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Semi-automated fluorescent genotyping of eight polymorphic microsatellite loci was used 10 assess the level of genetic
diversity and population differenttion in Nordic stocks of non-anadromous Arctic charr. Salvelinns alpinus. of boath wild
and hatchery origin. Highly sipnificant genetic heterogeneity was detected globally across wild and or hatchery popula-
nons and even between populations from lakes sepurated by as little as six kilometres. The overall level of genetic
differentiation among wild populations (Foy = 0.360) wus substuntially higher than that observed between populations of
unadromous Arctic charr in Canada using microsatellite data. Cavalli-Sforza and Edward’s chord distance was used 10
construct a neighbour-joining tree and three population clusters were supported with relatively high bootstrap values
which included the populations from north-west. north-cast and southern Finland respectively. Use of Pactkau et ul’s
mdividual assignment test further supported the strong differentiation of most populations as well as their classification
into the three predicted geographical areas. No significant difference i average allele number or heterozygosity was
observed between populations of wild and hatchery ongin. However. the effects of hatchery rearing were revealed by a
strong increase in the number of deviations from Hardyv-Weinberg equilibrium as well as of linkage disequilibrium events
m the hatchery stocks compared to natural populiations. The population from Luke Suimaa. in south-east Finland. is
completely reliunt upon aquaculture assistance for its survival. The broodstocks of this population exhibned purticulirly
low levels of genetic variability. Although the hatchery stocks of this population suffer from increased egg and alevin
mortality and disease susceptibility, it remains to be determined if this is due directly to a luck of genetic variation as some
abundant unstocked natural populations possessed similarly low levels of microsatellite variability.
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Fish species of the family Salmonidae are highly
valued due to their importance as a food source and
also for sports fishing. With such an importance to
humans. it is not surprising that the exploitation of
this natural resource has been to the detriment of
many wild salmonid populations (e.g., MAITLAND
1995: Ryman et al. 1995; ALLENDORF and WAPLES
1996). Such heavy human exploitation poses a unique
challenge for those interested in the conservation of
salmonid. and indeed other. fish species: how can
intraspecific genetic diversity be maintained in in-
tensely harvested populations? In addition. salmonids
exhibit a complex and diverse range of life histories at
the inter- and intraspecific level (e.g.. BALON 1980:
TayLor 1991). Such ecological diversity further com-
plicates the development of a general set of guidelines
for salmonid conservation and virtually necessitates
population by population evaluation.

The Arctic charr, Salvelinus alpinus, exemplifies the
level of intraspecific diversity observed in salmonid

fishes (JoHNsON 1980). Not only do anadromous and
non-anadromous forms occur, but also various ‘mor-
photypes’ (morphs). which can be distinguished ac-
cording to size and growth rate (JounsoN 1980). or
according 1o food niche segregation (SKULASON et al.
1993). The sympatric occurrence of several morphs is
not uncommon, with up to four different morphs
known to occur in a single lake (SANDLUND et al.
1987, SKULASON et al. 1993). As with other salmonid
species, populations of Arctic charr have been signfi-
cantly affected by human activities with nine of the
sixteen countries possessing indigenous Arctic charr
stocks reporting the extinction of at least some of
these populations (MAITLAND 1995).

Previous genetic studies of Arctic charr popula-
tions have produced mixed results. Earlier studies
using allozymes (e.g., FERGUSON 1981; OsIiNOV and
Paviov 1998), mtDNA RFLPs (DANZMANN et al.
1991; BRUNNER et al. 1998) mtDNA sequencing
(VoLpPE and FERGUSON 1996; WILSON et al. 1996)
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and mimisatellite fingerprinting (VoLee and Ferer .
SON 1996) revealed litile variation and therefore dif-
ferentiation between populations and or morphs wus
difficult to detect. Recently however. several studies
have revealed high levels of microsatellite variation in
populations of Arctic charr from Canada and the
Alpine region in central Europe (BERNATCHEZ et al.
1998: BRUNNER et al. 1998) which have enabled the
identification of genetically distinet populations situ-
ated as httle as 10 km apart (BERNATCHEZ et al.
1998).

Countries of the Nordic region contain about 84
of the world’s indigenous Arctic charr stocks (MAIT-
LaND 1995). However. despite extensive SUrveys. very
little information is availuble as 1o the genetic struc-
turing of populations in this region due to the limits
of detecting genetic variation with more traditional
molecular genetic markers mentioned above (AN-
DERSSON et al. 1983: HINDAR et al, 1986). Detailed
mformation about the charr stocks of specific coun-
tries are often difficult 1o come by. Finland however.
has compiled a register of the main Arctic charr
stocks in the  country (KALLIO-NYBERG  and
KOLIONEN 1991). This register lists only 40 Vi of all
stocks as being safe from the threat of extinction. The
status of populations of the large, fast-growing
morph. most prized by anglers. was particularly
alarming with three of the six stocks listed as endun-
gered. For example, the Lake Saimaa stock of large
morph Arctic charr in south-east Finland is com-
pletely reliant on aquaculture for its existence
(MAKKONEN 1997). In response 1o these population
declines, the Finnish Game and Fisheries Research
Institute (FGFRI) has initiated broodstock rearing
programs and hatchery propagation of endangered
Arctic charr stocks (PHRONEN and HEINIMAA 1998).
The main aim of these programs is to maintain the
original fish stocks and their biodiversity by means of
broodstock cultivation and stocking. For successful
hatchery munagement. it is extremely important to
monitor the genetic variability of these stocks and
how this variation is maintained during hatchery
rearing.

Given the vulnerable state of many of these popu-
lations. microsatellite analysis would appear to be the
marker of choice for genetic analyses not only due to
the increased levels of polymorphism detected com-
pared to other marker types. but also because sam-
ples can be taken without harming the fish. In this
study we present results from the analysis of 320
individuals. originating from 11 non-anadromous
populations in Finland. Norway and Sweden. with
eight microsatellite loci. The aims were | —develop-
ment of a multicolour fluorescent based genotyping
system enabling rapid assessment of the level of ge-

netic diversity in hatchery broodstocks used {or sup-
porting endangered natural populations in Finlund.
2—comparison of the diversitv levels observed in
hatchery and natural populations and 3— identifica-
tion of populations which could be considered as
distinet units suitable for practical conservation
management.

MATERIALS AND METHODS
Samples

Samples were collected during  1997- 1998  from
hatcheries or from the wild (Table 1: Fig. 1), Eight
stocks were classified as being of true hatchery origin
on the basis that they were at least F1 generation
hatchery stocks (Table 1). Four populiations. originat-
g from presumed unstocked lukes (Table 1). were
classed as “wild”. Following comparisons between
‘hatchery” and “wild™ populations are therefore based
on these stocks and populations. For the majoriy of
sumples. DNA was chelex extracted from approx. |
mm”* of adipose dorsal fin according to the method of
EsTour et al. (1996). For a small number of samples,
DNA was chelex extracted from liver or muscle tissue
which had been stored at — 20°C for up 1o five veurs.

Semi-auromated fluorescent microsarellite analvsis

A total of 56 puirs of primers. isolated from seven
salmonid species. were tested for their ability to am-
plify a homologous product in Arctic charr. Eight
loct were chosen for analysis of the entire material
(Table 2). Four of these. Sfo8. 23: Cocl3: MSTSS,
had been used in previous studies of Arctic charr
(BERNATCHEZ et al. 1998 BRUNNER el al. 1998).
three hud been identified as polymorphic in Arctic
charr (Ssal97: ;60: SSOSLSS. (BRUNNER et al.
1998) but not investigated further. plus an additional
marker, Ssa /4. which we identified 10 be polymor-
phic. The general protocol for 10 ul PCR reactions
was as follows: 1% of the chelex extracted DNA
solution (see above). 3-6 pmol of each primer. 200
HM dNTP, 10 mM Tris-HCI (pH 8.3). 50 mM KCl.
1.5 mM MgCl, and 0.25/0.5 U AmpliTaq AmpliTaq
Gold DNA polymerase (Perkin Elmer). All reactions
were carried out on either PTC100, PTC200 (MJ
Research) or Mastercycler gradient (Eppendorf) ther-
mal cyclers. The general PCR profile for most loci
was as follows: 94°C for 3 min. followed by 30-33
cycles of 94°C for 60 s. x°C (see Table 2) for 60 s.
72°C for 60 s. with a final 72°C extension of 5 min.
For several markers. a touchdown PCR protocol was
used which consisted of 94°C for 10 min. x°C (Table
2) for 60 s. 72°C for 60 s, followed by 20 cycles of
94°C for 30 s. x°C for 30 s, 72°C for 30 s. with the
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annealing temperature decreasing 0.3°C per cycle fol-
lowed by 15 cycles of 94°C for 30 s, (x-10)°C for 30
s and 72°C for 30 s and a final 72°C extension of 3
min. All loci were PCR amplified separately.

Based on a preliminary evaluation of genetic diver-
sity. the eight markers were divided into two groups
and end-labelled fluorescent primers (FAM. HEX or
NED) ordered so as 1o enable co-migration of each
marker ‘panel” in a single gel lane i.e.. within each
panel. loci labelled with the same dve colour had
non-overlapping size ranges (Table 2). In order 1o
produce signals of relatively even intensity in each
panel. varying volumes of each locus PCR product
were pooled (Table 2) along with a loading buffer
size standard mix (400HD: Perkin Elmer). Samples
were then electrophoresed using an ABI377 se-
quencer. according 1o the recommended guidelines
(http: 'www2.perkin-elmer.com ab about dna 377
377str.himl) using filter set D. Genotypes were scored
with the aid of the Genotyper 2.0 program (Perkin
Elmer) using locus specific macros made by CRP.
followed by manual corrections and then exported

into a spreadsheet program for further statistical
analyses (see below).

Genetie diversiny analvses

Genetic diversity indices. including number of ob-
served alleles (A). observed number of heterozygotes
(Hg) and expected level of gene diversity (Hy). were
calculated using GENEPOP3.1b (RAYMOND and
ROUSSET 1993). Differences in mean genetic diversity
indices between hatchery and wild populations were
assessed using a nested ANOVA with logarithmic
transformation of the data. For the test on allele
number, we adjusted to & common sample size (that
of the largest population analysed) using the formula
of Ewens (1972). GENEPOP3.1b was used 1o con-
duct exact tests for deviations from Hardy-Weinberg
(H-W) equilibrium and for genotypic linkage. Correc-
tions for multiple significance tests were performed
using  Fisher's method as  computed  in
GENEPOP3.1b and applying a sequential Bonferroni
type correction (RICE 1989).

Table 1. Details of stocks and populations examined in this studv

Location Abbreviation  Latitude  Longitude Description
Pihtsosjirvi PIH 69°14° 21°17 Wild caught fish maintained in the hatchery for 4 years. 30 %
mortality during this period
Somasjirvi SOM 69°17 21°33 Wild caught fish maintained in the hatchery for 5 years. 73,
mortality during this period
Toskaljirvi TOS 69°1 1 21°28 Wild caught fish maintained in the hatchery for 4 years. 61 '
mortality during this period
Hornavan HOR 66°13° 17°46 Al least 3™ generation hatchery stock. No information on
number of founders available.
Haukejavri HAU 69°57 20°14° Wild caught fish from a presumed unstocked lake.
Buevatinet BUE 70°37 30°05° Wild caught fish from a presumed unstocked lake.
Lisma LIS 70°08 28°04 Wild caught fish from a presumed unstocked lake.
Inari INA-L 69°00° 28°00° Large morph. Descendants of several broodstocks initiated in
) the late 1960°s with occasional addition of wild individuals.
INA-W Large morph. Wild caught fish from the lake stocked with
fish produced by INA-L,
INA-S Small morph: 1** generation hatchery stock. Founders taken
from several different spawning sites.
Saimaa SAI-85 61°15 27°35 Large morph: 1* generation hatchery stock produced from
wild caught fish. Includes offspring from 2 broodstocks
SAI-9] Large morph: 1" generation hatchery stock produced from
wild caught fish and SAI-85 offspring.
SAIL-92 Large morph: 1* generation hatchery stock produced from
wild caught fish and SAI-85 offspring.
SAI-93 Large morph: I generation hatchery stock produced from
wild caught fish.
SAI-94 Large morph: I** generation hatchery stock produced from
wild caught fish and SAI-85 offspring.
SAI-W Large morph. Wild caught fish from the lake stocked with
fish produced by SA1-85-94'
Riasten RIA 62°51 11°46 Wild caught fish from a presumed unstocked lake.
Germany. GER 47°30° 12°57 History unknown. From the Danube drainage system.
Konigssee

" Taking into account the generation time of arctic charr. these wild fish are most likelv af natieal mrtoin
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Generie differentiation among populations

Tests for significant genie differentiation among pop-
ulation pairs or larger groups of populations were
made using exact tests for genetic heterogeneity in
GENEPOP 3.1b. Corrections for multiple signifi-
cance tests were performed using Fisher’'s method as
computed in GENEPOP 3.1b and applying a sequen-
tial Bonferroni tvpe correction (RICE 1989). For
those cases in which significant genic differentation
was observed. Wright's F-statistics were estimated in
order to measure the extent of genetic differentiation.
using the classical estimator @ of WEIR and COCKER-
HAM (1984) or by taking into account the difference
between allelic size using the estimator pgr of Rous-
SET (1996). The relationships and differences between
these statistics are reviewed in ROUSSET (1996) and
EsTouPr and ANGERS (1998). These vualues were esti-
mated globally over all populations and also for the
groups of populations defined as natural and of
hatchery origin (see above). Tests for multilocus dif-
ferences between Fyp and pgy for the same population
groups were assessed using a Wilcoxon signed rank
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Fig. 1. Map showing the locations of Arctic charr popula-
tions from the Nordic region included in this study. All
hatchery stocks are kept in facilities within 150 km of their
origin except for the Hornaven (HOR) stock which is
maintained in the Taivalkoski hatchery in central Finland.

Genetic affities anmong populations and individual

fish

Neighbor-Joining (NJ) trees relating the natural and
domestic samples were constructed using the chord
distance of CavaLLI-SFORZA and EDWARDS (1967)
and the D, distance of NEI et al. (1983). These two
distances have been shown to have a higher probabil-
ity of producing trees with a correct topology than
many other distances. regardless of the mutational
model of the markers (TAKEZAKI and NEI 1996). As
it is suspected that the mutation pattern of mi-
crosatellite sequences nearly follows a stepwise muta-
tion mode! (SMM. OHTA and KIMURA 1973), a NJ
tree was also constructed from microsatellite data
using the genetic distance based on allele size differ-
ences of GOLDSTEIN et al. (1995). Bootstrap values
were computed by resampling loct and are given as
percentages over 2000 replications (HEDGES 1992). In
order to study the genetic affinities among individu-
als. we used an assignment method of individual fish
to the set of sampled populations based on individual
genotypes and  population allele  frequencies
(PAETKAU et al. 1995). This method assigns an indi-
vidual to the population in which its multilocus geno-
type has the highest probability of occurring.
assuming Hardy-Weinberg equilibrium and linkage
equilibrium in all locus-population combinations. All
NJ trees and assignment computations were pro-
cessed using personal programs.

RESULTS
Cross species amplification and genetic diversity

Of the 56 salmonid microsatellites tested, 35 am-
plified a specific product in Arctic charr. Eight loci.
which were polymorphic in at least some of the
populations tested. could be co-electrophoresed in
two ‘panels’ of markers on an ABI377 semi-auto-
mated sequencer (Table 2). The total number of
alleles per locus varied from 4 to 56, and the average
heterozygosity level across all sampled populations
and broodstocks was between 0.05 and 0.73 (Table 2:
Appendix A). Genotype frequencies at a ninth highly
polymorphic locus, Ssa289. appeared to deviate sig-
nificantly from H-W equilibrium in a number of
populations. all such cases being due to heterozygote
deficiency. A situation whereby heterozygote defi-
ciency at a microsatellite locus is observed across a
number of populations may suggest the presence of a
null allele (PEMBERTON et al. 1995, BROOKFIELD
1996). Using formula (4) from BROOKFIELD (1996).
the potential null allele frequency at Ssa289 in the
four natural populations was calculated to range
from 0.06-0.29. This locus was excluded from further
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analyses. Geneuc diversity indices for the remaining
eight markers in each population are given in Ap-
pendix A. Details of allele frequencies in each popula-
tion are available on request {from the corresponding
author.

H-W and linkage disequilibrivm in narural
populations

In the four natural populations included in the study.
three deviations from H-W equilibrium, significant at
the 5% level. were observed in 25 locus population
comparisons (Table 3). Each of these results occurred
in a different population and with a different marker
(Appendix A) and none were significant after using a
Bonferroni-type correction for multiple tests. Multi-
ple probability tests at each locus and over popula-
tions (Fisher's method) revealed one locus (Sf023)
and one population (Buevattnet) which deviated from
H-W equilibrium across populations/loci at the 5%
level (Appendix A) however neither were significant
after correcting for multiple tests. No significant ge-
netic disequilibrium events were observed in any lo-

cus population combinations (P > 0.07) nor for any
multiple probability tests across populations (Fisher's
method. P > 0.19).

Hatchery vs. wild population genetic diversiv

When considering natural populations compared to
hatchery stocks as a whole. no significant difference
in average allele number (corrected for sample size)
was observed (nested ANOVA, F, ;=14 P=0.24).
nor were there any differences in average observed
heterozygosity (F, ,,=0.58 P =045). In contrast 1o
the natural populations however, a number of signifi-
cant deviations from H-W equilibrium were observed
in the hatchery stocks (Table 3. Appendix A). In
addition, of 31 possible locus/hatchery stock exact
tests, 17 deviations from H-W equilibrium. significant
at the 5% level, were observed (only 2.5 are expected
due to type I error). After correction for multiple
tests, five remained significant. Multiple probability
tests across loci for each population indicated that
there were significant deviations from H-W equi-
librium at five of the eight hatchery stocks (three after

Table 2. Swmmary of the salmonid microsarellite loci used in this study and their analvsis conditions. N—number
of individuals successfully analvsed. Total A— total number of alleles observed at the locus and Ave H,—average
observed heterozygosity level across populations /broodstocks

Locus™™  Species of origin Fluoro. Primer Anneal. Marker Loading Size Range N Total Ave.
Label  amount Temp. -panel’ volume (bp) A H,
(pmol)  (°C) (ul)
SSOSLES' Sulmo salur FAM 4 55 ] 0.250 l?l“. 224~ 334 19 0.63
Cocl3* Coregonus clupeaformis  HEX 6 50 1 0.375 ;80 233- 325 27 0.69
Ssal4'  Salmo salar HEX 6 58 ] Gsn . Me 16 7 048
Ssal97* Sulmo salar HEX 3 55 1 0.125 Iiﬁ 121- 327 4 0.05
MSTS83*  Sulmo trutta NED 3 55 | 0.500 1-9 183- 327 33 0.68
Sfo8" Salvelinus fontinalis FAM 3 60 2 0.375 - 263- 329 26 0.68
Sfo23° Salvelinus fontinalis HEX 6 554 2 0.500 : . 139- 333 356 0.73
MST60"  Salmo trutta NED 6 60¢ 2 0.375 e 161- 331 24 0.65
Ssa289*¢  Salmo salar FAM 3 53 2 0.250 f::; 176~ 328 24 0.50

* Microsatellite references: 1 —SLETTAN et al. 1995, 2— BERNATCHEZ 1996, 3— McCCONNELL et al. 1995, 4—O'REILLY
et al. 1996. 5—Presa and Guyomard 1996, 6— ANGERS et al. 1995, 7—EsToup et al. 1993,

" In order to enhance 3’ adenylation (BROWNSTEIN et al. 1996), a GTTT *PIGtail’ sequence was added to the 5" end of the
non-labelled primer for all primer pairs except MST85 and Sfo23.

© Primers co-amplify a monomorphic fragment 171bp in length in addition to the polymorphic locus.

¢ Touchdown PCR protocol (see Methods).

“ Due 10 the possible presence of a null allele in some populations, not used in further analyses.
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Table 3. Number of effective founders (N,,) and average genetic diversity indices ar cight microsatellite loci for
harchery broodstocks and natural populations with no known stocking history

Hatchery broodstocks

Wild populations

SAL-85  SAI-91  SAI-92 SAJ-93  SAL-94 INA-L INA-S HOR RIA HAU BUE LIS
N, 34 s 48 6.9 12 230 48 ' = = - ;
Mean A 3.5 0 19 2.4 26 6.3 5.1 5.6 4.3 31 100 44
Mean H,, 0.72 .50 0.350 042 0.32 0,59 (1,68 (.57 045 043 .62 (.51
Meun GD 0.50 .42 0.42 0.36 (.45 0.60 (.68 (.55 043 040 0.71 0.51
H-W deviauons" 6 6 | 6 06 25 36 X7 17 28 | 6 135 1/8 06
L D 9 20 2 1E 213 1 14 1 15 2°2] 020 221 014 015 021 014

* The maximum number of effective founders. bused on hatchery records. The actual number of founders is likely to be
lower due to variation in reproductive success between individuals.

" Single Jocus deviations from Hardy-Weinberg equilibrium.

“ Pairwise linkage disequilibrium.

¢ Number of linkage disequilibrium events possibly elevated due 1o the combination of two broodstocks.

a Bonferroni-type correction). Similarly in contrast to
the natural populations, many genotypic disequi-
librium events were observed in the hatchery stocks
i.e.. 21 in 148 pairwise locus tests. Two of these were
significant following a Bonferroni-type correction. As
his been noted and discussed earlier (EsTOUP et al.
1998). significant disequilibria most often involved
markers with the highest polymorphism levels. espe-
cially the highly polymorphic S$/023 which was in-
volved in 10 of the 21 significant events,

Level of differentiation and genetic affinities among
populations

Highly significant genctic heterogeneity was detected
across all populations and also when considering the
wild and hatchery populations as separate groups
(Fisher's test P <1 x 10~ %). The global level of dif-
ferentiation. as calculated by Fg and pgq. was simi-
larly high using both measures for wild and hatchery
populations as well as over all populations (Table 4).
There were no significant differences between the two
differentiation estimators for any group of popula-
tions (Wilcoxon signed rank test. all P values > 0.72).
Pairwise D¢ distances are given in Appendix B. The
distance of GOLDSTEIN et al. (1995). which takes into
account allele size differences. produced a meaning-
less NJ tree topology with only two of 15 nodes with
bootstrap values greater than 30 % (tree not shown)
and is therefore not discussed further. A more robust
topology was obtained using the classical distance of
CavaLLI-SFORZA and EDwWARDS (1967) (Fig. 2). Al-
though some internal nodes are associated with low
bootstrap values. three main clusters were supported
by relatively high (53%) to high (99 and 100 %)
bootstrap values: north-east Finland populations (In-
ari-L. -S and-W). north-west Finland populations
(Pihtsosjirvi. Somasjirvi. Toskaliirvi) and the hatch-

ery and wild stocks from south-east Finland (Saimaa-
85, -91-94. -W). Similar branching pattern and
bootstrap values with respect to these three clusters
were produced using Nei's D, distance (tree not
shown). It is interesting to note that the Saimaa
hatchery and wild stocks from south-east Finland
appear to show more genetic similarities with the
Riasten population from southern Norway (boot-
strap value of 82 ') than with any of the northern
populations. In both cases where we were able to
obtain samples of wild caught fish from lakes with
stocking programs (Inari-W and Saimaa-W), the wild
fish population clustered with high bootstrap values
with the hatchery stocks from the same lake and
morphotype. i.e. Inari-W with Inari-L and Saimaa-W
with Saimaa-85-94.

Generie affinities among individuals

Assigning individuals to populations based on the
probability of an individual’s multilocus genotype
arising from a population with known allele frequen-
cies has proved to have a wide range of applications
not only in population genetics. but also forensics.
conservation genetics and stock management (re-
viewed in WASER and STROBECK (1998)). Individual
assignment can also give an indication of the level of
population differentiation and, to a lesser extent. of
their genetic relationships (PAETKAU et al. 1995:
NIELSEN et al. 1997; Estoup et al. 1998). Over 80 %
(257 out of 320) of individuals were assigned to their
correct population using the individual assignment
test developed by PAETKAU et al. (1995). 100 % as-
signment success was achieved for seven population
groups (Saimaa-W, Germany, Haukejavri, Lisma, Pi-
htsosjirvi. Riasten, Toskaljarvi) with 80 % of individ-
uals correctly assigned for an additional six
populations (Saimaz-{5 -91 -9 Hornavan Inari-W
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Table 4. Population differentiation estimates based on global Fy, and po,

I s

Locus Wild Hatchery Wild Hutchery All

SSOSLSs 0472 0.296 0.317 (.599 0.361 0.375
Cocl3 0385 0.286 (.336 0.275 (1.354 0.400
Ssald (.627 0.739 0.742 0,803 0.493 0.591
Ssal97 0.023" 0.033 0105 0.022 0.042 0.125
MSTSs 0.364 0.340 0.348 0.057 0.577 0.621
Stos ).393 0.275 0.309 0.271 0.197 0.218
Sfo23 0.100 (0.235 0.284 0.384 0.270 0.653
MST60 0.274 0.178 0.3053 0.255 0.131 0.155
Over all loci 0.360 0.317 0.361 0.336 0.385 0.53]

* No significant genic differentiation detected between these populations with this locus.

Somasjarvi). The worst assignment success was for
the small and large morphs from luke Inari (Inari-L
and Inari-S: 27% and 36 " respectively). In both
these cases. the vast majority of incorrect assignments
were due to individuals being classified in Inari-W.
the group of wild caught large-morph fish from the
same lake. Individual classification was in good
agreement with a larger scale grouping of populations
into the three distinet clades observed in NJ trees
with 313 320 individuals (98 %) correctly assigned to
a4 population from one of these clades.

DISCUSSION

Population differentiation ar different geographic
scales and implications for stock managemens

Neighbour-joining trees constructed using the D,
genetic distance revealed three population clusters
with high bootstrap support that are in general agree-
ment with the geographic distribution of the popula-
tions: north-west Finland. north-east Finland and
south Finland 'Norway. Previous studies of anadro-
mous Arctic charr microsatellite diversity have re-
vealed significant genic differentiation between
populations separated by as little as 10 km
(BERNATCHEZ et al. 1998). Similarly in this study.
there was significant genic differentiation between the
three populations from north-east Finland (Pihtsos-
jarvi, Somasjirvi, Toskaljirvi: P<1x 10-%). The
maximum distance between these lakes is 11 km
(Pihtsosjirvi-Sor:usjirvi) and the minimum six (So-
masjirvi-Toskaljirvi). The level of differentiation be-
tween these populations is further evidenced by the
assignment of individual multilocus genotypes to
populations (PAETKAU et al. 1995). All individuals
but one (98 %) from north-west Finland were indeed
assigned to the correct population. On a broader
geographical scale. the level of genetic differentiation
observed between the non-anadromous natural popu-

lations examined in this study (global Fep =0.360)
was considerably greater than that observed for
anadromous Arctic charr populations from Labrador
and Newfoundland. Canada (global Fg, = 0.039:
BERNATCHEZ et al. 1998). This may reflect a general
difference in the level of genetic differentiation be-
tween anadromous and non-anadromous fishes
(WARD et al. 1994),

One of the primary aims of stocking programs in
Finland has been to maintain the genetic integrity of
the respective populations by only stocking fish pro-
duced from lake specific broodstocks (PIIRONEN and

PIH
82 SOM
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Northwest

d—t BUE
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. INA-S
90 E INA-W
INA-L
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SAI-84
SAI-91
1 6 SAI-92
87 SAI"93

75 SAI-94
SAI-W

Fig. 2. Neighbour-joining phenogram, based on Cavalli-
Sforza and Edward’s chord distance. showing the genic
relationships among populations and stocks of Arctic charr
populations from the Nordic region and one population
from Germany. Values along branches represent bootstrap
values in percent. Nodes lacking values were supported by
less than 50 % of bootstrap replicates. Black. hatched and
white bars indicate the approximate geographic location of
the populations.

Northeast

82 97

South
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HEiNivaa 1998). Several hines of evidence would
suggest that this pracuice has succeeded. Firstly. the
clear differentiation between hatchery broodstocks
(e.g.. Sutmua. Inari-L and HOR: Fig. 2) indicates
that little or no population trogression has oc-
curred. as opposed 1o the levels observed in alpine
charr populations where stock transfer is known 1o
have taken place (BRUNNER et al. 1998). Secondly.
in the two lakes with stocking programs from
which we were able 1o obtain wild caught samples
(Inari-W  and  Saimaa-W). both  ‘populations’
grouped most closely (and with high bootstrap sup-
port) with the hatchery broodstock of the same
lake. It could be argued that the high level of dif-
ferentiation of the Saimaa stocks from other popu-
lations may have arisen simply due to the low
number of founding individuals in hatchery increas-
ing the effect of genetic drift. However broodstocks
from several years have been independently pro-
duced using different wild-caught individuals (all re-
leased fish are marked and can therefore be
identified if they return to spawn) and all year
classes cluster together with 100% bootstrap sup-
port. therefore suggesting ‘true’ differentiation of
this population from the others in this study. Inter-
estingly. the Saimua population appears to show a
closer genetic affinity to a population from south-
ern Norway (Riasten) than to any of the other
populations in this study. Although further investi-
gations are required. north-south clinal gradients
have been observed in a number of other species in
the Nordic region (e.g.. MERILA et al. 1996) and
may also be occurring in Arctic charr,

Effects of hatchery stock composition and
managenent on generic parterns

Previous comparisons of genetic diversity between
hatchery stocks and wild populations have revealed
significant differences in genetic diversity and equi-
librium indices such as allele number (TESSIER et
al. 1997), allele frequencies (NymMaN and RING
1989: TessIER et al. 1997. CLIFFORD et al. 1998)
and heterozygosity (NYMAN and RING 1989; CLIF-
FORD et al. 1998). When comparing the overall
level of diversity in hatchery stocks as a whole to
that in the natural populations examined here. no
significant differences in the average number of alle-
les per locus nor average Hy were observed. This
was partly due to the high level of variation ob-
served in some hatchery stocks with higher numbers
of founding individuals (e.g., Inari-S: Table 3). The
effects of hatchery production were however re-
vealed in other ways when compared to non-

stocked natural populations in the form of an
ineraacsd Arcitrrance AF H.W and lhinkaece diceaii-

librium events in hatchery stocks than in natural
populations (17 vs. 3 and 21 vs. (0. respectively).

Taking mto account the history of hatchery
stocks proved to be very useful for explaining the
observed levels of genetic diversity and the fre-
quency of disequilibrium events in several of the
hatchery broodstocks. For example. the highest av-
erage number of alleles observed in the hatchery
stocks was in Inari-S. the broodstock with the
highest number of effective founders (N,) and also
known to have been initiated using fish from sev-
eral different spawning sites which may have repre-
sented different gene pools. In addition, over one
third of the H-W and genetic disequilibrium events
occurred in a single broodstock (Saimaa-85). This
cun perhaps be explained by the fact that this stock
actually comprises a combination of two brood-
stocks produced independently in 1985 and 1986.
cach with a low N,. Therefore, the increased num-
ber of disequilibrium events compared to other
hatchery stocks may be the result of a Wahlund-
type effect (HARTL and CLARK 1989).

Sustainable management of exploited populations:
Lake Saimaa charr as an example

Aquaculture plays an important role in the mainte-
nance of several Arctic charr stocks analysed in this
study (c.g.. MAKKONEN 1997). The value of aqua-
culture and stock supplementation as a tool for the
conservation of aquatic species is currently debated
(Ryman and LAaIKRE 1991: THORNHILL 1993,
WaPLES and Do 1994; ALLENDORF and WAPLES
1996). In some cases however, when a population is
fished to near extinction with little or no reproduc-
tion in the wild, aquaculture supplementation is
perhaps the only means to maintain a viable popu-
lation. An obvious alternative would be to prohibit
fishing until the population in question recovered.
This is however a politically sensitive issue. An ex-
ample of the former scenario is the Arctic charr
population of Lake Saimaa in south-east Finland
where very few wild spawners could be caught for
producing annual broodstocks (MAKKONEN and
NURMIO 1997). Such a situation creates quite a
dilemma: should the effective number of founders
be increased by using fish from other lakes, and
therefore risk the loss of habitat/population specific
gene combinations? Or should the genetic integrity
of the population be maintained, but risk the loss
of genetic variation? In the case of the Saimaa pop-
ulation, the decision was made to risk the loss of
genetic variation in order to maintain genetic in-
tegrity. In contrast to this procedure, broodstock
production of two morphotypes from the same lake
in north-eact Finland was initiated while the respec-
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live natural populations were still relatively abundant
(Inari-L and Inari-S). It has previously been noted
that Saimaa charr appeared to have a lower level of
genetic diversity than many alpine populations of
Arctic charr (BRUNNER et al. 1998), a feature sup-
ported by the results of this study. This was particu-
larly evident when considering those loci with the
highest overall level of variation such as Sfo23. with
only two allelic variants commonly observed across
Saimaa broodstocks, compared 1o up to 14 and 23
observed alleles in other hatchery and wild popula-
tions. respectively (Appendix A). In addition. hatch-
ery records reveal a number of life history features
which raise concerns about the viability of the
Saimaa broodstocks. These include low fertilisation
success. a high level of egg and alevin mortality and
vulnerability to some bacterial infections and eve
disease in adult fish (e.g.. PYLKKO et al. 1996). Re-
duced fitness is commonly stated as a potential result
of lack of genetic variation (e.g., FRANKHAM 1995)
however concluding that reduced fitness in Saimaa
charr is directly due 1o loss of genetic variation would
be premature for several reasons. Firstly. it appears
that the level of genetic variation can vary markedly
between unstocked populations. This is evidenced
most dramatically when considering the Haukejavri
and Buevattnet populations from the north-west
Norway Tana Fjord region (Appendix A). Although
situated less than 80 km apart, the average number of
alleles per locus was over three times higher in Bue-
vattnet (3.1 vs. 10) and average gene diversities also
differed markedly (0.40 vs. 0.71). Secondly. environ-
mental factors specific 1o the Saimaa region. such as
temperature, should also be considered before mak-
ing conclusions about the effect of low genetic vari-
ability. Ege mortality has been shown to increase
significantly if the water temperature is increased by
Just two or three degrees (GILLET 1991). In addition.
the mortality of adult fish at the Saimaa hatchery is
several times higher in the warmest month of the year
compared to the coldest (JP unpub. data). Thirdly. a
much lower level of egg and alevin mortality was
observed in eggs of the Saimaa-93 broodstock which
were transferred to a hatchery 600 km north of Lake
Saimaa (and therefore a lower water temperature
than the Saimaa hatchery).

Although it remains to be determined if a low level
of genetic variation has been detrimental to the Lake
Saimaa charr population, it is clear that the low N,
in all broodstock year classes has affected their ge-
netic structure, with the majority of deviations from
H-W and linkage equilibrium occurring in these
stocks (Table 3). This would suggest that a significant
increase in the N, of future broodstocks is war-
ranted. Due to the poor status of the natural Saimaa

population. this would necessitate the inclusion of
individuals from other lake svstems. As has been
discussed earlier. the line between inbreeding and
outbreeding depression is very unclear in salmonid
populations (ALLENDORF and WAPLES 1996). Of
utmost priority is therefore the identification of an
appropriate ‘sister population’ as genetically similur
as possible to the Saimaa population and from a lake
with similar ecological characteristics. Clearly. none
of the other populations in this study fulfil these
requirements and additional populations need to be
studied. Perhaps the most promising areas to explore
in this respect are the Arctic charr populations from
lakes in Russian Karelia such as Lakes Ladoga and
Onega. These. and surrounding smaller lakes. are
thought to have been connected with Lake Saimaa
for a period after the last ice age (DONNER 1995) and
still contain a number of abundant Arctic charr
populations (Alexei Veselov. Karelia Research Cen-
lre, pers. comm.).
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APPENDIX A: Measures of genetic diversity detected at eight microsatellite loci from 18 populations [hatchery

broodstocks. Listed are the number of chromosomes analvsed (N), the mumber of alleles (4), observed hetero

zygote

proportion (Hy). gene diversity (Hg) and significant (P < 0.05) exact probability estimates Sfor departure from
H-W equilibrium for locus population combinations. Abbreviations for population names are given in Table |

Locus PIH SOM TOS HOR HAU BUE LIS INA-L INA-W INA-S SAI-85 SAI-9] SA[-92 SAL-93 SAI-94 SAI-W RIA GER
SSOSLSS

A 14 38 42 40 38 38 2 A 16 26 52 54 54 54 36 10 30 10

A 2 5 b 6 1 5 5 6 4 4 4 4 4 3 4 4 § 4
H, 043 0.68 081 090 - 047 091 0.53 0.88 0.46 0.96 0.48 0.56 0.85 0.33 0.60 0.67 0.80
H, 0.36 0.72 0.77 0.78 - 0.71 081 065 073 0.55 0.67 0.40 0.56 0.65 0.39 0.71 0.64 0.64
r ns ns ns ns - 0.023ns ns ns ns < 0.0001 ns ns ns 0.034 ns ns ns
Cuel3

N 8 28 38 44 40 36 2 44 16 30 52 56 54 48 36 8 32 10

A < 9 4 3 2 11 5 7 5 13 4 4 - 4 3 3 7 5
H, 0.75 093 026 027 0.05 083 0.73 064 0.73 0.93 0.96 0.54 0.82 0.63 0.72 1.0 0.88 0.80
H 0.86 087 025 025 005 084 071 0.73 0.70 0.88 0.67 0.60 0.65 0.69 0.64 0.71 0.75 0.87
r ns ns ns ns ns ns ns 0.044 ns ns <0.0001 ns ns ns ns ns ns ns
Ssald

N 14 36 40 44 38 40 2 44 12 30 50 56 5 36 36 10 32 10

A 3 | | 3 2 2 I 3 3 4 2 | | 1 1 I 2 a
H. 043 - = 0.55 0.21 03 - 046 017 0.53 004 - - - - - 0.19 040
H. 0.38 - - 043 019 0.5] 0.38 0.32 0.53 0.04 - - - = -~ 0.18 0.53
n ns - = ns ns ns - ns ns ns ns - - = = - ns ns
Swiiv7

\ 14 40 R 44 M RI) 22 42 18 22 52 56 54 56 36 10 24 10

E| I | | B 1 . 1 1 I | | | 2 1 1 1 2
H. - 014 - 0.06 - - - - - - - 0.04 - - - 0.60
H 013 016 = - - - - 0.04 - - - 047
r ns ns = - = = ns - = - ns
VISTSS

A 14 38 40 44 40 u 18 44 1% 30 46 52 46 56 36 10 32 6

1 3 8 N 4 il 13 f 4 4 10 6 5 5 3 4 4 1 5

H 02 063 05 032 073 088 078 .64 (.78 0.73 0.91 0.96 0.96 0.57 0.89 1 - 0.67
i 034 075 062 032 077 083 083 058 058 0.77 n.72 0.66 069 047 070 078 - 0.93
Fi ns ns ns ns 1.032ns ns ns ns ns <0000 0.001 ns 0.034 0007 ns ns ns
RYITAY

A 14 R 42 44 40 IR 2 44 16 26 42 48 50 54 36 10 30 10

A N 9 2 9 5 I 3 Y 7 1l 4 3 3 I 3 3 4 6

i 043 L0 071 082 0O8S 074 008 09l .63 1.0 1.0 0.71 072 - 0.72 0.40 0.53 0.80
i 076 084 085 08 068 08 026 0] 0.63 0.93 0.7 0.61 052 - 0.66 .38 0.48 0.84
I 0008 0.007ns 0.034ny ns ns ns ny ns 0001 ns ns ns ns ns ns
St

\ 14 40 42 40 in N 22 4 I8 0 52 54 48 57 16 R 32 10

i 9 3 7 i 6 n 10 11 10 14 3 3 2 2 3 ] K b

i 037 045 038 08 0%} 095 082 086 089 1.0 0492 056 0.38 .46 .78 0.75 0.81 080
1 093 N46 038 088 0OT8 096 09 08% (s 0.94 052 .52 0.31 0.36 0.52 0.54 .88 0.82
I 0] 2ns ns ns ns ns ns (i ns ns <0.0001 ns ns ns 0.0192 ns 0.013ns
\INTH0

\ 14 42 30 16 36 ) 40 I8 28 52 S0 52 34 36 10 n 10

| 2 6 ol [ 3 1 4 9 9 % 4 k! 3 3 2 Ll 5 2

H 004 D45 029 0735 078 072 064 0.65 | .79 0.96 072 0.54 (.78 0.72 0.80 0,50 040
1 014 043 025 079 D6e8 D86 06l 076 092 0:87 0.69 n.s52 0.63 .67 .50 053 055 036
r s s ns 34 ns ns ns 0.045 ns 0016 0002 ny ns 0.016 ns ns ns ns

All Lo

Vi A 36 33 46 360 A1 00 34 63 5.4 21 35 20 2.9 24 X6 25 43 39
Vean I 03N 032 037 057 043 062 03 05 64 068 0.72 0.50 0.50 42 0,52 0.57 045 .66
Viean If 32 03 D3 Nnis 04 070 031 60 (.60 .68 0,50 042 042 0,36 045 .46 04 068
1ol decry 001 4ns ns ns s 0.028ns 0014 ns D042 <0.0001 0016 0044 0006 0003 ns ns ns
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APPENDIX B: Pairwise genic differentiation estimates based on the Do distance

BUE SAI-85 SAI-91 SAI-92 SAI-93 SAI-94 SAI-W GER HAU HOR INA-W LIS INA-S PIH RIA INA-L SOM
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234
5.88
6.09
5:93
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5.74
3.90
5.36
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3.58
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2,09
6.07
6.21
6.10
6.02
6.02
5.68
3.53
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5.85
5.65
5.84

1.29
5.92
6.11
6.08
5.80
5.85
3.60
5.27
4.79
5.66
5.67
5.51
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6.11
5.93
5.80
5.80
5.51
5.34
4.83
5.63
5.69
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6.29
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5.05
5.06
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5.22

5.78

4.89
319
3.56
5.33
244
492
5.29

4.82

525 5.3t
6.11 5.14
4.80 2.76
4.65 4.70
4,72 510

529
5.62
446
4.17

5
355 470
5.58 5.12 309







