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Abstract

Alewife, Alosa pseudoharengus, populations occur in two discrete life-history variants, an
anadromous form and a landlocked (freshwater resident) form. Landlocked populations
display a consistent pattern of life-history divergence from anadromous populations,
including earlier age at maturity, smaller adult body size, and reduced fecundity. In
Connecticut (USA), dams constructed on coastal streams separate anadromous spawning
runs from lake-resident landlocked populations. Here, we used sequence data from the
mtDNA control region and allele frequency data from five microsatellite loci to ask
whether coastal Connecticut landlocked alewife populations are independently evolved
from anadromous populations or whether they share a common freshwater ancestor. We
then used microsatellite data to estimate the timing of the divergence between anadromous
and landlocked populations. Finally, we examined anadromous and landlocked populations
for divergence in foraging morphology and used divergence time estimates to calculate the
rate of evolution for foraging traits. Our results indicate that landlocked populations
have evolved multiple times independently. Tests of population divergence and estimates
of gene flow show that landlocked populations are genetically isolated, whereas anadro-
mous populations exchange genes. These results support a ‘phylogenetic raceme’ model of
landlocked alewife divergence, with anadromous populations forming an ancestral core
from which landlocked populations independently diverged. Divergence time estimates
suggest that landlocked populations diverged from a common anadromous ancestor no
longer than 5000 years ago and perhaps as recently as 300 years ago, depending on the mic-
rosatellite mutation rate assumed. Examination of foraging traits reveals landlocked
populations to have significantly narrower gapes and smaller gill raker spacings than
anadromous populations, suggesting that they are adapted to foraging on smaller prey
items. Estimates of evolutionary rates (in haldanes) indicate rapid evolution of foraging
traits, possibly in response to changes in available resources.
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Introduction

When different populations exhibit similar adaptive traits,
it is of interest to ecologists and evolutionary biologists to
discern whether these traits arose once and are the result of

shared ancestry or whether they arose multiple times and
are the result of parallel evolution. Testing for parallel
evolution is important in studies of adaptation in natural
populations because the presence of similar traits in diffe-
rent lineages points to natural selection as a likely cause of
phenotypic evolution (Harvey & Pagel 1991; Schluter et al.
2004). Ecologically important traits, in particular, are likely
to converge across distinct lineages if they are repeatedly
favoured by natural selection in similar environments
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(Endler 1986; Losos et al. 1998; Rundle et al. 2000). Here, we
examined populations of anadromous and landlocked
(freshwater resident) alewife, Alosa pseudoharengus, popu-
lations in Connecticut (USA), which display consistent
patterns of phenotypic divergence, to determine whether
independent evolutionary origins of landlocked populations
have resulted in the parallel evolution of phenotypic traits.

Anadromous alewives are native to the east coast of
North America from North Carolina to Labrador (Scott &
Crossman 1973). In Connecticut, anadromous alewife spa-
wning runs occur in most streams and rivers with access to
Long Island Sound, although at densities far below histor-
ical levels (Davis 2004). Anadromous alewife spawning
in Connecticut occurs between late March and early June
(Kissil 1974), and young-of-the-year (YOY) spend several
months feeding in freshwater before migrating to the ocean
between July and November (Richkus 1975; Yako et al. 2002).

Anadromy is the ancestral life-history strategy in the
alewife (Faria et al. 2006); however, some alewife popula-
tions have lost the marine phase of their life cycle and
spend their entire lives in freshwater lakes. Although best
known for their invasion of the Laurentian Great Lakes
following canal construction in the 1820s and 1830s (Scott
& Crossman 1973; Ihssen et al. 1992; Mills et al. 1993;
Kuhn 2004), these landlocked populations can also thrive in
relatively small lakes and ponds. Unlike anadromous-
freshwater resident population pairs of some other fish
species which spawn in sympatry [e.g. sockeye salmon and
kokanee, Oncorhynchus nerka (Wood & Foote 1990; Wood
& Foote 1996) and three-spined sticklebacks, Gasterosteus
aculeatus (McPhail 1994; McKinnon & Rundle 2002;
McKinnon et al. 2004)], anadromous and landlocked alewife
populations do not typically co-exist in the same lakes.

In Connecticut, the majority of landlocked alewife
populations were intentionally stocked from a single source
population as forage for game fish, but populations with
no records of having been stocked currently exist in a hand-
ful of lakes in the southern half of the state (Phillips et al.
1987). Dams built during early European colonization
(between 1630 and 1800), or their modern replacements,
separate these unstocked, potentially locally evolved,
landlocked alewife populations from downstream anadro-
mous populations. Despite the potential for some coastal
landlocked alewife populations to be locally evolved, and
therefore native, unfavourable management consequences
of past stocking efforts have led to the common belief that
all landlocked alewife populations in Connecticut are non-
native (Jacobs & O’Donnell 2002).

Differences in the relative amounts of time spent in
marine vs. freshwater environments drive substantial life-
history divergence between anadromous and landlocked
alewife populations. Compared to anadromous alewives,
landlocked alewives exhibit earlier age at maturity, slower
adult growth, smaller size at maturity, a more pronounced

decrease in individual growth rate following maturation,
and an overall smaller size-at-age (Graham 1956). In accord-
ance with their smaller body size, landlocked females tend
to show reduced fecundity relative to anadromous females
(Scott & Crossman 1973). Differences in life-history traits
between anadromous and landlocked populations have
likely evolved in response to differences in the growth
potentials offered by marine and freshwater environments
(Hendry et al. 2004).

Landlocked alewife populations may experience strong
selection on foraging traits that may also have caused these
traits to diverge from anadromous populations. Land-
locked alewives can feed in a selective manner that targets
the largest zooplankton prey available (Janssen 1976). In
doing so, landlocked populations can force changes in zoo-
plankton communities that reduce average zooplankton
body size (Brooks & Dodson 1965; Wells 1970; Hutchinson
1971; Warshaw 1972; Harman & Albright 2002). After over-
exploiting large prey, landlocked alewives may experience
strong selection for foraging on smaller prey items. This
shift in prey size may ultimately shape the evolution of
foraging traits such as gape width and gill raker spacing,
which are important for size-selective prey capture in
planktivorous fishes (Drenner et al. 1984; Mummert &
Drenner 1986; Lazzaro 1987; Gibson 1988; MacNeill &
Brandt 1990; Robinson & Wilson 1994).

For this study, we used mtDNA and microsatellite data
to infer the pattern of population-level relationships between
upstream landlocked and downstream anadromous popu-
lation pairs to determine whether landlocked populations
evolved independently from anadromous ancestors or are
derived from a common freshwater resident population.
Next, we used microsatellite data to examine the time frame
of the divergence between anadromous and landlocked
populations. Finally, we examined whether anadromous
and landlocked alewife populations have diverged in for-
aging morphology and used divergence time estimates to
calculate the rate of evolution for these traits.

Materials and methods

Alewife sampling

Anadromous and landlocked alewives were collected from
paired sampling sites in Connecticut (41°N, 72°W) during
the spring and summer of 2004 and 2005 (Fig. 1). Anadro-
mous alewives were collected from spring spawning runs
at seven sites: Farm River (FR), West River (WR), Mill Creek
(MC), Bride Brook (BB), Pattagansett River (PR), Poqueta-
nuck River (POR), and Whitford Brook (WB). In addition,
anadromous YOY were sampled from three nursery lakes:
Dodge Pond (DP), Gorton Pond (GP), and Bride Lake (BL).
The DP and GP populations are within the same watershed
and directly upstream of the PR sampling site, and BL is
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directly upstream of the BB site. Landlocked alewives were
collected from seven lakes: Saltonstall Lake (SL), Quonn-
ipaug Lake (QL), Rogers Lake (RL), Pattagansett Lake (PL),
Amos Lake (AL), Avery Pond (AP), and Long Pond (LP).
AL and AP are within the same drainage, and there are no
barriers to migration between them. With the exception of
the BB run, all anadromous runs occur downstream of
landlocked populations. At least 20 fish were collected at
each site, with the exception of FR (n = 8) and WR (n = 10),
where we were unable to capture 20 alewives. Alewife
sampling was conducted under the Yale University Institu-
tional Animal Care & Use Committee Protocol # 2003–10734
and the State of Connecticut Department of Environmental
Protection Scientific Collector Permit #SC-04016. Anadro-
mous alewives were collected by beach seine, basket
trap, and, in the case of the BB site, a weir constructed and
operated by the Connecticut Department of Environmental
Protection to monitor the spawning run (Davis 2004).
Landlocked alewives and anadromous YOY were collected
from lakes using a purse seine, gill net, or electrofishing

boat. All alewives were immediately placed on ice before
being frozen at –20 °C for storage.

Mitochondrial DNA

Total genomic DNA was extracted from ~25 mg of frozen
muscle tissue using the DNeasy Tissue Kit and animal tissue
protocol (QIAGEN). A 599-bp fragment of the control
region (CR1) was amplified using the primer pair B and Q
(Lee et al. 1995). This portion of the control region lies
adjacent to the tRNA-Pro gene and is highly variable in
fishes (Lee et al. 1995).

Polymerase chain reactions (PCR) were performed in an
MJ Research PTC-200 Peltier Thermocycler, using 50 μL
volumes containing 1–2 μL unquantified genomic DNA,
5 μL 10× PCR buffer (Applied Biosystems), 1 mm dNTPs,
2.5 mm MgCl2, 1.5 μL BSA, 0.3 μm of each primer and 0.5 U
AmpliTaq Gold (Applied Biosystems). Thermal cycler con-
ditions consisted of an initial denaturation step at 94 °C for
10 min, followed by 35 cycles of denaturation for 1 min at

Fig. 1 Sampling sites for anadromous (A) and landlocked (L) alewife populations in Connecticut, USA. Within drainages, dams (indicated
by solid black lines) separate anadromous and landlocked populations.
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94 °C, annealing for 1 min at 52 °C and extension for 1 min
at 72 °C. The last cycle included a final extension at 72 °C
for 5 min. To verify size and purity, 5 μL of PCR products
and negative controls were visualized on 1% agarose gels
stained with ethidium bromide. Reactions were cleaned
with the QIAquick PCR Purification Kit (QIAGEN).

Sequencing was carried out using an ABI 3730 auto-
mated DNA sequencer. To promote accuracy, fragments
were sequenced in both directions using primers B and Q.
Complementary mitochondrial DNA strands were aligned
and edited with sequencher 4.2.2 (Gene Codes Corpora-
tion). Any samples giving problematic sequences contain-
ing either base ambiguities or missing data were subjected
to a second round of DNA extraction, PCR, and sequenc-
ing. Only sequences containing unambiguous data were
included in downstream analyses. All unique haplotype
sequences were submitted to GenBank (accession nos
EF455824–EF455856).

In addition to the CR1 region, we sequenced portions
of the cytochrome b (cyt b, 396 bp), 16S (547 bp), and 12S
(363 bp) rRNA genes for eight individuals representing
four populations and both life histories to look for fixed
sequence differences between alewives exhibiting the
landlocked and anadromous life-history forms. Cyt b was
amplified and sequenced with the primer pair cyt b B2
(Kocher et al. 1989) and cyt b GLU (Pääbo 1990). 12S was
amplified and sequenced with the primer pair L1091 and
H1478 (Kocher et al. 1989), and 16S was amplified and
sequenced with the primer pair 16Sar and 16Sbr (Palumbi
et al. 1991). PCR conditions were according to Caccone et al.
(1999). PCR purification, sequencing, and sequence editing
were as described above. Sequences were submitted to
GenBank (accession nos EF455858–EF455863).

Chromatograms were re-examined to validate all
instances of variability. Cyt b sequences were invariant and
12S and 16S sequences did not show any fixed differences
between anadromous and landlocked populations. There-
fore, these markers were not examined further. CR1 sequ-
ences were aligned with clustal w (Thompson et al. 1994)
and checked by eye. arlequin 2.0 (Schneider et al. 2000)
was used to determine the number of haplotypes per pop-
ulation (H), and to estimate the haplotype diversity (h), the
mean number of pairwise differences between all pairs of
haplotypes (π), and the nucleotide diversity (πn) for each
population. anova was used to test whether mean values
for diversity indices (H, h, π, and πn) differed significantly
between landlocked and anadromous populations (applied
using spss 11.0). tcs 1.21 (Clement et al. 2000) was used to
construct a CR1 haplotype network based on statistical
parsimony. Gaps were treated as fifth state data and instan-
ces of haplotype looping were resolved using predictions
from coalescent theory (Crandall & Templeton 1993; Posada
& Crandall 2001). Analysis of molecular variance (amova)
was used to partition control region variation into differ-

ences between groups, differences among populations
within groups, and differences within populations (Excof-
fier et al. 1992). amova was conducted with anadromous and
landlocked population groups and with within-watershed
population groups. Additionally, pairwise FST values and
exact tests of population differentiation (Raymond & Rousset
1995a) were performed in arlequin 2.0 to assess differen-
tiation among populations.

Microsatellites

Genotypic data for the six landlocked–anadromous
population pairs plus the anadromous BB population were
collected for six microsatellite loci. We used loci initially
developed for Alosa sapidissima (ASA2, ASA8, ASA9; Waters
et al. 2000), Alosa alosa (AA14; Faria et al. 2004), and Alosa
fallax (AF13, AF20; Faria et al. 2004). Twenty specimens
were genotyped per population except for FR (n = 8) and
WR (n = 10). AP and DP/GP were excluded from the
microsatellite analysis because they are not physically
separated from AL and PR, respectively, and therefore pro-
bably exchange many migrants. PCRs were carried out in
10 μL volumes composed of 1.5 μL template DNA, 1 μL
10× buffer (Applied Biosystems), 1 mm dNTP mix, 2 mm
MgCl2, 1 μm of each primer, and 0.5 U of AmpliTaq Gold
(Applied Biosystems). Amplifications were performed in
an MJ Research PTC-200 Peltier Thermocycler and
consisted of an initial 10-min denaturation step at 94 °C
followed by 35 cycles of denaturation for 1 min at 94 °C,
annealing for 1 min at locus-specific temperatures, exten-
sion for 1 min at 72 °C, and a final 2-min extension period
at 72 °C. PCR products were run on an ABI 3730 with ROX
500 size standard, and allele sizes were assigned with the
software genemapper 3.7 (Applied Biosystems).

The locus ASA2 was monomorphic for the same allele in
all samples examined and was excluded from all analyses.
The number of alleles (Na), the observed heterozygosity
(HO), the expected heterozygosity (HE), and the inbreeding
coefficient for individuals (FIS) were calculated using
genepop 3.4 (Raymond & Rousset 1995b), as were tests for
departure from genotypic linkage disequilibrium and
Hardy–Weinberg equilibrium (HWE). anova was used to
test for differences in mean Na and HO between the two life
histories (applied using spss 11.0). The presence of null
alleles was examined using the program micro-checker
(van Oosterhout et al. 2004). FST was calculated according
to Weir & Cockerham (1984) and its significance evaluated
using the permutation procedure implemented in genetix
4.05 (Belkhir et al. 1996–2004). FST measures were subjected
to nonmetric multidimensional scaling (NMDS) and plotted
in two dimensions (applied using spss 11.0). Tests of geno-
typic homogeneity were performed using a log-likelihood
(G)-based exact test (Goudet et al. 1996) implemented in
genepop 3.4. This procedure tests the null hypothesis
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that the genotypic distribution is identical across popula-
tions. The program structure 2.1 (Pritchard et al. 2000) was
used to identify the most likely number of natural group-
ings (K) for K = 2 through 13. We conducted structure test
runs at various burn-in values and Markov chain Monte
Carlo (MCMC) run lengths. Our final analysis used a burn-
in of 10 000 and 100 000 MCMC repetitions. Gene flow
between populations (Nm) was calculated according to the
private alleles method (Slatkin 1985; Barton & Slatkin 1986)
using genepop 3.4.

Combined mtDNA and microsatellite analyses

To determine whether landlocked populations are more
closely related to each other than to anadromous popula-
tions, we examined within- and between-life-history
variation using mean FST values. Although pairwise FST
values calculated from a single marker are not truly inde-
pendent of each other (because the same populations are
used in multiple comparisons), mean FST values calculated
from multiple unlinked markers provide independent
measures of genetic divergence. Therefore, using the six
independent loci as replicates (CR1 plus five microsatellite
loci), we applied anova and post-hoc Tukey tests to ask
whether the average amount of differentiation between all
possible within-life-history population pairs (anadromous–
anadromous and landlocked–landlocked) was signifi-
cantly different from the average amount of differentiation
between all possible between-life-history population pairs
(anadromous–landlocked).

To better understand the pattern of relatedness among
anadromous populations, we examined these populations
for evidence of isolation by distance. Using arcmap 9.1
(ESRI) and GIS data from the Connecticut Department of
Environmental Protection (CT DEP, Environmental GIS
Data for Connecticut 2005), we calculated the geographical
distance between the mouths of anadromous alewife
streams (the points at which these streams enter Long
Island Sound). We conducted Mantel tests to examine the
relationships between geographical distances and pairwise
FST values for mtDNA and microsatellite data. For each
Mantel test, 1000 permutations were performed using
arlequin 2.0 to assess the significance of the correlation
between the geographical distance matrix and the pairwise
FST matrix.

Divergence time

To estimate the time since landlocking, we applied the
method used by Raeymaekers et al. (2005) to estimate the
divergence time for independently derived freshwater
populations of three-spined sticklebacks. This method, based
on Jin & Chakraborty’s (1995) GST estimation for hyperva-
riable loci under an infinite allele model of molecular

evolution, can be used to predict the time in generations
since divergence (t) as a function of GST, the effective
population size (Ne), the number of populations (s), the size
of populations (Nk), and their observed heterozygosity
(HO). Although an infinite allele model is mechanistically
unrealistic for microsatellites, we favour it here because it is
simple and robust, and because several of our loci did not
to conform to stepwise predictions. An assumption of this
divergence estimation method is that no gene flow occurs
between populations, which is likely to hold for the landlo-
cked alewife populations examined in this analysis.

Nk was estimated for each of the s = 6 landlocked alewife
populations based on an average density of 0.47 alewives/
m2 multiplied by the area of each lake. To arrive at this den-
sity estimate, lakes containing landlocked populations (PL,
QL, and RL) were each sampled on five different sampling
dates between June and September 2005 using a fixed-area
pelagic purse seine that encircles an area of 100 m2. Three
to five sets per sampling bout were performed and sets were
placed haphazardly at night, when alewives move up and
spread out in the water column, in an attempt to avoid any
bias caused by schooling behaviour. Density estimates for
each lake-date sample are provided in Palkovacs (2007).

Ne for landlocked populations was calculated according
to Crow & Kimura (1970) for relatively fast (μf = 10–3) and
slow (μs = 10–4) microsatellite mutation rates (Ellegren 2000).
Ninety-five percent confidence intervals were placed Ne
estimates to account for uncertainty in measures of HO. GST
for landlocked populations was calculated based on the
unbiased estimator of Nei & Chesser (1983), which yielded
a GST of 0.2811. Based on these parameters, we solved for t,
the number of generations since landlocked populations
diverged from a common anadromous ancestor.

Phenotypic divergence

To assess differences in adult body size between anadromous
and landlocked populations, we measured alewife total
length to the nearest millimetre. Differences in total length
(log10 transformed) between anadromous and landlocked
populations were evaluated using mixed-effects anova,
with population (considered as a random effect) nested
within life-history type (anadromous or landlocked).

To examine differences in feeding morphology between
anadromous and landlocked alewife populations, we mea-
sured gape width and average gill raker spacing for YOY
alewives between 60 mm and 80 mm total length from
three anadromous (BL, DP, GP) and three landlocked pop-
ulations (PL, QL, RL). Gape and gill raker traits are strongly
influenced by body size (Gibson 1988; MacNeill & Brandt
1990; Friedland et al. 2006). By measuring common age and
size fish sampled in the freshwater environment, we hoped
to minimize the impact of plasticity in individual growth
rate on trait differences. Anadromous YOY can be reliably
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sampled from nursery lakes but not from streams (where
they are rapidly transported downstream by high flow).
Therefore, our examination of foraging traits was restricted
to a subset of the total number of populations sampled for
genetic analysis.

To measure gape width, the mouth of each fish was
opened to its maximum extent and the gape was measured
at its widest point. To measure gill raker spacing, the first
branchial arch on the left side of each fish was removed and
examined under a dissecting microscope. The first arch
was examined because this arch has the most highly devel-
oped gill rakers and performs the majority of the filtering
in alewives (MacNeill & Brandt 1990). Gill raker spacing
was not measured directly because of the tendency for gill
rakers to become stuck together in preserved fish. Instead,
average gill raker spacing (GRS) was estimated as GRS = (L–
N * W)/N where N is the total gill raker number, L is the sum
of the lengths of the upper and lower gill arches, and W is
the average of the widths of the first gill rakers on the
upper and lower gill arches. Differences in gape width
(log10 transformed) and gill raker spacing were evaluated
using mixed-effects anova with population (considered as
a random effect) nested within life-history type (conducted
in spss 11.0).

Rates of evolution

Foraging traits in planktivorous fishes are known to
experience strong selection and may evolve rapidly in

response to changing ecological conditions (Lindsey 1981;
Bernatchez et al. 1999; Lu & Bernatchez 1999; Bernatchez
2004; Ostbye et al. 2006). Using the results of our genetic
analysis to infer the timing of landlocking in alewife
populations, we estimated the rate of evolution for gape
width and gill raker spacing for the three landlocked
populations examined (PL, QL, and RL). Because genetic
data suggested gene flow among anadromous populations,
we estimated the rate of trait divergence for each landloc-
ked population relative to pooled data from three anadro-
mous populations (BL, DP, and GP). Evolutionary rates for
ln transformed data were estimated in haldanes, which
specify rates in standard deviations per generation (Ginge-
rich 1993). Because our data were collected simultaneously,
in the field, for different populations sharing a common
ancestor, we estimated the rate of phenotypic divergence
rather than the rate of evolution per se (Hendry & Kinnison
1999). However, our estimate is probably close to the rate
of evolution in landlocked populations because evolutionary
changes likely occurred principally within landlocked
populations (and not in anadromous populations) as these
populations adapted to novel ecological conditions (Reznick
& Ghalambor 2001).

Results

Mitochondrial DNA

CR1 sequences indicated the presence of 33 distinct
haplotypes. Tests for differences in diversity indices revealed
that, compared to landlocked populations, anadromous
populations had significantly higher values for H (F1,14 =
27.954, P < 0.001) and h (F1,14 = 23.004, P < 0.001), but not
for π (F1,14 = 0.016, P = 0.901) or πn (F1,14 = 0.033, P = 0.858),
indicating that landlocked populations possess a subsam-
ple of the contemporary haplotypes found in anadromous
populations (Table 1). The haplotype network structure
revealed extensive haplotype sharing between anadromous
and landlocked populations (Fig. 2). Therefore, mtDNA
sequence data showed no evidence for a deep phylogenetic
split between the anadromous and landlocked life histories
that would indicate different glacial lineages (Avise 2000).
A 7-bp gap divides the network, but four out of six landloc-
ked populations contain haplotypes on both sides of this gap.

amova, conducted on CR1 haplotypes to examine struc-
turing within and between anadromous and landlocked
population groups, indicated that 54% of genetic variation
existed within populations (P < 0.00001), 26% among pop-
ulations within groups (anadromous and landlocked)
(P < 0.00001), and 20% among groups (P = 0.0039). amova
conducted to examine within-watershed population groups
indicated that 59% of the variation existed within popula-
tions (P < 0.00001), 40% among populations within groups
(watersheds) (P < 0.0001), and 1% among groups (P =

Table 1 Diversity indices for mtDNA control region data. The
number of haplotypes (H), haplotype diversity (h), mean number
of pairwise differences between haplotypes (π), and nucleotide
diversity (πn) are given for each population and mean values are
given for each life history

Population Sample size H h π πn

FR (A) 8 6 0.9286 3.4643 0.0059
WR (A) 10 9 0.9778 5.7556 0.0096
MC (A) 10 8 0.9556 3.4889 0.0059
BB (A) 10 6 0.8444 4.4222 0.0074
GP (A) 10 6 0.8667 3.6667 0.0062
DP (A) 10 6 0.7778 3.7556 0.0063
PR (A) 10 6 0.7778 3.3333 0.0056
POR (A) 10 7 0.9111 3.1778 0.0054
WB (A) 10 4 0.6444 1.6444 0.0028
Anadromous 6.44 0.8538 3.6343 0.0061
SL (L) 10 3 0.6444 2.4222 0.0041
QL (L) 10 4 0.5333 1.8000 0.0030
RL (L) 10 3 0.6000 3.4667 0.0057
PL (L) 10 4 0.6444 5.2444 0.0088
AL (L) 10 3 0.6000 4.1333 0.0069
AP (L) 10 4 0.7111 2.8667 0.0048
LP (L) 10 3 0.7111 4.9778 0.0083
Landlocked 3.43 0.6349 3.5587 0.0059
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0.4321). The low proportion of variation among watersheds
likely reflects gene flow among anadromous populations.

Pairwise FST (Appendix I) and exact tests of population
differentiation (Table 2) based on CR1 haplotype data
showed that anadromous populations were generally not
significantly differentiated from each other (mean FST =
0.038). Landlocked populations, in contrast, were generally
significantly differentiated from each other (mean FST
= 0.460) and occasionally differentiated from anadromous
populations (mean FST = 0.441), including those directly
downstream (mean FST = 0.382). Interestingly, pairwise FST

and exacts tests showed that the SL population is more
closely related to anadromous populations than are other
landlocked populations, suggesting either extremely recent
landlocking or ongoing gene flow between this population
and the downstream anadromous population.

Microsatellites

For microsatellite data, tests for linkage disequilibrium
revealed no evidence of linkage between any loci examined.
Tests for departure from HWE revealed a single test to be

Fig. 2 Haplotype network based on 599 bp
of the mtDNA control region (CR1). The
sizes of the circles represent the relative
numbers of individuals with a given haplo-
type. All anadromous samples are shown
in white. Landlocked populations are shown
using different fills, representing different
populations (black = AL/AP, grey = SL,
black stippling on white = PL, white stippl-
ing on black = LP, vertical stripes = RL,
horizontal stripes = QL). A 7-bp gap diffe-
rentiates haplotypes 1–24 from haplotypes
25–33.

Table 2 P-values for genotypic tests of homogeneity based on microsatellites (above diagonal) and exact tests of genetic differentiation
based on mtDNA (below diagonal). Landlocked populations are frequently (mtDNA) or always (microsatellites) significantly differentiated
from other populations, whereas anadromous populations are not (with a single exception) significantly differentiated from each other.
Tests that are significant after Bonferroni correction are in bold

Anadromous Landlocked

FR WR MC BB PR POR WB SL QL RL PL AL LP

Anadromous FR — 0.0445 0.4415 0.5035 0.0134 0.0650 0.3401 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
WR 0.9061 — 0.0057 0.0532 0.0001 0.0212 0.0032 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
MC 0.6463 0.8794 — 0.5861 0.0108 0.5943 0. 1945 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
BB 0.4938 0.9669 0.5406 — 0.0061 0.7859 0.3762 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
PR 0.2133 0.8031 0.1586 0.8490 — 0.0245 0. 1723 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
POR 0.8189 0.9491 0.6997 0.5120 0. 1761 — 0.6893 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
WB 0.1300 0.3042 0.0402 0.4567 0.7145 0.0260 — < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001

Landlocked SL 0.0421 0.1686 0.0551 0.1800 0.3708 0.0926 0.0605 — < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001
QL 0.0079 0.0261 0.0047 0.0016 0.0023 0.0096 0.0001 0.0368 — < 0.0001 < 0.0001 < 0.0001 < 0.0001
RL 0.0008 0.0052 0.0009 0.0010 < 0.0001 < 0.0001 < 0.0001 < 0.0001 < 0.0001 — < 0.0001 < 0.0001 < 0.0001
PL 0.0064 0.0724 0.0042 0.0787 0.0054 0.0022 0.0013 0.0007 < 0.0001 0.0001 — < 0.0001 < 0.0001
AL < 0.0001 0.0011 0.0008 0.0002 < 0.0001 0.0002 < 0.0001 < 0.0001 < 0.0001 0.0004 0.0005 — < 0.0001
LP 0.0007 0.0199 0.0016 0.0048 0.0004 0.0002 < 0.0001 0.0002 0.0006 0.0002 0.0260 < 0.0001 —
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significant following Bonferroni correction (Appendix II).
micro-checker suggested five instances of null alleles
involving three loci and four populations (ASA9: WB, SL;
AA14: QL, AL; and AF13: AL). Locus AA14 and locus AF20
had bimodal allele frequency distributions. Locus ASA9, a
tetranucleotide repeat, showed multiple instances of 2-bp
allele intervals, as found by Waters et al. (2000) for this
locus. These observations are inconsistent with a stepwise
mutation model. Several previous microsatellite studies on
fishes also rejected the fit of the stepwise mutation model
at both deep and shallow phylogenetic levels (Salmonids,
Angers & Bernatchez 1997; Centrarchids, Neff et al. 1999;
and Cichlids, van Oppen et al. 2000), possibly because of
the high abundance of imperfect microsatellites in fish
genomes (Angers & Bernatchez 1997).

anova revealed anadromous populations to have signif-
icantly higher Na (F1,11 = 31.533, P < 0.001) and HO (F1,11
= 28.802, P < 0.001) compared to landlocked populations
(Table 3). FST values (Appendix III) and genotypic tests of
homogeneity (Table 2) revealed that landlocked popula-
tions were significantly differentiated from other landlocked
populations (mean FST = 0.318) and from anadromous
populations (mean FST = 0.191), including those directly
downstream (mean FST = 0.190). Anadromous populations
were not typically significantly differentiated from other
anadromous populations (mean FST = 0.012). NMDS based
on FST values (stress = 0.06722, R2 = 0.98842) indicated a
very tight grouping of anadromous populations, a wide
scatter of landlocked populations, and intermediate loca-
tions of the SL landlocked and the PR anadromous popu-
lations (Fig. 3). Analysis with structure indicated the
presence of K = 8 natural groups, supporting the results of

NMDS. Estimates of gene flow (Nm) based on private alleles
(Appendix III) revealed the highest gene flow to occur
between anadromous populations (mean Nm = 3.11), an
intermediate level of gene flow to occur between anadro-
mous and landlocked populations (mean Nm = 1.24), and
the lowest level of gene flow to occur between landlocked
populations (mean Nm = 0.56).

Combined mtDNA and microsatellite analyses

Mean FST values calculated across all markers for within- and
between-life-history divergence showed within-life-history
divergence for anadromous populations to be the lowest
(mean FST = 0.015), between-life-history divergence to be
intermediate (mean FST = 0.228), and within-life-history
divergence for landlocked populations to be the highest
(mean FST = 0.292). anova and post-hoc Tukey tests revealed
within-life-history divergence for anadromous populations
to be significantly lower than between-life-history diver-
gence (P = 0.01) and within-life-history divergence for
landlocked populations (P = 0.001). In contrast, within-
life-history divergence for landlocked populations was not
significantly different from between-life-history divergence
(P = 0.557), suggesting that landlocked populations are as
closely related to anadromous populations as they are to
each other. Mantel tests did not indicate significant isola-
tion by distance among anadromous populations for either
mtDNA (P = 0.58) or microsatellite differentiation (P = 0.22).

Phenotypic divergence

Body size for adult landlocked alewives averaged 97 mm
total length, and body size for adult anadromous alewives

Table 3 Mean number of alleles (Na), mean observed heterozy-
gosity (HO), and mean expected heterozygosity (HE) for microsa-
tellite loci ASA8, ASA9, AA14, AF13, and AF20. Standard deviations
for each population or coefficients of variation for each Life-history
form are in parentheses

Population Sample size Na HO HE

FR (A) 8 6.4 (0.872) 0.946 (0.033) 0.823 (0.050)
WR (A) 10 6.8 (2.775) 0.709 (0.262) 0.735 (0.220)
MC (A) 20 10.2 (5.541) 0.739 (0.205) 0.792 (0.179)
BB (A) 20 9.8 (4.147) 0.755 (0.167) 0.752 (0.202)
PR (A) 20 8.6 (4.336) 0.627 (0.195) 0.752 (0.193)
POR (A) 20 9.8 (3.962) 0.850 (0.158) 0.784 (0.157)
WB (A) 20 9.0 (3.464) 0.694 (0.199) 0.784 (0.198)
Anadromous 8.7 (17%) 0.760 (14%) 0.774 (4%)
SL (L) 20 6.6 (4.159) 0.411 (0.220) 0.555 (0.342)
QL (L) 20 4.0 (0.707) 0.345 (0.345) 0.349 (0.179)
RL (L) 20 4.6 (2.302) 0.499 (0.263) 0.477 (0.185)
PL (L) 20 4.2 (1.789) 0.595 (0.208) 0.574 (0.108)
AL (L) 20 3.6 (1.140) 0.377 (0.322) 0.432 (0.229)
LP (L) 20 4.0 (2.000) 0.516 (0.247) 0.459 (0.202)
Landlocked 4.5 (24%) 0.457 (21%) 0.474 (17%)

Fig. 3 NMDS plot based on the matrix of pairwise FST values from
microsatellite data. The inset magnifies the area of the plot
containing the anadromous populations and the SL population
(landlocked). While anadromous populations (�) are clustered
together, landlocked populations (�) are spread out. This pattern
supports a ‘phylogenetic raceme’ mode of population divergence.
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averaged 260 mm total length. This size difference was
significant (F1,10.003 = 39.772, P < 0.0001). The effect of
population (nested within life history) was also significant
(F10,232 = 112.344, P < 0.0001), suggesting substantial body
size heterogeneity among populations of each life-history
type. This among-population variation in body size was
greater for landlocked populations (CV = 40.1%) than for
anadromous populations (CV = 3.8%), suggesting that
isolated lakes harbouring landlocked alewives provide
more heterogeneous growth opportunities than the common
marine environment shared by anadromous populations.

Landlocked alewives differed significantly from anadro-
mous alewives in foraging traits (Table 4). Landlocked
alewives had significantly narrower gapes (F1,4.055 = 12.180,
P = 0.025) and smaller inter-raker spacing (F1,4.022 = 28.176,
P = 0.006) than anadromous alewives. Again, the popula-
tion effect was significant for both gape width (F4,119
= 2.481, P = 0.048) and gill raker spacing (F4,107 = 2.699,
P = 0.035), indicating significant heterogeneity among
populations of each life-history type.

Divergence time and evolutionary rates

Divergence time (t) was calculated to be between 180 and
348 generations (μf) or between 1809 and 3489 generations
(μs). We estimated mean generation time for landlocked
alewives using an age-structured population model (Caswell
1989). The result yielded a generation time of ~1.5 years.
These populations were therefore estimated to have become
isolated from a common anadromous ancestor between
270 and 522 years ago (μf) or between 2714 and 5234 years
ago (μs). Using these divergence estimates, we calculated
the rate of evolution for gape width and gill raker spacing
in haldanes (h). Following the notation proposed by
Gingerich (1993) and modified by Hendry & Kinnison
(1999), mean evolutionary rates for gill raker spacing based
on fast and slow mutation rates were hp (2.54) = 0.0071
and hp (3.42) = 0.0007, respectively. Mean evolutionary rates
for gape width based on fast and slow mutation rates were
hp (2.54) = 0.0035 and hp (3.42) = 0.0004, respectively (Fig. 4).

Discussion

Our results indicate that the landlocked alewife populations
we examined are independently evolved and that parallel
evolution has shaped foraging and life-history traits in
these populations. We found no evidence for a phylogenetic
split between anadromous and landlocked populations
that would indicate a common ancestor for landlocked
alewives. The haplotype network based on CR1 sequences
did not show a pattern of structuring coincident with life-
history type (Fig. 2). Our results show that landlocked
alewife populations contain a subset of the mitochondrial
haplotypes and microsatellite alleles found within anadro-
mous populations and have lower mtDNA diversity
(Table 1) and microsatellite diversity (Table 3) than anadro-
mous populations. The NMDS plot of FST values for mic-
rosatellite data produced a tight grouping of anadromous
populations and a wide scatter of landlocked populations
(Fig. 3), and the results of structure support these
groupings.

Combined analysis of mtDNA and microsatellite markers
revealed anadromous–landlocked population pairs to be
as closely related as landlocked–landlocked population
pairs, as would be expected if landlocked populations had
evolved independently from downstream anadromous
runs. Tests of genetic divergence revealed that landlocked
populations are more differentiated from each other than
are anadromous populations (Table 2), and estimates of gene
flow indicated that landlocked populations are relatively
isolated, whereas anadromous populations exchange
genes (Appendix III). Interestingly, genetic divergence
among anadromous populations did not conform to
isolation-by-distance expectations, suggesting that, at the
geographical scale of this study (80 km between the most
distant anadromous runs), distance does not limit gene flow.

Overall, our results suggest a ‘phylogenetic raceme’
pattern of landlocked alewife population divergence,
with anadromous populations forming an ancestral
core from which landlocked populations independently
diverged. Such a population structure has been found for the

Table 4 Mean trait values for young-of-the-
year anadromous and landlocked alewives
between 60 mm and 80 mm total length.
Standard deviations for each population or
coefficients of variation indicating among-
population variation for each alewife life-
history form are in parentheses

Population
Gape width 
sample size

Gape width 
(millimetre)

Gill raker 
sample size

Gill raker 
spacing (millimetre)

BL (A) 17 4.52 (1.34) 17 0.184 (0.021)
DP (A) 16 4.86 (0.91) 16 0.194 (0.024)
GP (A) 29 4.19 (0.95) 23 0.183 (0.015)
Anadromous 4.52 (7.41%) 0.187 (3.25%)
PL (L) 23 3.68 (0.95) 20 0.156 (0.017)
QL (L) 20 3.35 (0.61) 17 0.148 (0.012)
RL (L) 20 3.81 (0.34) 20 0.165 (0.020)
Landlocked 3.61 (6.56%) 0.156 (5.44%)
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anadromous–freshwater three-spined stickleback complex
(Bell 1976; Withler & McPhail 1985; Bell & Foster 1994; Taylor
& McPhail 2000; Raeymaekers et al. 2005) and should be com-
mon in other systems where small, isolated populations
diverge from a relatively unstructured source population.
In addition to making predictions about the overall pattern
of population differentiation, the phylogenetic raceme model
also makes predictions about the identity of alleles
within anadromous and freshwater resident populations.
Specifically, alleles present in freshwater populations
should differ from one population to the next unpredict-
ably, and freshwater populations should contain a subset
of the alleles present in anadromous populations (Bell
1976). Our data support these predictions for both mtDNA
and microsatellites. We found that the most common haplo-
type/allele in each landlocked population never had the
same identity (with the exception of locus AA14, where a
single allele was most common in both anadromous and
landlocked populations). Additionally, anadromous popu-
lations frequently contained haplotypes/alleles not found
in landlocked populations, but landlocked populations
rarely contained haplotypes/alleles not found in anadro-
mous populations.

One difficulty with testing independent evolutionary
origins under a phylogenetic raceme model of divergence
is that the lack of genetic structuring within the ancestral
population prevents the formation of the phylogenetically
paired, phenotypically differentiated populations that are
the conceptual hallmark of parallel evolution. Because
ancestral subpopulations exchange genes (and therefore
do not diverge) and descendent populations are isolated

(and therefore tend to drift apart), a phylogenetic raceme
may be incorrectly inferred if a single descendent popu-
lation rapidly splits into multiple populations that
subsequently differentiate.

A single landlocked population could have evolved in
freshwater glacial Lake Connecticut (now Long Island
Sound) between 15 000 and 20 000 years ago, and this
population may have rapidly dispersed into coastal lakes
following glacial retreat about 10 000 years ago (Lewis &
Stone 1991; Lewis & DiGiacomo-Cohen 2000). However,
the results of our divergence time estimation make this
scenario exceedingly unlikely. First, our maximum divergence
estimate places the divergence of landlocked populations
around 5000 years ago. This date is considerably more
recent than the disappearance of glacial Lake Connecticut
and the retreat of the glaciers, which occurred between
10 000 and 15 000 years ago. Second, observed GST for the
landlocked alewife populations examined was 0.2811. For
comparison, a GST of 0.5034 is necessary to produce a diver-
gence time estimate plausible under a scenario where
population isolation occurred 10 000 years ago. Given
how recently landlocked alewife populations in Connecticut
are likely to have diverged from their common ancestor,
independent evolutionary origins are the most plausible
explanation for their observed levels of genetic diver-
gence. Independent evolutionary origins have also been
found for freshwater populations of other predominantly
anadromous species, including sockeye salmon (Taylor
et al. 1996; Taylor 1999), three-spined sticklebacks (Taylor &
McPhail 1999; Raeymaekers et al. 2005), and rainbow smelt
(Osmerus mordax, Taylor & Bentzen 1993).

Post-glacial processes such as isostatic rebound have
been proposed to explain the evolution of landlocked popu-
lations from anadromous ancestors in other species (Berg
1985; Klepaker 1995; Johnson & Taylor 2004). However, our
divergence time estimates rule out continental uplift as a
likely mechanism in this case. So what could be the cause
of landlocking for Connecticut alewife populations? Our
estimates suggest that landlocked populations are no older
than 5000 years and may be as young as 300 years. The older
side of this estimate marks a time when the sea-level in
Long Island Sound stabilized and the basin assumed its
present shape (Lewis & Stone 1991; Lewis & DiGiacomo-
Cohen 2000); there does not appear to be evidence of large-
scale geological activity at this time that would have blocked
spawning migrations or isolated inland lakes. The younger
side of this estimate marks a time when humans were
actively modifying the Connecticut landscape. This was
done first by Native Americans and, beginning in the 1630s,
by colonial European settlers. Although Native Americans
are known to have exploited alewife runs as a resource,
there is no evidence that they constructed permanent
structures that would have blocked spawning migra-
tions (Cronon 1983). In contrast, one of the first things

Fig. 4 Evolutionary rates for foraging traits in alewives compared
to other species. Alewife rates were calculated using divergence
time estimates based on fast (μf = 10–3) and slow (μs = 10–4)
microsatellite mutation rates. In alewives, gill raker spacing (�)
evolved faster than gape width (�). Evolutionary rates for foraging
traits in birds (�), insects (�), and fish (�) are from Hendry et al.
(2007). The least-squares regression line for all rates is shown.
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European settlers did upon arriving in Connecticut was to
begin building permanent dams to power grain and lumber
mills (Cronon 1983). These original dams, or their more
modern replacements, are a ubiquitous feature of the Con-
necticut landscape and undoubtedly disrupted the migra-
tions of many anadromous fishes, including alewives, which
migrate up the small streams upon which the earliest dams
were constructed. An interesting finding is that, among all
landlocked populations examined, the SL population is the
least genetically differentiated from anadromous popula-
tions (Fig. 3). It is also the most recent to have received a
dam — around 1800 vs. around 1700 for the other drainages
(S. Gephard, personal communication). Taken together, evi-
dence for independent evolutionary origins coupled with
evidence for a recent divergence time makes colonial dam
construction a plausible, if not likely, cause of the evolution
of landlocked alewife populations in coastal Connecticut
lakes. This interpretation suggests that landlocked popula-
tions may be geographically native to Connecticut, but that
the landlocked phenotype has evolved because of the effects
of human activity.

Our examination of foraging traits revealed landlocked
alewives to have significantly smaller gill raker spacing
and gape width than anadromous alewives (Table 4). In
planktivorous fishes, smaller gill raker spacing, which is
typically associated with greater numbers of gill rakers, is
known to enable the capture of smaller prey items (Drenner
et al. 1984; Mummert & Drenner 1986; Gibson 1988; Robinson
& Wilson 1994). Smaller gapes have been found to accom-
pany greater numbers of gill rakers in planktivorous forms
of Eurasian perch (Perca fluviatilis, Hjelm et al. 2000) and
three-spined sticklebacks (Schluter & McPhail 1992). There-
fore, landlocked alewives appear to have shifted to a mor-
phology better adapted to foraging on smaller zooplankton.
Interestingly, nonanadromous kokanee display greater
numbers of gill rakers than anadromous sockeye salmon
(Wood & Foote 1996; Foote et al. 1999), nonanadromous
‘dwarf’ rainbow smelt display more numerous gill rakers
than anadromous rainbow smelt (Taylor & Bentzen 1993),
and freshwater limnetic three-spined sticklebacks have more
gill rakers than anadromous three-spined sticklebacks
(McPhail 1994). These results together suggest that parallel
evolution in traits that facilitate the capture of smaller zoo-
plankton may commonly evolve during the transition from
anadromy to freshwater residency in planktivorous fishes.
In addition, gill raker number is used to distinguish species
and subspecies in the genus Alosa (Alexandrino et al. 2006).
Therefore, our results may point to ecological differentia-
tion at multiple phylogenetic levels within this genus of
planktivores.

Given the recent origin of landlocked alewife popula-
tions, it is interesting to compare their rate of morphological
evolution to rates of evolution for similar traits in other
species. Our results show that evolutionary rates for alewife

foraging traits are comparable to rates of contemporary
evolution for foraging traits in other species (Fig. 4). Rates
of microevolution tend to start fast and decline over time
(Kinnison & Hendry 2001). Therefore, strong selection may
have driven an especially high rate of alewife evolution in
the period immediately following population isolation.

We speculate that the causes of alewife foraging trait
evolution may mirror the causes of Darwin’s finch beak
evolution. On the island of Daphne Major, size-selective seed
predation by Geospiza fortis and its competitor Geospiza
magnirostris can reduce the abundance of large seeds, thereby
causing a rapid decrease in G. fortis beak size (Grant & Grant
2006). Similarly, when landlocked alewives first invade a
lake, size-selective predation can rapidly eliminate large-
bodied zooplankton species from the environment (Brooks
& Dodson 1965), perhaps causing rapid decreases in gape
size and gill raker spacing. We hypothesize that bursts of
evolution in alewife foraging traits may have occurred
because of the over-exploitation of large zooplankton by
landlocked populations immediately following their
isolation in freshwater. Future work will aim to test this
hypothesis as a mechanism to explain the pattern of rapid
parallel evolution uncovered here.
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Appendix I

Mitochondrial DNA FST values calculated using arlequin 2.0 (Schneider et al. 2000)

Appendix II

Sample sizes (N), unbiased expected heterozygosity (HE), observed heterozygosity (HO), number of alleles (Na), inbreeding coefficient for
individuals (FIS), and the probability of departure from Hardy–Weinberg equilibrium (P) for anadromous (A) and landlocked (L)
populations sampled. The range of allele sizes (in base pairs) is given below each locus name

Anadromous Landlocked

FR WR MC BB GP DP PR POR WB SL QL RL PL AL AP LP

Anadromous FR

WR 0.002
MC –0.019 0.041
BB 0.055 –0.083 0.080
GP 0.026 0.087 0.068 0.101
DP 0.118 –0.038 0.129 –0.093 0.129
PR 0.036 –0.033 0.081 –0.068 0.105 –0.055
POR –0.070 0.020 0.008 0.055 0.065 0.116 0.037
WB 0.083 0.031 0.109 0.015 0.126 0.029 –0.020 0.094

Landlocked SL 0.159 0.071 0.179 0.123 0.257 0.208 0.101 0.152 0.218
QL 0.489 0.340 0.489 0.456 0.559 0.546 0.503 0.502 0.649 0.292
RL 0.589 0.372 0.573 0.378 0.580 0.392 0.486 0.581 0.624 0.627 0.729
PL 0.456 0.221 0.466 0.228 0.471 0.252 0.344 0.464 0.493 0.475 0.577 0.118
AL 0.531 0.391 0.552 0.447 0.552 0.490 0.551 0.537 0.664 0.655 0.713 0.482 0.343
AP 0.688 0.541 0.694 0.599 0.692 0.635 0.688 0.692 0.785 0.768 0.805 0.565 0.427 0.044
LP 0.428 0.194 0.444 0.181 0.430 0.194 0.293 0.435 0.448 0.448 0.590 0.142 –0.030 0.393 0.488

Locus FR (A) WR (A) MC (A) BB (A) PR (A) POR (A) WB (A) SL (L) QL (L) RL (L) PL (L) AL (L) LP (L)

ASA8 N 8 10 20 19 20 20 19 20 20 20 20 20 20
114–134 HE 0.625 0.358 0.485 0.399 0.422 0.524 0.437 0.050 0.189 0.412 0.508 0.142 na

HO 0.875 0.400 0.500 0.474 0.350 0.600 0.421 0.050 0.150 0.450 0.400 0.150 na
Na 3 3 5 4 3 5 4 2 3 3 2 2 1
FIS –0.441 –0.125 –0.033 –0.191 0.174 –0.149 0.037 0.000 0.208 –0.096 0.217 –0.056 na
P 0.326 1.000 1.000 1.000 0.656 0.833 0.324 na 0.150 0.772 0.392 1.000 na

ASA9 N 8 9 20 20 20 20 20 15 20 19 20 20 20
144–300 HE 0.884 0.758 0.857 0.791 0.821 0.769 0.809 0.908 0.316 0.545 0.555 0.458 0.664

HO 1.000 0.444 0.650 0.750 0.650 0.800 0.550 0.533 0.300 0.526 0.550 0.450 0.800
Na 8 5 8 8 9 7 7 13 5 4 3 4 6
FIS –0.143 0.429 0.246 0.053 0.212 –0.041 0.326 0.421 0.050 0.035 0.010 0.017 –0.211
P 0.499 0.035 0.141 0.681 0.044 0.474 0.005 0.005 0.333 0.021 0.710 0.116 0.234

AA14 N 7 10 20 20 20 20 19 19 19 20 19 20 20
114–180 HE 0.846 0.784 0.881 0.798 0.752 0.817 0.876 0.423 0.245 0.436 0.576 0.276 0.189

HO 1.000 0.900 0.900 0.800 0.600 0.900 0.789 0.421 0.105 0.450 0.579 0.100 0.200
Na 7 8 12 12 9 12 12 4 4 7 6 4 3
FIS –0.200 –0.157 –0.022 –0.003 0.206 –0.105 0.102 0.004 0.577 –0.033 –0.005 0.643 –0.063
P 1.000 0.995 0.637 0.649 0.044 0.797 0.125 1.000 0.005 0.607 0.795 0.007 1.000

AF13 N 7 10 14 20 11 20 16 17 18 18 20 14 16
158–196 HE 0.901 0.847 0.799 0.881 0.861 0.896 0.903 0.818 0.344 0.246 0.477 0.561 0.541

HO 1.000 0.900 0.643 0.900 0.636 1.000 0.813 0.632 0.222 0.167 0.500 0.286 0.563
Na 7 8 7 10 7 10 10 7 4 2 4 3 5
FIS –0.120 –0.066 0.201 –0.224 0.271 –0.119 0.103 0.141 0.362 0.329 –0.050 0.500 –0.043
P 1.000 0.573 0.202 0.413 0.056 0.760 0.203 0.005 0.008 0.270 1.000 0.017 0.904

AF20 N 7 10 20 20 20 20 19 19 19 20 19 20 20
184–238 HE 0.857 0.926 0.938 0.890 0.907 0.916 0.895 0.575 0.650 0.748 0.754 0.723 0.444

HO 0.857 0.900 1.000 0.850 0.900 0.950 0.895 0.421 0.947 0.900 0.947 0.900 0.500
Na 7 10 19 15 15 15 12 7 4 7 6 5 5
FIS 0.000 0.030 –0.069 0.046 0.007 –0.039 0.000 0.273 –0.476 –0.211 –0.266 –0.253 –0.131
P 0.564 0.754 0.437 0.342 0.762 0.817 0.775 0.216 0.031 0.058 < 0.001 0.256 0.568
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Appendix III

Microsatellite Nm values (above diagonal) calculated according to the private allele method of Slatkin (1985) and Barton & Slatkin (1986),
and microsatellite FST values (below diagonal) calculated following Weir & Cockerham (1984).

Anadromous Landlocked

FR WR MC BB PR POR WB SL QL RL PL AL LP

Anadromous FR 1.669 3.528 4.624 1.813 3.088 2.611 0.985 0.633 0.942 0.534 0.693 0.804

WR 0.015 1.557 1.992 1.081 1.476 1.335 1.005 1.096 0.547 0.590 0.764 0.878
MC 0.005 0.031 4.581 3.891 4.074 4.158 1.664 1.674 1.570 1.397 1.361 2.081
BB 0.008 0.009 0.003 3.048 4.665 4.490 1.602 1.821 1.800 1.454 1.385 2.028
PR 0.022 0.037 0.021 0.019 3.428 2.794 1.064 0.687 0.539 0.634 0.857 1.059
POR 0.015 0.017 0.001 –0.004 0.017 5.413 1.339 1.645 1.347 1.299 1.574 2.864
WB 0.004 0.023 0.007 0.002 0.004 –0.003 1.317 1.576 1.116 1.404 1.231 1.156

Landlocked SL 0.105 0.097 0.120 0.096 0.115 0.108 0.107 0.680 0.768 0.430 0.649 0.962
QL 0.277 0.240 0.245 0.238 0.267 0.235 0.242 0.280 0.941 0.923 0.371 0.573
RL 0.202 0.269 0.231 0.218 0.261 0.210 0.230 0301 0.409 0.205 0.396 0.315
PL 0.166 0.191 0.169 0.175 0.174 0.160 0.161 0.285 0.182 0.292 0.369 0.348
AL 0.192 0.152 0.165 0.129 0.183 0.152 0.172 0.235 0.388 0.371 0.323 0.476
LP 0.238 0.240 0.179 0.197 0.225 0.230 0.240 0.291 0.347 0.441 0.334 0.299


