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ABSTRACT

Lake Femund, Norway, contains several sympatric ecotypes of whitefish, Coregonus lavaretus L. Deepwater whitefish, river
whitefish, and shallow water whitefish can be easily distinguished by spawning habitat and gillraker number. Variation in morpho-
logical and ecological characters and allozyme loci from 11 different spawning sites was analysed to compare the ecological poly-
morphism with possible genetic sub-structuring of whitefish in the lake. Of the individual morphological and ecological characters,
gillraker number best separated the spawning populations, followed by body length. In a hierarchical cluster analysis based on gill-
raker number, body length and age of fish, the four deepwater sites grouped together as well as the three samples from, or closely
related to, inlet rivers. The shallow water sites, however, were more dispersed. In the allozyme analysis, nine of the 38 enzyme loci
were polymorphic at the 0.95 level. The amount of genetic variation was quite similar among localities with H,y, = 0.046 - 0.066.
Allele frequencies differed significantly among localities at all polymorphic loci indicating distinct reproductive isolation between
spawning sites. A consensus tree based on genetic distances grouped samples according to spawning depth and trophic morphology
rather than regional proximity. All deepwater spawners grouped together with rather high support while geographically adjacent
samples differing by their morphology or behaviour were dispersed. The patterns of differentiation based on allozyme variation and
morphology are not fully concordant, but still the association between genetic differentiation and morphological and life history
variables was highly significant. Thus, the morphological differences are not due to phenotypic plasticity within single spawning
populations as is commonly seen in many other fish species. The possible evolutionary origins of reproductively isolated whitefish
forms are discussed. The relatively close association between differences in gillraker counts and genetic difference indicates that the

present management of Femund whitefish stocks based on gillraker counts is sensible.
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1. INTRODUCTION

North temperate salmonid fishes are known to oc-
cur as sympatric forms, differing in their morphology
and life history characters. At least a part of this diver-
sity has evolved after the last glaciation (Bernatchez et
al. 1999; Hansen et al. 1999). Due to their short evo-
lutionary history, these sympatric forms represent a
potential to study speciation in its early stages (Ber-
natchez & Wilson 1998; Bernatchez 2004). Usually
sympatric forms occur as "species pairs" but in some
cases four to six sympatric forms can be distinguished
(Sandlund et al. 1992; Schluter 1996; Turgeon et al.
1999; Sendek 2004).

Three evolutionary non-exclusive scenarios have
been proposed to explain this diversity. Firstly, the
forms may simply represent phenotypic plasticity
within single spawning population. Phenotypic differ-
entiation may arise in response to variable feeding en-
vironments during ontogeny (Hindar & Jonsson 1993;
Skulason & Smith 1995). Secondly, the forms may
also have diverged in allopatry, subsequently invading
the same lake. After double or multiple invasions the
forms have been able to maintain their differences
(Svérdson 1979; Hindar 1994; Bernatchez et al. 1996).

The third scenario is that the forms have developed in
sympatry, as has been documented in other species
(Hindar & Jonsson 1993; Taylor & Bentzen 1993;
Schluter 1996; Lu & Bernatchez 1999; Saint-Laurent
et al. 2003). It has been argued that competition could
be the diversifying force through which character re-
lease can lead to differentiation in the absence of other
closely related species (Robinson & Wilson 1994;
Bernatchez et al. 1999).

Genetic differentiation among sympatric popula-
tions has been documented in many salmonid species,
for example in Arctic charr Salvelinus alpinus (L.)
(Hindar et al. 1986; Magnusson & Ferguson 1987),
brown trout Salmo trutta L. (Ryman et al. 1979; Fer-
guson & Taggart 1991), Atlantic salmon Salmo salar
L. (Claytor & Verspoor 1991; Birt et al. 1991), and
lake whitefish Coregonus clupeaformis (Mitchill)
(Kirkpatrick & Selander 1979; Bodaly et al. 1992;
Vuorinen et al. 1993; Bernatchez et al. 1996; Ber-
natchez et al. 1999).

In whitefish (Coregonus lavaretus L.), several
sympatric forms are often recognized, and manage-
ment and exploitation is often based on the characteri-
zation of forms based on the number of gillrakers
(Svirdson 1979; Sandlund & Neesje 1989; Sandlund et
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al. 2002). Although this species is known to often
utilize many different spawning environments within
lakes, the specific population structure underlying the
distribution of gillraker counts within lakes has rarely
been analyzed.

The aim of the present paper is to analyze the ge-
netic differentiation among different spawning popu-
lations of whitefish in Lake Femund, southeastern
Norway, and to compare the genetic differences with
differences in gillraker counts and spawning site envi-
ronments. The results will be discussed in relation to
possible evolutionary origins of the whitefish forms,
and in relation to management of the whitefish of the
lake.

2. STUDY AREA

Lake Femund (662 m a.s.l., 62° 0' N 11° 55' E) is
the second largest natural lake in Norway with a sur-
face area of 204 km? (Fig. 1). It has two main basins
with maximum depths of 134 and 90 meters, respec-
tively. However, more than half of the lake is less than
20 m due to large shallow bays. Lake Femund is the
uppermost major lake in the catchment area of Klara
River, which drains southeast into Lake Vinern in
Sweden. The lake is ultraoligotrophic. Levik & Kjell-
berg (1982) and Sandlund & Nesje (1989) give more
detailed information on the lake.

In addition to whitefish, there are seven other fish
species in Lake Femund: Arctic charr (Salvelinus
alpinus (L.)), brown trout (Salmo trutta L.), grayling
(Thymallus thymallus (L.)), pike (Esox lucius L.),
perch (Perca fluviatilis L.), burbot (Lota lota (L.)), and
minnow (Phoxinus phoxinus (L.)). There have been no
fish introductions into the lake. Traditionally, the ex-
ploitation of fish has been low and focused on white-
fish, Arctic charr, brown trout and pike (Sandlund
1986). In 1981 a commercial whitefish fishery was
initiated by local communities and a close monitoring
of the fish populations was started (Sandlund & Nasje
1989; Neasje et al. 1992; Sandlund et al. 2004). The
yearly catches of whitefish have varied from 22 to less
than 10 metric tons (Ugedal et al. 2002).

Based on body size and spawning sites, local fish-
ermen have recognized up to six whitefish forms in
Lake Femund (Sandlund & Nasje 1986). The white-
fish population in the lake has earlier been studied by
Sviardson (1979), and based on gillraker numbers he
differentiated only three forms. These forms were in
accordance with his species definitions of "sandsik"
with 26-29 gillrakers and adult body size up to 40 cm,
"planktonsik" with 43-47 gillrakers and adult body
size from 40 to 55 cm, and "blasik" with 32-38 gillrak-
ers and adult body size from 35 to 45 cm. Gillraker
distribution from survey and commercial net catches
confirmed his observation of a trimodal distribution
(Fig. 2). Based on gillraker number and spawning
habitat, three forms of whitefish have been defined for
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management purposes (Tab. 1). Deepwater whitefish
(D) have a modal gillraker number of 28 and spawning
grounds are deeper than 30 m, river whitefish (R) have
a modal gillraker count of 36 and they spawn in inlet
rivers and in or close to the mouth of the outlet river.
Shallow water whitefish (S) have the highest gillraker
count with a mode of 43. They spawn at depths of 2 - 5
m. When we group the fish this way, the forms differ
clearly by their growth and age at sexual maturity
(Neesje et al. 1998). Nevertheless, the length variation
of sexually mature fish indicates that the groups based
on gillraker counts are not homogeneous.

Fig. 1. The location of Lake Femund with the 11 spawning
sites where whitefish were sampled. See also table 2.

3. METHODS
3.1. Collection of samples

In 1987 and 1988, 624 adult whitefish were ob-
tained from 11 spawning sites throughout Lake Fe-
mund (Fig. 1, Tab. 2). The selection of sampling sites
was based on the size of the spawning fish as well as
on the physical environment of the site.
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Fig. 2. Frequency distribution of gillraker counts among 8955 mature whitefish from survey and commercial net catches. D, R, and S
whitefish indicate the modal gillraker numbers of the whitefish forms (cf. table 1).

Tab. 1. Characteristics of whitefish forms in Lake Femund. The forms are defined based on the three-
modal distribution of gillraker counts among mature fish caught in survey nets (see Fig. 2). Van
Bertallanfy growth parameters are from Sandlund & Neasje (1989).

Deepwater whitefish (D) River whitefish (R) Shallow water whitefish (S)

Modal gillraker count 28 36 43

Range 23-33 34-40 41-50
Length of mature fish (cm)

Mean 30.7 33.8 35.6

Range 20.4-46.0 21.0-45.5 21.4-47.5
van Bertallanfy growth parameters

L (cm) 322 38.3 40.5

k (Brody's growth coeft.) 0.39 0.26 0.26

to 2.10 0.42 -0.77

Tab. 2. Spawning habitat, depth of spawning and spawning time of whitefish in Lake Femund in 1987 and
1988. For reference of spawning site no. see Figure 1. Ecotype is the a priori grouping according to
spawning habitat, depth and time (see text).

Site no. Name Spawning habitat ~ Depth (m)  Spawning time Ecotype No of fish sampled
1 Joneset lake 35 November I 42
2 Hullet lake 60 November 1 60
3 Storvika lake 30-40 November I 49
4 Vestfjorden lake 30 November 1 61
5 Femundsvika lake 2-5 November 11 53
6 Hallsteinvika lake 4-5 November 11 37
7 Kvernvika lake 2-4 October 11 78
8 Tufsinga inlet river 0.5-2 October 111 91
9 Tjennan lake/river delta 2-4 October 1 60
10 Sorkelva inlet river 0.5-2 October 1 40
11 Glotfossen lake/river outlet 2-5 October 1 77
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Four of the locations (1 to 4) were in deep water
(>30 m depth), three (5, 6, and 7) were in shallow
water in the lake (<10 m depth), two were in inlet
rivers (8 and 10), and one site was next to the outlet
river (11). Location no. 9 in shallow water was in the
delta formed by the inlet River Tufsinga, where
spawning site 8 was situated. For subsequent analyses
populations were grouped a priori into three ecotypes
based on the spawning habitat, depth and time (for
details, see table 2). Ecotype I (sites 1-4) spawns in
over 30 m depth, ecotype II (sites 5-7) spawns at 2 — 5
m depth in the lake, and ecotype III (sites 8-11)
spawns at 0.5 — 5 m depth in or close to rivers. The
ecotypes correspond roughly to the grouping applied in
management (cf. Fig. 2 and Tab. 1).

During September-December spawning whitefish
were sampled with gillnets with 8 mesh sizes varying
from 19 to 52 mm. Only fish with running sex prod-
ucts or fish which had been spawning just before their
capture were included in the analyses. Sample sizes
varied from 37 to 91 fish (Tab. 2). The total body
length of each fish was measured. Gillrakers were
counted from the anterior left gill arch. Fish were aged
from otoliths, which were burned, broken and read un-
der a stereo microscope (Skurdal et al. 1985). In addi-
tion, sex and sexual maturity were recorded.

3.2. Morphological and ecological analyses

Two morphological characters (mean gillraker
number, mean length) and mean age of the fish
samples from the 11 spawning populations were ana-
lysed by means of the hierarchical cluster analysis of
the SPSS 8.0.1 software package. Depth and month of
spawning were also included in a separate analysis.
The variables were standardized by the z-scores func-
tion, squared Euclidian distances were calculated for
pairs of populations, and the populations combined
through stepwise clustering. The results are presented
as a dendrogram.

3.3. Allozyme analysis

Whole frozen whitefish were transported to Joen-
suu, Finland, where they were stored at —20 °C for a
maximum of four months. Allozyme electrophoresis
was used to study genetic variation within and between
11 spawning sites. Laboratory techniques are detailed
in Vuorinen (1984) and Bodaly ef al. (1991). The
products of 38 allozyme loci were resolved from mus-
cle, liver or eye tissue. The loci listed in Bodaly et al.
(1991) were augmented with a malate dehydrogenase
locus (mMDH¥*) from muscle. Isozyme banding pat-
terns and their genetic interpretations were described
in Vuorinen (1984) and Vuorinen & Piironen (1984).
The equivalence between the former nomenclature and
the current standard for fish (Shaklee et al. 1990) was
given in Bodaly et al. (1991). At most loci the corre-
spondence between a particular phenotype to only one
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genotype is obvious and allozyme frequencies were
estimated from genotype counts. This was not possible
for the duplicated isoloci, which are common to all
salmonids as a result of their tetraploid ancestry. The
isoloci share alleles with identical electrophoretic mo-
bility and there is no direct way to assign the variation
to a particular locus of the pair. At s447-1,2* and
SMDH-A1,2* the variation was scarce and explicable
by only one variable locus. According to a conserva-
tive approach all allelic variation was therefore as-
signed to one locus. For the highly variable sMDH
B1,2* isoloci, allele frequencies were individually es-
timated for both loci by using the maximum likelihood
approach of Waples (1988).

Two genetic variability measures were calculated:
average heterozygosity (Hey,) based on Hardy-
Weinberg expectations, and percentage of polymor-
phic loci using 95% criterion, i.e. a locus was consid-
ered polymorphic if the frequency of the most com-
mon allele did not exceed 0.95 (P95 crit)-

To test for random mating within each spawning
site, possible departures of observed genotype fre-
quencies from Hardy-Weinberg equilibrium were es-
timated by x* tests with adjusted probability levels
following Lessios (1992). These tests were not applied
to sMDH B1,2* isoloci because their locus-specific
genotype information was lacking. To demonstrate the
existence of multiple genetic stocks of whitefish in
Lake Femund, a contingency y test was made first
among all collections and then within the three eco-
types. To further describe the extent of differentiation
within and among sub-groupings, a hierarchical gene
diversity analysis was performed according to the
method outlined by Wright (1978). To eliminate
problems of combining Fsp estimates over multiple
alleles at a locus (Weir & Cockerham 1984) all poly-
morphisms were treated as diallelic by joining alleles
at G3PDH-3* (*70 + *65) and sMDH-B1,2* (*100 +
*90). Fsr values were calculated with the BIOSYS-1
program of Swofford & Selander (1981) and included
the correction for sampling error.

To illustrate the genetic relationships among
spawning locations, a consensus tree was constructed.
Allozyme data was first transformed into arc distances
(Cavalli-Sforza & Edwards 1967), and neighbour
joining was used to infer the tree. Vendace, Coregonus
albula (L.), was used as the outgroup. The confidence
of the tree topology was evaluated by generating 1,000
bootstrapped allele frequency matrices and making a
consensus tree from the resulting dendrograms. Re-
sampling was done with the BOOTDIST program of
BIOSYS-2 (Black 1997) and the consensus tree was
constructed with NEIGHBOR, CONSENSE and
DRAWGRAM of the PHYLIP package (Felsenstein
1993).

To test for isolation-by-distance model, the rela-
tionship between genetic and geographic distances was
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Tab. 3. Mean gill raker count, body length, and age of fish sampled at 11 spawning sites (1-11) in Lake Femund. S.D. = standard
deviation, C.V. = coefficient of variation (mean/S.D.). Data on sites are given in table 2 and figure 1.

1 2 3 4 5 6 7 8 9 10 11

Gill rakers

Mean 28.2 28.3 28.6 28.7 29.7 31.5 44.7 36.0 354 37.6 40.6

SD 2.1 1.9 1.8 1.5 2.9 3.9 2.4 2.2 1.6 33 3.2

Range 25-33 25-34 25-33 25-32 25-38 25-42 40-51 30-44 33-39 32-45 33-47

C.V. 0.07 0.07 0.06 0.05 0.10 0.12 0.05 0.06 0.05 0.09 0.08
Body length (cm)

Mean 30.0 30.3 30.1 29.5 33.1 36.2 37.9 34.4 34.6 35.9 37.1

S.D. 1.5 1.2 1.3 1.1 3.2 4.9 2.7 1.7 2.1 3.0 2.4

Range 27.8-33.5 27.0-33.5 26.4-32.5 27.2-32.8 27.5-39.3 28.2-46.2 32.3-43.7 30.9-38.7 30.5-41.5 32.0-44.0 30.8-41.5

C.V. 0.05 0.04 0.04 0.04 0.10 0.14 0.07 0.05 0.06 0.08 0.06
Age (yrs)

Mean 11.8 11.8 13.4 9.4 11.2 16.1 7.6 9.4 10.0 9.1 8.4

S.D. 33 33 2.6 2.8 2.8 5.7 42 2.6 3.1 1.8 1.7

Range 7-17 6-20 7-21 7-18 7-17 7-30 3-25 6-17 7-22 7-16 6-15

C.V. 0.28 0.28 0.19 0.30 0.25 0.35 0.55 0.28 0.31 0.20 0.20
No. fish 23 60 49 56 38 35 78 90 50 40 77

examined. The shortest water-surface distances be-
tween sampling sites denote geographic distances. In
addition, a possible correlation between morphological
differentiation and genetic distance was tested. The
significance of matrix relationships was assessed with
the simple Mantel test by using NTSYSpc software
(Rohlf 1998). The confidence of the t-statistic was
evaluated with 1,000 random permutations. Prior to
testing, the matrices were normalized.

4, RESULTS
4.1. Phenotypic variation

The studied samples of spawning whitefish in Lake
Femund differed in their spawning habitat (deep water,
shallow water, river), time of spawning (from October
to November), number of gillrakers (mean from 28.2
to 44.7), body length (mean from 29.5 to 37.9 cm), and
age (mean from 7.6 to 16.1 yrs) (Tabs 2 and 3). The
deepwater spawners (ecotype I, sites 1 to 4) spawned
in November and had mean gillraker counts between
28 and 29, with a relatively small variation in numbers
(C.V. =0.05-0.07). Mean body lengths in the samples
from these populations were between 29.5 and 30.3
cm. Of the shallow water spawning populations (eco-
type II), two (sites 5 and 6) spawned in November and
had low gillraker numbers (29.7 and 31.5). The third
population representing ecotype II (site 7) spawned in
October and had higher gillraker numbers (44.7). Fish
representing ecotype II (mean length 33.1 to 37.9 cm)
were larger than fish of ecotype 1. The four popula-
tions spawning in or close to rivers (ecotype III, sites 8
to 11) spawned in October and had similar body length
to the shallow water spawners (34.4 to 37.1 cm). How-
ever, the gillraker numbers varied (35.4 to 40.6), but
were higher than in the deepwater and two of the
shallow water spawning populations (sites 1 to 6).

Significance tests for the equality of spawning lo-
cality group means indicate that the largest differences

between spawning populations are found in gillraker
numbers, followed by body length, and age (univariate
F-ratio test: F = 297.8, 106.79, and 23.68, respec-
tively; 10 and 504 d.f., P <0.0001 for all groups).
Among spawning groups, the within-group variability
of gillraker number is small compared to the total vari-
ability (Wilks' A = 0.147). The within-group variability
of body length and age are larger (Wilks' A = 0.321
and 0.680, respectively). Hence, gillraker number
seems to be the best single variable of the three to dis-
tinguish between the spawning populations.

In a discriminant analysis predicting sample mem-
bership based on gillraker number, body length and
age, 51% of the whitefish were correctly classified
(Tab. 4). This analysis indicates that spawning sites 1
to 4 group together. This corresponds to ecotype 1. If
the four populations are pooled, 97% of the fish were
correctly classified. However, classification to each of
the four samples varied between 21 and 71%. Most of
the fish from spawning populations 6 and 7 were also
correctly classified (72 and 80%, respectively). How-
ever, only 15% of fish from spawning site 10 were
correctly classified. Spawning site 9 was situated in
the river delta of River Tufsinga, which is the spawn-
ing site of population 8. Accordingly, the discriminant
analysis shows that these two populations were closely
linked, as 94% were correctly classified if the two
populations were pooled.

The hierarchical cluster analysis based on gillraker
number, age and length, grouped the populations into
two major groups (Fig. 3a), populations 1-6 and
populations 7-11. Within these major groupings, fish
from the four deepwater sites (1-4; Fig. 1) and one of
the shallow water sites (5) grouped close together,
whereas population 6, the other shallow water site,
clearly stands apart. Fish from the three spawning sites
in, or closely associated with, inlet rivers (sites 8-10)
also grouped together.
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Tab. 4. Discriminant analysis classification of individual whitefish by the variables gillraker number, age and

length.
Actual group No. of cases Predicted group membership (%)

1 2 3 4 5 6 7 8 9 10 11
1 11 46 9 27 18 0 0 0 0 0 0 0
2 60 17 21 23 32 3 0 0 0 3 0 0
3 49 20 14 53 12 0 0 0 0 0 0 0
4 56 7 2 14 71 5 0 0 0 0 0 0
5 38 3 11 8 16 45 11 0 3 3 3 0
6 18 0 6 0 0 11 72 0 0 0 0 11
7 78 0 0 0 0 0 1 80 0 0 0 19
8 69 0 0 0 0 6 4 1 54 22 12 1
9 30 0 0 0 0 0 7 0 37 57 0 0
10 40 0 0 0 0 3 0 10 38 15 15 20
11 66 0 0 0 0 0 0 24 15 5 14 42
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Fig. 3. A. Average linkage between 11 spawning sites (Pop. no.) in Lake Femund as shown by hierarchical cluster analysis of the
variables: mean gillraker number, mean body length and mean age of mature fish. B. Neighbour joining consensus tree showing
genetic relationships of 11 whitefish samples from Lake Femund. The dendrogram is based on Cavalli-Sforza & Edwards (1967) arc
distances calculated from allele frequencies at nine loci. Bootstrap proportions are given for statistically supported groupings (>50%).
Two of the three a priori defined ecotypes (cf. table 2) are shown with vertical bars. Sites 5-7 represent ecotype I1.
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Tab. 5. Estimated allele frequencies for 9 polymorphic loci, and percentage of polymorphic loci and heterozygosity based on
38 loci in 11 collections of whitefish from Lake Femund, Norway. Sample sizes are in parenthesis. Site names are given in

table 2.
Site number / (sample size)
Locus 1 2 3 4 5 6 7 8 9 10 11
allele 41 (60) (49) (56) (38) 35 (78) (90) (60) (40) ()
mAAT*
*-100 0.939 0.908 0.918 0.934 0.974 1.000 0.974 0.994 1.000 0.987 0.994
*-120 0.061 0.092 0.082 0.066 0.026 0.000 0.026 0.006 0.000 0.013 0.006
SAAT-2*
*100 0.963 1.000 1.000 1.000 0.961 0.943 1.000 1.000 1.000 1.000 1.000
*110 0.037 0.000 0.000 0.000 0.039 0.057 0.000 0.000 0.000 0.000 0.000
G3PDH-2*
*100 0.805 0.692 0.755 0.670 0.697 0.857 0.628 0.586 0.708 0.450 0.463
*50 0.195 0.308 0.245 0.330 0.303 0.143 0.372 0.414 0.292 0.550 0.537
G3PDH-3*
*100 1.000 0.967 0.939 0.955 0.882 0.929 0.531 0.878 0.890 0.962 0.909
*70 0.000 0.000 0.000 0.027 0.053 0.057 0.347 0.094 0.093 0.013 0.020
*65 0.000 0.033 0.061 0.018 0.066 0.014 0.122 0.028 0.017 0.025 0.071
GPI-A2*
*100 0.268 0.208 0.255 0.259 0.368 0.243 0.256 0.278 0.225 0.325 0.454
*105 0.732 0.792 0.745 0.741 0.632 0.757 0.744 0.722 0.775 0.675 0.546
LDH-AT*
*100 0.963 0.958 0.949 0.946 1.000 0.986 0.974 0.944 0.883 0.913 0.922
*65 0.037 0.042 0.051 0.054 0.000 0.014 0.026 0.056 0.117 0.087 0.078
SMDH-A2*
*100 0.744 0.658 0.755 0.768 0.961 0.957 0.833 0.889 0.867 0.962 0.955
*50 0.256 0.342 0.245 0.232 0.039 0.043 0.167 0.111 0.133 0.038 0.045
sMDH-BI*
*120 0.683 0.600 0.423 0.728 0.375 0.343 0.404 0.378 0.633 0.594 0.617
*100 0.317 0.400 0.577 0.272 0.625 0.643 0.590 0.622 0.367 0.406 0.357
*90 0.000 0.000 0.000 0.000 0.000 0.014 0.006 0.000 0.000 0.000 0.026
sMDH-B2*
*120 0.683 0.783 0.883 0.728 0.849 0.800 0.872 0.689 0.617 0.669 0.617
*100 0.317 0.217 0.117 0.272 0.151 0.200 0.128 0.311 0.375 0.306 0.357
*90 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.008 0.025 0.026
Po.o5 crit 15.8 15.8 21.1 18.4 13.2 15.8 15.8 18.4 18.4 132 15.8
Hexp 0.058 0.062 0.057 0.060 0.054 0.046 0.066 0.061 0.062 0.058 0.063

The shallow water spawners from Kvernvika (site
7) were quite close to the spawners from the lake
outlet at Gletfossen (site 11). Adding spawning depth
and spawning month to some extent changed the
clustering, although populations 1-4 and 8-10 still
clustered together in two separate groups. Thus, the
cluster analysis based on phenotypic characters does
not correspond well with the a priori ecotype
grouping.
4.2. Genetic variation

Nine of the 38 loci were polymorphic at the 0.95
level in one or more of the samples. Allele frequencies
at these loci are given in table 5. Furthermore, single
heterozygotes were observed for the following alleles:
CK-A1,2*85 (Storvika, site 3), sIDHP-4*118 (Vest-
fjorden, site 4), and PGM-2*-155 (Hullet, site 2;
Tjennan, site 9). All genotypic proportions conformed
to Hardy-Weinberg expectation when the probability
levels were adjusted according to 83 simultaneous
tests carried out (Lessios 1992).

The level of genetic variation among samples was
quite similar (Tab. 5). The average expected het-

erozygosities varied from 0.046 to 0.066 and the per-
centage of polymorphic loci ranged from 13.2% to
21.1%. The lowest heterozygosity value was recorded
in Hallsteinvika (site 6), where the spawning
population is considered to be small (Nasje et al.
1992).

Although the amount of genetic variation is compa-
rable, there are substantial allele frequency differences
at individual loci among samples (Tab. 5). The fre-
quency of the 100 allele at G3PDH-3* is only 0.531
among the high rakered Kvernvika (site 7) fish but is
0.878 or higher in all other samples, and it is fixed in
Joneset (site 1) fish. At sMDH-A2* loci, the frequency
of the 50 allele was higher (0.232-0.342) in the four
deepwater sites (1-4) representing ecotype I than in the
other samples (sites 5-11; 0.038-0.167). Ecotype I fish
also differed from the others by having higher fre-
quencies of the variant allele at mAAT*. This hetero-
geneity among samples was confirmed by the prelimi-
nary contingency y test which yielded highly signifi-
cant (P <<0.001) differences at all polymorphic loci
with the exception of LDH-AI* where the populations
differed at P =0.012.
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Population differentiation was evidenced also by
Fsr values ranging from 0.032 to 0.155 with a mean of
0.0631. The highest Fgy value was at G3PDH-3*
where Kvernvika (site 7) fish had very different allele
frequencies. In a hierarchical analysis the three eco-
types accounted for 40% of the overall genetic differ-
entiation, with sMDH-A2* showing the highest level
of differentiation with Fgp = 0.056.

Genetic affinities of Lake Femund whitefish are
presented in a consensus tree (Fig. 3b). Deepwater
spawners from north and south basins (sites 1-4) clus-
ter together with 65% support. Moreover, the running
water spawners from the southern end of the lake (sites
10-11) also pair up with 84% support. The remaining
groupings have only low statistical support. The high
rakered Kvernvika whitefish (site 7) is placed with low
rakered deepwater spawners, two river-connected
samples from north basin (sites 8 and 9) cluster with
two river samples from the south basin (sites 10 and
11), and two shallow-water spawners (sites 5 and 6)
from the opposite ends of the south basin group to-
gether. The general picture is that the grouping is
based on the spawning depth and/or trophic morphol-
ogy rather than on the geographical proximity. All
deepwater fish from both basins group together
whereas adjacent samples differing by their behaviour
or morphology (like 5 and 11 or 6 and 7) cluster far
apart. The four populations associated with river sys-
tems also group together although two of them with
low support. This parallels with the results of contin-
gency i~ test, which indicated highly significant over-
all differences among these four sites. Among the four
deepwater samples, there was no overall difference but
the southernmost Joneset site (1) differed from three
others at two AAT loci. The clustering based on ge-
netic data fits relatively well with the a priori ecotype
groups I and III, whereas ecotype II is not recognized
in the consensus tree.

Genetic distances were not correlated with geo-
graphic distance (Mantel's » = 0.142, P = 0.19), i.e.
geographical proximity does not predict genetic simi-
larity of spawning populations. On the contrary, ge-
netic distances were highly correlated with morpho-
logical distances (Mantel's » = 0.627, P = 0.002) and
with gillraker numbers (Mantel's » = 0.591, P = 0.003).

5. DISCUSSION

The various spawning populations of whitefish in
Lake Femund are genetically different, and there is a
close association between differences in gillraker
numbers and genetic differences. Populations with
similar gillraker counts also tend to be genetically
similar. Differentiation among spawning populations is
very clear in gillraker numbers, but less so in age and
length at sexual maturity. This is in accordance with
previous studies of whitefish, where number of gill-
rakers has been shown to be a stable character with a
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large element of heritability (Svirdson 1979; Lindsey
1981). The body length of mature fish, on the other
hand, is to a large extent determined by food availabil-
ity and physical environment (e.g., water temperature)
during ontogeny. Usually, growth rates are very low in
adult whitefish. In Femund, high juvenile growth rates
should be expected in fish living in shallow areas,
whereas fish living in deep waters should experience
lower growth rates and late sexual maturation (Sand-
lund et al. 1995; Saksgard et al. 2002). Whitefish is a
long-lived iteroparous species. Consequently, mean
age in adult fish depends on age at sexual maturity as
well as fishing pressure and other mortality factors in
adult fish.

The concordance between the two independent
data sets is fairly good indicating at least some genetic
basis for the phenotypic variability. The significant
correlation between genetic distance and morphologi-
cal distance was assessed by the Mantel test of matrix
association. The cluster analyses based on two separate
data sets also produced parallel results even though
there is some discordance in the placement of some
populations (Fig. 3). One of the two main groupings
based on morphology/life history variables includes
sites 1-6. In the consensus tree based on genetic data
these sites form two separate groupings, one including
ecotype I fish (sites 1-4) with high bootstrap support,
whereas the other grouping is formed by sites 5-6 with
low statistical support. The other main cluster based on
morphology includes sites 7-11, all with high gillraker
numbers (Tab. 3). In the consensus tree based on ge-
netic data the placing of high rakered Kvernvika
whitefish (site 7) is different. It groups with deepwater
whitefish but the statistical support is low. The re-
maining four populations associated with running
water (sites 8-11) form a separate grouping although
two of these sites have low bootstrap values.

There is no geographic pattern in the genetic varia-
tion. This would be expected if genetic drift and mi-
gration are the major factors controlling population
differentiation. While the spawning sites of the white-
fish populations are geographically separated, there is
considerable overlap in spawning time. Therefore mi-
grants could potentially spawn in localities other than
their home site. There are no exact data on the degree
of straying between spawning sites in Lake Femund,
but the pattern of population differentiation indicates
that any homogenizing effect of gene flow is out-
weighed by the diversifying effects of other evolution-
ary processes.

The investigated spawning populations are separate
entities, with significant differences in genetic struc-
ture. The differences in gillraker counts between
populations are closely associated with genetic differ-
ences. Thus, the morphological differences are not due
to phenotypic plasticity as is commonly seen in other
fish species (Skulason & Smith 1995). In Arctic charr,
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for instance, the polymorphism observed within one
lake may be due to phenotypic plasticity within single
spawning populations, as well as reproductively sepa-
rated populations that differ in morphology and ge-
netics (Hindar et al. 1986; Sandlund et al. 1992; Hin-
dar & Jonsson 1993). In Arctic charr, sympatric but
separated spawning populations appear to have devel-
oped sympatrically within lakes (Hindar et al. 1986).

Several recent investigations have demonstrated a
similar situation of sympatric forms in both European
(C. lavaretus) and North American whitefish (C. clu-
peaformis) (Douglas et al. 1999; Lu & Bernatchez
1999). In other cases, the co-occurring whitefish forms
are of allopatric origin (Bernatchez et al. 1996; Pigeon
et al. 1997).

There are three alternative scenarios for the emer-
gence of the state of "polymorphism" observed in Fe-
mund whitefish. One is that a monomorphic immigrant
population radiated into various forms due to a phe-
notypic response to different available niches. In this
case, no genetic difference between the morphs should
be expected (Douglas et al. 1999).

The second scenario implies that a monomorphic
immigrant population occupied the various available
spawning sites, and that the resulting spawning popu-
lations eventually became morphologically different
and reproductively segregated by the so-called "diver-
gence-with-gene flow" model (Rice & Hostert 1993;
Foster et al. 1998). The well documented homing ten-
dency among salmonids would be an important factor
in maintaining this structure (Brannon & Jonsson
1989). Differential selection pressures in different
spawning and hatching environments would cause the
divergence of the populations (Lu & Bernatchez 1999;
Douglas et al. 1999). This study also presents some
indirect evidence of such selection. In a plot of Fsr vs
heterozygosity in nine polymorphic loci (data not
shown) sMDH-A2* had clearly outlying value. It is
likely that geographically varying selection has been
acting at this or at a closely linked locus (Beaumont &
Nichols 1996). Genetic drift and founder effects might
also play a part in the development of differences. Had
founder effect played any significant role, however,
we would have expected the heterozygosity within
populations to be significantly lower than what is ob-
served in whitefish elsewhere. This is not the case
(Vuorinen et al. 1986). There are many documented
instances among salmonids as well as other fish taxa
where evidence indicates sympatric divergence in im-
portant characters, e.g. morphology, life history, tro-
phic ecology, and spawning time and habitat (e.g. Hindar
et al. 1986; Sandlund et al. 1992; Klemetsen et al. 1997,
Foster et al. 1998; Magurran 1998; Douglas et al. 1999;
Lu & Bernatchez 1999; Danley & Kocher 2001).

The third scenario is that several whitefish forms
with different genetics, morphology, and ecology en-
tered the lake during and after deglaciation, occupying
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different spawning localities and maintaining their dif-
ferences (cf. Bernatchez et al. 1996). The form would
have developed prior to immigration in geographical
isolation with no gene flow, according to the tradi-
tional geographical or allopatric divergence model
(Mayr 1963). The relatively small genetic differentia-
tion between the Femund whitefish populations may
indicate a short period since separation (cf. Vuorinen
et al. 1986; Bodaly ef al. 1991; Bernatchez & Wilson
1998). Geographical isolation between coregonid
populations may lead to very swift genetic differentia-
tion. In vendace (C. albula, a closely related species),
Vuorinen et al. (1991) have shown that less than 100
yrs of geographical isolation may bring about large
genetic differences without loss of heterozygosity. In
grayling (7. thymallus), significant differences in ge-
netic and phenotypic characters, caused by natural se-
lection, have been demonstrated in populations that
have been geographically isolated for less than 125
years (Koskinen et al. 2002). Thus, it would be ex-
pected that geographical isolation of the whitefish
forms during glaciation (approximately 10,000 years
before present) would have caused larger genetic dif-
ferences than observed here.

An intermediate model may also be envisaged,
where two or more forms immigrated and subse-
quently radiated into several distinct spawning popu-
lations. A process involving introgression between the
immigrating forms, as proposed by Svérdson (1979), is
also theoretically possible, and has been documented
in other species pairs of fish (cf. Epifanio & Philipp
2001). A larger geographical survey is required to
evaluate this hypothesis.

5. CONCLUSIONS

In conclusion, the data presented here do not pro-
vide an unequivocal answer to the question of sympat-
ric or allopatric emergence of morphs. It is, however,
demonstrated that a number of morphologically, ecol-
ogically and genetically different spawning popula-
tions of whitefish do coexist in Lake Femund. More-
over, the genetic differences are associated with differ-
ences in gillraker counts, and to a small extent also
with spawning habitat, but not with geographic dis-
tance between spawning sites. Management of the
whitefish stocks is presently based on gillraker number
(Sandlund & Nasje 1989; Nesje et al. 1992; Sandlund
et al. 2002). With the documented association between
differences in gillraker counts and genetic differentia-
tion, this appears to be a sensible practice. However,
special care should be taken to protect some of the less
numerous and genetically and ecologically different
populations, such as the one spawning in Kvernvika
(site 7) and in Sorkelva (site 10).
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