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Restricted matrilineal gene flow and regional
differentiation among Atlantic salmon (Salmo salar L.)
populations within the Bay of Fundy, eastern Canada
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Matrilineal phylogenetic divergence among Atlantic salmon
stocks of the Bay of Fundy in south eastern Canada is inves-
tigated. Sequence variation in two regions of the mitochon-
drial ND1 gene, encompassing 710 base pairs, is described
for 168 salmon from 11 rivers. Mean overall haplotype and
nucleotide diversity (h and =) observed are 0.5014 and
0.00095, respectively. Nested clade analysis (NCA) and
molecular analysis of variance (AMOVA) both point to highly
restricted gene flow among rivers and show the haplotype
distribution to be geographically structured. Variation among

predefined regions of the Bay (16%) is greater than among
populations within these regions (14%) The main regional
differentiation occurs between rivers of the geographically
isolated inner Minas Basin and those elsewhere in the Bay.
Differentiation most probably reflects the pattern and nature
of the historical processes associated with post-glacial col-
onisation of the area by salmon following the last Pleisto-
cene glacial maximum c. 18000 yrs BP.
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Introduction

Nearctic and Paleartic species such as Atlantic salmon
(Salmo salar L.) have experienced dramatic historical
range shifts due to the advance and retreat of Pleistocene
ice sheets and the associated climate change. The species’
modern North American range, and much of its distri-
bution in Europe, was covered by ice at the time of the
last glacial maximum (LGM) (MacCrimmon and Gots,
1979; Benn and Evans, 1998). Thus historical factors asso-
ciated with the post-glacial establishment of modern
populations will be major determinants of the species’
phylogeography (Bernatchez and Wilson, 1995; Hewitt,
2000). At least among established populations, contem-
porary gene flow is likely to be severely restricted as tag-
ging studies show a strong homing to natal streams to
spawn (Stabell, 1984; Youngson ef al, 1994). This is con-
sistent with the observed widespread genetic differen-
tiation of populations both between and within rivers
(Verspoor, 1997).

What is poorly understood for most Nearctic and Pale-
arctic species, such as Atlantic salmon, is whether they
have evolved distinct phylogeographic lineages as part
of the post-glacial recolonisation process. Taxonomists
currently view the Atlantic salmon as monophyletic, with
the last subdivision of the species, into anadromous (S.
s. salar) and non-anadromous (S. s. sebago) forms, rejected
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on the basis of morphology (Wilder, 1947). The absence
of a phylogenetic distinction between the two life-history
forms is supported by allozyme studies in both Europe
and North America (Stahl 1987; Verspoor, 1994) though
anadromous and non-anadromous populations have
diverged sufficiently in some cases to exist sympatrically
(Verspoor and Cole, 1989). However, molecular studies
do show a deep phylogenetic division between North
American and European salmon stocks (Stahl 1987; Ver-
spoor, 1997; King et al, 2000), and a shallower division of
European stocks into Baltic and Atlantic (ie, non-Baltic)
groups (Stahl, 1987; Koljonen et al, 1999; Verspoor et al,
1999; Nilsson et al, 2001). In North America, regional dif-
ferences have been detected in relation to transferrin vari-
ation (Verspoor, 1986) but the evolutionary basis of these
regional differences is unclear and detailed phylogeo-
graphic studies of North American populations are
lacking.

Phylogenetic divergence of Baltic and non-Baltic Euro-
pean salmon is associated with phenotypic differences
in migratory behaviour; marine migration of Baltic stocks
being confined to the Baltic Sea while other European
stocks utilise the Atlantic Ocean (Mills, 1989). Major
regional differentiation in migratory behaviour, as well
as other life-history traits, has also been reported for sal-
mon stocks of the Bay of Fundy in south eastern Canada.
Recoveries of tagged salmon from inner Bay (iBoF) rivers
have been largely restricted to the Bay or immediately
adjacent sectors of the Gulf of Maine (Jessop, 1976) while
salmon tagged elsewhere in North America are typically
recovered in the seas off Newfoundland, Labrador and
Greenland (Mills, 1989). Furthermore, returning adults in
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iBoF stocks almost all first mature after only one winter
at sea (ie grilse) as well as being iteroparous (Ducharme,
1969) whereas in most other anadromous North Amer-
ican stocks, a large proportion of fish mature after 2 or
more years at sea, and most fish spawn only once
(Mills, 1989).

Bay of Fundy salmon stocks are perilously close to
extinction (DFO, 1999; P Amiro, unpublished) and it is
crucial to establish if life history differentiation within the
Bay of Fundy has a phylogeographic association, as
observed for Baltic and non-Baltic stocks in Europe. The
stocks with the different life-history traits should be man-
aged independently to ensure the continued survival of
different unique components of the species” intraspecific
biodiversity. The study of mitochondrial DNA (mtDNA)
differentiation among Atlantic salmon stocks in the Bay
of Fundy, described here, was carried out to address this
question and to advance general understanding of the
importance of post-glacial colonisation processes as
determinants of the patterns and levels of intraspecific
biodiversity in northern species.

Materials and methods

Samples

Skin or fin tissue were obtained for genetic typing from
168 juvenile Atlantic salmon from 11 rivers (Figure 1;
Table 1). These rivers span the coastline of the Bay of
Fundy in eastern North America from the Stewiake
River, at the head of the Minas Basin in the Inner Bay,
to the Narraguagus River where the Bay becomes the
Gulf of Maine. The samples, with the exception of the
Narraguagus, Gaspereau and Saint John rivers, were
composed of juvenile fish of mixed age class caught in
1999 by electro-fishing and sampled non-destructively.

Atlantic
ya 120 km

Figure 1 Rivers in Bay of Fundy region in eastern North America
with historical sports catches of Salmo salar. Those in white were
found to be devoid of salmon juveniles in 2000 while those with a
? were not surveyed but are suspected to have only remnant popu-
lations. The rivers enclosed by the thin solid line are considered to
be inner Bay rivers based on life-history and behavioural character-
istics. Numbered rivers (Table 1) were sampled for the current
study. The dashed line shows the ice edge c. 15000 years bp and
the hatching the area which would at the time have been below
sea level based on 27 Shaw et al (2002) and ] Shaw (personal
communication).
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The Narraguagus sample was collected from the river in
1996. The Gaspereau fish are first generation hatchery off-
spring from crosses made from 10 and 11 wild-caught
females and males, respectively, spawned in 1998. The
Saint John sample are offspring of over 300 wild fish
spawned in 1992. All tissues were stored in absolute etha-
nol at the time of collection.

Genetic typing

Sequence analysis was carried out on DNA extracted fol-
lowing the procedure described by Knox et al (2002). Two
sub regions of 350 and 360 base pairs of the mtDNA ND1
gene were sequenced with an ABI 377 DNA analyser fol-
lowing the manufacturers instructions, using both for-
ward and reverse cycle sequencing based on PCR primer
sets 1 and 2 of Knox et al (2002). The primers are nested
within a larger gene region analysed for restriction frag-
ment length polymorphism (RFLP) variation by Verspoor
et al (1999). The sequence data encompasses base pos-
itions 3666 to 4015 and 4141 to 4500 of Hurst et al (1999;
Genbank Accession No. U12143) which contain pre-
viously reported polymorphic restriction sites (Verspoor
et al, 1999).

Statistical analysis

A molecular analysis of variance (AMOVA, Version 1.5;
Excoffier et al, 1992) was carried out with regard to three
regions, Minas Basin, Chignecto Bay, and outer Bay of
Fundy, defined a priori on the basis of geography and
population. The Minas basin represents a geographically
isolated inner region of the Bay of Fundy (Figure 1). The
division of the remaining part of the study areas, into
Chignecto Bay and outer Bay of Fundy sites, is based on
the differentiation between the salmon stocks in these
two adjacent regions with regard to life history and mar-
ine migration (Ducharne, 1969; Jessop, 1976); the stocks
in the Chignecto Bay group have a limited marine
migration and a high incidence of iteroparity while those
in the outer group have an extensive marine migration
and limited iteroparity. Divergence among haplotypes
was measured as squared Euclidian distance. Pairwise
@ estimates were calculated and tested for significance
based on 1000 permutations.

Nested clade analysis (NCA — Templeton et al, 1995;
Templeton, 1998) was implemented using GeoDis
(Posada et al, 2000) based on a nested cladogram for
haplotype variation constructed according to rec-
ommended procedures (Templeton et al, 1992; Templeton
and Sing, 1993). The analysis used a matrix of relative
geographic distance based on shortest marine distance
between river mouths. Estimates of nucleotide diver-
gence among haplotypes derived using MEGA 2.1
(Kumar et al, 2001) were used to generate population esti-
mates for haplotype and nucleotide divergence using
REAP (McElroy et al, 1991).

Results

Diversity analysis

Sequence analysis shows seven variable sites within the
two regions analysed. These define 10 haplotypes, each
separated from its most closely related haplotypes by a
single mutation (Figure 2). The minimum spanning net-
work (Figure 2) has unambiguous linkages among haplo-
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Table 1 Frequencies of haplotypes in samples of Atlantic salmon from rivers in Bay of Fundy region resolved by sequence analysis of 349

bp and 361 base pair regions of the ND1 mtDNA gene. Map No. refers to Figure 1 and haplotype designations to Figure 2a. Haplotype
diversity * s.e.

Map No./River Subclades/Haplotypes N Diversity

i ii iif iv v vi vii  vili X x Haplotype Nucleotide

Inner Bay of Fundy — Minas Basin

1 Economy 0 0 0 0 0 0 0 2 1 0 3 0.5333+£0.1721  0.000940

2 Portapique 0 0 0 0 0 0 0 1 3 0 4 0.4286+0.1687  0.000705

3 Great Village 5 0 0 0 0 0 0 0 1 0 6 0.3030£0.1474  0.000940

4 Folly 0 0 0 0 0 0 0 7 7 0 14 0.5185+0.0257  0.000759

5 Stewiake 19 0 0 3 0 0 0 11 14 1 48 0.7088£0.0213  0.001562

6 Gaspereau 3 0 0 0 0 0 0 3 3 0 9 0.7059£0.0381  0.001410
Inner Bay of Fundy — Chignecto Bay

7 Big Salmon 8 0 0 0 3 0 0 18 0 0 29  0.5372+0.0524  0.000959

8 Irish 9 0 0 0 0 5 1 0 0 0 15 0.5425+0.0638  0.000913

9 Black 3 0 0 0 3 1 0 8 0 0 15 0.6529+0.0681  0.001423
Outer Bay of Fundy
10 Saint John 13 1 0 0 0 0 0 1 0 0 15 0.2483+0.0997  0.000376
11 Narraguagus 8 0 2 0 0 0 0 0 0 0 10 0.3368 £0.1098  0.000501

Overall Average 0.5014 +£0.0022 0.000954 +
0.00000
- T
CE
T TA— 87D
* threonine to serine 4‘\6\_ 3734
=* valine to isoleucine Q;T 3801

w44 threonine to isoleucine

Figure 2 The minimum spanning network for haplotype variation detected in Atlantic salmon stocks in Bay of Fundy rivers by direct
sequence analysis of 349 bp and 361 bp regions of the gene. Base changes leading to amino acid substitutions in the ND1 protein are
indicated. Haplotypes refer to those in Table 1. E stands for the European haplotype of Hurst et al (1999). The two possible clade nesting
arrangements for NCA, taking into account the ambiguity in the linkage of haplotype vii, are shown.
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types with the exception of haplotype vii, which could
equally be derived from haplotypes vi and viii. The net-
work is most parsimoniously linked to the European
haplotype group through haplotype i; there are only two
main salmon lineages — North American and European
(King et al, 2000; Nilsson et al, 2001). Five mutations (0.7%
divergence) in the sequenced regions separate the two
haplotypes based on the data of Hurst et al (1999; Gen-
Bank U12143); six or more mutations separate this Euro-
pean variant from the other haplotypes detected in the
present study. Linkage to the European lineage through
haplotype i is consistent with the position of this haplo-
type at the centre of the radiation within the North Amer-
ican network.

Haplotype and nucleotide diversity (h and ) in the
two inner Bay regions (Table 1) were not statistically dif-
ferent (Mann-Whitney U test for h and w both non-
significant) but, in a pooled comparison, show signifi-
cantly higher values than the outer Bay region (Mann-
Whitney U test for h: P = 0.05 and m: P = 0.05). No single
haplotype was observed in all 11 river samples. Haplo-
type i, detected in eight rivers, was the most common
variant and represented 40% of individuals; 30% of fish
sampled were haplotype viii, the second most common
and most widespread variant, found in nine of the 11
samples (Table 1). The third most common variant,
haplotype ix, was restricted to the six river samples from
the Minas Basin (Figure 1; Table 1). These three common
haplotypes are all interior variants in the network (Figure
2) while five of the seven remaining variants are tip
haplotypes and restricted to single samples with three
observed in only a single individual. The remaining two
tip haplotypes, v and vi, occur in multiple individuals in
three geographically adjacent rivers.

Variation within and among populations

Significant variation among regions and populations
within regions is revealed by the AMOVA (Table 2).
Including molecular distance data, regional and popu-
lation differences represent 16% and 14% of the total vari-
ance, respectively. Over half of pairwise tests under
AMOVA of divergence among samples (Table 3) are sig-
nificant at the 0.001 level (33/55) with a smaller pro-
portion of comparisons within regions (7/19) than among
regions (26/36) being significant (P = 0.012 — Fisher’s
exact test). The two rivers of the outer Bay region, widely
separated geographically, show no significant difference.
However, paired regional comparisons using AMOVA
show significance of the regional variance component in
the overall analysis to be largely attributable to diver-

Table 3 Pairwise ®s; values for samples from 11 rivers in study
area. Values in bold are significant at >0.001 level after correction
for multiple tests using the Bonferroni procedure. Boxes shows
regional geographical groups defined on an a priori basis — see
Table 1

River 1 2 3 4 5 6 7 8 9 10
1 -

2 0.0145 -

3 04545 0.6007 -

4 -1798  -0450 05622 -

5 00198 01959 00587 04718 -

6 -1150 01298 01524 0.0935 -.0496

7 0.1718 0.4846 02065 0.3688 0.0891 0.0844 | -

8 0.5758 0.6752 00871 0.6554 0.2878 0.3899 | 0.3852 -

9 0.1570 0.4248 00976 0.3692 0.0837 00770 |-0240 0.2616

10 0.7446 08186 00032 07342 0.2421 04453 03522 0.1525 0.2599 | -
11 07204 0.7966 00867 07295 02759 04440 0.3969 0.1577 0.2888 | 0.0731

gence of the Minas Basin region; of the paired compari-
sons only the test comparing the Chignecto Bay and
Outer Bay populations was non-significant (P = 0.3556).

NCA also indicates variation among samples is asso-
ciated with geography. For the analysis, the two alterna-
tive clade nesting arrangements, generated by the ambi-
guity of the clustering of haplotype vii, were used
(Figure 2). Arrangement A, with vii linked to viii,
assumes transitions are more likely than transversions
while B, with vii linked to vi, is spatially conservative
given these two haplotypes were detected in the same
sample; type viii is absent from the sample with type
vii. With both nesting arrangements, the results of the
contingency analysis (Table 4) show significantly non-
random distributions within the main lower level clade
as well as within the higher clades. However, in arrange-
ment A, lower clade 1-2, which includes the single haplo-
type vii individual, shows a near significant result. This
arises because in the sample which contains the one type
vii individual, this is the only representative of clade 1-
2. As the other type in this clade in arrangement A (ie
viii) is widespread and abundant, this is unexpected
under a model that the distribution of the two types
within the clade is random. In contrast, in the geographi-
cally conservative arrangement B, the distribution of vii
within the new clade 1-2 is not unexpected. This differ-
ence aside, the two arrangements show the same non-
random association of variation with geography.

Insight into the nature of the non-random association
is given by the distance analysis within the NCA. For the
more geographically conservative nesting arrangement
B, the average distance of individuals of a given clade
from the geographical centre of distribution of that clade,

Table 2 Results of AMOVA analysis of mtDNA haplotype variation in three regional groups: Minas Basin (sites 1-6), Chignecto Bay (sites
7-9) and Outer Bay of Fundy (sites 10-11). Values in brackets are for analysis without molecular distance information

Source of Variation d.f. Variance % Total P - statistic
Components Variance

Among regions (V) 2 0.09161 16.22 0.013 O = 0.162
(0.04628) (12.09) (0.058) (D = 0.121)

Among populations within regions (V) 8 0.07921 14.02 <0.001 Pge = 0.167
(0.04796) (12.53) (<0.001) (Pge = 0.143)

Within populations (V) 157 0.39398 69.75 <0.001 bgr = 0.302
(0.28857) (75.38) (<0.001) Dy = 0.246)

Total 167 100

Heredity



Table 4 Nested contingency analysis of geographic associations of
clades giving chi-square statistic and probability that a random chi-
square is greater or equal to the observed chi-square. Results fol-
2oth possible clade nesting arrangements, shown in Figure 2, are
given

Clade Permutational chi-square Probability
statistic

Clade Structure A

1-1 76.637 <0.0001
1-2 51.00 0.059
1-3 1.035 1.000
2-1 26.989 <0.0001
Entire Cladogram 59.228 <0.0001
Clade Structure B

1-1 51.999 0.023
1-2 0.1944 1.000
1-3 1.0345 1.000
2-1 26.7569 0.001
2-2 24.3985 <0.0001
Entire Cladogram 59.228 <0.0001

D. , are found to be significantly small in many cases.
This is true for two tip clades at the lowest nesting level —
haplotypes iv and v with clade 1-1, and for all tip clades
at higher levels. Thus the distribution of individuals
within these clades is more spatially restricted than
expected (Figure 3). In contrast, with the exception of the
lowest level, all interior clades are significantly more
widespread than expected. Furthermore, within all clades
where significantly small D, values occur for tip clades,
the differences between interior and tip clades, ie (Int-
Tip). distances, are significantly large as are the (Int-Tip),
distances in the higher level clades.

The occurrence of significant D, D,, and I-T values
argues for the rejection of the null hypothesis of no geo-
graphical association of variation and, based on the infer-
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ence key of Templeton et al (1995), supports restricted
gene flow with isolation by distance (Step 4). D, values
are in all cases smaller for tip than for interior clades, at
all clade levels and tend to increase with increasing clade
level (Figure 3), as expected if tip clades are younger than
interior clades and have less opportunity to become
widely distributed compared to linked interior clades
(Castelloe and Templeton, 1994). At the same time, there
are no reversals of D,, and (Interior-Tip), compared to D,
values, no tip clades have significantly large D, values,
and no D,, and (Interior-Tip) values for interior clades are
significantly small.

Discussion

More variation was uncovered in the ND1 gene region
by sequencing than would have been resolved by RFLP
analysis. Of the seven variable sites, only variation at site
4199 would be detectable by restriction enzyme (Alu I).
Even so, the level of variation observed is higher than
expected. Only two variable sites were reported for the
same part of the gene in 32 salmon derived from a much
larger geographical area spanning both Baltic and non-
Baltic phylogenetic groups in Europe (Nilsson ef al, 2001).
Haplotype (h) and nucleotide diversity () observed for
Baltic and non-Baltic salmon for the gene region studied
were 0.3282 (+0.0768) and 0.000475, and 0.5362 (£0.0904)
and 0.000975, respectively (based on data in Nilsson ef al,
2001). Average Bay of Fundy values for h and = (Table
1) are similar to the more diverse non-Baltic European
salmon. Unexpectedly, inner Bay rivers show signifi-
cantly more genetic variability than those of the outer
Bay. Angling statistics and catchment size suggest the
historical population of the Saint John River, in the outer
Bay, would have been several fold greater than any of
the inner Bay rivers and that the latter populations have
been severely depressed in recent years (DFO, 1999; P
Amiro, unpublished).

Both AMOVA and NCA show significant heterogen-

i ii iii iv \Y Vi vii viii ix X
0-Step 108.5 0 0 0° 28.5% 13.0 0 1 18.4 0
Bc 106.7 84.1 151.2 106.7 79.0%8 11.0 4.3 | 18.0 9.5
(INt-Tip). 943 130 ! 184
(Int-Tip), 8.3 6.7 : 85
1 ] 1
1-1 1-2 1-
1-Step o0 10474 11.6% 7755 188
c . LL SS LL SS
D 70,455 102.1 71.7 75.1 54.9
(Im'Tip)c 81.85% LL LL
(intTo) 5004 302
2-Step 1 02(;,14LL 63.- 7ZSS
D’ 96.2 81.9%
(Int-Tip)e n
(Int-Tip), ?ggu

Figure 3 Results of nested clade analysis. Haplotype designations are those in Table 1 and Figure 2. Boxing shows nesting of clades as in
arrangement B in Figure 2. D, refers to the average distance of individuals in a clade from the geographical centre of the distribution of
all individuals of that clade observed in all samples. D, refers to the average distance of individuals in a clade from the geographical
centre of all individuals in all clades associated with the next step clade within which the clade in question is nested. The S and SS, and
L and LL, superscripts refer to significantly small and large values at the 0.05 and 0.01 levels, respectively. (Int-Tip). and (Int-Tip),, values
at the bottom of each box give the average differences in distances, and their significance, between interior and tip clades within the nested
group for D. and D,,, respectively. Interior clades are identified by shading. Significance of values is based on permutation analysis using

1000 resamples.
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eity in haplotype frequencies among rivers which, given
the high diversity within samples, is unlikely to be an
artefact of sampling restricted numbers of families within
rivers. Furthermore, the heterogeneity is regionally dis-
tributed, supporting a hypothesis of historically restricted
gene flow among rivers within the Bay. This conclusion
is consistent with observed differentiation between two
of the rivers at microsatellite loci McConnell et al, 1997)
and general evidence that straying of anadromous Atlan-
tic salmon from their natal streams is very limited (Mills,
1989; Youngson et al, 1994). However, the observation
that variation among regions is greater than within
regions is surprising as significant regional differen-
tiation has only previously been reported on larger geo-
graphical scales. The division of European stocks into
Baltic and non-Baltic groups (Koljonen et al, 1999; Nilsson
et al, 2001) involves a spatial scale where the Baltic Sea
alone, at 422 000 km?, is over 20-fold larger than the Bay
of Fundy.

The regional differentiation observed is predominantly
attributed to the difference between populations from the
geographically distinct Minas Basin rivers and those else-
where in the Bay of Fundy. At the same time, levels of
differentiation among populations within the Basin are
low compared to levels among populations elsewhere in
the Bay (Table 3). The regional differentiation is due larg-
ely to >35% of Basin fish being of haplotype ix, a variant
not detected elsewhere in the study area (Table 1). Inter-
estingly, clade 1-3 individuals, which include haplotypes
ix and x and are detectable by RFLP analysis of the ND1
gene using Alu I, have not been observed elsewhere in
North America (Tessier et al, 1997; King et al, 2000; Ver-
spoor, unpublished). Collectively, this strongly supports
stocks in the Minas Basin having a unique evolutionary
history, at least on the maternal side.

Whether further regional differentiation is present is
unclear. The analysis suggests that the rivers of Upper
Chignecto Bay could also be distinctive both from Minas
Basin and outer Bay rivers. Despite being the second
most common haplotype, viii was only observed in one
of 25 fish in the Saint John and the Narraguagus, the two
outer Bay rivers sampled. These two rivers show <30%
of the differentiation observed between the Saint John
River and its nearest neighbour, the Black river (Figure
1; Table 3) yet the Saint John and Narraguagus are separ-
ated by the largest sampling gap in the study (Figure 1).
Further regional differentiation is also suggested by the
NCA. Haplotypes v and clade 1-2, which are confined to
the Upper Chignecto Bay stocks, have significantly con-
strained distributions. However, regional division of
populations in the study area outside the Minas Basin is
not supported by the AMOVA which may reflect the
small number of rivers analysed from the Chignecto and
outer Bay areas. Further sampling is needed to clarify
this point.

Both AMOVA and NCA support a phylogenetic basis
to regional differentiation. The inference key of Tem-
pleton et al (1995) for the NCA points to regional differen-
tiation caused by restricted gene flow with isolation-by-
distance (IBD) rather than past fragmentation of the dis-
tribution. This seems unlikely to be simply a reflection of
contemporary gene flow. Almost all rivers in the inner
Bay region still containing substantive salmon popu-
lations were sampled (Figure 1). Some range fragmen-
tation has occurred in the recent past, with the loss of
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salmon stocks in rivers from some parts of the inner Bay
eg, the upper Chignecto Bay. However, the Minas basin
rivers are geographically as close to the sampled rivers
in the upper Chignecto Bay as to any extinct or residual
populations not sampled (Figure 1). Furthermore, histori-
cal gene flow within the Bay of Fundy as a whole has
most likely been a function of straight-line geographic
separation rather than simply coastal distance. Gradual
change with distance, rather than sharp discontinuities,
would be expected if a model of IBD involving contem-
porary gene flow was responsible for the observed differ-
entiation.

Historical conditions in the study area suggest the
observed discontinuities are likely to reflect the manner
in which the Bay of Fundy was recolonised after the last
glacial maximum (LGM) c. 18000 years BP when the
entire area was covered by ice sheets (Pielou, 1991).
Reconstruction of ice cover in the Fundy region (Figure
1) suggests that c. 15000 yrs BP one small spatially dis-
tinct area along the ice edge may have been the first to
have had non-glacial rivers with suitable salmon habitat.
This area, known as the Caledonia and Kent hills, are c.
400 m above sea level and drained by the small coastal
streams of the upper Chignecto Bay including the Big Sal-
mon, Black and Irish Rivers. At this time the modern
coastal area to the south-west was mostly below sea level
and adjacent rivers would still have drained the main ice
sheet while areas to the north and east, such as the Minas
Basin, were still covered by ice (Figure 1). The view that
the inner Bay was the first part of the study area to be
colonised fits with the higher genetic diversity observed
there compared to the rivers of the outer Bay, given the
general view that areas colonised first show higher gen-
etic diversity than those colonised later (Avise, 2000).

Upper Chignecto Bay rivers would very likely already
have had salmon populations at this early stage judging
by the modern situation in West Greenland. In West Gre-
enland, one self-sustaining Atlantic salmon population
occurs naturally near the ice edge in the Kapisidlit River,
a small, non-glacial coastal stream c. 10 km long at the
head of a fjord c. 8 km from the main ice sheet (Nielson,
1961). This river is similar in size to some of the smaller
Upper Chignecto rivers. Interestingly, during periods
with favourable climatic conditions, strays from the Kapi-
sidlit River establish ephemeral populations in other
small, neighbouring non-glacial rivers which go extinct
when conditions worsen. With gradually improving con-
ditions, it could be envisaged that this metapopulation
dynamic would be the main force driving colonisation in
areas such as the Bay of Fundy, as the area deglaciated,
once the first population(s) had been established by col-
onisers from the main Pleistocene refugia. The latter
would have been hundreds, if not thousands, of kilo-
metres to the south in rivers along the coast to the south
of modern-day New York City, or possibly, in rivers in
present-day marine areas such as the George’s Bank
which was above sea-level and unglaciated at the time
(Pielou, 1991).

If straying among local rivers was more common than
long distance migration, colonisation within the Bay
would have been driven largely by fish straying from the
upper Chignecto Bay area to other small, potentially iso-
lated coastal areas, in the Bay. One of these would have
been the Minas basin, as rivers in these areas became hab-
itable. The reconstruction of the post-glacial history of



Atlantic Canada (Shaw et al, 2002) suggests the history of
the Minas Basin may have had a particular twist which
promoted development of the regional differentiation
observed. This shows that for several thousand years fol-
lowing glacial retreat all the rivers in the Basin may have
been tributaries of a single river/lake system. The mouth
of this river system appears to have been near Cape Split
(Figure 1), the headland which currently separates the
Basin from the rest of the Bay.

The historical processes driving differentiation would
under this scenario have been dominated by founder
events, initially associated with long distance colonis-
ation into the region from Pleistocene refuges and, later,
with migration among rivers within the Bay. Founding
variants, and newly arising local mutations, could then
have become regionally common through genetic drift
and the local range expansion described. As each area
expanded in size and included more rivers, these would
again be most likely to have populations founded from
neighbouring rivers with existing populations, until the
more or less continuous distribution seen in the Bay of
Fundy, in historical times, emerged. The resulting differ-
entiation among and within regions of the Bay would
then have been maintained by natal homing behaviour.
Straying was probably always only a sporadic and only
occasionally successful event. All salmonids show strong
natal homing (Stabell, 1984) and the trait in Atlantic sal-
mon is most likely ancient. The lack of success of strays
would have become more acute to the extent that popu-
lations became locally adapted and acted to maintain the
pattern of differentiation emerging from the colonis-
ation process.

The exact nature of the historical processes responsible
for the observed regional differentiation is still a matter
for speculation. However, what is clear is gene flow
between salmon populations in the Minas Basin and
those in other parts of the Bay of Fundy has been restric-
ted for much of the time since the Basin was first colon-
ised. This strongly supports the view that Basin popu-
lations represent a distinct evolutionary grouping.
Whether the same is true for Chignecto Bay and Outer
Bay stocks, and whether a phylogenetic split between
inner and outer Bay rivers underlies their general life-
history divergence, remains to be established. The possi-
bility cannot be dismissed. Studies show an abundance
of intraspecific genetic diversity in salmonid fishes,
including Atlantic salmon, manifested in ecological and
behavioural specialisation not associated with obvious
morphological divergence (Behnke, 1972). Furthermore,
natural selection associated with the invasion of novel
habitats, with new and evolving environmental con-
ditions, appears to be linked to adaptive evolutionary
divergence (Orr and Smith, 1998). This suggests that
Atlantic salmon stocks, in areas previously covered by
Pleistocene glaciers, may well represent a mosaic of phyl-
ogeographic groups, each a unique, locally adapted
component of the species’ intraspecific variation.
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