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'I'hc systcmatics of coexisting morphotypes of Arctic charr, Salvelinus alpinus, has been a matter of 
dispute ever since the days of Linnaeus. Widespread allelir variation at an esterase locus has led 
some investigators to propose that the morphotypes reflect a complex of at least three sibling 
specics. We tcstcd this hypothesis by examining 42 electrophoretically detectable loci in natural and 
transplanted charr populations from 15 localities in S Norway. The absolute values of Nei's genetic 
distanct. hetwern morphotypes and populations arc small (typically in thr order of 0.001), and 
rnorphotypc changes may occur without accompanying changes in frequencies of esterase alleles. 
Differentiation among localities explains far more of thr total gene diversity than differcnccs 
brtwern morphotypcs i n  the four cases of naturally occurring sympatric morphotypes rxamined. 
The data arr ronsistent with an intraspecifir population structuring based on locality, and thr 
multiple sprcies hypothrsis is rejrrted. 
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INTRODUCTION 

Phenotypically and ecologically different morphotypes of Arctic charr, 
Sulvelinus alpinus (L.),  coexist in a number of lakes in the Holarctic (Behnke, 
1972; Johnson, 1980). They typically differ in size and colour a t  sexual maturity 
(Fig. l ) ,  as well as in body proportions, growth rate, habitat, feeding habits, 
flesh colour, parasites and spawning habits (Balon, 1980; Johnson & Burns, 

Their co-occurrence in many lakes has been suggested to reflect at least three 
different population biology phenomena: ( 1) ecological polymorphism 
(Reisinger, 1953; Savvaitova, 1973), (2) sympatric speciation (Behnke, 1972), 
and (3) immigration into the same lake of allopatrically evolved species 
(Nyman, 1972; Nyman, Hammar & Gydemo, 1981). The latter view is based 

1984). 

Figure 1. Arctic charr morphotypes from Lake Vangsvatnet, W Norway (from Hindar & Jonsson, 
1982). A, Dwarf female spawners: length 17-27 cm; colour, beige or white belly, parr marks; mouth 
overshot or terminal. B, Dwarf male spawners: length 14-25 cm; colour, yellow or beige belly, parr 
marks; mouth overshot or terminal. C, Normal female spawners: length 20-36 cm; colour, orange, 
red or pink belly; mouth overshot, terminal or undershot. D, Normal male spawners: length 
1 8 4 3  cm; colour, red or orange belly; mouth undershot, terminal or overshot. 
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on the allelic distribution observed at an esterase locus, and led Nyman et al .  
(1981) to describe three allopatrically derived species of Arctic charr. Two of 
these three presumed species commonly mature as ‘dwarfs’ and are 
characterized by high or low frequencies of the common esterase allele, 
respectively, and the third one is the larger ‘normal’ charr with intermediate 
frequencies of that allele (designated Est-2 (ZOO) in our present nomenclature). 

Challenging this classification of morphotypes into separate species are 
rearing experiments (Nordeng, 1983) and life-history studies (Skreslet, 1973; 
Hindar & Jonsson, 1982; Jonsson & Hindar, 1982) indicating that all of the 
naturally occurring morphotypes may be found in the offspring from each of the 
parental types. Further, multiple-locus electrophoretic studies have shown low 
levels of genetic differentiation among populations of Arctic charr (Ferguson, 
1981; Kornfield, Beland, Moring & Kircheis, 1981; Andersson, Ryman & Stbhl, 
1983), well within the range of what is commonly observed for local populations 
of other salmonids (Ryman, 1983). 

Ecological and genetic evidence for restricted gene flow between morphotypes 
exist for some of the sympatric charr studied (Nyman, 1972; Klemetsen & 
Grotnes, 1980). It is not clear, however, whether the genetic differences 
originated in sympatry or resulted from colonizations of allopatrically 
differentiated charr, mainly because homologies between morphotypes in 
different localities have been difficult to establish (Ferguson, 1981). 

Data from multiple electrophoretic loci have been successfully used to clarify 
similar situations in other species (see, e.g. Sage & Selander, 1975; Kirkpatrick 
& Selander, 1979; Ryman, Allendorf & Stbhl, 1979; Turner & Grosse, 1980; 
Kornfield, Smith, Gagnon & Taylor, 1982; McKaye, Kocher, Reinthal, 
Harrison & Kornfield, 1984), and were used in the present study to provide 
additional insight into the genetic structure of Arctic charr. Particularly, our 
objectives were: (1 )  to examine to what extent coexisting morphotypes differ 
genetically, (2) to test the validity of classifying different morphotypes as 
discrete systematic units, and (3) to evaluate the significance of identifying three 
species of Arctic charr on the basis of allele frequency differences at the Es t -2  
locus, as suggested by Nyman (1972) and Nyman et al .  (1981). Electrophoretic 
data for 42 loci were collected for charr from 15 localities in E and W Norway, 
including sympatric dwarf and normal morphotypes in both regions. We found 
no evidence supporting the hypotheses of more than a single systematic unit of 
Arctic charr. 

MAI‘ERIALS A N D  METHODS 

Habitat  and Population characteristics 

Fifteen localities (lakes 1-15) were selected that were presumed 
representative of the morphotype and immigration history of Arctic charr in the 
study area (Fig. 2) .  Charr were collected from a wide variety of lacustrine 
habitats (Table 1 ), including lakes with previously described sympatric dwarf 
and normal morphotypes (see below). Ecological data on spawning populations 
were obtained by gill-netting on local spawning grounds within the spawning 
period (Table 1 ) ;  two exceptions from this sampling programme were Lake 
Imsvatnet and Lake Selura (lakes 4 and 6) where the entire sample was 
collected 1-3 months before the spawning season. 
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Figure 2. Location of the study lakes and length distribution of sexually mature individuals within 
each locality (based on sample sizes equal to or slightly larger than the number of fish usrd i n  thr 
electrophoretic study). The numbered lakrs are: I ,  Lake Vangsvatnet, upper (A)  and lowrr (B) 
basin; 2, Lake Granvinvatnct; 3, Lake Eidfjordvatnet; 4, Lake Imsvatnet; 5, Lake Sirdalsvatnrt; 6, 
Lake Selura; 7, Lake Tinnsjeen; 8, Lake Finsevatnet; 9-1 I ,  pools in thr Ustekveikja watrrroursr, 
here ralled Finsefetene, Larsbukulp and Sauebotn, respertively; 12, Lake Ustrdalsfjorden; 13, Lake 
Tunnhovdfjorden; 14, Lake Randsfjorden; and 15, Lakr Tyriljorden. 

The classification of sympatric dwarf and normal charr morphotypes was 
made on the basis of colour and head morphology differences (cf. Johnson, 
1980: 26-31). The classification may be ambiguous for young, immature 
individuals (e.g. Hindar & Jonsson, 1982). Classification of anadromous charr 
was based on scale characters (Nordeng, 1961) and the presence of marine, 
parasitic nematodes (Anisakis sp.). Phenotypically uniform populations were 
only tentatively classified with regard to morphotype, as the set of characters 
that distinguishes sympatric morphotypes may not adequately describe other 
populations occurring allopatrically. 

Arctic charr occur naturally in seven lakes that are all located below or close 
to the highest marine limit of the postpleistocene inundation (Huitfeldt-Kaas, 
1924). Earlier studies have shown the charr of Lake Vangsvatnet (lake 1)  to 
feature two morphotypes which utilize different food niches in the growth season 
but co-occur in the spawning area during most of the spawning period (Hindar 
& Jonsson, 1982; Jonsson & Hindar, 1982). Three other lakes have similar 
sympatric dwarf and normal charr morphotypes (Lake Sirdalsvatnet, Lake 
Selura and Lake Tinnsjeen: lakes 5-7), with the notable exception that the 
dwarf charr of Lake Sirdalsvatnet (lake 5) spawn in July-August, 3 months 
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Table 1. Habitat and population characteristics of the localities sampled 

Locali 1 y 
Altitude 
( m  a.s.1.) 

Area 
(km2)  

Maximum 
depth (m) 

I A 
IB 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I I  
12 
13 
14 
15 

Vangsvatnet, upper 
Vangsvatnet, lower 
Granvinvatnet 

Eidfjordvatnrt 
Imsvatnet 
Sirdalsvatnrt 
Selura 
Tinnsjoen 

Finsevatnet 
Finsefetene 
Larsbu kulp 
Sauebotn 
Ustedalsfjorden 
'l'unnhovdfjordrn 

Randsfjorden 
Tyriljorden 

46 
46 
23 
19 
23 
52 
32 

I90 
I214 
I197 
I195 
I I55 
750 
736 
134 
63 

5.5 
2.5 
3.6 
3.7 
0.5 

19.6 
5.0 

51.0 
3.2 
0.5 
0.0 I 
0. I 
1.5 

25.4 
136.0 
135.2 

60 
45 
86 
79 
24 

165 
65 

460 
22 
6 
4 
8 

24 
70 

121 
295 

Origin of 
Arctic charr 

Natural 
Natural 
1967* 
1978 (2) 
Natural 
Natural 
Natural 
Natural 
1910+(7) 
1910+(7) 
1910+(7) 
1910+(7) 
1910+(7) 
1910+(7) 
Natural 
Natural 

Arctic charr 
morphot ypes 

~ 

Spawning 
time 

Nov-Dec. 
Nov.-Dec. 
Nov.-Dec. 

Nov. 
Nov.-Dec. 
July-Jan. 

Nov. 

Sep.-Oct. 
Sep.-Oct. 
Sep.-Oct. 
Sep.-Oct. 
Sep.-Oct. 

Ort .  
Nov.-Dec. 
Oct.-Nov. 

Oct.-Nov. 

1,orality numbers refer to the map code of Fig. 2. Transplanted charr populations are indicated by the year 
ofreleasr and hy the numhrr  of the lake from which they originated (in parentheses). Charr spread naturally 
from lakr 2 to lake 3. *Origin probably a N Norwegian anadromous charr population. A = anadromous 
chiirr, D = dwarf rharr, N = normal charr. 

earlier than the normal charr of that lake (Trygve Hesthagen, personal 
communication). 

In three lakes with naturally occurring charr, all individuals were assigned to 
a single morphotype. Lake Imsvatnet (lake 4) has small-sized charr that are 
otherwise phenotypically similar to the normal charr in lakes of sympatry. The 
two easternmost lakes (Lake Randsfjorden and Lake Tyrifjorden: lakes 14 and 
15) have large-sized, piscivorous charr that are phenotypically dissimilar to most 
other charr populations studied (e.g. coloration dark or entirely black). 
Nineteenth-century taxonomists (e.g. Nilsson, 1855) classified these as Salmo 
carbonarius, together with inter alia the dwarf charr of Lake Tinnsjoen (lake 7). 
'Taken together, the natural charr populations studied represent sexually mature 
charr with body length (and weight) ranging from 12 cm (14 g) to 76 cm 
(6200 g),  which represents almost the entire body size variation reported for 
Arctic charr populations (Johnson, 1980: 21-22). 

Two cases of recently established charr populations are included in the 
present study. In  1910, 30000 charr fry from Lake Tinnsjoen (lake 7)  were 
released into two watercourses in the mountains of S Norway (Aagaard, 1915). 
Most likely, these fry were offspring from the normal charr morphotype of Lake 
Tinnsjoen (according to local hatchery practice, only the normal morphotype is 
collected for artificial propagation). One batch of fry was released into a small 
lake from where the charr spread 40 km downstream to Lake Tunnhovdfiorden 
(lake 13) in about 10 years' time (Dahl, 1920; Aass, 1970). Another batch was 
released into the Ustekveikja watercourse, where natural dispersal and probable 
transfers within the watercourse resulted in charr colonizing the present study 
lakes 8-12, among others. None of these lakes were inhabited by charr prior to 
1910 (Dahl, 1920). 

In 1967, anadromous charr appeared in Lake Granvinvatnet (lake 2), 
500 km south of their natural distribution area Wensen, 1981). By 1978, they 



274 K. HINDAR ET A L .  

were recorded in several neighbouring river systems, including Lake 
Eidfjordvatnet (lake 3) .  Both lakes were formerly devoid of charr, and the origin 
of the two populations is probably either anadromous charr escaping from a 
nearby hatchery, or anadromous charr penetrating southward along the 
Norwegian coast Uensen, 1981). Presently, both populations consist 
predominantly of freshwater resident individuals that differ considerably in 
body size between lakes (Fig. 2). Likewise, body size differences comparable to 
those of sympatric dwarf and normal charr occur among populations derived 
from the normal charr of Lake Tinnsjoen (Fig. 2; see also Klemetsen & (dstbye, 
1967; Aass, 1970), demonstrating the strong influence of local environmental 
conditions on the most conspicuous of charr morphotype characters. 

Electrophoresis and statistics 
Tissue samples of eye, liver and skeletal muscle from 1965 charr were 

collected during 1980-1984 and stored at -80°C until analysed 
electrophoretically. Horizontal starch gel analysis was performed as described 
by Utter, Hodgins & Allendorf (1974). The buffer systems used, proteins 
examined and genetic interpretations of electrophoretic banding patterns are 
those of Anderson et al. (1983). We designate loci, alleles and genotypes 
according to the nomenclature proposed by Allendorf & Utter (1979) and as 
applied to the Arctic charr by Anderson el al. (1983). 

Tests for allele frequency homogeneity were performed using the contingency 
G statistic described by Sokal & Rohlf (1981). Pairwise standard genetic 
distance values were calculated according to Nei (1975), and a dendrogram was 
constructed from those values using the unweighted pair group method of 
arithmetic averages (UPGMA; Sneath & Sokal, 1973). The proportion of the 
total genetic variation attributable to differences among morphotypes and local 
populations was estimated by a hierarchical gene diversity analysis (Nei, 1975; 
Chakraborty, Haag, Ryman & Stihl, 1982). We discarded a total of 40 
individuals that could not be assigned to either of the dwarf and normal 
morphotype from the genetic analyses (two from Lake Sirdalsvatnet, six from 
Lake Selura and 32 from Lake Tinnsjeen). The inclusion of these fish in either 
of the two morphotype classes does not affect the results or the conclusions of 
this paper. 

RESULTS 

Tissue sample quality permitted reliable scoring of the following 42 loci/locus 
pairs (cf. Anderson et al., 1983), with those found variable in the present study 
indicated by *: Aat-1, Aat-2, Aat-3, Aat-4, Adh, Agp, Ak-3, Ald-2, Cpk-1, Cpk-2, 
Cpk-3, Est-1, Est-2*, Fum-1, Fum-2, Gapdh-1, Gapdh-2, Gus, Idh-1, Idh-2, Ldh-1, 
Ldh-2, Ldh-3*, Ldh-4*, Ldh-5, Mdh-2,3, Mdh-4,5* (subsequently treated as a 
single locus; see below), Me-l*, Me-2, Me-3, Mprot, 6-Pgdh, Pgi-1, Pgi-2*, Pgi-3, 
Pgm-I*, Pgm-2, Pmi, Sdh*, Sod and Xdh. The variant alleles observed are 
presented in Table 2 along with their frequencies (see below for details on 
Mdh-4,5). Allele frequencies at Me-1 were estimated from the square root of the 
frequency of Me-1 (300/300) homozygotes, as we could not reliably distinguish 
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between the Me-1 (100/100) and Me-1 (100/300) genotypes. The variation 
observed at Ldh-4, Me-I, Pgi-2, Ppm-1 and Sdh has not been described previously. 

Genotypic distributions 
Only Est-2 and Mdh-4,5 were polymorphic enough to permit meaningful tests 

of random combination of alleles into genotypes. There were no significant 
deviations from Hardy-Weinberg proportions at Est-2. 

Mdh-4,5 represents a pair of duplicated loci sharing alleles with the same 
electrophoretic mobility (Andersson el al., 1983). The mode of inheritance 
(disomic us. tetrasomic) is not clear for this pair of loci. If inheritance is disomic, 
both loci appear to segregate for the same two most common alleles (i.e. for the 
alleles Mdh-4,5 (100 and 130)); all five electrophoretic phenotypes representing 
the possible combinations of four gene dosages of these two alleles were observed 
in the course of the present study. Further, there were no indications of alternate 
fixation for different alleles (fixed heterozygosity) at this pair of loci. In contrast, 
the phenotypic distributions clearly demonstrated that both loci segregated for 
both alleles in all lakes except for Randsfjorden and Tyrifjorden (lakes 14 and 
15), and in these two lakes the joint allele frequencies at Mdh-4,5 are too skewed 
to be expected to provide conclusive evidence in either direction (cf. Allendorf, 
Utter & May, 1975). These observations suggest that the alleles at Mdh-4,5 may 
to some degree be tetrasomically inherited (Wright, Johnson, Hollister & May, 
1983). The observed phenotypic distributions at Mdh-4,5 were tested for 
departure from those expected assuming complete tetrasomic inheritance using 
conventional x 2  tests (Allendorf et al., 1975). Three o u t  of 23 samples show 
significant departure from the tetrasomic model, namely Lake Finsevatnet 
(lake 8), the resident charr of Lake Eidfjordvatnet (3), and the dwarf charr of 
Lake Sirdalsvatnet (5; P<0.05 in all cases). Breeding data are needed to 
distinguish between disomic and tetrasomic inheritance at these loci and hence 
to evaluate the evolutionary implications of these findings (Allendorf el al., 
1975). In the absence of such data we treated Mdh-4,5 as a single tetrasomic 
locus for estimation of the joint allele frequencies presented in Table 2 (note that 
the equal frequencies of the two most common alleles in Larsbukulp (10) as well 
as among the dwarf charr of Lake Tinnsj0en ( 7 )  are coincidences not reflecting 
fixed heterozygosity). When calculating average heterozygosity, genetic 
distances and gene diversities, Mdh-4,5 was treated as a single locus; thus, those 
estimates are based on a total of 42 loci. 

Three of the loci revealed highly significant allele frequency differences 
among the populations and morphotypes sampled (Table 2). This overall 
hcterogeneity was evident also when samples representing transplanted 
populations were excluded from the analysis. There are no significant allele 
frequency differences at any of the loci surveyed between the sympatric forms of 
anadromous and resident charr of Lake Granvinvatnet or Lake EidfJordvatnet 
(lakes 2 and 3) ,  or between the sympatric dwarf and normal charr from the two 
basins of Lake Vangsvatnet. Dwarf and normal charr from Lake Tinnsjmn 
(lake 7)  differed in Est-2 allele frequencies (Fisher’s exact test; P<0.05) but not 
at Mdh-43. The sympatric forms of dwarf and normal charr within each of Lake 
Sirdalsvatnet and Lake Selura (5 and 6) showed highly significant differences at 
Mdh-4,5 (P< 0.00 1 for between-morphotype comparisons within both lakes), 
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Table 2.  Allele frequencies (variant alleles only) at six of the variable loci found 
in Arctic charr from southern Norway 

Locality 

Ldh-3 Mdh-4,5 
EsL-2 Me-] Pgm-I Sdh H ( " , ;  

Morph X (90) (60) (95) (140) (130) (150) (300) (IN) (200) 42 loci) 

1A Vangsvatnet, upper D 45 0.567 0 0 0 0.274 0 0 0 0 2.1 
N 130 0.542 0 0 0 0.306 0 0 0 0 2.2 

IB Vangsvatnet, lower D 14 0.357 0 0 0 0.308 0 0 0 0 2.1 
N 102 0.529 0 0 0 0.305 0 0 0 0 2.2 

2 Granvinvatnet A 14 0.714 0.036 0 0 0.518 0 0 0 0 2.3 
N 121 0.798 0.029 0 0 0.473 0 0 0 0 2.1 

3 Eidfjordvatnet A 6 0.750 0 0 0 0.417 0 0 0 0 2.1 
N 71 0.655 0.014 0 0 0.468 0 0 0 0 2.3 

4 lmsvatnet N 109 0.858 0 0 0 0.399 0 0 0 0 1.7 
5 Sirdalsvatnet D 96 0 0.005 0 0.052 0.602 0 0 0 0 1.4 

N 31 0 0 0 0 0.242 0.008 0 0 0 0.9 
6 Selura D 24 0.188 0 0 0 0.219 0 0 0.063 0 1.8 

N 69 0.043 0 0 0 0.601 0 0 0 0 1.3 
7 'I'innsjoen D 97 0.010 0 0.005 0 0.500 0 0 0 0.015 1.3 

N 127 0.055 0 0.012 0 0.465 0 0 0 0.004 1.5 
8 Finsevatnet D 151 0.040 0 0.010 0 0.488 0 0 0 0 1.4 
9 Finsefetene D 98 0.056 0 0.005 0 0.526 0 0 0 0 1.5 

10 Larsbukulp N 29 0.103 0 0 0 0.500 0 0 0 0 1.6 
I 1  Sauebotn N 28 0.036 0 0 0 0.536 0 0 0 0 1.3 
12 Ustedalsljorden N 137 0.142 0 0.022 0 0.422 0 0 0 0 1.8 
13 Tunnhovdljorden N 135 0.041 0 0.078 0 0.350 0 0.192 0 0 2.4 
14 Randsfjorden N 174 0.247 0 0 0 0.116 0 0 0 0 1.4 
15 'Iyrifjorden N 117 0.026 0 0 0 0.038 0 0 0 0 0.3 

G (Williams' correction) 1745.32*** 95.75*** 897.02*** 9.59"* 6.66"$ 5.84"' 
df 22 22 22 22 22 22 

In Lake Randsfjorden (lake 14), additional genetic variation was found at  Ldh-4 (one 100/125 heterozygote) 
and at Pgi-2 (one 100/30 heterozygote). The data are presented for each morphotype where sympatric 
morphotypes were found. Allele frequency homogeneity was tested by the G statistic (Sokal & Rohlf, 1981); 
"'not significant, ***P<O.OOl. A = anadromous charr, D = dwarf charr, N = normal charr. H = average 
heterozygosity. 

and additional differences between the dwarf and normal charr of Lake Selura 
occur at Est-2 and Pgm-1 (P<O.Ol and P<0.05 ,  respectively). (Note that the 
difference between the dwarf and normal forms of Lake Sirdalsvatnet 
corresponds to differences in spawning time.) 

The estimates of average heterozygosity (H, Table 2) are consistently low 
with a mean of 0.017 (42 loci), but similar to those reported for European charr 
populations from other areas, i.e. from Ireland (Ferguson, 1981) and Sweden 
(Anderson et al., 1983). The amount of genetic differentiation between 
populations was also rather small, as reflected by the absolute values of Nei's 
genetic distance which were in all cases less than or equal to 0.02, a value well 
within the range observed for conspecific populations over a broad taxonomic 
range (Ryman & Stihl, 1981; Avise & Aquadro, 1982; Ryman, 1983; 
Gyllensten, 1985). 

Cluster analysis 

In spite of the low overall genetic differentiation, the dendrogram (Fig. 3) 
reveals two sharply defined groupings. The major branching is almost entirely 
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6 Selura (N )  
- 7 Tinnsjgen (D )  

7 TinnsjBen (N) 
8 Finsevatnet 
9 Finsefetene 
II Sauebotn 
10 Larsbukulp 

due to the variation at Est-2 (cf. Table 2); this clear-cut branching of the 
dendrogram disappears if that locus is excluded from the analysis. The most 
conspicuous observation from the dendrogram is that the major branching in no 
way appears to be related to morphotype variation. Rather, the samples are 
divided by drainage into a western and an eastern group, respectively. 

The genetic interrelationships depicted by the dendrogram agree closely with 
the pattern for allele frequency variation revealed by a detailed inspection of 
Table 2. There are no indications of the anadromous charr forming a separate 
cluster distinct from the resident charr. Although sympatric pairs of dwarf and 
normal morphotypes within the same lake cluster within the appropriate major 
geographic grouping, they differ with respect to the amount of genetic 
divergence between them. The dwarf and normal morphotypes within Lake 
Vangsvatnet ( 1 )  cluster closely together, as do the morphotypes of Lake 
Tinnsjaen (7 )  in spite of the allele frequency difference observed at Est-2 in this 
lake. The impression of a close genetic relationship between the dwarf and 
normal charr in Lake Tinnsjaen is further supported by the observation that 
both the Ldh-3 (95) allele and the Sdh (200) allele, which are exclusively found in 
Lake Tinnsj~en or in populations directly derived from that lake through 
transplantation, segregate at similar frequencies in both morphotypes. In 
contrast, the highly significant allele frequency differences between the 
coexisting dwarf and normal morphotypes within each of the two other lakes 
(Lake Sirdalsvatnet and Lake Selura; 5 and 6) are reflected by their 
conspicuous separation into different clusters. 

- 12 Ustedalsfjorden 
- I3 Tunnhovdfjorden 

5 Sirdalsvatnet (N) 
- I 5  Tyrifjarden 
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Transplanted populations 

A general retention of the allele frequencies characteristic of the donor 
population is apparent when comparing Lake Tinnsjeren ( 7 )  charr with 
populations descended from them through transplantation into the Ustekveikja. 
drainage system (lakes 8-12). None of the populations of lakes 7-12 differs by a 
genetic distance larger than 0.0006, although statistically significant allele 
frequency differences were found among lakes 8-12 at  Est-2 ( P < O . O O l )  and 
Mdh-4,5 (P<0.05) due to the deviant allele frequencies in the sample from Lake 
Ustedalsfjorden ( lak 12). Lakes 8, 9 and 10, 11 represent dwarf and normal 
charr populations, respectively (Fig. 2),  but in spite of the morphotype 
differences, no significant allele frequency heterogeneity was found among those 
populations. 

Founder effects or genetic drift appear to have had a larger effect on the 
charr population of Lake Tunnhovdfjorden (13), which was also stocked with 
fry from Lake Tinnsjeren (7 ) .  The allele frequencies estimated for Lake 
Tunnhovdfjorden are quite different from those observed for each of the 
morphotypes in Lake Tinnsjeren (Table 2). (As mentioned before, there are 
absolutely small but statistically significant allele frequency differences between 
the two morphotypes of Lake Tinnsjeren. The artificially propagated fry used for 
the transplantations most likely originated from the normal charr, the allele 
frequencies of which actually differ slightly less from those observed in Lake 
Tunnhovdfjorden than do those of the Lake Tinnsjeren’s dwarf morphotype.) 
Particularly conspicuous is the segregation of the Me-Z (300) allele, which is 
found exclusively in Lake Tunnhovdfjorden (Table 2). Disregarding the 
unlikely event of a recent mutation that spread rapidly, our results must ( 1 )  
either be explained by founder effects and genetic drift, or (2) indicate that the 
present population of Lake Tunnhovdfjorden is derived from more than a single 
source. We consider founder effects and genetic drift as the more likely 
explanation. First, as already stated, no original population of Arctic charr is 
known from Lake TunnhovdGorden, and no other transplantation of charr has 
been recorded during the last 60 years of extensive fishery investigations in that 
area (Per Aass, personal communication). Secondly, there are substantial 
sampling errors associated with the allele frequency estimates at Me-Z; only two 
phenotypes could be unambiguously identified at this locus, and allele 
frequencies had to be estimated from the square root of the frequency of Me-Z 
(300/300) homozygotes. As a matter of fact, the phenotypic distribution at Me-Z 
in the Lake Tunnhovdfjorden population is not significantly different from that 
of the normal charr of Lake Tinnsjeren, and the absence of Me-2 (300/300) 
homozygotes observed among the 127 fish sampled still allows the Me-Z (300) 
allele to segregate at a frequency of 0.15 (upper 9574 confidence limit). Hence, 
the allele frequency difference looks more conspicuous than is statistically 
justified, and the combined effects of sampling error and genetic drift may well 
explain the results observed. 

Gene diversity analysis 

The gene diversity analyses (Table 3) compare the proportionate 
contribution of various sources of variation to the total gene diversity for the 
four lakes with coexisting dwarf and normal morphotypes (unambiguous 
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Table 3.  Distribution of electrophoretically detectable gene diversity among 
sympatric morphotypes of charr from four localities 

Relative gene diversity (””) 

‘Morphotype’ hierarrhy ‘Locality’ hierarchy 
Absolute gene 

diversity Between Between 
localities morphot ypes 

Within Between within Between within 
L11rus Total samples morphotypes morphotypes localities localities 

E.rl-2 0.289 0.187 0.2 35. I 34.3 I .O 
Ldh-3 0.018 0.018 0.5 3. I I .5 2.1 
Mdh-4,5 0.482 0.437 0.0 9. I 2.0 7.1 
Pgm-I 0.015 0.014 0.8 4.8 2.4 3.2 
Sdh 0.005 0.005 0. I 0.9 0.7 0.3 
Avrragc 0.019 0.016 0.1 18.2 13.6 4.7 
S . E .  0.013 0.011 0. I 8.2 10.2 2.0 

Each sample refers to gene frequency data for either dwarf or normal charr morphotypes from Lake 
Vangsvatni-t, upper basin, Lake Selura, Lake Sirdalsvatnet and Lake Tinnsjeen (Table 2, all samples >20 
individuals). ?’hi- between component of the relative gene diversity is analysed in two alternative hierarchies, 
using ‘between morphotypes’ and ‘between localities’ as the primary branch, respectively. See text for further 
explanation. 

classification of morphotypes can only be performed when they occur 
sympatrically). The analyses are based on: ( 1 )  a hierarchy of localities within 
morphs (ix.  treating dwarf and normal charr morphotypes as two major 
systematic units, ‘species’, that invaded each of the four lakes), and (2)  a 
hierarchy of morphs within localities (i.e. treating dwarf and normal charr 
morphotypes as if diverged independently within each of the four lakes). Our 
analysis includes only two of the three ‘species’ proposed by Nyman el al., 
(1981)’ as none of the samples from the four lakes with coexisting dwarf and 
normal morphotypes have a frequency of the Est-2 (ZOO) allele less than 0.20 
that is claimed to be characteristic of one of the dwarf ‘species’. 

Differentiation among localities explains far more of the total gene diversity 
than differences between morphotypes (Table 3 ) .  In the ‘locality’ hierarchy, the 
major division (i.e. between localities) accounted for 13.6% of the total gene 
diversity as opposed to 0.1% being explained by the major division of the 
‘species’ hierarchy (i.e. between morphotypes). The standard errors of these 
estimates are large, owing to the fact that the Est-2 locus showed considerably 
more interlocality variation than the other loci. However, the major division of 
the ‘locality’ hierarchy explained a larger proportion of the total genetic 
variation than the ‘species’ hierarchy for all variable loci, irrespective of their 
level of variability. For statistical reasons, the above comparison was based on 
eight samples of sympatric dwarf and normal charr with sample sizes larger 
than 20 individuals, i.e. excluding the charr of the lower basin of Lake 
Vangsvatnet. When including that sample in the analysis, we obtained a result 
still more in favour of the ‘locality’ hierarchy as the better one. 

DISCUSSION 

Much of the confusion regarding the systematic status of Arctic charr 
morphotypes originates from their coexistence in a number of lakes throughout 
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the species range (e.g. Johnson, 1980). Our present study is the first one to 
examine, on a multiple locus basis, the amount of genetic differentiation among 
coexisting dwarf and normal morphotypes from different localities. 

Nothing in our data suggests that dwarf and normal charr represent different 
evolutionary lines. Rather, the results indicate that normal and dwarf charr are 
conspecific; in some lakes they even appear to belong to the same breeding 
population. This conclusion is supported genetically by two different lines of 
evidence. First, the cluster and gene diversity analyses show genetic 
differentiation by locality to be far more important than differentiation by 
morphotype. Second, all populations studied are fixed for the same allele at 34 
of the 42 loci investigated, and the consistently small values of Nei’s genetic 
distance suggest that local populations and morphotypes originate from a recent 
common ancestor. 

The most conspicuous genetic difference in the present material is found 
between charr collected from the western and eastern parts of the study area, 
respectively (Fig. 3). It may be noted that the geographic distribution of the 
eastern group of Arctic charr coincides partly with that of the whitefish, 
Coregonus lavaretus, which is assumed to have colonized Norway from the east 
(Huitfeldt-Kaas, 1924). Thus, one possible explanation to the major branch of 
the dendrogram is that charr of the two regions represent different postglacial 
immigrations to the area (cf. Svardson, 1961; Klemetsen & Grotnes, 1980). 

I t  should be stressed, however, the allele frequency differences at the Est-2 
locus constitute the primary source of variation underlying the major branch of 
the dendrogram (Fig. 3) .  Nyman & Shaw (1971) suggested temperature- 
dependent selection to be operating at the esterase locus, and Nyman (1972) 
proposed that selective advantage of the Est-2 (90) allele at low temperatures 
could explain part of the variation observed for that allele among Arctic charr 
populations in Scandinavia. If selection is actually operating at the esterase 
locus, environmental differences between the two regions may have contributed 
to the dichotomy indicated by the dendrogram. 

In contrast to the marked geographical variation at the Est-2 locus, there are 
no indications of corresponding regional differences at  other loci (Table 2). 
There is a very high degree of genetic similarity between the two groups, and 
data do not suggest that they represent different major evolutionary lines. Thus, 
even if the groups do represent different postglacial immigrations they appear to 
have a fairly recent common ancestry. Of course, there is even less reason to 
consider the groups evolutionary divergent if selection can be demonstrated to 
operate at the esterase locus (Nei, 1975). 

Regardless of the cause underlying the variation of esterase allele frequencies, 
they obviously do not characterize the dwarf and normal morphotypes. The 
transplantation of normal charr fry from Lake Tinnsjraen (lake 7) into the 
Ustekveikja watercourse (lakes 8-1 2) demonstrates that both dwarf and normal 
charr populations can develop from an initial introduction of a single type (see 
also Nordeng, 1983). I t  is also obvious that such a development may occur 
without apparent allele frequency changes at Est-2 or other electrophoretically 
detectable loci. The comparison of coexisting dwarf and normal morphotypes of 
different lakes also shows that allele frequencies at all the variable loci 
(including Ed-2) differ more between localities than between morphotypes 
(Table 3) .  Thus, there is no population genetic evidence that dwarf and normal 



GENE'I'IC DIFFERENTIATION IN SALVELINUS ALPINUS 28 1 

charr morphotypes represent different systematic units, and an association 
between morphotype and esterase allele frequency appears to occur within 
particular lakes only. 

The coexisting morphotypes within each of Lake Sirdalsvatnet and Lake 
Selura (lakes 5 and 6) apparently represent sympatric populations with a 
restricted amount of gene flow. The absolutely small amount of genetic 
divergence suggests that the sympatric populations of each lake developed from 
a single recent ancestor. The restricted gene flow undoubtedly reflects 
mechanisms of pregametic isolation (e.g. different spawning times or ethological 
barriers) that, coupled with the strong homing behaviour of salmonids 
(Nordeng, 197 1; Behnke, 1972), could ultimately result in speciation. However, 
the genetic distance between these sympatric demes is not large enough even to 
separate them from other populations within the same geographic region. 
Further, there is no genetic evidence of a common ancestry of the dwarf charr of 
these two neighbouring lakes, and the same is true for the normal charr 
populations with which they coexist (Fig. 3) .  Behnke (1972) reached similar 
conclusions when comparing meristic and morphological characteristics of 
coexisting dwarf and normal charr morphotypes from four lakes within a 
restricted region of N Sweden. 

Our conclusion regarding a single major evolutionary line of Arctic charr 
(dwarf and normal as well as anadromous forms) agrees with the results from 
other multiple locus studies of this species which have been published previously. 
'The genetic variability patterns observed in investigations of Arctic charr 
populations from Sweden (Andersson el al., 1983) and Ireland (Ferguson, 1981) 
were both considered consistent with a model implying local differentiation 
among series of conspecific populations. Kornfield et al. (1981) arrived at a 
similar conclusion when estimating the amount of electrophoretically detectable 
genetic differentiation among morphological divergent Arctic charr populations 
in N America. 

The populations of the present investigation are genetically very similar to 
other Scandinavian populations which have been studied on a multiple locus 
basis. For 35 of the loci our current data can be combined directly with those 
from northern and central Sweden published by Andersson et al. (1983). The 
gels were all run in the same laboratory, and electrophoretic identity of alleles 
has been established for all loci that were scored in both studies. In the 
combined material, the largest value of Nei's genetic distance is 0.026, which is 
found between Lake Imsvatnet (lake 4) of the present study and Lake Stora 
Bavervattnet, central Sweden, in the study of Andersson et al. (1983). This 
value (0.026) is almost identical to the largest one obtained among the 
populations of the present study, 0.024, when calculated on the same 35 loci ( ix.  
between Lake Imsvatnet and Lake Tyrifjorden (lakes 4 and 15) where genetic 
distance is 0.020 when calculated from the 42 loci analysed in our present 
study). As the major part of the Scandinavian peninsula is covered by the two 
studies in combination, the joint results support the concept of a recent common 
ancestor of currently existing Scandinavian Arctic charr populations exhibiting 
various ecological and morphological characteristics. 

,4s pointed out by Turner & Grosse (1980), many of the problems in fish 
systematics stem from the tendency among ichthyologists to equate trophic 
difrerentiation (or ecological polymorphism) with systematic divergence. A 

6 
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Table 4. Selected cases of different combinations of ecological polymorphism 
and verified genetic differentiation in Arctic charr 

~~ 

Lake, country 

0. Bjorkvattnet, Sweden 
Bitsvatnet, Norway 
Sirdalsvatnet, Norway 

Conn, Ireland 
Black Lake, U.S.A. 
Imsvatnet, Norway 

Bvervatnet, Norway 
Vangsvatnet, Norway 

Windermere, England 

Genetic population 
Ecological differentiation 

polymorphism verified Reference 

Yes Yes Nyman, 1972 
Yes Yes Klemetsen & Grotnes, 1980 
Yes Yes This study 

No No Ferguson, 198 I 
N O  No Kornfield el al., 1981 
No No This study 

Yes No Nordeng, 1961, 1983 
Yes No This study; Hindar & Jonsson, 1982; 

Jonsson & Hindar, 1982 

No Yes Frost, 1965; Child, 1984 

number of' recent studies have documented that ecological polymorphism may 
occur among individuals which apparently belong to the same breeding 
population (e.g. Sage & Selander, 1975; Turner & Grosse, 1980; Kornfield el a/., 
1982). Similarly, Savvaitova (1973, 1983) suggests that within salmonid species 
many cases of coexisting morphotypes represent ecological forms rather than 
genetically divergent sympatric populations. On the other hand, i t  appears that 
salmonids are characterized by a tendency to evolve genetically divergent local 
populations, and when found in sympatry they may differ ecologically as well as 
morphologically (Kirkpatrick & Selander, 1979; Ryman el al., 1979; Ferguson 
& Mason, 1981). 

Although lack of electrophoretically detectable allele frequency differences 
does not prove genetic identity, it appears that sufficient data on Arctic charr 
have now accumulated to indicate that the phenomena of ecological 
polymorphism and genetic divergence of populations may occur independently 
(Table 4). In our present study there is evidence that ecological polymorphism 
can occur without detectable genetic differentiation (e.g. Lake Vangsvatnet, 
no. 1 )  as well as in association with genetic divergence between morphotypes 
(e.g. Lake Sirdalsvatnet, no. 5). Further, the well-documented case of autumn- 
spawning and spring-spawning charr in Lake Windermere exemplifies 
genetically diverged populations that are of the same morphotype (Frost, 1965; 
Child, 1984). Finally, the most common observations are lakes with a single 
morphotype and without indications of population differentiation (Ferguson, 
1981; Kornfield et al., 1981; Andersson et al., 1983; and several lakes of our 
present study). 

Among the salmonids, fishes of the genera Salvelinus and Coregonus are most 
prone to split into ecologically specialized groups in sympatry, and they are 
definitely the most difficult to classify (Behnke, 1972). We suggest that this 
relates to their lake-spawning habits, which allow spawning to take place at 
either discrete or continuously distributed spawning places, and under a 
multitude of environmental conditions (Svardson, 1979; Balon, 1980). 
Interestingly, the genera Salmo and Oncorhynchus do not present similar 
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taxonomical problems except in cases where lake spawning of one or more 
morphotypes is involved, as exemplified by the coexisting stream-spawning and 
lake-spawning brown trout, Salmo trutta, of Lake Garda, Italy, and the 
coexisting sockeye and kokanee salmon, Oncorhynchus nerka, in a number of lakes 
in western N America (Behnke, 1972, and references therein). 

In conclusion, the results of the present study lend no support to the 
hypothesis that dwarf and normal morphotypes or other groupings of Arctic 
charr in the area are different species. Rather, they mandate a change of 
thinking from the sibling specics concept to a concept of locally differentiated 
populations presently recognized for a number of other salmonid fishes (Behnke, 
1972; Allendor€& Utter, 1979; Ryman, 1981; StAhl, 1981). 
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