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Analysis of genetic variation within and among samples of naturally produced Atlantic salmon

(n ¼ 372) from 7 Maine (U.S.A.) and one Canadian river were conducted based on 54 allozyme

loci. Eight of the 54 loci proved polymorphic, and estimated heterozygosities (HS) based on all

loci ranged from 0�012 to 0�026 (mean ¼ 0�021, S.E. ¼ 0�002). Only one of 56 tests revealed

genotypic proportions that deviated significantly from Hardy–Weinberg expectations. Genetic

distances (D) between samples ranged from 0�002 to 0�022. No obvious association existed

between genetic and geographic distances. Cluster analysis of genetic distances revealed the

Dennys River sample as the most differentiated when all samples were included in the analysis,

though bootstrap support of the cluster analysis was generally weak. G-tests revealed significant

differences in allele frequencies among samples at five of the polymorphic loci, and the G-value

summed over all loci also indicated significant differences among samples. FST values indicated

that 3�4% of the total genetic diversity was due to variability among samples, while 96�6%
was due to variability within samples. These results indicate that the Atlantic salmon

analyzed in this study had levels of genetic variability and differentiation among samples

comparable to native populations from other areas collected across a similar geographic

range. # 2005 The Fisheries Society of the British Isles

Key words: allozymes; genetic variation; northeastern U.S.; population genetics; salmonidae;

Salmo salar.

INTRODUCTION

Rivers along the eastern U.S. coast of Maine once supported large numbers of
anadromous Atlantic salmon Salmo salar L. Presumably, these fish were sub-
structured into multiple genetically differentiated populations both within and
among river systems, as is the case for Atlantic salmon in other parts of their
range (Ståhl, 1987). This genetic organization reflects the general tendency of
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salmonids to ‘evolve genetically discreet, ecologically specialized populations by
natural selection over thousands of generations of adaptations to local environ-
mental conditions’ (Allendorf & Ryman, 1987). Unfortunately, loss of access to
spawning areas, degradation of freshwater habitat, and over-harvesting have
severely reduced the number of salmon and in some cases caused the extirpation
of native stocks (e.g., Penobscot River; Saunders, 1981). To help restore the
stocks, hatchery-reared salmon from a variety of sources have been planted in
the rivers of Maine for the past several decades.
Recently, Atlantic salmon populations in six of the Maine Rivers (Sheepscot,

Ducktrap, Narraguagus, Pleasant, Machias, and Dennys) sampled in this study
have been added to the endangered species list in order to protect any remaining
unique native stocks [United States Fisheries and Wildlife Service (USFWS),
2000]. To determine whether such action might be appropriate, information is
needed to assess whether or not the original genetic diversity and integrity of the
native stocks has been compromised by the extensive hatchery plantings that
have occurred. The objective of this study was to genetically characterize natu-
rally produced Atlantic salmon from six rivers in Maine, as well as artificially
propagated offspring of adult returns from one river in Canada (an ‘outgroup’)
and the Penobscot River in Maine. Fish from the Canadian river and the heavily
stocked Penobscot Rivers were included to compare Canadian and Maine
levels of genetic variation and assess whether genetic homogenization in
stocked rivers has occurred. This characterization would serve to: 1) establish
a current baseline of genetic variability for allozymes within these rivers, 2)
determine the levels of genetic variability and differentiation within and
among these rivers, and 3) provide an independent assessment of these levels
for comparison with data derived from other molecular markers such as
mitochondrial DNA (King et al., 2000) and microsatellites (King et al., 2001;
Spidle et al., 2001).

MATERIALS AND METHODS

ALLOZYME PROCEDURES

Naturally produced Atlantic salmon parr from six rivers in Maine (the Sheepscot,
Ducktrap, Narraguagus, Pleasant, Machias, and Dennys), and artificially propagated
offspring from adult returns to the Penobscot River (Green Lake National Fish
Hatchery) and the St. John’s River in New Brunswick (Fig. 1) were shipped on dry ice
to the Cornell Genome Variation Analysis Facility and then stored at �80� C until
analyzed. Muscle, liver, kidney, and eye tissues were subjected to horizontal starch-gel
electrophoresis and histochemical staining following the procedures of May (1992).
Initially eight individuals each from the Penobscot strain and four river systems
(Dennys, Machias, Narraguagus, and Sheepscot) were examined for enzyme expression
and allelic variation for 38 enzymes. Buffer, tissue, and enzyme combinations were
chosen based on previous experience with other salmonids. The remaining individuals
from each sample were examined for genetic variation at the polymorphic loci from the
initial screen as well as various loci reported to be polymorphic in other Atlantic salmon
populations (T.F. Cross & R.H. Payne, unpubl. data; Roberts, 1976; Cross & Payne,
1977; Cross et al., 1979; Child, 1980; Ståhl, 1981; Vuorinen, 1982; Ryman, 1983; Ståhl,
1983; Verspoor & Cole, 1988; Davidson et al., 1989; Koljonen, 1989; Jordan et al., 1990;
Verspoor et al., 1991). Enzyme nomenclature followed guidelines suggested by Shaklee
et al. (1990). At the regulatory locus PGM-1r*, only the homozygote phenotype for the
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lack of PGM-1r* expression can be reliably distinguished (Johnson, 1984); therefore,
allele frequencies at this locus were calculated from the square root of the frequency of
the identifiable homozygote.

STATISTICAL PROCEDURES

Analyses of the data were performed using ‘Genes in Populations,’ a microcomputer
program (May et al., 1995). Conformance of allelic frequencies to Hardy–Weinberg
expectations within samples was assessed by log-likelihood G-tests (Sokal & Rohlf,
1981). Genetic differences among samples were assessed with heterozygosities, G-tests,
and genetic distance coefficients (D). Observed and expected heterozygosities and their
variance estimates were calculated as described by Nei & Roychoudhury (1974) and Nei
(1973). Hereafter, mean expected heterozygosity per locus will be referred to simply as
heterozygosity. Allele counts by locus were compared statistically by contingency table
analysis with G-tests (Sokal & Rohlf, 1981). The critical values used to reject the null
hypothesis for the G-tests were increased (based on Sidak’s multiplicative inequality) to

Sheepscot  
Ducktrap

Penobscot

Narraguagus  

Pleasant 

Machias 

Denny

N

Maine

45° N 

69° W 

FIG. 1. Locations of rivers in Maine providing samples of naturally produced Atlantic salmon for

allozyme analysis (fish representing the Penobscot strain were derived from adults returning to

the Penobscot River).
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account for the increase in type-I error when multiple tests of the same hypothesis were
made (Cooper, 1968). G-values were calculated between all possible pairs. Genetic dis-
tances (Nei, 1972) were calculated using data from seven polymorphic loci (frequency of
alternate allele >0�05) and subjected to unweighted pair-group method cluster analysis
(UPGMA) (Sneath & Sokal, 1973). The level of differentiation among samples was
measured with FST (Wright, 1965; equivalent to GST of Nei, 1977).
Genetic distances were plotted as an unweighted pair group method with arithmetic

means (UPGMA; Sneath & Sokal, 1973) dendrogram using Phylip 3.5 c (Felsenstein,
1993). The original allele frequency matrix was then resampled 1000 times by boot-
strapping and the genetic distances between samples were estimated for each resulting
matrix. A consensus UPGMA diagram was generated and all bootstrap values above
50% were plotted on to the dendrogram from the original sample matrix to indicate
stability of the nodes.

RESULTS

GENETIC VARIATION WITHIN SAMPLES

Eight (14�8%) of the 54 loci that were adequately resolved (Table I) were
classified as polymorphic (frequency of alternative allele >5%, Table II; the
polymorphism at FBALD-2* has not previously been described); however, four
additional loci (sIDHP-1*, sIDHP-2*, LDH-B1*, and PEPA*) had alternative
alleles with a frequency less than 5% in at least one sample. All variation at the
isoloci sMDH-B1, 2* was assigned to sMDH-B1* for purposes of analysis. EST-
1* and PGM-3* were initially thought to be polymorphic; however further
studies revealed that phenotypes varied when muscle samples were taken from
different parts of the fish; therefore, these loci were not included in the analyses.
Estimated mean heterozygosity (HS) based on a total of 54 loci was 0�021
(S.E. ¼ 0�0016). The Pleasant River sample had the lowest HS (0�012), as com-
pared to 0�020 to 0�026 in all other samples (Table II). Genotypic proportions
deviated significantly from Hardy–Weinberg expectations (P < 0�05) for only
one of 56 tests (sMDH-B1* in the Sheepscot sample).

GENETIC VARIATION AMONG SAMPLES

Genetic distances (D) between samples based on seven polymorphic loci
ranged from 0�002 to 0�022 (Table III). The Machias River sample generally
had the lowest genetic distances, whereas the Dennys River sample generally had
the highest distances. No obvious association existed between genetic distance
and geographic distance between sample locations. Cluster analysis of genetic
distances depicted the Dennys River sample as being the most differentiated
(Fig. 2). Bootstrap values ranged from 28 to 71%, with the only value above
50% occurring at the node joining the Pleasant and Naraguagus Rivers (71%).
Based on G-tests, significant differences in allele frequencies existed among the

samples at five of the seven polymorphic loci (P < 0�05; Table II). The G-value
summed over all loci also indicated significant differences among samples
(P < 0�01). Twenty of the 28 possible pair-wise G-tests between samples were
significant (P < 0�05; Table III). The Sheepscot was the only sample that had
allele frequencies significantly different from all other samples. The Machias
sample was the least differentiated, having allele frequencies significantly
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different from only two of the other seven samples. Of the total genetic diversity
observed, the FST value of 0�034 indicated that 3�4% was due to variability
among samples and that 96�6% of the variability was due to variability within
samples.

DISCUSSION

The levels of genetic variability (heterozygosity) found in this study were
within the range typically found in naturally reproducing populations of
Atlantic salmon. Ståhl (1987) reviewed and summarized allozyme data from 28
naturally reproducing Atlantic salmon populations representing 23 major river
systems draining into the Western Atlantic Ocean, the Eastern Atlantic Ocean,
and the Baltic Sea. Based on 38 loci, heterozygosities reported by Ståhl (1987)
ranged from 0�011 to 0�036, whereas heterozygosities from the Maine and
Canadian samples in this study ranged from 0�012 to 0�026 (based on 54 loci).
Sanchez et al. (1996) conducted a comparison of genetic variation detected by
allozyme and microsatellite loci in Atlantic salmon populations from Ireland and
Spain. While both types of loci showed the same pattern of differentiation
among samples, the microsatellite loci exhibited higher levels of genetic varia-
bility and greater genetic distances. King et al. (2000, 2001) found reduced
genetic variability in North American Atlantic salmon populations relative to

Denny

Narraguagus 

Pleasant

Ducktrap

Sheepscot

Penobscot

Machias

St John

0·000 0·002 0·004 0·006 0·008 0·010 0·012

Genetic distance

71% 

FIG. 2. Dendrogram generated by cluster analysis of Nei’s (1972) genetic distance coefficients calculated

among Atlantic salmon samples with data from seven polymorphic loci. Bootstrap values at the

nodes indicate the percentage of times populations beyond the node grouped together based on 1000

bootstrap iterations. Only values above 50% are shown.
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their European counterparts using both mitochondrial and microsatellite mar-
kers, hypothesizing that the differences may be due to the differing glacial
histories of the two continents.
Levels of genetic differentiation among samples in this study were similar to

the levels of differentiation among native populations sampled by Ståhl (1987).
Differentiation between the Maine and Canadian samples (FST ¼ 0�034) was
higher than Ståhl (1987) reported among samples within single river drainages
(FST ¼ 0�015) but less than Ståhl reported among populations from different
river systems within the same region (FST ¼ 0�049). Given the larger regional
scale surveyed in Ståhl’s (1987) comparisons, genetic differentiation among the
rivers in Maine do not appear to be significantly different compared to natural
Atlantic salmon populations in other regions. This is supported by reports of
multiple runs of fish within the same river system at different times of the year
(e.g., Penobscot River; Saunders, 1981), which are consistent with the normal
diversity found among populations in other parts of the world. Whether current
levels of genetic variability and differentiation accurately reflect the historical
(pre-manipulated) genetic composition of these rivers is difficult to support or
refute without genetic data from the unperturbed, historical populations. A more
definitive way of answering questions about the historical genetic diversity would
be to analyze DNA (e.g., microsatellite variation) from scales sampled from fish
prior to any stocking.
In November 2000 wild fish in eight Maine rivers were listed endangered as a

single distinct population segment under the federal Endangered Species Act
(ESA). Two questions pertaining to the current listing are: 1) were historical
populations in Maine rivers sufficiently genetically distinct from Canadian rivers
to warrant separate listing, and 2) has artificial stocking homogenized the exist-
ing populations to the point that they no longer represent wild populations and
are no longer useful for maintaining the natural genetic variation within and
among North American populations of the species. Atlantic salmon analyzed in
this study exhibited levels of genetic variability and differentiation within and
among samples similar to what has been reported for native populations col-
lected over a comparable geographic area in other parts of their range. Evidence
based on G-tests and FST values suggests significant differentiation among the
Maine river samples as well as between the Maine and Canadian samples,
supporting the conclusion that Atlantic salmon in Maine Rivers have not suf-
fered genetic homogenization despite heavy stocking with various Maine and
Canadian stocks. Whether the levels of genetic differentiation reported here
represent genetically isolated populations or partially isolated segments of a
metapopulation is open to interpretation. Analysis of a minisatellite locus
(Taggart, 1995), Mitochondrial DNA (King et al., 2000), and microsatellites
(King et al., 2001) confirmed the existence of a deep phylogenetic discontinuity
between North American and European Atlantic salmon. King et al. (2000) also
reported shallower but still significant genetic structure between Canadian and
Maine rivers as well as among six of the seven Maine rivers analysed in the
present study. Furthermore, Spidle et al. (2001) produced evidence based on
microsatellite DNA that significant intra-river population structure existed in
numerous Maine Rivers including the Penobscot, which remained genetically
distinct from hatchery strains despite years of heavy stocking.
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Evidence from this and other studies indicate that Maine river populations of
Atlantic salmon have maintained historical levels of variation and differentiation
despite heavy artificial stocking, and supports their current listing as a distinct
population segment. Recent evidence (King et al., 2001 and references therein)
also points to the presence of significant inter- and intra-river genetic structuring
in these rivers, which should be taken into account in any restoration efforts that
might involve hatchery supplementation or the movement of fish between rivers.
Further research is needed to better quantify the existing genetic structuring in
the system and to compare the current state with historical patterns recon-
structed via DNA analysis of archived scale samples.

We would like to thank R. Sawyer for her technical assistance in the laboratory during
the course of this study. The final manuscript benefited from the helpful comments of L.
Stradmeyer and two anonymous reviewers.
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Ståhl, G. (1983). Differences in the amount and distribution of genetic variation between
natural populations and hatchery stocks of Atlantic salmon. Aquaculture 33, 23–32.
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