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SUWMVARY

Potential problems with oil and gas development in the Beaufort
Sea area include the effects of offshore construction of
causeways and other structures on anadronpus species such as
Arctic char (Salvelinus alpinus). By studying the anount and
pattern of genetic variation 1n the populations while they are
associated with their natal drainages, we can nake inferences
about the evolutionary history of northern Arctic char, and
predict their ability to respond to changing environnental
condi ti ons.

El ectrophoretic detection of protein variation nmakes it possible
to discrimnate anong stocks using quantifiable characters having
a genetic basis. This proven nethod requires a relatively snal
sanmple of fish from different populations for baseline data.
Further, electrophoretically distinguishable characters have
generally proven to be stable characteristics of fish stocks that
have been studi ed. If the species of concern has a suitable
stock structure, biochemcal genetics nethods can be used to
estimate the percent conposition of various stocks represented in
sanples from m xed aggregati ons.

The objectives of this project are to 1) characterize the anount
and pattern of genetic variation in populations of anadronous
Arctic char from major drainages of the North Slope of Al aska,
2) determ ne whether the population structure of North Slope char
Is such that genetic stock identification of mxed populations
collected from offshore waters would be possible, and 3)
descri be how a sanpling program would be designed to use genetic
stock identification to determ ne which stocks would be affected
by specific devel opnent projects.

Sanples from fifteen populations of juvenile Arctic char were
collected from ten tributaries to the Beaufort Sea. W used
hori zontal starch-gel electrophoresis to identify protein
products of forty-one loci coding for twenty enzynes in three
tissues. W neasured the amount of variation, the pattern of
variation (genotypic distribution) wthin population sanples, the
simlarity between populations, their heterogeneity, and the
degree of gene diversity anobng groups.

Northern Al aska Arctic char have nore genetic variation than
m ght be expected given the relatively narrow range of waters

they inhabit and the harsh environnental conditions. Wth an
average heterozygosity per locus of 5.1% they are typical of
fish species in general; at the upper end of the range observed

in other salnonid fishes; and higher than nost other Arctic char
popul ati ons that have been studied.
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The genetic identities (Nei 1972) anmong North Slope Arctic char

popul ations are high (> .987), indicating fairly recent comon
ancestry. High simlarity values do not inply lack of
significant differences between popul ations. Het erogeneity tests
indicate the distinctness of the populations and the conplexity
of the relationships bet ween them Alnost all North Slope
Arctic char populations are significantly genetically distinct
from each other. Thus , fish from different drainages are not
freely interbreeding, and are nost likely true to their spawning
streans. There is no sinple correlation between genetic

rel ati onshi ps and geographi cal proximty.

It is not possible to determne the wunderlying cause of the
observed rel ationships anong North Slope Arctic char popul ations

from protein studies. Sel ection, mgration, nutation, behavioral
isolation, founder effects, random genetic drift (chance changes
due to snmall populations size) and conbinations of these and

other forces may all contribute.

North Slope Arctic char do not have the magnitude of difference
between groups exhibited by the non-migratory char of northern
Eur ope. They do, however, conpare with the population structure
of anadronous Pacific sal non. This is relevant because genetic
stock identification nethods have been successfully applied to
these salnonids, and can apparently be applied to North Slope
Arctic char.

To do genetic stock identification there nust be sufficient
detectable genetic variation between populations of different
maj or drainages, conbined with a low within-group variability.

Qur data indicate that North Slope char have a relatively |arge
anmount of genetic variation; there are significant differences
anmong popul ations; and the observed variation is partitioned such
that there is as mnmuch difference between char from different

drainages as there is anong populations of sockeye and chum
sal mon where genetic stock identification has been used
successful ly. As such, we can anticipate successful application
of this technique to the identification of <char at specific
of fshore sites.

Managenent | nplications

W have determned that North Slope char have a relatively
| arge anount of genetic variation, and that populations are
genetically distinct from each other. From this we know that
different stocks are currently reproductively isolated from each
ot her. Since they do mx to sone unknown degree in feeding
areas , the differences that have been established between stocks
are mai ntai ned by hom ng behavior. Popul ati ons of each drai nage
are probably discrete, locally adapted units. It is not clear at
this time how non-migratory fornms are related to anadronous
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st ocks.

It is unlikely that loss of any one stock would be mtigated by
substitution of another. Wiile the actual |oci we have studied
may be selectively neutral, wunderlying variation that is narked
by these loci my be highly selected for in different
environnents , corresponding generally to different drainages. As
such, Arctic char stocks of the North Sl ope should be nmanaged as
i ndividual , wunique gene pools.

Further work is needed to understand the relationships anong
popul ati ons. To get a conplete picture of the resource, we
should consider deliberately sanpling resident populations. It
is inmportant that we identify and sanple additional populations
maki ng major contributions to the Beaufort Sea adm xture, as it
is an inportant assunption of the GSI nodel that all major
contributors to a mxed stock be represented in the baseline. It
is also inportant to understand that genetic stock identification
estimates the percent conposition at only one point in space and
tine.

Di stribution of offshore stocks of fish is related to
environnmental conditions which are highly variable from year to

year. Also, Arctic char are highly nobile in offshore areas, so
estimates should be made of stock conposition at several tines
during the short summer feeding season. It nust be realized that
there will be considerable variation, regardless of study nethod
used, between data from different years and different areas and
at different times during the season. This means that stock

identification nust be done on a site-specific basis, wth
repeated sanpling during the summer, and that data from nore than
one year will be required to establish the pattern of use by the
fish.
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| NTRODUCTI ON

Most current environnmental concerns on the North Sl ope of
Al aska are related to the inpacts of oil exploration and
devel opnent on fish and popul ati ons. Potenti al problens include
the effects of offshore causeways and other structures on

anadromous Species such as Arctic char (Salvelinus alpinus) and

Arctic cisco {Coregonus autumnalis). In offshore areas, these

species are in mxed aggregations, which makes it difficult to

determ ne specifically which stocks could be at risk.

Arctic char are of special interest because of their
relatively 1low abundance, Ilimted range in a narrow band of
coastal waters, and their inportance in subsistence fisheries.
Studies (e.g. Furniss 1975, Craig and McCart 1975) characteri zing
the marine and freshwater phases of Arctic char life history
enphasi ze the inportance of the coastal arca of the Beaufort Sea.
Popul ations of Arctic char migrate from freshwater, springfed
spawning and overwintering areas to nearshore narine feeding
grounds. Mgration studies using mark and recapture techniques
indicate that novenents are generally limted to an area adjacent
to the river of origin (Furniss 1975). However, exanples of
extended mgration and overwintering in drainages other than

those used for spawning have been documented (Craig and McCart

1976; Glova and McCart 1974).
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In order to determne which stocks could be affected by
devel opment , and possibly to predict how they would be affected,
we need to understand the stock structure of both the inland and
of fshore stages of the Arctic char life history. By studying the
amount and pattern of genetic variation in the popul ations while
they are associated with their natal drainages, we can nake
inferences about the evolutionary history of northern Arctic
char, and predict their ability to respond to changing
environnmental conditions. Also, wth prelimnary data we can
determne the applicability of genetic stock identification
met hods to nmanagenent problens involving the m xed stocks at

specific offshore sites.

Most nmethods that have been used in the past to study the
rel ati onshi ps anong salmonid popul ations require intensive annua
field sanpling because the distinguishing characteristics are
usually growh rings of scales and/or otoliths. The marks on
these structures are determined by environnental differences
reflected in patterns of fish growh, and are not static
popul ati on characteristics. Acqui sition of adequate sanple sizes
of sal non of known and unknown origin is essential to the success
of stock identification using these characteristics. Lar ge
sanple sizes are needed to develop the “standards” required for
tests with speci nens of unknown origin. In order to ensure that

regional stocks are represented in the analysis, the sanpling
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strategies nust account for stock and species-specific
characteristics relative to age and size of fish snelting and the

intermngling of mgrating stocks in coastal waters.

Electrophoretic detection of protein variation nakes it
possible to discrimnate anong stocks wusing quantifiable
characters having a genetic basis. This proven nethod requires a
relatively small sample of fish from different populations to
establish baseline data. Furt her, electrophoretically
di stingui shable characters have generally proven to be stable
characteristics of fish stocks that have been studied (see Uter
et al. 1981), although there are exceptions (Wilmot, unpublished

dat a)

If the species of concern has a suitable stock structure,
bi ochem cal genetics nethods can be used to estimate the percent
conposition of various stocks represented in mxed aggregations
sanpled from offshore areas. The anount of effort required to
study nmxed stocks is relatively small using these techniques
conpared to methods requiring extensive extrinsically applied
marks (Ihssen et al. 1981). This type of information provides
site-specific information on stocks at risk from habitat
alteration, and biological data at mgratory stages of the life

cycle of these natural popul ations.
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Obj ecti ves

The objectives of this portion of the Arctic Fish Habitats
and Sensitivities project are to: 1) characterize the anmount and
pattern of genetic variation in populations of anadromous Arctic
char from major drainages of the North Slope of Al aska, 2)
determ ne whether the population structure of North Sl ope char is
such that genetic stock identification of mxed populations
collected from of fshore waters would be possible, and 3) describe
how a sanpling program would be designed to use genetic stock
identification to determne which stocks would be affected by

speci fic devel opnent projects.
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METHCDS

Sanples from fifteen populations of Arctic char were
collected from the North Slope of Aaska by US. Fish and
WIldlife Service (USFWS) biologists of the Fairbanks Fisheries
Assi stance O fice. Figure 1 shows the study area and Table 1 the
sanpling location, nunber of fish used for electrophoresis, and
the date of collection. M nnow traps and electrofishing gear
were used to catch juvenile char which were shipped to the Al aska
Fish and WIldlife Research Center (AFWRC) |laboratory in Anchorage
either alive or frozen whole. Skel etal nuscle, liver, and eye
tissues were dissected from the sanples in the laboratory and

used for protein electrophoresis.

ELECTROPHORETI C METHODS

W used horizontal starch-gel electrophoresis to identify

protein products of gene loci follow ng the nethods described by

Uter et al. (1974) . Buffers and staining procedures were after
Allendorf et al. (1977)., and isozyne nomenclature was that of
Allendorf et al. (1983). Gel buffers included: AC (d ayton and

Tretiak 1972) pH 6.3 - 6.8; AC+ (AC plus 30 ng NAD and one drop
of mercaptoethanol) ; RW (Ridgway et al. 1970) PH 8.2; WMF

(Markert and Faulhaber 1965) PH 8. 7.

Bui I ding on the work of Andersson et al. (1983), Hi ndar et
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Table 1. popul ation,

location (latitude and |ongitude),

sanpl ed, and date of collection.

nunber

Popul ati on Location Nunber Date
Aichilik 69°22'N, 143°05'W 40 9/ 86
Anaktuvuk 68°42'N, 151°13'W 40 5/ 86
Babbage (Canoe River) 68°37'N, 138°42'W 35 9/ 86
Canni ng 69°54'N, 145°45'W 27 5/ 86
Canning Marsh Fork 69°05' N, 146°00'W 29 5/ 86
Echooka 69°15'N, 147°18'W 24 4/ 86
Egaksrak River 69°24'N, 142°35'W 41 5/ 86
Firth (Joe Creek) 68°57'N, 140°58'W 40 9/ 86
Hula Hula Site #1 69°45'N, 144°15'W 15 10/ 85
Hula Hula Site #2 69°28'N, 144°20'W 37 10/ 85
Hula Hula Site #3 69°18'N, 144°33'W 59 10/ 85
| vi shak 68°58'N, 148°08'W 50 5/ 86
Kavi k 69°24'N, 146°34'W 40 4] 86
Kongakut 69°31'N, 141°42'W 40 9/ 86
Ri bdon 68°38'N, 148°12'W 40 5/ 86
Total Sanpled 557
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al. (1986), Johnson (1984), Kartavtsev et al. (1983). Kornfield

et al. (1981) , and Robb Leary (University of Montana, personal
communi cation) , nore than 25 enzynes were tested for activity and
resolution on various buffers and tissues. Qur statistical

results are based on successful resolution of forty-one |oci
coding for twenty enzymes in three tissues (Table 2). Q her
ti ssues were tested but added little or no additional
i nformation. The loci we used are those with nearly conplete
data sets and consistent results, including good resolution and a

repeatable pattern of expression.

Inferences were nade regarding enzyme expression based on 1)
assunptions of parallel expression with that of other salmonids
with experimentally determined patterns of inheritance
(especially Johnson 1984), 2) conparisons based on different
tissue expression, and 3) on the known nolecular subunit
structure of the enzynes. Nobilities of enzymes were neasured
relative to the commbn electrophoretic phenotype observed in

sanpl es of Anaktuvuk River Arctic char.

In many cases, expression of different gene loci is specific
to a particular tissue or tissues. Oten the pattern of

expression of genes anbng tissues is a species-specific trait.

We studied tissues rather than blood because blood is difficult
to collect; special handling is required to maintain the quality

of blood sanples; enzymes are |less stable in blood,; and because
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Table 2. Enzynes, Enzyme Commission (E. C) numbers, and Ioci

sanples of Arctic char from northern Al aska.

examned in

Buf fers incl ude:

AC

(Cayton and Tretiak 1972) PH 6.3-6.8; AC+ (AC plus 30 ng NAD and

one drop of mercaptoethanol); RW (Ridgway et al .

1970) pH 8.2; M

(Markert and Faulhaber 1965) PH 8.7. Tissues include nuscle (M,

liver (L), and eye (E).

The pairs of |oci

listed in parentheses

are electrophoretically i ndi stingui shabl e (isoloci). For this
analysis they were considered as individual [oci.

Enzyne E.C. # Loci Buffer  Tissue
Acetylglucosaminidase 3.2.1.30 Hexl RW L
Adenylate ki nase 2.7.4.3 Adkl,2 AC M
Al cohol dehydrogenase 1.1.1.1 Adhl RwW L
Aconitate hydratase 4.2.1.3 Ac03 AC L
Aspartate aminotransferase 2.6.1.1 Aatl,2 RW AC L, E

Aat(3,4) RW AC M

Creatine kinase 2.7.3.2 Ckl , 2 RW M

Ck3 RW E

G ucose phosphat e isomerase 5.3.1.9 Gpi(1,2),3 RW M

Glyceraldehyde-3-phosphate dehydrog. 1.2.1.12  Gap(3,4) AC+ E
A ycerol - 3-phosphate dehydrogenase 1.1.1.8 G3pl AC, RW L, M

Glycyl-leucine pepti dase 3.4.11 Gl1 MF E

|socitrate dehydrogenase 1.1.1.42  Idhl,2 AC M

I1dh(3,4) AC L

Lactate dehydrogenase 1.1.1.27 Ldhl,2 RW M

Ldh4 RW L

Ldh3, 4,5 RW E

Leucyl-glycyl-glycine pepti dase 3.4.13 Lggl MF E

Mal at e dehydrogenase 1.1.1.37  Mdh(1,2) AC L

Mdh(3,4) AC M

Malate dehydrogenase 1.1.1.40 Mel, 2,3 AC M

( NADP- dependent) Me4 AC L
Phosphoglucomutase 2.7.5.1 Pgml, 2 ACC RW L, M

6-Phosphogluconate dehydrogenase 1.1.1.44  6Pgl AC M

Sorbitol (iditol) dehydrogenase 1.1.1,14  Sdhl RW L

Super oxi de di smut ase 1.15.1.1  Sodl RW AC L

Xanthine oxidase* 1.2.3.2 Xol RW L

* (Cbserved phenotype probably represents diaphorase activity.
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nore information is available from tissues. Carm chael et al

(1986) found that of 64 loci they studied in largemouth bass,
only 24 (37%) were adequately expressed in blood. Miuscl e tissue
expressed 37 loci (57%) and liver, 39 (60%). A conbi nation of
liver and nuscle expressed 80% of the loci tested. W have found
that eye tissue adds at least four nore loci to the conbination

of muscle- and liver-specific |oci

STATI STI CAL  METHODS

Sanpl e size

| deal sanple size is evaluated based on the 95% probability
of including variants in the sanple, if those variants are
present in some mnimm frequency wthin the sanple. For
exanple, to be 95% sure of observing variants present in a sanple
in a frequency of at least 2% N (the sanple size) for a diploid
organism would have to be approximately 40 (.952N = .02 ). W
chose forty individuals as a reasonable sanple size, though

sanples with less than forty were included in the anal yses.

Anmount of genetic variation

The anpunt of genetic variation is estimted by determ ning
the percent of 1loci that are polynmorphic (P), and the nean

percent of heterozygous loci per individual (H). Expect ed
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average heterozygosity for each locus is calculated using allele

frequencies of observed genotypes in each population and expected

random mati ng (Hardy-Winberg) proportions:

where L is the nunber of |oci, A is the nunber of alleles at the

Jt® locus, and P,, is the frequency of the itk allele at the jth

| ocus.

The standard criteria for polynorphism (P) is the percent of
the lIoci examined in a population in which the frequency of the

common allele is less than or equal to 0.99.

For this and subsequent analyses, isoloci (duplicated |ocus
pairs wth indistinguishable nobilities) were counted as two
individual loci and all observed variation was attributed

arbitrarily to only one |ocus of the pair.

Cenotypi ¢ distribution

(hserved genotypes in sanples were tested for conformance to
random mating (Hardy-Winberg) proportions. A chi-square test

was used to determ ne whether the frequency of genotypes for each

| ocus equal those expected from calculations of probable
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conbinations of alleles (with the frequencies we observed)

joining at random For each population sanpled, a multiple
si nul taneous chi-square test was done by summing the chi-square
values over all the variable 1loci, summi ng the degrees of

freedom and conparing these values to the expected distribution.

Genetic simlarity

The genetic simlarity between the 15 char samples was
determ ned wusing conputer programs by Donald Campton oOf
University of Washington (UW). The program calculates Nei’'s
index of genetic identity (1972; 1978) using the probability of
identity of gene pairs between populations averaged over all
loci . The nornmalized identity of genes between two popul ations,

Xand Y, is defined as:

| = Jyy | SQRT ( Jyx Jy)

where J,, J,, and Jy, are the arithmetic neans over all loci of
the probabilities of identity between gene pairs anong
popul ati ons

Identity values are scaled fromO0.0 to 1.0; 0.0 corresponds
to conplete allele substitution at all loci, and 1.0 to

popul ati ons that are electrophoretically indistinguishable at all
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| oci studied. Genetic distance is calculated as the negative

natural log of the identity val ue.

Cenetic identity values were used in a clustering algorithm
(UPGMA: Sneath and Sokal 1973) nodified by Donald Canpton (UW
to produce a dendrogram of relationships anong popul ations. The
average |inkage nethod of clustering was used, and the analysis
was weighted to reflect unequal sanple sizes. The three Hula
Dr ai nage popul ations were conbined because of the lack of

het erogeneity anong them

W also used a nultidinmensional scaling procedure (Kruskal
and Wsh 1977) to show relationships anong popul ations. This
nmet hod uses Nei's indices of genetic simlarity anmong popul ations
and defines each population as a point in Euclidean space. The

mul ti di mrensi onal construct is then reduced to a two-di nensiona

pl ot . As such, the relative distances anobng points on the
di agram illustrate the relative genetic distance anong
popul ati ons

Cenetic heterogeneity

Totest the heterogeneity between paired populations, we
used nultiple sinultaneous G tests (Sokal and Rohlf 1981). G-
tests were perfornmed for each locus, and Gvalues and degrees of

freedom for each |ocus were summed over all loci in all pairs and
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tested against a chi-square distribution. Because of the

robustness of the test, only cells wth expected values |ess than

1.0 were conbi ned.

The large nunmber of non-independent pairwi se conparisons

(78) makes it possible that a percentage of the conparisons could
appear significantly different by chance. Consequently, the
probability value required to denonstrate a significant

difference was nodified for this analysis according to Cooper

(1968) to elimnate spurious correlations.

Cene diversity analysis

CGene diversity analysis determnes the source of observed
variation, i.e., what proportion of the observed variation is
bet ween individuals wthin popul ations, as opposed to differences
among populations or groups of populations. Qur analysis was
done with a conputer program by Donald Canpton (UW based on the
work of Nei (1973) and Chakraborty (1980). Modi fi cations include
use of sinple unweighed arithnmetic averages of population
samples within sites rather than weighting gene frequencies

within sites by the nunber of sanples.

Sanple data were analyzed in |evels: as individual
subpopul ations (sites) , as subpopul ations of different drainages,
and as a whol e. The total anount of genetic variation of all
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popul ations studied was partitioned into within- and between-
subpopulation diversity conponents. The total gene diversity
(Hy) over all subpopulations equals the average heterozygosity
within the subpopulations (Hg) plus the average gene diversity
bet ween subpopulations (Dgq). The diversity between
subpopul ations (Dg,) can be broken down to differences between
sites within a drainage (D,,) and differences between popul ations
of different drainages (D). The relative nmagnitude of gene
differentiation anong populations (Gg,) was estimated as Dg, / Hy

or (Dgg + Dyp) / Hgy, and can be expressed as a percentage.
Figure 2 shows how the North Slope char data were conbi ned

for this analysis, excepting that in the actual analysis the

conbi nati on of Ivishak and Echooka was not consi dered.
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Figure 2. Herarchical structuring used in the gene diversity analysis of 15 North
Slope Arctic char popul ations.
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RESULTS

The genetic variation of populations can be quantified,
making it possible to determne not only the anount of variation
wi thin popul ations, but also the pattern of variation anong them
W have neasured the anobunt of variation, the pattern of
variation (genotypic distribution) within population sanples, the
simlarity between populations, their heterogeneity, and the

degree of gene diversity anong groups, studied hierarchically.

Anmount of genetic variation

Allele frequencies and relative nmobility of variable loci are
l[isted in Appendix 1. Percent of |oci polynorphic and average

het erozygosity for the 15 populations of Arctic char sanpled are

reported in Table 3. Over 40% of the gene loci studied are
variable in at |east one of the popul ations. The values of P

range from 13.2 to 29.3%. Average heterozygosity ranges from 3.1
to 7.0% for the sanples, and the weighted average over all 15

popul ations is 5.1%.

Cenotypi ¢ distributions

Significant deviation from expected values can indicate non-

random nmating, wunequal fertility anong parents, unequal viability
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Table 3. Average percent of fish heterozygous per |ocus (H), and percent
of loci examined that were pol ymorphic (P)in 15 popul ations of

Arctic char fromthe North Slope of Al aska

Popul ation %z H % P

Babbage (Canoe River) 4,72 15.0
Firth (Joe Creek) 5.17 29.3
Kongakut 5.92 22.0
Egaksr ak 6, 47 26.8
Aichilik 7.02 24. 4
Hula Hula Site #1 4,12 13.2

Hula Hula Site #2 5.41 26. 3
Hula Hula Site #3 4. 47 23.7

Canni ng 6.21 25.0
Canning Marsh Fork 6. 16 29.3
Kavik 3.14 15.0
Echooka 4.19 22.5
Ivishak 4.26 25.6
Ri bdon 6.06 25.0
Anakt uvuk 5.37 23.1

Aver age 5.25 23.08
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anong of fspring (selection) , Uigration from other populations, or
failure to collect a random sanple from the popul ation. In the
15 sanples of Arctic char we studied, there is no evidence of
departure from the expected genotypic distributions. The
parental generations have apparently been mating at random (no
nmore than one population was detected in any sanple), and the
collections appear to represent random sanples of the

popul ati ons

Cenetic simlarity

No allele substitutions were observed at any | ocus. Genetic
identities are high anong North Slope char, all greater than or
equal to 0.987 (corresponding to a genetic distance of 0.013)
The values range up to conplete identity, 1.000, and are reported

in Table 4,

The dendrogram of Figure 3 illustrates the genetic
rel ationshi ps anong Arctic char populations of tributaries of the
Beauf ort Sea. Three main groups are apparent at approximately
the .9950 |evel. Figure 4 is another representation of the
rel ati onshi ps anong North Sl ope char populations, and illustrates
relative Euclidean distances anpbng subpopul ations. Al t hough
| oose clusters of points are evident, there is generally as nuch
difference between points within a cluster as there is between

points of different clusters.
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Table 4. Matrix of Nei's (1978) gene identity values pairw se among 15 popul ations of Arctic
char fromthe North Slope of Al aska.

1 Babbage 1.000

2 Firth .992 1.000

3 Kongakut  .993 .998 1.000

4 Egaksrak .996 .992 .998 1.000

5 Aichilik  .999 .990 .994 .998 1.000

6 Hula #1 .991 .992 .997 .999 .993 1.000
7 Hula #2 .992 .990 .996 .999 .994 1.000 1.000
8 Hula #3 .991 .987 .994 .998 .991 1.000 1.000 1.000

9 Canning %91 .998 1.000 .997 .993 .997 .995 .993 1.000

10 Marsh Fork .997 .994 .996 .998 .999 .995 .992 990 .997 1.000

11 Kavik .990 .997 .998 .996 .992 .998 .995 .993 .998 .996 1.000

12 Echooka .991 .998 .998 .994 .992 .997 .995 .992 .999 .996 1.000 1.000

13 Ivishak .991 .998 .998 .997 .993 .998 .995 .993 .999 .997 .999 .999 1.000

14 Ri bdon 0994 .998 1.000 .996 .993 .996 .995 .993 .998 .994 .997 .998 .998 1.000

15 Anaktuvuk .993 .999 .997 .995 .993 .993 .990 .987 .999 .998 .998 .998 .998 .996 1.000

1 2 3 4 5 6 l 8 9 10 11 12 13 14 15
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Figure 3. Dendrogram showi ng relationships of 15 popul ations of Arctic char from

the North Slope of Alaska. The clustering programuses Nei’'s (1978)
unbi ased estimtes of genetic identity.
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Figure 4. Plot of the relationships among North Slope Arctic char
popul ations as determned using a nultidimensional scaling

procedure (Kruskal and Wsh 1977). Scale of the diagram
I's standard Euclidean distance.
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Cenetic heterogeneity

Table 5 lists the results of the heterogeneity tests between
North Slope Arctic char populations. The data for the three Hula
Hul a char sanples were conbined to sinplify the table since they
are not significantly different from each other. Si xty-ni ne out
of 78 pairwise conparisons indicate significant genetic
differences (p < .05) anbng North Slope char populations. A
summary Gtest, including all populations and all loci, shows
that the Arctic char studied are highly different from each other

(G = 802.4 with 127 degrees of freedom p << 0.001).

Cene diversity analysis

Table 6 shows the absolute and relative magnitude of the
diversity anong subpopulations, analyzed hi erarchically.
Approximately 8% of the observed variation is due to differences
anong the popul ations of the ten drai nages sanpl ed. Less than 1%
is due to differences anong populations of different sampling
sites wthin drainages. Variation anong individuals wthin

popul ati ons accounts for 91.5% of the total gene diversity.
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Table 5. Matrix of genetic heterogeneity, tested pairw se among North
Sl ope char populations. Data fromthe three Hula Hula
popul ati ons were conbined because they are not different from
each other. The significance level was nodified according to
Cooper (1968) to reflect the nunber of pairwise tests (78).

1  Babbage

2 Firth *

3  Kongakut L

4  Egaksrak * k%

5 Aichilik * % % NS

6 Hula-all L

7 Canning *# * N5 7 L

8 Marsh Fork * * % NS NS = % -

9 Kavik *  x% * * x % % -

10  Echooka L * * * NS * NS -

11 Ivishak x ok x 7 * NS * * NS -

12 Ribdon x ok 7 * * x F * * * * .

13 Anaktuvuk % * * F * x NS * x x x -

1 2 3 4 5 6 7 8 9 10 11 12 13
* = p <.05. NS ~ not significantly different.
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Table 6. Cene diversity analysis among popul ations of Arctic char from the
North Slope of Alaska. The average values represent data from all
15 sites from the ten drainages studied.

Rel ative gene diversity

Absol ute gene diversity (Percent)
# W thin Between Between Wthin Between Between
Dr ai nage sites sites sites drainages Total sites Sites drainages
Hula Hul a 3 . 0456 . 0008 98. 29 1.71
Canni ng 2 .0599 . 0021 96. 63 3.37
Sagavani rkt ok 3 . 0468 .0014 97.16 2.84
Aver age 15 . 0550 , 0004 . 0046 . 0601 91.55 0.71 7.73
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DI SCUSSI ON

Genetic variation in populations is inportant because
environnental alteration is inevitable, from both natural and
man- caused conditions . Popul ations need to be responsive to
change, and wth Iless genetic variation there is a reduced
potential to adapt to changing environnents. VWile the inmmediate
consequences of loss of variation are not known for Arctic char,
in other species genetic variation is related to growh rate,
devel opnental stability, survivorship, and the ability to conpete

(Frankel and Soule' 1981; Mtton and G ant 1984)

At the species level; genetic variation is present both
within populations and distributed anong populations. To
determ ne how best to manage population to ensure their continued
health, it is necessary to know both the amount and pattern of
genetic variation. Studies wusing biochem cal genetics nethods
have becone increasingly inportant in fisheries managenent in the
| ast two decades. Bi ol ogi sts have |ong recognized that salmonids
form phenotypically (physically) recognizable subdivided
popul ati ons. Hom ng behavior allows them to mx in feeding and
rearing areas, Wwhile remaining reproductively isolated (Ricker

1972; Smth 1985).

Since the effect of environnental conditions is such a large
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conponent of the observed variation among stocks, it was very
difficult before protein analysis to determ ne what proportion of
the differences is genetic and thus to identify discrete stocks.
Wth this knowedge it is possible to wunderstand the natural
system make recommendations for ongoing nmmnagenent, and

determne the direction for future study.

Amount of wvari ation

North Slope Arctic char have nore genetic variation than
m ght be expected given the relatively narrow range of northern
waters they inhabit and the harsh environmental conditions
encount er ed. Wth a percent average heterozygosity per |ocus of
5.1%, they are typical of fish species in general (H = 5. 1%
Nevo 197°8); are at the upper end of the range observed in other
salmonid fishes; and are higher than nobst other Arctic char

popul ati ons that have been studied (Table 7).

Cenerally, Arctic char populations that have been studied
are non-mgratory, and have been profoundly influenced by
repeated glaciation (Behnke 1972; Saunders and MKenzie 1971).
G acial action can cause |oss of whole populations; result in
smll , isolated populations with low effective population size
and the potential for inbreeding problens; and limt the nunber
of fish founding new popul ati ons. Al of these conditions |ead

to loss of variation and | oss of variants. Nort hern Al aska Tabl e
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Table 7. Average heterozygosity (%H) in ten groups of salmonid fishes.
Numper of

Speci es Popul ati ons % Source of data

Brook char 8 8. Stoneking et al. 1981

Rai nbow trout 55 6. Leary and Allendorf 1982

Arctic char (N Slope) 15 5. This study

Arctic char (N Anerica) 5 2. Kornfield et al. 1981

Pacific salnon (5 species) 41 2. Allendorf and Utter 1979

Brown trout (Sweden) 38 2. Ryman 1983

Atlantic salmon (Sweden) 6 2. Stahl 1981

Arctic char (Norway) 15 1. H ndar et al. 1986

Arctic char (Sweden) 10 1. Andersson et al. 1983

Arctic char (lreland) 9 1. Ferguson et al. 1981
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Arctic char have probably benefitted both from the ice-free
refuge during the last glaciation (McPhail and Lindsey 1970) and
their anadromous life history strategy which permits mnigration
anong drai nages. Both factors have likely contributed to
mai ntenance of relatively high population sizes (preventing |oss

of variation) and the ability to successfully colonize this area.

Cenetic simlarity anong popul ations

The genetic identity (Nei 1972; 1978) values anmpbng North
Slope Arctic char populations are high, indicating fairly recent
common ancestry. North Slope Arctic char populations exhibit a
| evel of divergence typical of locally adapted populations as
opposed to different species or even subspecies. Prelimnary
studies with the Arctic char-Dolly Varden char conplex indicate
that despite the nunber of different "morphotypes"™ and life
hi story strategies, the overall genetic simlarities are
typically above 0.950, even between species (Robb Leary,

University of Montana, personal conmmunication).

High simlarity values, though, do not inply lack of
significant differences between Arctic char popul ations. The
rel ationships between populations apparent from the clustering
and nul tidi mensional scaling figures indicate the distinctness of
the populations and the conplexity of the relationships between

t hem Conparison of these figures to the map of sanple sites
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indicates that there is no sinple correlation between genetic

rel ati onshi ps and geographical proximty.

It is not possible to determne the underlying cause of the
observed relationships anmong North Slope Arctic char popul ations
from protein studies. Sel ection, mgration, nutation, behavioral
isolation, founder effects, random genetic drift (chance changes
due to small populations size) and conbinations of these and

other forces may all contribute.

W cannot, for instance, determine at this tinme whether or
not non-mgratory (resident) populations of Arctic char were
i ncl uded anong our sanples. Wiile we have no evidence of m xed
popul ations within sanples, we cannot tell if, for exanple, the
popul ati on sanpled from the Canning Marsh Fork or Ribdon River

are actually non-anadronous.

Sampling for this project was designed to collect anadronous
char from their spawing streans to determ ne whether or not
popul ations from different drainages are genetically distinct.
If they are reproductively isolated, we should be able to
denmonstrate significant genetic differences anong populations
from different drainages. Since adult Arctic char are known to
"visit" or overwinter in non-natal drai nages, juveniles were
col | ect ed. Juveniles of resident and anadromous forns are

essentially indistinguishable norphologically.
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In other salmonid popul ations that have been studied, e.g.
rai nbow trout (Allendorf and Utter 1979) and brown trout (Ryman
and Stahl 1981), only a small percentage of the divergence anong
popul ations is due to the ecological distinction between resident
and migratory forns. Resi dent popul ations of North Slope Arctic
char could either be conposed of a separately evolved group wth
physi ol ogi cal or behavioral isolating nmechanisns from mgratory
groups, or they could have arisen independently in various
drai nages where condition made it unfavorable or inpossible to
m gr at e. Thus , resident groups could either resenble each other
across the North Slope, or could nost closely resenble the
mgratory groups in their drainage, wth local divergence due to
sel ection or genetic drift (random changes) in presumably small

popul ati ons.

The taxonony of Arctic char has still not been fully
resol ved. Based on counts of gill rakers and pyloric caeca,

McPhail (1961) identified three fornms, two of them fromthe North

American Arctic region. Hs Eastern form is lacustrine and the
Western form is generally anadronous. McCart and Craig (1971),
using the sane norphol ogical features, identified both forns in

t he Sagavanirktok River Drainage. Bain (1974) determned that
resident and non-resident forns in the Babbage River Drainage are

both derived fromthe Western form of Arctic char
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Apparently, genetic differences detected between resident
and magratory forns can be due either to separate evolutionary
lines or recent reproductive isolation. Recent divergence may be
due to behavioral or physical isolation, which allows genetic

di fferences do accunul at e.

Though we are reasonably sure that we have sanpled Arctic
char from their natal streans, we cannot be sure, then, that we
have studied only anadromous Stocks. This mght explain the
unexpected relationships anbng sanples wthin drainages as
illustrated by the dendrogram (Figure 3). Though sone clusters
of populations on the dendrogram may be explained by this
possibility, it 1is certainly possible that simlarities anong
geographically isolated groups may be due to selection, founding
events, or by chance convergence of electrophoretic phenotypes at

structural 1oci.

For exanple, Anaktuvuk and Firth River Arctic char, which
show up as a cluster on the dendrogram of genetic simlarities,
may or may not be closely related phylogenetically. They may not
be genetically simlar over the major portion of the genone. The
enzynme loci we study may be selectively neutral, and simlarities
anmong populations may be due to random forces leading to their
inclusion in the population. Maj or differences nay exist at |oci
controlling characters subjected to dissimlar selective forces

inmposed by different environnmental conditions. VWhat the
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dendrogram does present is the divergence pattern observed for
sel ectively neutral or nearly neutral |loci anong populations

characterized by a very restricted anount of gene fl ow

Al so, because the conputer program uses averages between
popul ations to link them to each other, the dendrogram is not a
direct reflection of pairwse tests of heterogeneity between
popul ati on sanpl es. It is not necessary to conclude that

rel ati onships anong populations that cluster together on the

dendr ogram have bi ol ogi cal neani ng. Per haps the nultidi nensi ona
scaling plot is a better illustration of the true relationships
anong the popul ations studied; the populations actually are

quite distinct from each other, as evidenced by the fact that

they do not cluster tightly together.

Het er ogenei ty

Tests of genetic simlarity between popul ations use all gene

loci studied. Because over half the genes tested are
electrophoretical 1y indistinguishable in all t he char
populations , simlarity calculations show the high degree of
rel atedness we have di scussed. Het er ogeneity tests, however, use

only the gene loci that are variable to test for differences
between popul ations, and consequently magnify the differences
bet ween them Alnost all North Slope Arctic char popul ations are

significantly genetically distinct from each other. Thi s
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information indicates that fish from different drainages are not
freely interbreeding, and are nost likely true to their spawning

streans.

Cenetic diversity

Knowi ng that Arctic char populations are genetically
het erogeneous is not hel pful unless we know at what |evel of the
popul ati on structure they vary. Qur results show that nost of
the diversity in North Slope Arctic char is between individuals
wi thin subpopul ations, and that a seemngly small percent is due
to differences between subpopulations. However, our data are
nore informative when related to the structures of other Arctic

char popul ations and other salmonids.

Gene diversity analysis (Nei 1973) uses electrophoretic data
to determne how nmuch variation there is within each population
of a species studied versus how nuch difference there is anobn
popul ati ons or groups of popul ations. Salmonid popul ations are
typically subdivided genetically (Allendorf and Uter 1979;
Behnke 1972; Ryman and Stahl 1981) but there is considerable
difference in how divergent subpopulations are from each other
(Ryman 1983). Gyllensten (1986) has found correspondence between
life history strategies in fish species, e.g., whether they are
marine, anadromous, or freshwater forms, and the pattern of

genetic diversity.
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Much of the observed pattern anong different ecol ogical
forms probably reflects population size and lack of barriers to
m gration. Freshwater fish obviously live in relativelysmall
popul ati ons, and the conbination of isolated bodies of water and
tendency of salnmonids to hone results in reproductive isolation.
Wi |l e anadronous salmonids also exhibit strong hom ng behavior,
they have nore opportunities (less barriers) to stray. Further,
mgratory species may have been able to avoid sone of the effects
of repeated glaciation. The North Slope of Alaska was ice-free
during the last Wsconsin glaciation (McPhail and Lindsey 1970).
Hence , North Slope populations may have been able to maintain

popul ati on size and consequently, genetic variation.

The total gene diversity (as average heterozygosity per
locus) in several stocks of Arctic char and other salnonid fishes
are summarized in Table 8. The table also shows the anount of
the total diversity due to differences anong individuals, and the
percent of the variation due to differences anbng popul ations.
Qur data for North Slope char have been included for conparison.
As evident from the table, Arctic char populations from Europe
and eastern North Anerica that have been studied have not only
less variation, but also the pattern of variation derives from

| arge differences between groups.
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Table 8. Distributions of electrophoretically detectable gene diversity (Nei

1973) anong Arctic char and ot her salmonid species. Total
diversity is divided into that due to variation within each

popul ation versus that due to differences between popul ations

(expressed as a percent).

. Dat a* No. No, Total ~ Diversity
Speci es source  popns |oci diversity within % between
Arctic char (Sweden) 1 10 37 .011 .008 27.3
Arctic char (N. Am) 2 5 26 .061 -029 52.4
Arctic char (Ireland) 3 9 27 .018 .011 38.9
Arctic char (N Al aska) 4 15 41 .060 .055 8.3
Chinook sal non 5 80 17 .099° 0 081 18.2
Chum sal mon 6 13 12 . 213 .208 2.3
Sockeye sal non 7 13 26 .047 .043 8.5
At. sal mon ( Sweden) 8 6 45 .025 .023 8.0
8 1 - Andersson et al. 1983 5 = Wilmot unpublished sumary.
2 - Kornfield et al. 1981. 6 — Wshard 1981.
3 - Ferguson et al. 1981. 7 - Gant etal. 1980.
4 - This study. 8 - Stahl 1981.

b

in the analyses.
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North Slope Arctic char do not have the nmagnitude of
di fference between groups exhibited by non-mgratory char, but do
conpare with the population structure of anadromous pacific
sal non. This fact is particularly relevant because genetic stock
identification methods have been successfully applied to these
salmonids, and can give us an indication of whether this nethod

can be applied to m xed stocks of North Slope Arctic char

CGCenetic stock identification

The basis of genetic stock identification is
electrophoretical 1y detectable differences in genotype
frequenci es between stocks. To do genetic stock identification

(GSI) there nust be sufficient detectable genetic variation in
the stocks to be studied. Variation between groups of
popul ations , e.g., between those of mgjor drainages, should be
relatively high conbined with a low wthin-group variability.
Also, the baseline should represent the mmjor populations

contributing to the m xed stock to be anal yzed.

Genotype frequency estimates are nmade for mjor stocks
expected to contribute to the m xed stock (baseline data) and for
sanples taken from the mxed stocks. Maxi mum | i kel i hood
estimates of proportional contribution of different populations
to the mxed stock are then nmade (Milner et al. 1981), based on

the patterns observed in baseline sanples.
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Genetic stock identification is a useful tool in the study
of fish populations. The GSI  nmethod has shown very good
agreenent with other nethods of determning stock conposition
such as scale pattern analysis and coded wre tagging. It is
currently wused by the Washington Department of Fisheries,
A ynpi a; Canadi an Departnent of Fisheries and Cceans, British

Col unbi a; and the National Marine Fisheries Service, Seattle.

This nmethod may be useful for discrimnation of populations
of Arctic char in mxed populations using the offshore waters of
t he Beaufort Sea. Qur data indicate that North Slope char have a
relatively large amount of genetic variation; that there are
significant differences anong popul ations; and that the observed
variation is partitioned such that there is as much difference
bet ween char from different drainages as there is anong
popul ations of sockeye and chum salnon where genetic stock
identification has been used successfully. As such, we can
anticipate successful application of this technique to the

identification of char at specific offshore sites.
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Reconmendat i ons

W have determned that North Slope char have a relatively
large amount of genetic variation, and that populations we
sanpled are genetically distinct from each other. From this we
know that different stocks are currently reproductively isolated
from each other. Since they mx to sone unknown degree in
feeding areas, the differences that have been established between
stocks are maintained by hom ng behavior. Popul ati ons of each
drai nage are probably discrete, locally adapted units. It is not
clear at this time how non-mgratory fornms are related to

anadr onmous st ocks.

It is unlikely that |oss of any one stock would be mtigated
by substitution of another. Wile the actual Iloci we have
studied may be selectively neutral , underlying variation that is
marked by these loci may be highly selected for in different
environnents, corresponding generally to different drainages. As
such, Arctic char stocks of the North Slope should be nanaged as
i ndi vidual, unique gene pools. Further study wll neke the
rel ationships of anadromous and resident fornms of this species
nore clear. Wth additional effort, using GSI nethods, it would
al so be possible to understand nore about the Arctic char in its

mgratory phase in the offshore areas.
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Strat eqgy

To expand our understanding of the genetic diversity and
popul ation structure of North Slope Arctic char, we shoul d
continue to use the techniques of biochem cal genetics. Furt her
work is needed to understand the rel ationshi ps anong popul ati ons,
and to inprove the data base for genetic stock identifications of

m gratory offshore stocks.

Many stocks of Arctic char living on the North Slope are not
anadromous . Since we have no nethod of discrimnating anong
resident and anadromous juveniles, we have assuned that those in
the rivers are anadronous. To get a conplete picture of the
resource, we should consider deliberately sanpling resident

popul ations, e.g. , those fish associated with springs or |akes.

It is inportant that we identify and sanple additional
popul ations making mmjor contributions to the Beaufort Sea
adm xture, as it is an inportant assunption of the GSI nodel that
all major contributors to a mxed stock be represented in the
basel i ne. The baseline should particularly be expanded to
include nore sanples from subpopul ations from other tributaries

in the drainages we have already begun studying.

An inmportant consideration in doing genetic stock

identification is that each analysis of a sanple from the
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of fshore stocks estimates, wth predeterm ned expectations of
precision and accuracy, the percent conposition at only one
point in space and tine. Distribution of offshore stocks of fish
is related to environnmental conditions which are highly variable
from year to year (Dick WMrshall, USFWS, Anchorage, Al aska).
Also, Arctic <char are highly nobile in offshore areas, so
estimates should be nade of stock conposition at several timnes

during the short summer feeding season

Wiile we wll surely know nore about the use of offshore
areas by anadronmous char than we did before, it nust be realized
that there w Il be considerable variation, regardless of study

method used, between data from different years and different
areas and at different tinmes during the season. Thi s nmeans that
stock identification nust be done on a site-specific basis, wth
repeated sanpling during the summer, and that data from nore than
one year will be required to establish the pattern of use by the

fish.

Even though the conposition of stocks wusing the offshore
area at any given area may change, baseline data can be used in
nore than one year. By doing offshore sanmpling and identifying
the origin of the populations that are represented, we may find
specifically which stocks are at risk at specific sites at

several different tines of the season
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Additional study would provide the opportunity to gain a
nore thorough understanding of the population structure of Arctic
char in an area which, at this tine, is relatively untouched by
devel opnent . Wth an appropriate sanpling strategy over space
and tine, genetic stock identification <could yield data
appropriate for site-specific approach to determi ning the use and

timng of individual stocks in offshore waters. Know edge of the

natural system will afford us the information needed to address
present concerns , and the basis for future conservation and
managenent

114



LI TERATURE CI TED

Allendorf, F. W, K.L. Knudsen, and R.F. Leary. 1983. Adaptive significance

of differences in the tissue-specific expression of a phosphoglucomutase
gene in rainbow trout. Proc. Natl. Acad. Sci. USA. Vol. 80:1397-1400.

Allendorf, F.W. and F.M. Utter. 1979. Population genetics. Pages 407-454 in
W.S. Hoar, S.S. Randall and J.R. Brett (eds.). Fish physiol ogy.
Academ ¢ Press, New York.

Allendorf, F.W, N. Mtchell, N Ryman, and G Stahl. 1977. 1Isozyme |loCi in
brown trout (Salmo trutta): detection and interpretation from popul ation
dat a. Hereditas 86:179-190.

Andersson, L., N Ryman, and G Stahl. 1983. Protein loci in the Arctic
charr, Salvelinus alpinus L. : electrophoretic expression and genetic
variability patterns. J. Fish Biol. 23:75-94,

Bain, L.H. 1974. Life histories and systematic of Arctic char (Salvelinus
alpinus, L.) in the Babbage River system Yukon Territory. Pages 1-156
in P.J., McCart (cd.). Life histories of three species of freshwater
fishes in Beaufort Sea drainages, Yukon Territory. Canadian Arctic Gas
Study Ltd./Alaskan Arctic Gas Study Co. Biological Report Series 18.

Beacham, T.D., R.E. Withler, and A.P. Gould. 1985. Biochemical genetic
stock identification of chum sal non (Oncorhynchus keta) in southern
British Columbia. Can. J. Fish. Aquat. SCI. 42:437-448,

Behnke, R.J. 1972, The systematic of salmonid fishes of recently glaciated
| akes. J. Fish. Res. Bd. Canada 29:639-671.

Carm chael, GJ., J.H. WIIlianmson, M.E. Schm dt, and D.C. Morizot. 1986.
CGenetic marker identification in largemouth bass Wi th electrophoresis Of
[owrisk tissues. Trans. Am Fish. Sot. 115:455-459.

Chakraborty, R 1980. Cene diversity analysis in nested subdivided
popul ations. Cenetics 96:721-726.

d ayton, J.W. and D.N. Tretiak. 1972. Anine citrate buffers for pH control
in starch gel electrophoresis. J. Fish. Res. Bd. Canada 29:1169-1172.

Cooper, D.W. 1968. The significance level in nultiple tests made
simil taneously. Heredity 23:614-617.

115



Craig, P.C. and P.J. McCart. 1975. Fish utilization of nearshore coastal
wat ers between the Colville and Mackenzie Rivers with an enphasis on
anadromous species. Pages 172-219 in P.C. Craig (cd.). Fisheries
investigations in a coastal region of the Beaufort Sea. Canadian Arctic
Gas Study Ltd./Alaskan Arctic Gas Study Co. Biol ogi cal Report Series 34.

Craig, P.C. and P. McCart. 1976. Fish use of nearshore coastal waters in
the western arctic: enphasis on anadromous species. Pages 361-388 in
D.W, Hood and D.C. Burnell (cd.). Assessnent of the Arctic marine ~
environnent: Selected topics. Univ. Al aska, Fairbanks,Al aska. Inst.
Mar. Sci. Occas. Publ. 4.

Ferguson, A. and F.M. Mason. 1981. Allozyme evidence for reproductively
I sol ated sympatric popul ations of brown trout Salmo trutta L. in Lough
Melvin, Ireland. J. Fish Biol. 18:629-642.

Frankel, 0.H. and M.E. Soule”. 1981. Conservation and evolution. Canbridge
University Press. Canbridge. 327 pp.

Furniss, R.A. 1975. Inventory and cataloging of Arctic area waters.
Annual report of progress, 1974-1975. Federal Aid in Fish Restoration.
Sport Fish Investigations of Al aska. Al aska. Dept. of Fish and Gane.
Project F-9-6, Study GI. 45 p.

Glova, G and P.J. McCart. 1974. Life history of Arctic char (Salvelinus
alipinus) in the Firth River, Yukon Territory. Pages 1-50 in P.J. MCart
(ed.). Life Histories of Anadromous and Freshwater Fish in the Western
Arctic. Canadian Arctic Gas Study Ltd./Aaskan Arctic Gas Study Co.

Bi ol ogi cal Report Series 20.

Gant, WS., G.B. Milner, P. Krasnowski, and F.M. Utter. 1980. Use of
bi ochem cal genetic variants for identification of sockeye salnon
(Oncorhynchus nerka) stocks in Cook Inlet, Alaska. Can. J. Fish. Aquat.
Sci. 37:1237-1247.

Gyllensten, U 1985. The genetic structure of fish: differences in the
intraspecific distribution of biochemcal genetic variation between
marine, anadromous, and freshwater species. J. Fish Biol. 26:691-699.

Hi ndar, K., N Ryman, and G Stahl. 1986. Genetic differentiation anmong
| ocal popul ations and morphotypes of Arctic charr, Sal velinus alpinus.
Biol. J. Linn. Sot. 27:269-285.

Ihssen, P. E., H.E. Booke, J.M. Casselman, J.M. McGlade, N.R. Payne, and F.M.
Utter. 1981. Stock identification: wmaterials and nethods. Canadian
Journal of Fisheries and Aquatic Sciences 38:1838-1855.

116



Johnson, K.R. 1984. Protein variation in Salmoninae: genetic
interpretations of electrophoretic banding patterns, |inkage associations
among loci, and evolutionary relationships anong species. Ph.D. Thesis,
The Pennsylvania State University. 181 pp.

Kartavtsev, Yu.F., M.K. Glubokovskii, and I.A. Chereshnev. 1983. Genetic
differentiation and variability of two species of char (Salvelinus,
Salmonidae) from Chukchi. Translated from Genetika 19(4) :584-593,

Kornfield, | ., K.F. Beland, J.R. Moring, and F. Kircheis. 1981. Cenetic
simlarity anong endemic arctic char _(Salvelinus alpinus) and
inplications for their management. Can. J. Fish. Aquat. Sci. 38:32-39.

Kruskal, J.B. and M Wsh. 1977. Miltidinmension scaling. Sage
Publications, Beverly HIls, CA

Leary, R.F. and F.W. Allendorf. 1982, Cenetic analysis of Eagle Lake
rainbow trout and Arlee westslope cutthroat trout from the Northwest
Montana Fish and Wldlife Center. Genetics Report 82/4. Popul ation
CGenetics Laboratory, Univ. Mntana, Missoula.

Markert, C.L. and 1. Faulhaber. 1965. Lactate dehydrogenase isozyne
patterns of fish. J. EXp. Zool. 159:319-335.

McCart, P. and P. Craig. 1971. Meristic differences between anadromous and
freshwater-resident Arctic char (Salvelinus alpinus) in the Sagavani rkt ok
River drainage, Alaska. J. Fish. Res. Bd. Canada 28:115-118.

McPhail, J.D. 1961. A systematic study of the Salvelinus alpinus conplex in
North Anerica. J. Fish. Res. Bd. Canada 18:793-816.

McPhail, J.D. and C.C. Lindsey. 1970. Freshwater fishes of northwestern
Canada and Al aska. Fish. Res. Bd. Can. Bulletin 173. 381 pp.

Milner, G B., D.J. Teel, F.M, Utter, and C.L. Burley. 1981. Col unbia
River stock identification study: Validation of genetic nethod. Annual
report of research (FY 80) NOAA, Northwest and Al aska Fisheries Center,
Seattle, WA, 51 pp.

Milner, G B., D.J. Teel, and F.M. Utter. 1983. Genetic stock identification
study. Final report of research, NOAA Northwest and Al aska Fisheries
Center, Seattle, WA 27 pp.

Mtten, J.B. and M.C. Grant. 1984, Associations anong protein
heterozygosity, growth rate, and devel opnental honeostatis. Annu. Rev.
Ecol. Syst. 15:479-500.

Nei, M 1972. Genetic distance between popul ations. Aner. Nat. 196:283-292,

117



Nei, M 1973. Analysis of gene diversity in subdivided populations.
Proceedi ngs of the National Academy of Sciences U S. A 70:3321-3323.

Nei, M 1978. Estimation of average heterozygosity and genetic distance
froma small nunber of individuals. Genetics 89:583-590.

Nevo, E. 1978. Genetic variation in natural populations: patterns and
theory. Theor. Pop. Biol. 13:121-177.

Ricker, W.E. 1972. Hereditary and environmental factors affecting certain
salmonid popul ations. Pages 19-160 in R.c. Sinon and P.A. Larkin
(eds.). The stock concept in Pacific salmon. U. B. C., Vancouver, B.C.

Ridgway, G.J., S.W. Sherburne, and R.D. Lew S. 1970. Polymorphisms in the
esterases of Atlantic herring. Trans. Anmer. Fish. Sot. 99:147-151.

Ryman, N. 1983. Patterns of distribution of biochemcal genetic variation
i n salmonids: di fferences between species. Aquiculture 33:1-21.

Ryman, N. and G Stahl. 1981. Genetic perspectives of the identification
and conservation of Scandinavian stocks of fish. Can. J. Fish. Aquat.

Saunders, L.H. and J.A. McKenzie. 1971. Conparative electrophoresis Of
Arctic char. Comp. Biochem. Physiol. 38B:487-492,

Smth, R.J.F. 1985. The control of fish mgration. In D.S. Farner, B.
Heinrich, W.S. Hoar, K. Johansen, H. Langer, G Neuweiler, and D.J.
Randal | (eds.). Zool physiology. Volume 17. Springer-Verlag. New
York. 243 pp.

Sneath, P.H.A. and R.R. Sokal. 1973. Nurmerical Taxonomny. W.H. Freeman, San
Franci sco. 573 pp.

Sokal, R.R. and F.J. Rohlf. 1981. Bionetry (2nd cd.), W.H. Freenan, San
Franci sco, CA.

Stahl, G 1981. Genetic differentiation anong natural popul ations of
Atlantic sal mon (Salmo salar) in nothern Sweden. Pages 95105 in N
Ryman (cd.). Fish Gené Pools. Preservation of genetic resources in
relation to wild fish stocks. Ecol. Bull. (Stockholm 34.

St oneking, M, D.J. Wagner, and A.C. Hildebrand. 1981. Geneti c evi dence
suggesting subspecific differences between northern and southern
popul ati ons of brook trout (Salvelinus fontinalis). Copeia 1981:810-819.

118



Utter, F. M, H.0. Hodgins, andF.W. Allendorf. 1974. Biochenmical genetic
studies of fishes: potentialities and limtations. Pages 213-238 in
D.C. Malins and J.R. Sargent (eds.). Biochem cal and biophysical ™
perspectives in marine hiology. Vol. 1, Academc Press, NY.

Uter, F.M, D. Campton, S. Gant, G Milner, J. Seeb, and L. Wshard.
1981. Popul ation structures of indigenous salmonid species of the
Pacific Northwest. Pages 285-304 in W.J. McNeil and D.C. Hinsworth
(eds.). Salmonid ecosystens of the North Pacific. Oregon State
University Press, Corvallis, Oregon.

Wishard, L. 1981. Stock identification of Pacific salnmon in western

Washi ngton using biochenical genetics. Report Pacific Fish. Res.
Washi ngton Dept. of Fisheries. 116 pp.

119



Ocl

Appendix 1. Gen

an

sy

Of vartaple

10cl i
arlants of du Plcated_

N 15 paputattens Of Arctic char f r om the Nort
10C1 i:,.apro.}‘%t\rlbif[rarl Y asst

ned 10 ONE 10cus OF the
pair. Names of eazyme lOCI (abbreviated here) are in Tabie 2.

f\ID no data

of Alaska
licate

LOCI

HEX1

AC03

AAT1

AAT3

GpLl

GP13

GAP3

IDH2

IDH3

Populations

_AIC

100 525
67  .475
i

2 g
4
100 1. 000
P

100 8%7
1 .063
1%9 0
1 O5 L 0_00
N 40

100 .775
% .25

100 . 566
null
100 1.000
220 -
N 40
100  .888
8 .112
l 41

ANA

859
141
39

403
292
305

36

975
025

40

925
075

40

.950
.050

40

.900
.100

40

.934
.066

38

1.000

37

1.000

39

BAB

530
470
33

.700

.028

272
35

1 (?O_O
33

1.000
G

1.000
%

§28
312

35

1.000
3

EGA

806
194

31

257
243
200

35

986
014

1.000 1.000

vl KAV
1.000 1.000
49 40
561 463
204 137
235 400
49 40
ND- 1.000
- g
.980 1.000
020 --
50 40
.990 1.000
010 T -
50 40
920 987
080 013
50 40
766 750
234 950
47 32
980 975
020 025
50 40
1000 913
== 087
49 40

966
4

MAr

29

552
190
298

29

983
017

29

91
069

.000

29

Kib

638 1.000
362

40

587
113
300

40



lol

Appendix 1. Cent | nued.

Population
LOCI CAICANA  BABCAN __ECH EGA pe . NP HB3_ i KAv . KONMAF RIB
LDN5100 .947 1.000 986 979 978 929 9631000 93 96 .970 987 937 983 925
97  .053 -- 014 01 02 011 .037 -- 064 034 030 .013 .063 .017 .0/5
38 35 35 24 23 35 40 15 39 59 50 40 40 29 40

HDH1 19881.000 829 1 000 1 000 1 OOO 1.000 1.000 1. 000 1 000 1.000 1.000 1.000 1.000 1.000 1.000

N7 34 % 0 2B 35 40 13 ¥ N 49 40 40 29 40
MEE3 1%091 OOO 1000 1.000 1.000 1.000 1.000 1.000 1.000 .972 85% 1000 1.000 1.000 1.000 1.000

0 35 23 24 35 40 15 36 59 50 40 40 29 40

PGM2 1%% 1.000 1.000 1.000 ND no  1.000 8?_?31 .000 85152 8%% 1 OOO 1.000 1.000 1.000 1.000
" 40 35 28 -~ - 39 40 15 3 59 50 40 40 2 40

6Pgl 1009% .000 1.000 1 000 1. OOO 1.000 1 OOO 1 OOO 1 OOO 1 OOO 1. OOO 8%8 1.000 1.000 1.000 8%

40 40 35 23 24 35 40 15 36 59 50 40 40 29 40
sous 100 987 .886 1.000 .880 913 .975 1.000 .929 1.000 .972 ND 1.000 .963 .897 1.000
43 013 .114 103

-- 120 08/ 025 -- 071 -- 028 - - 037 . --
N 40 35 34 25 23 20 39 7 17 36 - 39 40 29 40
sop1 100 .9501.000 95 976 978 943 987 885 903 915 .969 1.000 .975 .983 .887
11857 050 -- 81259 024 02 05 013 115 .09/ .08 .031 -- 025 017 113
N 40 35 3% 2 23 % 40 13 36 59 49 40 40 29 40
Xxol 10 750 727 780 . 932  .629 .778 ND 804 ND 676 714  .809
T T I O B 74 R S > R 7Y S-S
40 33 25 19 22 35 36 -- -- -- 46 -- 37 28 34
AlIC "Afehilik; ANA = Apnaktuvuk; BAB Babbage CAN "Canning; ECH = kchooka; ECA =Egaksrak; FIR =Firth;
HUL Hula Hula Site 1; HU2 "Nula Hula Site IE|U3 Hula Hula Site 3; 1v1 Ivishak; 8\/ Kavik; KON °

Kongacut; MAF Canning Marsh FOrK; R|B -Rlbdon



