phylogenetic analysis

 

The best nucleotide substitution model was found in

 

modeltest

 

 3.06 (Posada & Crandall 1998) after initial analysis
in 

 

paup

 

 4.0b10 (Swofford 2001). The TrN + G model (Tamura
& Nei 1993) fitted the data best using the hierarchical
likelihood-ratio test (hLRT). A total of 34 characters were
phylogenetically informative, base frequencies were A =
0.2049, C = 0.3424, G = 0.1647, T = 0.2880, and estimate of
the gamma shape parameter was 0. 1885. We performed a
maximum-likelihood (ML) analysis under heuristic search
in 

 

paup

 

 4.0b10 (Swofford 2001) with 10 random stepwise
addition replicates and tree-bisection–reconnection swapping
(TBR). One hundred bootstrap replicates were run to assess
the statistical support in the tree nodes.

 

Nested clade analysis

 

We first estimated a haplotype network based on mutational
differences for the European whitefish using the program

 

tcs

 

 1.13 (Clement 

 

et al

 

. 2000). Ambiguous loops between
haplotypes were resolved as suggested by Crandall &
Templeton (1993). All haplotypes with less than 12 sub-
stitutions could unambiguously be connected into one single
network at 95% confidence level (Templeton 

 

et al

 

. 1992).
Second, an NCA was performed using the 

 

geodis

 

 version
2.0 program (Posada 

 

et al

 

. 2000). Failure to reject the null
hypothesis of no geographical association of clades, can be
due to inadequate sampling (e.g. gaps) or panmixia (i.e. no
population structure). As these two cannot be differentiated
(Hammer 

 

et al

 

. 1998), biological inference was confined
only to clades with rejected null hypothesis, applying the
inference key of Templeton (1998).

 

Genetic divergence among European whitefish 
populations

 

The net sequence divergence (

 

D

 

A

 

; Nei 1987) and the TrN +
G model in 

 

mega

 

 2.1 (Kumar 

 

et al

 

. 2001) were used for
estimating genetic divergence of populations. We used
evolutionary clocks of 1% and 2% sequence divergence
per million years for timing mtDNA divergence (e.g.
Bermingham 

 

et al

 

. 1997; Bernatchez 2001).

 

Demographic analysis

 

We performed a mismatch analysis (Rogers & Harpending
1992; Rogers 1995) on clades defined by NCA. Under the
sudden expansion model of Rogers & Harpending (1992),
a population at equilibrium with initial effective female
population size 

 

N

 

0

 

 changes its size to 

 

N

 

1

 

 at 

 

τ

 

 units of
mutational time in the past, and the process generates
a mismatch distribution described by 

 

θ

 

0

 

 = 2

 

N

 

0

 

µ

 

 (before
population expansion), 

 

θ

 

1

 

 = 2

 

N

 

1

 

µ

 

 (after expansion) and 

 

τ

 

 =
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µ

 

t

 

 (being the age of expansion). Here, 

 

µ

 

 is the mutation
rate per site per generation, and 

 

t

 

 is the time in number of
generations. For time estimates, we used a mean generation
length of 6 years. The analysis was performed in 

 

dnasp

 

 4.0
(Rozas 

 

et al

 

. 2003). Assumption of neutrality was tested by
Tajima’s 

 

D

 

-test (Tajima 1989a, b). As this test has low statistical
power (Ramos-Onsins & Rozas 2002), we additionally used
the 

 

F value of Fu (1997), and R2 value of Ramos-Onsins &
Rozas (2002), with higher power (depending on N). Since
significant Tajima’s tests may indicate population expansion,
selective sweep or purifying selection against weakly
deleterious variants (Rogers 1995; Excoffier 2004), and as
variances in estimates of timing of the population expansion
are large, results are suggestive only.

Concordance between mtDNA, gill-rakers and 
operational taxonomical groups

To test associations between gill-raker numbers and genetic
structure, we first used a nested anova for partitioning
variation in gill-raker numbers of individual fish (N = 535)
between different mtDNA clade levels. Second, concordance
between evolutionary lineages (defined by 3-step clades),
and operational taxonomical groups was tested by a
chi-squared homogeneity test with significance levels
determined by 10 000 simulations of the exact distribution
of the test statistic under the null hypothesis (computer
program; Steinar Engen, Norwegian University of Science
and Technology, Trondheim). This test was applied to 74
populations belonging to either one of two pure clades
(3-1 and 3-3), and to the total data set (118 populations)
including populations with mixed clades.

To infer mtDNA and gill-raker relationships among
sympatric populations, we constructed a dendrogram using
upgma in mega 2.1 (Kumar et al. 2001) from genetic dis-
tances (DA; Nei 1987) between populations. Populations on
this dendrogram were marked for their 3-step clade levels
(3-1, 3-3 and a mix of 3-1 and 3-3, see Results), reflecting the
oldest event in the genetic hierarchy. From visual contrast
we evaluated intralacustrine polymorphism with regard to
clade assignment.

Results

Sequence variation

SSCP and sequencing revealed a total of 61 mtDNA
haplotypes in the joint sequence of cyt b (282 bp) and ND3
(246 bp) among 1340 whitefish from North America and
Europe (excluding the outgroup) (Tables S1 and S2, Supple-
mentary material). Of these, 55 haplotypes were found
in Coregonus lavaretus in Europe and Asia (the Russian
Republic). Haplotype A1 was found in 68% of all fish, and
only four additional haplotypes had a frequency higher

than 2% (R1 = 10.8%, P1 = 5.2%, C1 = 3.5%, P2 = 2.0%). Of
the remaining haplotypes, 27 were singletons.

Phylogenetic analysis

The intraspecific relationship within the European whitefish
revealed several haplotype groups supported by moderate
bootstrap values (Fig. 1). One group (termed the ‘North
European lineage’) comprised haplotypes (K1 to I1), which
were mainly distributed from the Kola Peninsula through
the Baltic Sea area, but also entering into Denmark and
Alpine lakes. This lineage displayed a starlike phylogeny,
harbouring several closely related singletons, but also more
divergent haplotypes. The A1 haplotype had an extensive
distribution from Yukon (in a fish defined as Coregonus
clupeaformis belonging to the Beringean lineage) to the
European Alps, while other haplotypes, such as C1, were
geographically confined to the Baltic Sea area. Another
group (termed the ‘Siberian lineage’) comprised divergent
haplotypes (L1 to O2) observed only in the two Siberian
populations. The third group (termed the ‘South European
lineage’), which harboured three geographical haplotype
clusters (P1 to R5), was mainly distributed from South
Scandinavia to the central Alpine region. One haplotype
cluster was mainly found in Denmark (P1 to P2), another
in the Baltic Sea area (Q1 to Q3), and a third cluster in the
Alps (R1 to R5). The maximum-likelihood tree (Fig. 1)
also revealed that the European whitefish were separated
from the Beringean and Acadian + Atlantic + Missisippian
mitochondrial lineage in the North American lake whitefish
(Bernatchez & Dodson 1991, 1994).

Nested clade analysis

The minimum-spanning network for European whitefish
gave three 3-step clades, eight 2-step clades, 20 1-step clades
and 55 0-step clades (haplotypes) (Fig. 2). Overall, this
network closely matched the haplotype clustering resolved
in the ML tree (Fig. 1), the main difference being the clustering
of K1–K2 with the Siberian lineage in NCA. Thus, clade 3-
1 was mainly distributed as the ‘North European lineage’
(Figs 1 and 3a). Fish belonging to this clade were also found
throughout the study area from Siberia (e.g. population #2),
to the Alpine lakes (#127), but at low frequencies outside
northern Europe. Although characterized by a high haplo-
type diversity, clade 3-2 was seen only in a few sites along
a line connecting southwest Norway (#108) with Siberia
(#2) through the Baltic Sea area (e.g. #35) (Figs 1 and 3a).
Clade 3-3 was distributed similarly as the ‘South European
lineage’ (Figs 1 and 3a). The Siberian clade harboured high
genetic diversity compared to the North and South European
clades. Contact zones were found between the North and
South European clade (3-1 and 3-3; #84, 93, 105), and between
the North European and Siberian clades (3-1 and 3-2; #1).
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At the 2-step clade level, clade 3-1 comprised clade 2-1
which was the major clade with a distributional range
largely matching clade 3-1 (Fig. 3b), clade 2-3 with haplo-
types (I1 and I2) northeast and northwest of the Baltic

Sea, respectively, and the small clade 2-2 confined to
the Baltic Sea. Clade 3-2 harboured clade 2-5 and 2-6
seen only in Siberia, and clade 2-4 from southwest Norway
to Siberia. Clade 3-3 comprised clade 2-7 from Denmark

Fig. 1 The maximum-likelihood (ML) tree of the two composite mtDNA sequences in Coregonus lavaretus with node support from
100 bootstraps on branches. Geographical distribution of major branches is given. The 1-step nested clades are marked in colour.
Representatives from Coregonus clupeaformis is given with Coregonus albula as the genetic outgroup.
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to Baltic Sea, and clade 2-8 being only seen in the Alp
lakes.

At the 1-step clade level (Fig. 3c), clade 1-1 matched the
distribution of its higher nested clades (2-1 and 3-1). Clades
1-2, 1-3 and 1-6 were only seen in Baltic Sea area. Clade 1-
9 had same distribution as its higher-level clade 3-2. Clades
1-13 and 1-16 were restricted to Siberia. Clade 1-17 was

found in Denmark and Baltic Sea area, while clade 1-18
was seen only in Baltic Sea. Clades 1-19 and 1-20 were
found in European Alp lakes only.

A total of 13 clades significantly differed from a random
geographical distribution, and this group was thus consid-
ered for demographical–spatial inference (Table S3). The
whole nesting hierarchy (4-1) was significant with inference

Fig. 2 The most-parsimonious haplotype
network based on mutational differences
among 55 Coregonus lavaretus composite
mtDNA sequences found in Europe and
the Russian Republic. One mutation links
haplotypes, open circles denote missing
haplotypes in the estimated network.



E V O L U T I O N A R Y  H I S T O R Y  O F  T H E  E U R O P E A N  W H I T E F I S H 4377

© 2005 Blackwell Publishing Ltd, Molecular Ecology, 14, 4371–4387

of past fragmentation (and/or long-distance colonization).
Clade 3-1 had inference of restricted gene flow with isola-
tion by distance, clade 3-2 of contiguous range expansion,
and clade 3-3 allopatric fragmentation. Within clade 3-1,
clade 2-1 had inference of restricted gene flow/dispersal
but with some long-distance dispersal. Within clade 3-3,
clade 2-7 had contiguous range expansion, and clade 2-8
had restricted gene flow with isolation by distance. Within
clade 2-1, clade 1-1 showed restricted gene flow/dispersal
but with some long-distance dispersal, clade 1-3 contiguous
range expansion, and clade 1-6 long-distance colonization.
Within clade 2-3, clade 1-9 had allopatric fragmentation.
Within clade 2-7, clade 1-17 and 1-18 had an inference of
restricted gene flow with isolation by distance. Only clade
1-19 had inconclusive demographic–spatial inference.

Mismatch analysis

Mismatch analysis of the nested clades showed that five
clades had a significantly negative Tajima’s D value (Table 1).
Given the redundancy between clade levels, we only
consider details of 1-step clades. Clade 1-1 (D = −2.145,

P < 0.01), being the main clade in north Fennoscandia,
had an estimated time for demographic expansion roughly
11 700–5800 years before present (bp). Moreover, effective
population size at the onset of expansion was extremely
small (i.e. Ne ∼ 0). Clade 1-19 (D = −1.703, Fu’s FS with
P = 0.007), the main clade found in Alpine lakes, had time
of expansion roughly 24 500–12 300 bp, also with Ne ∼ 0.
Clade 1-11 (D = −0.592, R2-test with P = 0.095), a clade
within Siberian clade 3-2, had demographic expansion
35 600–17 800 bp. Clade 1-18 (D = −1.120, R2-test with P =
0.087), confined to the Baltic Sea area, had demographic
expansion 57 400–28 700 bp, with Ne ∼ 0.

Concordance between mtDNA, gill-rakers and 
operational taxonomical groups

Nested anova of fish with individually scored gill-raker
numbers onto the nested genetical hierarchy gave a
significant association (whole model; R2 = 0.07, N = 535,
P = 0.0097). However, only the haplotype (0-step) level was
significant [3-step (SSQ = 10.4, F = 0.16d.f.=2, P = 0.848), 2-
step (SSQ = 5.3, F = 0.08d.f.=5, P = 0.919), 1-step (SSQ = 68.1,

Fig. 3 Geographical distribution of 129 populations of Coregonus lavaretus partitioned into (a) 3-step clades, (b) 2-step clades, and (c) 1-step
clades.
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F = 0.43d.f.=5, P = 0.826), 0-step (SSQ = 700.4, F = 1.92d.f.=11,
P = 0.025)].

A frequency distribution of gill-raker numbers shows
that most whitefish in the North European clade (3-1),
belong to a single haplotype (A), and encompass all of the
variation in gill-raker numbers seen among the two other
major clades (Fig. 4).

In those populations that could be assigned to the
operational taxonomical groups of Kaukoranta et al. (2000)
(Table S1), no significant association was found between
taxonomical groups and pure 3-step clades (χ2 = 4.75; d.f. =
4; P = 0.275) or between these groups and a combination of
pure and mixed 3-step clades (χ2 = 16.74; d.f. = 16; P = 0.354).

Small genetic distances were seen between sympatric
whitefish populations, in north and south European lakes
(Fig. 5). No distinct genetic clusters of populations with
similar gill-raker means were evident. Sympatric popula-
tions occurred in lakes with one clade only (either 3-1 or
3-3), and in lakes having admixtures of these clades. The
largest difference in gill-raker mean values between sym-
patric populations was found in lakes having a single 3-
step clade (e.g. #69 vs. #73 in Lake Femund, and #17 vs. #19
in Lake Muddusjärvi).

Discussion

Glacial refugia and early dispersal

The European whitefish species complex comprises three
major mtDNA clades, where the total NCA structure
suggested a history of past fragmentation, with restricted
gene flow with isolation by distance, contiguous range
expansion, and allopatric fragmentation being explanations
for its 3-step clades. This corroborates that the current
distribution of the north and south European clade was
largely covered with ice prior to c. 20 000 bp, while huge
ice-free areas existed east of the Scandinavian ice sheet and
surrounding the glaciated European Alps (Andersen & Borns
1994; Donner 1995). Our results are largely in agreement with
the hypothesis of two main glacial refugia in the European
whitefish based on an mtDNA-RFLP (mtDNA-restriction
fragment length polymorphism) analysis (Bernatchez &
Dodson 1994). The few samples from the Russian Republic
imply that the whitefish phylogeography from this area
cannot be well resolved.

We suggest that the North European clade (3-1) had a
glacial refugium to the northeast of the current distribution

Table 1 Pairwise sequence divergence statistics (mismatch analysis) based on frequency of haplotypes in Coregonus lavaretus clades
identified by the nested clade analysis. The number of sequences (N), polymorphic sites (S), mean number of pairwise differences (k),
mutational time since demographic expansion (τ), and the mutation parameter (theta) as observed and prior to (theta0) expansion.
Ri, Harpending’s raggedness index. Only clades with a significant (or marginally significant P < 0.10) negative value under Tajima’s D-test
(or R2 or Fu’s test) are given estimates for time and effective population (Ne) size at expansions by 1–2% sequence divergence per million
years. *P < 0.05, **P < 0.01, and ***P < 0.001
 

 

Clade N S k Tau (τ) Theta obs. Theta0 Ri Tajima’s D
Time since 
expansion Ne

4-1 1300 56 2.857 0 7.229 3.023 0.153 −1.595 ** 0–0 95 063–47 531
3-1 989 33 0.271 0 4.416 0.280 0.384 −2.373 *** 0–0  8805–4403
3-2 31 12 2.994 0.735 3.004 2.258 0.120 −0.011 NS — —
3-3 280 17 1.502 1.255 2.737 0.247 0.103 −1.136 NS — —
2-1 965 27 0.219 0 3.625 0.240 0.466 −2.311 ** 0–0  7547–3774
2-2 3 3 2.000 1.000 2.000 1.000 1.000 — — —
2-3 22 3 0.667 0.667 0.823 0 0.164 −0.491 NS — —
2-5 5 3 1.500 1.500 1.636 0 0.083 −0.754 NS — —
2-6 6 2 0.933 0.933 0.876 0 0.222 0.311 NS — —
2-7 126 8 0.834 0.834 1.479 0 0.144 −1.022 NS — —
2-8 154 7 0.180 0.001 1.248 0.180 0.542 −1.883 * 189–94  5660–2830
1-1 901 15 0.062 0.062 2.032 0 0.775 −2.145 ** 11 698–5849  0–0
1-2 5 1 0.400 0.400 0.480 0 0.200 −0.817 NS — —
1-3 48 1 0.042 0.042 0.225 0 0.842 −1.107 NS — —
1-6 9 2 0.944 0.944 0.736 0 0.176 0.975 NS — —
1-9 20 1 0.442 0.442 0.282 0 0.209 1.026 NS — —
1-11 20 1 0.189 0.189 0.282 0 0.422 −0.592 NS1 35 660–17 830  0–0
1-15 4 1 0.667 0.667 0.545 0 0.556 1.633 NS — —
1-17 107 5 0.603 0.603 0.953 0 0.164 −0.773 NS — —
1-18 19 2 0.304 0.304 0.572 0 0.255 −1.120 NS2 57 358–28 679  0–0
1-19 152 5 0.130 0.130 0.893 0 0.576 −1.703 NS3 24 528–12 264  0–0

(1) The more powerful R2 test of Ramos-Onsins & Rozas (2002) gave a marginally significant value P = 0.095. (2) The R2 test gave a 
marginally significant value P = 0.087. (3) The more powerful test using Fu (1997) FS statistics gave a significant value P = 0.007.
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area in ice lakes on the western side of the Ural mountain
ridge. Here, reversion of the water flow at c. 90 000 bp, created
the Komi Ice Lake (2400 km2) and the connected White Sea
Ice Lake (15 000 km2) (Svendsen et al. 1999; Mangerud et al.
2001a, b). Presence of whitefish in Pechora (Pymva Shor)
is documented by retrieval of Coregonus spp. remains dated
13 000–11 000 bp (A.K. Hufthammer, Museum of Zoology,
University of Bergen, Norway, personal communication).
Early dispersal likely took place through the outlets of these
ice lakes for long time periods towards Lake Onega and
to the dislocated freshwater Baltic Sea (Maslenikova &
Mangerud 2001; Mangerud et al. 2004). The demographic
inference of the North European clade is in agreement with
such a refugial occupation and dispersal pattern.

The glacial refugia for the Siberian clade (3-2) was likely
on the eastern side of the Ural, in the huge West Siberian
ice lake (15 000 km2) formed at the same time as the Lake
Komi and White Sea ice lakes (Svendsen et al. 1999;
Mangerud et al. 2001a, b). The high genetic diversity, and
large number of endemic haplotypes, largely lacking in
Europe, suggests a large historical effective population

size, and low gene flow with the North European (3-1) and
the South European clades (3-3). The ice-free areas in
Siberia, and eastwards, are likely candidates for speciation
hotspots in coregonids (Smith 1957; Politov et al. 2004;
Sukhanova et al. 2004). A further connection westwards
was possible, with a likely transgression north of the Ural,
then via the Tsilma Pass in the Timan Ridge (Mangerud
et al. 2004), following the above-mentioned dispersal
route. Demographic inference is concordant with these
scenarios.

The South European clade (3-3) probably had its glacial
refugia south of 53°N, which matches the maximum south-
ward extension of Saalian glaciation (180 000–130 000 bp).
Fish remains (salmonids, percids and cyprinids) from
central European rivers (Oder, Elbe, Weser and Rhine)
document long-term occupation from the Eemian inter-
glacial (125 000 bp), and older, to late Pleistocene (Böhme 1997;
Torke 1998). The Rhine and Elbe River were likely dispersal
routes towards the Alps and Denmark after deglaciation
20 000 bp (e.g. Hansen et al. 1999). The demographic infer-
ence is concordant with glacial refugia in this area.

Fig. 4 The distribution of gill-raker numbers
in Coregonus lavaretus grouped into the
three observed major nested clades (N is
number of: F, fish; P, populations; L, lakes;
H, haplotypes). Following haplotypes were
applicable; clade 3-3 (P1, P2, Q1, R1, R4, R6),
clade 3-2 (K1), clade 3-1 (A1, A3, A6, A7, A9,
A10, B1, B2, C1, F1, I1, I2, J1).
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Colonization of the Baltic Sea area from the northeast

The understanding of how European whitefish was sub-
sequently distributed in Fennoscandia is closely related to
the dynamics of the Baltic Sea (Björck 1995; Donner 1995).
Remains of C. lavaretus in the southern Baltic Sea have been
dated to 10 500 bp (K. A. Sørensen, Zoological Department,
University of Copenhagen, Denmark, personal communi-
cation). Whitefish could have colonized the Baltic Sea area
through the early drainages (prior to 40 000 bp) of the huge

ice lakes (Mangerud et al. 2004) to the dislocated pre-Baltic
ice lake 100 000–25 000 bp (Houmark-Nielsen 1989). A later
colonization route likely commenced through a temporal-
stepwise connection from the White Sea via Lake Onega-
Ladoga to the Baltic Sea (Saarnisto et al. 1995). However,
Sendek (2004) suggests that whitefish in Lake Ladoga did
not originate from the White Sea. Haplotypes (A1, A2, K1,
K2) in the River Dvina (#3) and Lake Kubenskoye (#4)
could potentially represent an ancestral population from
the Komi Ice lake, and therefore a contact zone of the North

Fig. 5 The upgma tree from genetic distances (DA) between sympatric populations of Coregonus lavaretus. Fifty-five populations (20 lakes)
are compared using mean gill-raker numbers (± SD). Colours signify 3-step clades. Sympatric populations are enclosed within boxes, or
marked using symbols.
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European and Siberian clades. The high frequency of the
K1 haplotype (but also the A1 haplotype) in southwest
Norway (#108), but a low frequency in the Baltic Sea, could
suggest an early occurrence in, e.g. the Dogger Ice Lake
25 000–20 000 bp (Houmark-Nielsen 1989; Andersen &
Borns 1994; Verhart 1995). Whitefish may even have used
the early meltwater drainages after 17 000–15 000 bp for
dispersal through the southern Peribaltic area toward central
Poland and via ‘Urstromtaler’ to the Elbe River (Mangerud
et al. 2004). Also, introgressed Coregonus sardinella mtDNA
sequences in Coregonus albula in northern Germany, supports
an early and long range dispersal event from Siberia (Schulz
et al. in press). Demographic inference of the North
European clade (clade 1-1 being its major component) is
in line with such a scenario, with demographic expansion
11 700–5800 bp, corresponding with the development of
the Baltic ice lake around 13 000–10 000 bp, and also the
later stages of the Baltic Sea.

Colonization of the Baltic Sea area from the southwest

The contact zone between the north and south European
clade matches remarkably well with the maximum extent
of the Weichselian ice sheet 20 000 bp (Andersen & Borns
1994; Donner 1995), suggesting the latter clade colonized
the Baltic Sea later. Several early to late Weichselian
freshwater lakes have been discovered in Denmark west
of the glacial maximum (Houmark-Nielsen 1995), where
C. lavaretus was dated in a lake 13 000 bp (Aaris-Sørensen
1995). The North Sea Continent (Verhart 1995) could also
hold whitefish in, e.g. Lough Hibernia (Maitland 1970),
Dogger Lake (Svärdson 1998), and Kattegat Ice Lake
(17 000–10 000 bp) (Houmark-Nielsen 1989). At 10 300 bp,
the Baltic ice lake burst into the Kattegat-Skagerrak area
(Björck 1995) with a massive outflow north- and westwards
along the Norwegian coast, where narrow passages in the
North Sea Continent concentrated freshwater in the surface
layer (Stabell & Thiede 1986; Jiang et al. 1998). At this stage,
whitefish could colonize coastal areas in Denmark, Sweden,
and Norway (may be reaching Lake Liavann #108). During
the marine influx 10 300–9500 bp in the Yoldia Sea stage,
or in the Ancylus Lake stage 9500–8000 bp, whitefish in
Denmark, or from the ice lakes, could have colonized
northwards along the ice-margin (Lagerlund & Houmark-
Nielsen 1993). An earlier possible connection between the
Baltic ice lake and the Kattegat could have occurred 12 000
bp (Björck 1995), likely used by few immigrants. The south
European clade transgressed widely into the Baltic Sea,
with colonization of the adjacent lowland reaching Lake
Onega and Ladoga (but see also Sendek 2004). Demographic
inference suggests that clade 1-18 which originated from
the Danish clade 1-17, had a demographic expansion
57 500–28 000 bp. This suggests an expansion in the North
Sea Continent, or more south (likely in an ice lake), and thus,

geographical segregation of clades 1-17 and 1-18 prior to
the Baltic Sea colonizations.

Colonization of the central European Alpine lakes

During or prior to the collapse of the Baltic ice lake,
whitefish from the North European clade was possibly
flushed out and/or could migrate to Denmark, meeting
the south European clade either through the coastal areas
or through early meltwater drainages via the southern
Peribaltic area (see Björck 1995; Mangerud et al. 2004).
Whitefish from these clades could then have used the Elbe,
which drained to the west coast of Denmark, and the Rhine
River further south to enter Alpine lakes. Hansen et al. (1999),
based on an mtDNA survey, suggested that whitefish
colonized Denmark through the large Elbe River system.
We suggest that the southern clade was the first to colonize
the Alps due to its high frequency and distribution in all lakes
of this area, which are also closer to a southern refugium.
A demographic expansion was estimated at 24 500–12 300
bp for clade 1-19, coinciding well with the retreat of the
late Weichselian Ice in the Alps from 20 000 bp (Anderson
& Borns 1994). Böhme (1997) refers to Coregonus sp. dating
11 000–10 000 bp in the River Rhine area close to Köln,
which demonstrates the early presence of whitefish in that
watercourse.

Phylogeographic inference compared with other 
freshwater fishes

Phylogeographic studies of European freshwater fishes are
rapidly accumulating, with species showing similarities
and differences with the patterns seen in European whitefish.
In the Eurasian perch Perca fluviatilis L., Nesbø et al. (1999)
found three mtDNA clades in northeast, southwest, and
southeastern Europe. The first two clades match our North
and South European whitefish clades. These are replicated
in mtDNA lineages in the European grayling Thymallus
thymallus L. (Koskinen et al. 2000). More genetic groups and
clades in central European grayling have been observed
(Weiss et al. 2002; Gum et al. 2005). Van Houdt et al. (2003)
and Kontula & Väinölä (2001) studying burbot Lota lota
L. and bullhead Cottus gobio L. found remarkably similar
mtDNA lineages with those in perch and grayling
(Koskinen et al. 2000), including the North and South
European clades as seen in whitefish. In a global survey of
burbot, Van Houdt et al. (2005) also found an Eurasian clade
extending from central and north Europe to Lake Baikal, a
pattern which could bear resemblance to our Siberian
whitefish clade. More genetic groups and clades in bullhead
were resolved in central Europe (Engelbrecht et al. 2000;
Volckaert et al. 2002). North of the European Alps, Bernatchez
(2001) mainly observed two mtDNA clades in the brown
trout Salmo trutta L., again one clade in the southwest and
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another in the northeast. Even in anadromous Atlantic salmon
Salmo salar L., a northeast and southwest dichotomy are
inferred in allozymes (Koljonen et al. 1999), but with a less
consistent pattern in mtDNA (Nilsson et al. 2001).

With regards to NCA and historical demography, few
studies exist in north European fish. In perch, past frag-
mentation into glacial refugia was inferred, while contigu-
ous range expansion was the main force behind mtDNA
haplotype distribution at lower clades, but also with
restricted gene flow due to isolation by distance (Nesbø
et al. 1999). The starlike phylogeny at lower clades in perch
was also seen in lower clades in whitefish. The brown trout
had past fragmentation as main historical factor, but with
contiguous range expansion, and restricted gene flow at
lower levels (Bernatchez 2001). The grayling had past frag-
mentation and range expansion as main historical events,
and restricted gene flow (Weiss et al. 2002; Gum et al. 2005).
Van Houdt et al. (2005) suggested that a range expansion
could explain mtDNA diversity in burbot in Eurasia. In
whitefish, all these demographic inferences are suggested
along with long-distance colonization. The Atlantic lineage in
brown trout had demographic expansion at 26 800–13 400 bp
(Bernatchez 2001), being similar to demographic expansions
of whitefish in this area.

The repeated phylogeographic pattern of these species is
clearly associated with the maximum ice coverage, and the
occupation of similar glacial refugia. Subsequent dispersal
and secondary contact zones of genetic groups are prob-
ably species-specific due to differences in migration ability
and environmental tolerance. Future attempts to localize
multiple-species glacial refugia should take into consider-
ation the dynamics of glacial refugia in time and space.

Operational taxonomical groups within the C. lavaretus 
species complex

The most ancient mtDNA clades (3-step) were not associated
with operational taxa based on gill-rakers. This lack of
congruence in genetic and phenotypic patterns questions
the validity of gill-raker numbers for taxonomic designations
in the C. lavaretus species complex. The use of gill-raker
numbers may be valuable for identifying ecological
distinctiveness and differentiation for practical and local
management (Kaukoranta et al. 2000). The naming of such
groups by trinominal Latin names, should however, be
abandoned.

Gill-rakers, were significantly related to haplotype vari-
ation within lower-level clades, albeit with a very low
degree of explained variation (R2) in the nested model.
This nesting of individual gill-raker phenotypes upon the
NCA-hierarchy revealed a lack of associated demographic
fragmentation events. This implies that the observed
phenotypic diversification in formerly glaciated areas is of
recent origin. Indeed, the observation that the most wide-

spread single haplotype (A1) encompasses the variation in
gill-raker numbers seen among all the other haplotypes
(Fig. 5) suggests it may reflect adaptive radiation during
colonization into unoccupied habitats.

Our results support Bernatchez & Dodson (1994) who
found no clear association between population genetic
clustering and traditional taxonomic designations in a
global phylogeny of the joint C. clupeaformis × C. lavaretus
species complex using mtDNA-RFLP. Lack of concordance
was also suggested for the North Sea Houting Coregonus
oxyrhynchus compared to other European whitefish in
Denmark (Hansen et al. 1999). Also, allozyme patterns are
not highly concordant with traditional taxonomy in Eura-
sian coregonid species, albeit with exceptions (Ferguson
et al. 1978; Politov et al. 1999; Sendek 1999, 2004).

Svärdson (1957, 1979, 1998), hypothesized the occur-
rence of five whitefish species in Fennoscandia based on
morphology and distribution. Four species were suggested
to have colonized Fennoscandia from the northeast via
pro-glacial lakes, while a fifth anadromous species came
from southwest of the Baltic Sea. Our results corroborate
Svärdson’s suggestion for colonization from northeast and
southwest of the Baltic Sea area, but give no support for
five species. Svärdson (1998) further suggested that these
five species evolved in allopatry, but retained capacity to
produce fertile offspring via hybridization. He also stressed
the importance of reticulate evolution, and viewed intro-
gressed populations as incipient species where new
adaptive gene variants could generate species flocks. Such
processes should produce intermediate phenotypes (e.g.
Voloshenko 1973; Pethon 1974), and would blur their evo-
lutionary history as assessed with mtDNA and morpho-
logy, because maternally inherited genomes would become
decoupled from the nuclear genome and from polygenic
traits such as gill-raker numbers (e.g. Turgeon & Bernatchez
2003; Seehausen 2004).

The four morphs in Lake Femund (# 68–78, Fig. 5), were
considered allopatrically evolved species by Svärdson (1979,
1998; personal communication). However, a microsatellite
comparison of these morphs with populations along
potential routes of immigration into Lake Femund, revealed
an intralacustrine origin of the morphotypic diversification
(Østbye et al. 2005), which is supported by their minimal
mtDNA diversity. Also, in other Norwegian lakes (#10–13,
22–27, Fig. 5), morphologically similar pairs of whitefish
seem to have originated independently based on micro-
satellite data, mtDNA and life history (Østbye et al., unpub-
lished). Similar results were found by Douglas et al. (1999),
who suggested that sympatric whitefish in European Alps
likely were intralacustrine species flocks.

Our results suggest that sympatric populations may
result from adaptive radiation within a single clade, and
occasionally from secondary contact between clades, as
suggested for lake whitefish (Bernatchez 2004). Repeated
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evolution of similar phenotypes is most likely driven by
divergent selection, which could be a general phenomenon
throughout the species’ range. In such a case, gill-raker
diversity may reflect an ancient liability towards euryphagy
in opportunistic whitefish colonizing areas with few com-
petitors and predators. Coupled with the diverse spawning
sites and timing, a postglacial adaptive diversification could
be rather fast. A polyphyletic origin of morphs has been
shown in lake whitefish (Bodaly et al. 1992; Lu et al. 2001),
in ciscoes Coregonus artedii complex (Turgeon & Bernatchez
2003), and other members of the subgenus Leucichthys
(Bernatchez & Dodson 1991; Politov et al. 2004). Thus, parallel
events of diversification by natural selection into ecological
niches appears to be a general mechanism for explaining
diversity in European whitefish and other freshwater
fishes in northern environments (Robinson & Wilson 1994;
Amundsen et al. 2004; Campbell & Bernatchez 2004;
Kahilainen et al. 2004; Rogers & Bernatchez 2005).
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Table S1 Coregonus lavaretus population information of geographical
coordinates (map code refers to Fig. 3, latitude and longitude in
north and east), ecological characteristics (living habitat in lake,
river or brackish water, and stationary or anadromous migration,
where spawning habitat are denoted as: * river spawning; #
brackish water spawning; and $ known lake spawning), genetic
data (haplotype distribution), and meristic data (gill-raker mean ±
SD). §, long nose. NmtDNA, Nh and NGR denote number of analysed
fish in mtDNA-SSCP, observed haplotypes, and numbers used to
calculate gill-raker means. Parenthesis under SD is gill-raker range.
In the last column operational taxonomical group designations of
C. lavaretus are given, based on Kaukoranta et al. (2000). The North
American Coregonus clupeaformis material are summarized in the
first footnote. The samples collector and sources for gill-raker counts
and tissue are given in footnote using map code #. ‘–’ denotes
missing data.

Table S2 The composite mitochondrial DNA sequences (left
panel: 282 bp of cyt b, and right panel: 246 bp of ND3) in North
American (Coregonus clupeaformis) and European (Coregonus lavaretus)

whitefish. The vendace, Coregonus albula is used as outgroup. The
most frequent haplotype (A1) is used as a base for aligning
sequences, where the number given over variable nucleotide sites
is comparable to the sequence of C. lavaretus in Myia & Nishida
(2000). Haplotype positions in increasing nested clade levels are
given in the first four columns as follows; 0-step (i.e. haplotypes),
1-step, 2-step and 3-step clades.

Table S3 Nested clade inference based on 55 mtDNA sequences
in Coregonus lavaretus. Sequences are ordered in an increasing
nested hierarchical level from left to right (0-step to 3-step clades).
The statistically significant patterns were interpreted using the
inference key at http://darwin.uvigo.es/. Dc, clade distance; Dn,
nested clade distance, I-T, interior-tip distance, Nc, not calculated
(singletons), L (S) denotes significantly large (small) Dc or Dn. Grey
boxes are internal haplotypes or clades. Inference chains given
under significant clades (in bold) are RGF-LDD, restricted gene
flow/dispersal but with some long distance dispersal; CRE,
contiguous range expansion; LDC, long-distance colonization
(perhaps associated with recent fragmentation); AFR, allopatric
fragmentation; RFG-IBD, restricted gene flow with isolation by
distance; INO, inconclusive outcome; and PFR, past fragmentation
(and/or long-distance colonization).
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