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Genetic divergence of a sympatric
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The genetic relationship between sympatric, morphologically divergent populations of anadromous
and lake-resident three-spined stickleback Gasterosteus aculeatus in the Jim Creek drainage of
Cook Inlet, Alaska, was examined using microsatellite loci and mitochondrial d-loop sequence
data. Resident samples differed substantially from sympatric anadromous samples in the Jim Creek
drainage with the magnitude of the genetic divergence being similar to that between allopatric
resident and anadromous populations in other areas. Resident samples were genetically similar
within the Jim Creek drainage, as were the anadromous samples surveyed. Neighbour-joining and
Structure cluster analysis grouped the samples into four genetic clusters by ecomorph (anadromous
v . all resident) and geographic location of the resident samples (Jim Creek, Mat-Su and Kenai).
There was no evidence of hybridization between resident and anadromous G. aculeatus in the Jim
Creek drainage, which thus appear to be reproductively isolated. © 2013 The Authors
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INTRODUCTION

Understanding how new species form and how closely related species maintain repro-
ductive isolation remains one of the major goals of biology (Coyne & Orr, 2004;
Price, 2008; Harrison, 2010). Studying closely related sympatric species provides
a means of understanding the mechanisms contributing to speciation. Identifying
incipient species is, however, often difficult. Systems composed of closely related
forms that maintain reproductive isolation in nature, but are still capable of produc-
ing viable offspring, are quite valuable for research. The three-spined stickleback
Gasterosteus aculeatus L. 1758 species complex is one such system. There are thou-
sands of morphologically divergent G . aculeatus populations distributed throughout
temperate regions of the northern hemisphere. Ancestrally, G . aculeatus are oceanic
but oceanic populations have established phenotypically diverse resident freshwa-
ter populations in streams and lakes throughout their range. Gasterosteus aculeatus
populations adapted to different habitats have undergone many phenotypic changes,
including changes in lateral armour plating, pelvic reduction, trophic morphology and
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body shape (Wooton, 1976; Bell & Foster, 1994; Schluter, 2000; Östlund-Nilsson
et al ., 2007). In some cases, phenotypically divergent populations occur sympatrically
and exhibit extrinsic pre-zygotic isolation (McPhail, 1994; McKinnon & Rundle,
2002; Hendry et al ., 2009).

In the Cook Inlet region of Alaska, there is a putative G. aculeatus species pair
consisting of phenotypically divergent anadromous and lake-resident forms that
breed sympatrically in a small, postglacial lake called Mud Lake (Karve et al ., 2008).
The anadromous form spends most of its life in the ocean and migrates to the lake to
breed, while the lake-resident form inhabits Mud Lake year round. Based on the geo-
logical evidence for the retreat of glaciers in the region, the upper time limit for the
establishment of a resident population in the system appears to be 9500–15 000 years
ago (Reger & Pinney, 1996). Mud Lake is a part of small drainage system consisting
of several lakes including Jim Lake, Gull Lake and Swan Lake connected to one
another by Jim Creek (and by swampland) that drains into the Knik River (Fig. 1).
The distribution of resident freshwater and anadromous G . aculeatus throughout the
system is not clear. While the sympatric breeding of anadromous and lake-resident
G . aculeatus has only been reported in Mud Lake, it may occur in other lakes
within the system. The occurrence of lake-resident and anadromous G . aculeatus
breeding sympatrically appears to be relatively rare, having only been reported in
a few studies from different parts of the world (Ziuganov et al ., 1987; Mori, 1990;
Higuchi et al ., 1996; von Hippel & Weigner, 2004). Most anadromous-resident
freshwater G . aculeatus species pairs occur in streams (Hagen, 1967; McPhail,
1994). The proximity of the system to the Knick River and the swampy nature of
the area may have facilitated establishment of the species pair in Mud Lake.

Karve et al . (2008) showed that the two forms of G. aculeatus that inhabit Mud
Lake differ substantially in morphology (Fig. 2). The anadromous population closely
resembles other anadromous and marine populations in the region in body size,
trophic morphology, armour and fin morphology (Aguirre et al ., 2008). The resident
G. aculeatus population in Mud Lake morphologically resembles typical resident
freshwater populations in the region in being substantially smaller in size and exhibit-
ing substantial armour (lateral plate) reduction. It also appears to be adapted to a
benthic mode of life (McPhail, 1984) based on its benthic-like body shape and
trophic and head morphology (Walker, 1997; Park & Bell, 2010; Willacker et al .,
2010; Aguirre & Bell, 2012). Despite breeding sympatrically in Mud Lake, the res-
ident and anadromous forms appear not to hybridize based on indirect data. Karve
et al . (2008) surveyed over 1200 specimens collected throughout the lake, and Bell
et al . (2010) surveyed 608 anadromous fish and 2952 resident fish from Mud Lake.
They found no morphological intermediates, which occur in stream hybrid zones
(Hagen, 1967). A survey of the locus primarily responsible for lateral armour plat-
ing in G. aculeatus , the ectodysplasin (eda) locus, also found no evidence of gene
flow (Bell et al ., 2010). Bell et al . (2010) found that anadromous fish in Mud Lake
were entirely homozygous for the complete-morph eda allele. As low-morph fish
are homozygous for the low-morph eda allele, this suggests that the low-morph res-
idents in Mud Lake are not introgressing their low-morph alleles into anadromous
fish. Hohenlohe et al . (2010) conducted a genome-wide scan of genetic variation
of two oceanic and three resident freshwater G. aculeatus populations from Cook
Inlet using sequenced restriction-site associated DNA (RAD) tags, and included a
sample of the Mud Lake resident population among them. The Mud Lake resident

© 2013 The Authors
Journal of Fish Biology © 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013, 83, 111–132



G E N E T I C D I V E R G E N C E O F S Y M PAT R I C G A S T E RO S T E U S AC U L E AT U S 113

Cook Inlet
Region

Jim Crk Mat-Su Valley 

Gull Lake

Jim Lake

Swan Lake

Mud Lake

Wasilla Lake 

Rabbit Slough

Jim Crk

Susitna R. Matanuska R. (a) (b)

(c)

(d)

Matanuska R.

N

L. Meadow
Creek 

Tern Lake
(Kenai P.) 

Fig. 1. (a) Map of Alaska indicating the location of Cook Inlet. (b) Close-up of Cook Inlet region indicating
location of Mat-Su Valley (between the Susitna and Matanuska Rivers), Jim Creek drainage and Tern
Lake (on the Kenai Peninsula). (c) Close-up of Mat-Su Valley with sampling sites indicated. (d) Close-up
of Jim Creek drainage with sampling sites indicated. Figures were modified from Google Maps; Map
data ©2012 Google.

population did not appear more similar to the oceanic G. aculeatus surveyed than
the other resident populations surveyed, which is expected if hybridization between
the anadromous and resident populations was common. Their study, however, was
not directed towards the Mud Lake species pair and did not include Mud Lake
anadromous fish or other resident or anadromous samples from the drainage.

This study sought to examine the genetic relationship between the G. aculeatus
species pair found in the Mud Lake system. Microsatellites and mtDNA control
region sequences were used to measure the extent of genetic divergence between
anadromous and resident freshwater populations inhabiting the system. Population
genetic structure of freshwater populations in the Jim Creek drainage was examined.
Samples of four other resident freshwater and anadromous populations were col-
lected from neighbouring drainages in the Mat-Su Valley and the Kenai Peninsula
for genetic comparison. The magnitude of genetic divergence between the species
pair was contrasted with that between other allopatric resident and anadromous
G. aculeatus populations in the region and with estimates from the literature.

On the basis of the previous research, a series of predictions can be made. First,
anadromous and resident freshwater G. aculeatus occurring sympatrically in Mud
Lake and neighbouring lakes in the Jim Creek drainage will differ significantly
from one another at neutral molecular markers. Resident freshwater forms within
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(a)

(b)

Fig. 2. Species pair of Gasterosteus aculeatus in Mud Lake, Alaska. (a) Anadromous G. aculeatus (top: male
and bottom: female). (b) Resident freshwater G. aculeatus (top: male and bottom: female). Scale bars
are 10 mm.

the system will form a genetic cluster that is distinct from anadromous G. aculeatus
samples in the system. Second, there will not be evidence of substantial hybridization
between sympatric resident freshwater and anadromous G. aculeatus in this system.
Third, the magnitude of genetic divergence between anadromous and resident forms
in this system will be comparable to that between anadromous and resident freshwater
forms that breed allopatrically in neighbouring drainages. This is the first direct
examination of genetic divergence and diversity of this rare species pair and helps
to establish a baseline for future research on the early stages of speciation in this
system.

MATERIALS AND METHODS

S A M P L E C O L L E C T I O N A N D P R E PA R AT I O N

Samples of G. aculeatus were collected from 10 populations in the Cook Inlet region of
Alaska (Table I). Sites in the Jim Creek drainage included in this study were Mud Lake, Jim
Lake, and Gull Lake (Fig. 1). Mud Lake was sampled twice to provide an estimate of temporal
stability in the resident population, once in June 2003 and once in June 2010. Anadromous
G. aculeatus were found to occur throughout much of the Jim Creek drainage, and samples
of anadromous G. aculeatus from Mud Lake and Jim Lake were also collected. Samples of
four other resident freshwater and anadromous populations were collected from neighbouring
drainages in the Mat-Su Valley and the Kenai Peninsula for genetic comparison. The Mat-
Su Valley is the area between the Matanuska and Susitna Rivers immediately west of the
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Table I. Sampling locations and genetic diversity of Alaskan Gasterosteus aculeatus popu-
lations included in the study. Mud Lake 2003 is a sample collected in June 2003. The rest of

the samples were collected in June 2010

Location
(abbreviation) Type Region

Co-ordinates
(N; W) A H e Hn H d

Jim Lake (JimA) Anadromous Jim Creek 61◦ 33′ 26·3′′;
148◦ 55′ 25·8′′

18·2 0·871 10 0·801

Mud Lake
(MudA)

Anadromous Jim Creek 61◦ 33′ 52·6′′;
148◦ 56′ 45·6′′

14·9 0·846 7 0·736

Rabbit Slough
(RS)

Anadromous Mat-Su Valley 61◦ 32′ 30·2′′;
149◦ 13′ 56·5′′

18·9 0·883 7 0·719

Jim Lake (JimR) Resident Jim Creek 61◦ 33′ 26·3′′;
148◦ 55′ 25·8′′

11·8 0·756 5 0·594

Mud Lake
(MudR)

Resident Jim Creek 61◦ 33′ 52·6′′;
148◦ 56′ 45·6′′

11·9 0·745 3 0·583

Mud Lake 2003
(MudR03)

Resident Jim Creek 61◦ 33′ 52·6′′;
148◦ 56′ 45·6′′

12·1 0·758 – –

Gull Lake (Gull) Resident Jim Creek 61◦ 32′ 29·1′′;
148◦ 57′ 19·2′′

13·9 0·773 – –

Little Meadow
Creek (LMC)

Resident Mat-Su Valley 61◦ 34′ 09·1′′;
149◦ 45′ 36·3′′

13·6 0·801 – –

Wasilla Lake
(Was)

Resident Mat-Su Valley 61◦ 34′ 53·4′′;
149◦ 25′ 39·6′′

14·6 0·809 8 0·612

Tern Lake (Tern) Resident Kenai Peninsula 60◦ 32′ 03·3′′;
149◦ 32′ 56·7′′

5·33 0·519 – –

A, the mean number of alleles per microsatellite locus; H e, the average expected heterozygosity from
the microsatellite loci; Hn, the number of mitochondrial haplotypes; H d, haplotype diversity calculated
from the mtDNA sequence data.

Jim Creek drainage [Fig. 1(b), (c)]. The three samples collected in this area are from three
different streams that are geographically adjacent to one another but flow independently to the
ocean. From east to west, the Rabbit Slough sample (anadromous) is part of the Spring Creek
drainage located immediately west of the Matanuska River, the Wasilla Lake sample (resident)
is from the adjacent Cottonwood Creek drainage and the Little Meadow Creek sample was
collected from the Meadow Creek system, located west of Cottonwood Creek and flowing
into Big Lake, Fish Creek and Cook Inlet. The final sample from Tern Lake on the Kenai
Peninsula was included as a geographically distant population expected to be genetically
divergent from the other resident freshwater populations because of its geographic location.
Specimens were collected with 0·64 and 0·32 mm mesh unbaited minnow traps set overnight.
Fish were euthanized using MS-222 and immediately preserved in 95% ethanol. DNA was
extracted from caudal-fin tissue of 48 specimens per population using a phenol–chloroform-
based method.

M I C RO S AT E L L I T E S A N D D NA S E Q U E N C I N G

Nine microsatellite loci were amplified for each individual (Table II). Primers were chosen
from those available in the studies by Largiader et al . (1999) and Peichel et al . (2001) and
selected to be on separate linkage groups. A QIAGEN Multiplex PCR kit (www.qiagen.com)
and fluorescently labelled primers were used to amplify the microsatellite loci in panels of
three markers. PCR conditions consisted of a single cycle at 95◦ C for 1 min 45 s, 56◦ C
for 45 s and 72◦ C for 45 s; four cycles at 94◦ C for 45 s, 56◦ C for 45 s and 72◦ C for
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Table II. Details of the nine microsatellite loci used to examine genetic divergence of
Alaskan Gasterosteus aculeatus populations. Linkage group (LG) follows Peichel et al . (2001)

Loci LG MP Size range (bp) Fluorescent dye

Stn110 a IX I 134–223 FAM
4170PBBE b III I 100–199 HEX
Stn33 a III I 127–194 NED
Stn171 a XV II 104–176 FAM
Stn195 a XX II 114–191 HEX
Stn67 a VI II 160–250 NED
7033PBBE b XI III 159–258 FAM
Stn120 a X III 144–180 HEX
Stn168 a XIV III 148–199 NED

MP, multiplex panel number.
a From Peichel et al . (2001).
b From Largiader et al . (1999).

45 s; 30 cycles at 90◦ C for 45 s, 56◦ C for 45 s and 72◦ C for 45 s and a final extension
at 72◦ C for 7 min. PCR products were sent to the University of Arizona’s Genetics Core
for analysis. Microsatellite loci were scored, binned and checked manually for scoring errors
using GeneMarker (SoftGenetics; www.softgenetics.com/GeneMarker.html). Micro-Checker
(Van Oosterhout et al ., 2004) was used to evaluate the quality of data. Three markers (Stn195 ,
Stn120 and 4170PBBE ) were found to be heterozygous-deficient. The analyses were done
with and without these loci due to the possible presence of null alleles. Their inclusion,
however, did not affect the results, so they were not considered in the analyses. Microsatellite
data are available in the Dryad repository: 10.5061/dryad.rf25h.

A 450 bp fragment of the G. aculeatus mitochondrial control region (mtCR; Mäkinen &
Merilä, 2008) was used to verify the microsatellite results on a sub-set of six of the 10
samples (populations) included in the microsatellite analysis. The mtCR has a higher muta-
tion rate than other mitochondrial genes and has been useful in population genetic analyses
(Palumbi, 1996). Twenty-four fish from each of the two resident freshwater populations (Mud
Lake resident and Jim Lake resident) and two anadromous populations (Mud Lake anadro-
mous and Jim Lake anadromous) from the Jim Creek drainage were used (96 specimens
in total). Twenty-four fish from each of the two populations from neighbouring drainages
(Wasilla Lake resident and Rabbit Slough anadromous) were also included for genetic com-
parison (48 specimens in total). Details on the primers and PCR conditions used can be found
in the study of Mäkinen & Merilä (2008). PCR products were purified (using ExoSap-IT;
www.affymetrix.com) and sent to the University of Washington’s High-Throughput Genomics
Unit for capillary sequencing. Sequences were aligned, errors manually edited and contiguous
sequences were assembled using Sequencher 4.9 (Gene Codes; http://genecodes.com/). Hap-
lotype sequences were deposited in Genbank (accession numbers: KC196122–KC196260).

DATA A NA LY S I S

Standard genetic diversity and divergence indices including allelic richness, expected het-
erozygosity, haplotype number, haplotype diversity and pair-wise F ST (GST) were calculated
with Arlequin 3.5 (Excoffier et al ., 2005). Because of the uncertainties related to the appro-
priate measure of genetic divergence to use with highly polymorphic microsatellite markers
(Jost, 2008; Whitlock, 2011), RST calculated using Genepop 4.0.10 (Rousset, 2008) and D
calculated using SMOGD (Crawford, 2010) are also presented for the microsatellite data.
While F ST only takes allele identity into account, RST incorporates information on allele size
(Slatkin, 1995), and D is a recently derived measure of genetic divergence that is intended
to account for artefacts that may arise with F ST when highly polymorphic markers are used
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(Jost, 2008). Mantel tests were conducted in Genepop 4.0.10 (Rousset, 2008) to verify the
isolation by distance signal suggested by the observed patterns of divergence of F ST, RST
and D . Geographic distances in km were measured both along streams and in straight lines
between sites and were ln transformed for analysis (Table SI, Supporting Information). Pair-
wise F ST values [transformed to F ST (1 − F ST)−1] were used as genetic distances. Statistical
significance was assessed via 999 random permutations. Analyses were conducted including
all populations and only resident populations.

Analysis of molecular variance (AMOVA) was conducted on the microsatellite data to
estimate the genetic variance attributable to different factors (Excoffier et al ., 1992). Two
main effects were examined, ecomorph (anadromous v . resident freshwater) to examine the
partitioning of genetic variance between anadromous and resident freshwater ecomorphs, and
drainage system (drainage: Jim Creek, Mat-Su and Kenai) to examine the partitioning of
genetic variance by geographic location. Two analyses were conducted for each effect. All
populations (all) were included in the first analysis of each effect. Only populations from the
Jim Creek drainage were included in the second analysis of the ecomorph effect to specifically
examine the partitioning of variance between anadromous and resident freshwater populations
in the focal system. Only resident freshwater populations were included in the second analysis
of the drainage effect to remove the influence of the anadromous populations, which tended
to be homogeneous genetically.

Genetic grouping of populations was examined using several approaches. Neighbour-
joining (NJ) trees of the genetic relationships of the populations based on both microsatellite
and mtDNA data were constructed. PHYLIP 3.69 (Felsenstein, 2013) was used to infer the
NJ tree for the microsatellite data. Cavalli-Sforza’s and Edwards’ chord distance DC (Cavalli-
Sforza & Edwards, 1967) was selected as the measure of genetic distance because it tends to
perform better with microsatellite data (Takezaki & Nei, 1996). Gene frequencies were boot-
strapped 10 000 times using SEQBOOT, the consensus tree was inferred with the CONSENSE
module and DRAWTREE was used to draw the consensus tree. The NJ tree based on the
mtDNA data was inferred in NTSYSpc v 2.11-W (Exeter Software; www.exetersoftware.com)
using Nei’s genetic distance.

Structure 2.3.4 (Pritchard et al ., 2000) was used to examine population genetic structure
in more detail based on the microsatellite data. Structure analysis uses a Bayesian method
to estimate the most likely number of genetic clusters (K ) and designate specimens to the
clusters. The programme gives individuals’ q values that represent the proportions of an
individual’s genome derived from different clusters. An admixed model with correlated allele
frequencies was used. Five independent simulations of K = 1–10 were performed. Simulations
began with a burn-in period of 25 000 iterations followed by 200 000 iterations to determine
final parameter estimates. Two methods were used to estimate the most likely number of
genetic clusters. First, K was determined qualitatively by observing the plateau created at the
actual K value when the ‘log of probability of data’, L(K ), is plotted against each successive
value of K (Pritchard et al ., 2007). Second, K was determined by the method developed by
Evanno et al . (2005) based on the statistic �K . After the most likely number of clusters was
determined to be four, the mean proportion of membership, m(q), of each individual to a
given cluster was determined from 10 simulations in which K was set to 4. An individual was
assigned to a cluster if q ≥ 0·8 for that cluster because this assignment cut-off has yielded
the greatest accuracy (proportion correct identification) and performance (combination of
accuracy and efficiency of hybrid identification) in simulation studies (Vähä & Primmer,
2006). Higher cut-offs, such as q ≥ 0·9, are often used but can lead to false identification of
hybrids, which was a priority to avoid in this study. Specimens with q values between 0·6
and 0·8 were given tentative assignments to a cluster and counted separately. Specimens with
q < 0·6 for all clusters were not assigned to a cluster, placed in an ‘ambiguous’ category.
The programme CLUMPP (Jakobsson & Rosenberg, 2007) was used to pool the results of
individual assignments in the replicate simulations. To this end, the Greedy algorithm was
employed using the pair-wise matrix similarity statistic G , and 100 permutations of the run
input order were evaluated. Two additional Structure analyses were performed on a sub-set of
the populations to verify the results for the Jim Creek drainage. The same conditions described
above were used except for the range of values examined for K . The first analysis included
only anadromous and resident populations from the Jim Creek drainage and values of K from
1 to 6 (the number of sampling sites) were evaluated. The second analysis included only Jim
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Creek drainage resident samples and values of K from 1 to 4 were examined. Graphical
representations of proportional individual assignments to genetic clusters were created using
the programme DISTRUCT 1.1 (Rosenberg, 2004). Individual specimen assignment results
are available in the Dryad repository: 10.5061/dryad.rf25h.

Besides determining the most likely number of genetic clusters and individual assignments
to the clusters, Structure can also be used for hybrid and migrant detection (Vähä & Primmer,
2006). F1 hybrids are expected to have q value c. 0·5 in the two parental clusters, and F2
hybrids and backcrosses can have variable proportions of the parental cluster’s genome. The
power of the method to correctly identify hybrids, however, depends on the magnitude of
genetic divergence (F ST) between the parental clusters and the number of loci used. The
lower the genetic divergence, the more loci are necessary to accurately identify hybrids.
For example, 12 loci appear necessary to detect hybrids with high (>95%) efficiency when
F ST = 0·21, and 24 loci are necessary when F ST = 0·12 (Vähä & Primmer, 2006). With low
F ST and few loci, misclassification of purebred individuals as hybrids is a common problem.
Given that only nine loci were used in this study and F ST values between anadromous and
resident G. aculeatus were relatively low for genetic assignment, the power to accurately
detect hybrids in this study is low. To try to alleviate this problem, the Structure analysis that
included all samples and the Jim Creek anadromous and resident samples were rerun using the
UsePopInfo model. This approach allows prior information on inferred clusters from sampling
locations to be included to test for the presence of hybrids and migrants. It also calculates
the posterior probabilities of partial ancestry from other clusters several generations into
the past. The model assumes that the predefined populations are usually correct and strong
data are necessary to overcome the prior against misclassification (Pritchard et al ., 2000).
Thus, this model provides a conservative test for the presence of hybrids or migrants. For
the analysis including all samples, all individuals were assigned to one of the four clusters
inferred from the original Structure analysis based on their phenotype and sampling location
(not their original genetic assignment), ancestry to a different cluster was examined over two
generations in the past and the MigrPrior parameter was set to the default of 0·05. The same
parameters were used for the analysis conducted on the anadromous and resident samples
from the Jim Creek drainage, except specimens were assigned to two clusters (anadromous
and resident) based on their phenotypes.

RESULTS

G E N E T I C D I V E R S I T Y

Anadromous populations were more genetically diverse than resident freshwater
populations (Table I). This was true both across all populations sampled and for
the Jim Creek drainage populations. Across all populations, the average number
of microsatellite alleles (A) and expected heterozygosity (H e) for anadromous G.
aculeatus were 17·33 and 0·87, respectively, while the corresponding values were
11·89 and 0·74 for resident freshwater populations. For the Jim Creek drainage
anadromous populations, A and H e were 16·55 and 0·86, respectively, while for the
Jim Creek drainage resident freshwater populations, the average A and H e were 12·43
and 0·76. Genetic diversity of mtDNA sequences (haplotype number and haplotype
diversity) followed a similar pattern to the microsatellite data and also declined from
anadromous to resident freshwater populations, although the per cent decline was
greater. Haplotype diversity declined from an average of 0·752 for the anadromous
populations to 0·596 in the resident populations. A total of 24 different mtDNA
haplotypes were recovered from the 139 specimens that were successfully sequenced
(Table SII, Supporting Information). The four most common haplotypes accounted
for 81·3% of the haplotypes and had frequencies of 42·45, 16·55, 11·51 and 10·79%

© 2013 The Authors
Journal of Fish Biology © 2013 The Fisheries Society of the British Isles, Journal of Fish Biology 2013, 83, 111–132



G E N E T I C D I V E R G E N C E O F S Y M PAT R I C G A S T E RO S T E U S AC U L E AT U S 119

Table III. Pair-wise F ST values. Values for microsatellite data are below the diagonal and
values for the mtDNA data are above the diagonal. mtDNA data were not collected from

MudR03, Gull, LMC or Tern (see Table I). Negative values should be interpreted as 0

JimA MudA RS JimR MudR MudR03 Gull LMC Was Tern

JimA – −0·039NS −0·029NS 0·190 0·139 – – – 0·593 –
MudA 0·017NS – −0·033NS 0·187 0·136 – – – 0·594 –
RS 0·001 0·016 – 0·206 0·152 – – – 0·607 –
JimR 0·098 0·090 0·092 – −0·037NS – – – 0·321 –
MudR 0·104 0·090 0·096 0·003NS – – – – 0·351 –
MudR03 0·080 0·082 0·075 0·013 0·018 – – – – –
Gull 0·089 0·092 0·085 0·015 0·015 0·005 – – – –
LMC 0·066 0·060 0·062 0·059 0·061 0·046 0·057 – – –
Was 0·059 0·073 0·059 0·067 0·073 0·044 0·055 0·027 – –
Tern 0·204 0·226 0·190 0·265 0·266 0·267 0·252 0·245 0·245 –

NS, values that were not statistically significant after Bonferroni correction (P > 0·05).

across populations. The majority of haplotypes (19 of 24), however, were unique
to individual populations. Most of these (12 of 19) occurred in the anadromous
samples and were rare, typically occurring in one specimen. Another five haplotypes
were exclusive to the Wasilla Lake population, which was fairly divergent for the
mtDNA data. Only two haplotypes were unique to the resident Jim drainage samples.
Both occurred in Jim Lake G. aculeatus and were rare, occurring in one and two
specimens, respectively.

G E N E T I C D I V E R G E N C E A N D I S O L AT I O N B Y D I S TA N C E

Although there were some differences in the estimated magnitudes of genetic
divergence among samples, especially between F ST, RST and D (genetic divergence
estimated using D tends to be greater than using F ST and RST), the pattern of
genetic divergence among samples was consistent across measures. This was also
reflected in the relatively strong correlations between pair-wise divergence matrices.
For example, for the microsatellite data, the RST and D matrices of pair-wise genetic
divergence among sample were strongly correlated with the matrix of more traditional
F ST measurements (Mantel test, r = 0·958 and 0·943, respectively, P < 0·001). Pair-
wise measurements of genetic differentiation indicated significant genetic divergence
among many of the populations sampled (Tables III and IV). The anadromous pop-
ulations were fairly homogeneous genetically regardless of the measurement used,
with mean pair-wise genetic divergence ranging from 0·000 to 0·033 (Fig. 3 and
Table SIII, Supporting Information). Similarly, genetic divergence was quite low
to non-existent among resident populations in the Jim Creek drainage, with values
ranging from 0·000 to 0·020.

The magnitude of genetic divergence increased when anadromous and resident
freshwater populations or resident populations from different drainages were com-
pared. Mean pair-wise genetic divergence between anadromous and resident fresh-
water populations inhabiting the Jim Creek drainage ranged from 0·090 to 0·165
(Fig. 3 and Table SIII, Supporting Information), indicating much greater genetic
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Table IV. Alternate measurements of pair-wise genetic divergence (D and RST) among sam-
ples (see Table I) based on microsatellite data. D values (Jost, 2008) are above the diagonal
and RST (Slatkin, 1995) values are below the diagonal. Negative values should be interpreted

as zero

JimA MudA RS JimR MudR MudR03 Gull MdCrk Was Tern

JimA – 0·034 0·000 0·211 0·257 0·134 0·165 0·184 0·166 0·503
MudA 0·029 – 0·039 0·109 0·131 0·125 0·191 0·144 0·259 0·431
RS 0·026 0·045 – 0·190 0·226 0·110 0·166 0·191 0·205 0·448
JimR 0·096 0·100 0·121 – 0·002 0·028 0·037 0·143 0·258 0·493
MudR 0·100 0·096 0·098 −0·001 – 0·019 0·026 0·110 0·251 0·464
MudR03 0·076 0·120 0·121 0·013 0·028 – 0·005 0·153 0·166 0·432
Gull 0·062 0·072 0·069 0·002 −0·002 0·014 – 0·195 0·202 0·460
MdCrk 0·088 0·139 0·048 0·140 0·101 0·137 0·076 – 0·078 0·429
Was 0·083 0·115 0·066 0·052 0·030 0·061 0·022 0·031 – 0·476
Tern 0·254 0·277 0·276 0·431 0·390 0·405 0·318 0·354 0·313 –

divergence between anadromous and resident populations than among the resident
populations or among the anadromous populations in the drainage. These estimates
were generally similar to those between the anadromous and Mat-Su resident fresh-
water populations for the microsatellite data (Tables III and IV). Unlike with the
microsatellite data, however, the Wasilla Lake resident population was highly diver-
gent from all sampled populations for the mtDNA data (Table III and Fig. 3). This
high level of divergence was due to the high frequency of a rare mtDNA haplotype
[trans-North Pacific clade (TNPC); Johnson & Taylor, 2004] in the Wasilla pop-
ulation. Among the resident freshwater populations, genetic divergence increased
with geographic distance. For example, Tern Lake, the geographically most distant
population from the Kenai Peninsula (Fig. 1), was highly divergent from all other
samples (Tables III and IV). Isolation by distance was formally tested using a Man-
tel test. Geographic and genetic distances among the resident freshwater populations
were significantly correlated and the correlation was slightly higher using straight-
line distances than stream distances (Mantel tests, P < 0·01, r = 0·710 and 0·658
for straight-line and stream distances, respectively). The association, however, was
not significant when anadromous populations were included (Mantel tests, r = 0·435
and 0·383 for straight-line and stream distances, respectively, P > 0·05), consistent
with anadromous populations being genetically distinct from freshwater populations,
regardless of their geographic location.

PA RT I T I O N I N G O F G E N E T I C VA R I AT I O N ( A M OVA )

AMOVA revealed that most of the genetic variation is attributable to divergence
among individuals within populations (>85%; Table V). When all populations were
included, ecomorph had a statistically significant effect but only accounted for 3·69%
of the variance in microsatellite allele frequencies, while variation among populations
within ecomorphs accounted for 7·65% of the variance (effect 1). The low ecomorph
effect was probably due to the heterogeneity among resident freshwater populations
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Fig. 3. Mean pair-wise genetic divergence between sets of populations based on microsatellite and mtDNA
data. , mean ± s.d. of F ST, D and RST measurements from the microsatellite data and F ST from the
mtDNA data. Among Anadr is the mean pair-wise genetic divergence among all anadromous samples;
Among Jim Res indicates mean genetic divergence among Jim Drainage resident populations; Jim Res
v . Other Res indicates mean genetic divergence between the Jim drainage resident populations and the
other resident populations examined; Jim Res v . Jim Anadr indicates mean genetic divergence between
resident and anadromous populations sampled in the Jim Creek drainage; Anadr v . Other Res indicates
mean genetic divergence between all anadromous populations sampled and the resident populations in
Little Meadow Creek, Wasilla Lake and Tern Lake. , mean pair-wise FST between the anadromous and
Wasilla Lake populations from the mtDNA data. It is an outlier because the Wasilla Lake population has
a high frequency of divergent mtDNA haplotypes.

from different drainage systems. When only Jim Creek samples were included, eco-
morph accounted for 8·12% of the variance and population within ecomorph only
accounted for 1% of the variance, consistent with little genetic divergence between
anadromous samples and among resident samples in this system. Drainage system
accounted for 6·64% of the variance in the data when all populations were included
and variation among populations within drainage system accounted for 5·27% of
the variance. The relatively large within-drainage variance estimate was probably
influenced by divergence between anadromous and resident freshwater populations
within the same drainage system. When anadromous samples were excluded and only
resident populations were examined, drainage accounted for 12·9% of the variance
and variation among populations within drainage system only accounted for 1·44%
of the variance.

P O P U L AT I O N G E N E T I C S T RU C T U R E

Consistent with the analysis of pair-wise divergence and the AMOVA results, the
NJ and Structure cluster analyses of all 10 populations indicated significant cluster-
ing of populations based on ecomorph and geographic location. In the NJ analysis
of the microsatellite data, the three anadromous populations clustered together and
the resident freshwater populations clustered by geographic location [Fig. 4(a)]. The
NJ cluster analysis based on mtDNA sequences yielded similar results [Fig. 4(b)].
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Table V. Analysis of molecular variance (AMOVA) for microsatellite data. Effects analysed
are: 1, ecomorph (anadromous v . resident freshwater) for all populations (All); 2, ecomorph
for the Jim Creek populations (Jim Creek); 3, drainage for all populations (All); 4, drainage

for the resident freshwater populations (Resident)

F -value d.f. SS % Variation P

Effect 1: ecomorph (All)
Among groups 0·0369 1 78·29 3·69 <0·05
Among populations 0·0794 8 225·49 7·64 <0·001
Within populations 0·1130 826 2845·05 88·67 <0·001

Effect 2: ecomorph (Jim Creek)
Among groups 0·0812 1 98·13 8·12 <0·05
Among populations 0·0108 5 34·14 1·00 <0·001
Within populations 0·0912 581 2072·52 90·88 <0·001

Effect 3: drainage (All)
Among groups 0·0664 2 159·58 6·64 <0·05
Among populations 0·0565 7 144·19 5·27 <0·001
Within populations 0·1192 826 2845·05 88·08 <0·001

Effect 4: drainage (Resident)
Among groups 0·1290 2 179·82 12·90 <0·05
Among populations 0·0166 4 31·58 1·44 <0·001
Within populations 0·1434 583 1901·18 85·66 <0·001

% Variation, the per cent variation explained by each factor.

Consistent with the F ST data, however, the Wasilla Lake resident freshwater popu-
lation was highly divergent probably because of the high frequency of the relatively
rare mtDNA haplotype group in this population.

Bayesian (Structure) cluster analysis of these 10 populations based on the
microsatellite data yielded similar results to the NJ cluster analysis. The most likely
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Fig. 4. (a) Neighbour-joining (NJ) tree of populations included in the study (see Table I) based on microsatellite
data. Numbers are bootstrap values and only values >50% are displayed. Ellipses group populations into
the four genetic clusters identified by the Structure cluster analysis. (b) NJ tree of a sub-set of six of the
populations based on mtDNA data.
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Fig. 5. Estimated population genetic structure and individual assignments from Structure analysis. The most
likely number of genetic clusters was four with corresponding to the anadromous cluster, to
the Jim Creek drainage resident cluster, corresponding to the Mat-Su Valley resident cluster and

corresponding to the Kenai resident cluster. (a) Structure analysis applying the admixture model
that assigned specimens using genetic data only and (b) applying the UsePopInfo model that incorporated
prior information on collecting locations and phenotypes into the assignment procedure. Assignment
results for the separate analyses conducted using only specimens collected in the Jim Creek drainage are
displayed below the arrows.

number of genetic clusters was four, corresponding to clusters defined by ecomorph
(anadromous v . resident) and drainage system (geographic location of the popula-
tions). Based on the highest mean proportion of membership, m(q), the four genetic
clusters were anadromous, Jim Creek resident, Mat-Su Valley resident and Kenai
resident (Fig. 5). Assignment of individuals by populations to clusters was relatively
high, consistent with strong geographic structuring, and ranged from 74·5% for
the 2003 Mud Lake resident sample to 97·9% for the Tern Lake population,
with an average correct assignment of 84·2% (Table VI). If tentative assignments
(q = 0·6–0·79) are included, correct assignments of individuals to clusters were at
least 81·2% and averaged 92·5%. The two additional Structure analyses performed
on the Jim Creek drainage samples confirmed the results of the first analysis. When
only the anadromous and resident samples collected in the Jim Creek drainage were
included, the most likely number of genetic clusters was two with anadromous G.
aculeatus grouping in one cluster and resident G. aculeatus grouping in the second
cluster. When only resident G. aculeatus from the Jim Creek drainage are included,
the most likely number of genetic clusters is one, consistent with the lack of genetic
structure among resident G. aculeatus in the Jim Creek drainage.

In all of the Structure analyses, there were specimens assigned to the wrong clus-
ters based on their site of capture or morphology, as well as individuals that could not
be assigned to any single cluster (Table VI). Given the relatively low F ST value for
genetic assignment and the number of loci used in this study, the probability of artifi-
cial misclassifications is high (Vähä & Primmer, 2006). Consequently, the Structure
analysis was rerun with the UsePopInfo model that included prior information on col-
lection sites and phenotypes and provides a conservative test for hybrid and migrant
identification (Pritchard et al ., 2000). In the analysis including all samples, the num-
ber of misclassified or unclassifiable specimens declined from 33 to 5 (Table VII).
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Table VI. Assignment results (in percentages) from the Structure analysis based on genetic
data only. Specimens (see Table I) were classified into a cluster if q ≥ 0·8. Values between 0·6
and 0·8 were considered tentative assignments and follow assignments (q ≥ 0·8) in parenthe-
sis. Specimens that had q values <0·6 for all clusters were placed in the ambiguous column.
Values based on pooled data from 10 independent runs were calculated in CLUMPP. Values

in bold indicates population assignment percentages in correct clusters

Population Anadromous JimR MatSu Kenai Ambiguous

JimA 91·7 – 4·2 – 4·2
MudA 77·1 (8·3) 0·0 (4·2) 0·0 (2·1) – 8·3
RS 83·3 (8·3) – – – 4·2
JimR – 93·8 (6·3) – – –
MudR – 93·8 (6·3) – – –
MudR03 4·3 74·5 (8·5) 2·1 (2·1) – 8·5
Gull – 79·2 (18·8) – – 2·1
LMC 0 (4·2) 2·1 77·1 (4·2) – 12·5
Was – – 75·0 (20·8) – 4·2
Tern – – – 97·9 (2·1) –

There were another eight specimens that were only tentatively assigned to the cor-
rect cluster (0·6 < q < 0·8), but none had high probabilities of assignment to other
clusters (Table SIV, Supporting information) so they are not discussed further. Four
of the five problematic specimens were identified in the original Structure analysis
as having assignment issues, confirming that these are indeed genetic outliers. The
exception was a specimen from Tern Lake (number 43) that had an assignment proba-
bility of 0·828 to the Kenai cluster in the original analysis but only had an assignment
probability of 0·451 in the analysis including prior information. This specimen had a
relatively high probability (q = 0·409) of ancestry from the Mat-Su cluster two gener-
ations back. The other Tern specimen with assignment issues also had the next highest
probability of assignment to the Jim Creek drainage resident cluster two generations
back, suggesting the possibility of historical introgression into Tern from other resi-
dent freshwater populations. One anadromous fish collected in Jim Lake had only a
0·16 probability for membership in the anadromous cluster but a probability of 0·636
for membership in the Mat-Su Valley cluster. In the original Structure analysis, this
specimen had a 0·961 probability of membership in the Mat-Su cluster. Thus, this
specimen cannot be ruled out as a product of recent hybridization between anadro-
mous and resident freshwater G. aculeatus in the vicinity of the Mat-Su Valley. The
probability of assignment to the Jim Creek resident cluster was virtually 0 (Table
SIV, Supporting Information) and when forced into either the anadromous or Jim
resident cluster in the Structure analysis that used prior information and included only
Jim Creek drainage fish, the probability of assignment is 0·69 for the anadromous
cluster and 0·00, 0·06 and 0·025 for the present, one generation back and two gener-
ations back Jim resident cluster, respectively. Thus, this specimen does not suggest
hybridization between anadromous and resident G. aculeatus within the Jim Creek
drainage. The other two problematic specimens, one from the Mud Lake 2003 sample
(number 46) and the other from the Little Meadow Creek sample (44), could not be
assigned to any single cluster. Both had relatively high probabilities of assignment to
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Table VII. Assignment results (in percentages) from the Structure analysis based on the
UsePopInfo model that included prior information on sampling location and phenotype for
specimen assignment. Specimens (see Table I) were classified into a cluster if q ≥ 0·8.
Values between 0·6 and 0·8 were considered tentative assignments and follow assignments in
parenthesis. Specimens that had q values < 0·6 for all clusters were placed in the ambiguous

column. Population assignment percentages in correct clusters are in bold

Population Anadromous JimR MatSu Kenai Ambiguous

JimA 95·8 (2·1) – 0·0 (2·1) – –
MudA 97·9 (2·1) – – – –
RS 100·0 – – – –
JimR – 100·0 – – –
MudR – 100·0 – – –
MudR03 – 93·6 (4·3) – – 2·1
Gull – 97·9 (2·1) – – –
LMC – – 91·7 (6·3) – 2·1
Was – – 100·0 – –
Tern – – – 95·8 4·2

the Jim Creek resident and Mat-Su clusters (q = 0·512 and 0·325 and q = 0·321 and
0·499, respectively). Given the geographic distances and the presence of large rivers
such as the Knick River and the Knick Arm of Cook Inlet between them, it does
not seem probable that these are F1 hybrids. They are more likely to reflect a lack
of assignment power, incomplete lineage sorting from a common pool of ancestral
genetic variation or historical gene flow between fish in these drainage systems. In
addition, when the Mud Lake 2003 specimen (number 46) was forced to cluster with
either the anadromous or Jim resident clusters in the Structure analysis including
only Jim Creek fish, the assignment probability to the resident cluster is 0·98.

DISCUSSION

First reported by Karve et al . (2008), a morphological assessment revealed the
presence of lake-resident and anadromous G. aculeatus breeding sympatrically in
Mud Lake, Alaska. In this study, the genetic relationship between the species pair is
directly examined and its known distribution is expanded; anadromous and resident
G. aculeatus were collected together throughout the Jim Creek drainage. Based on
the previous knowledge of the system, three predictions on the genetic relationship
between anadromous and resident forms were made and evidence was found in
favour of all three. First, anadromous and resident freshwater G. aculeatus in the
Jim Creek drainage differ genetically, with anadromous and resident freshwater forms
forming distinct genetic clusters. Second, there was no evidence of substantial neutral
gene flow between anadromous and resident populations based on the results of
the Structure analysis and the pair-wise measures of genetic divergence. Third, the
magnitude of genetic divergence between the sympatric anadromous and resident
forms in the Jim Creek system was similar to that between resident and anadromous
forms breeding allopatrically in neighbouring drainages. This study thus confirms
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that resident and anadromous G. aculeatus breeding sympatrically in the Jim Creek
system exhibit reproductive isolation.

Patterns of genetic diversity and divergence among populations were generally
consistent with previous research on G. aculeatus populations. Anadromous popula-
tions were typically more diverse genetically than resident populations. This is a very
well-described pattern for G. aculeatus that is probably attributable to the larger pop-
ulation sizes of anadromous populations and to the resident populations going through
some genetic bottlenecking during colonization (Reusch et al ., 2001; Mäkinen et al .,
2006, 2008; DeFaveri et al ., 2012). The pattern of divergence between forms in the
Jim Creek drainage was supported by both microsatellites and mtDNA sequences
and all methods of analysis. For example, the average pair-wise genetic divergence
between anadromous and resident freshwater G. aculeatus samples in the Jim Creek
drainage was comparable with that between the allopatric Mat-Su anadromous and
resident populations surveyed, and consistent with values reported for divergence
between allopatric anadromous and resident G. aculeatus in other studies (Reusch
et al ., 2001; Raeymaekers et al ., 2005). Some studies have reported higher pair-wise
F ST values between anadromous and resident freshwater G. aculeatus (Takamura
& Mori, 2005), which is not surprising. Heterogeneity among studies is expected
because the magnitude of values will differ with the evolutionary history of popu-
lations in different geographic regions. The most relevant study for this project was
conducted by Cresko (2000) on Cook Inlet G. aculeatus . He reported pair-wise F ST
values ranging from 0·045 to 0·237 for microsatellite markers from three anadromous
and eight resident freshwater populations. Excluding Benka Lake which was highly
divergent genetically, the largest pair-wise F ST value between allopatric anadromous
and resident freshwater G. aculeatus was 0·117, which is similar to the value reported
here between anadromous and resident populations in the Jim Creek drainage.

Within the Jim Creek drainage, the resident samples examined appear homoge-
neous genetically. This is probably due to the small size of the drainage and the
close geographic proximity among sites. Across drainages, the pattern of genetic
divergence among resident freshwater populations was consistent with an isolation
by distance model. The more distant geographically the two resident populations
were, the more genetically distinct they tended to be. For the microsatellite data, the
most distinct population was the Tern Lake population that is located on the Kenai
Peninsula, geographically very far from the other populations sampled (Fig. 1). The
mtDNA sequence data for Wasilla Lake was inconsistent with the general pattern
observed. Based on mtDNA haplotypes, Wasilla Lake G. aculeatus appear highly
divergent genetically from all other populations surveyed, including geographically
neighbouring populations. This was not the case for the microsatellite data. Wasilla
Lake G. aculeatus were similar genetically to resident populations in the neigh-
bouring drainages for the microsatellite data. The discrepancy between nuclear and
mitochondrial markers seems to be due to the presence of a relatively rare haplotype
that occurs at high frequencies in the Wasilla Lake population.

Orti et al . (1994) identified two ancient mitochondrial lineages within G. aculeatus
that differ by c. 2–3% for the cytochrome b (cyt b) gene. Following the terminology
used in the study of Johnson & Taylor (2004), the Euro-North American clade
(ENAC) is found throughout northern Europe and North America. The TNPC, native
to the coastal waters near the seas of Japan, is rare in frequency (only c. 6% in oceanic
G. aculeatus) compared to ENAC throughout the eastern Pacific Ocean waters but
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can drift to higher frequencies in some resident freshwater populations (Johnson &
Taylor, 2004). An independent survey of mtDNA haplotypes using the methods in
the study of Johnson & Taylor (2004) found that Wasilla Lake has a TNPC frequency
of c. 80% (W. Aguirre, unpubl. data). Restriction digest of cyt b gene fragments of
the Wasilla Lake specimens used in this study confirmed that they primarily belonged
to the TNPC while the other populations surveyed had relatively low frequencies of
TNPC (W. Aguirre, unpubl. data). It is unclear what is responsible for this unusually
high frequency of TNPC in freshwater populations like that in Wasilla Lake. Genetic
drift is the most likely explanation (Johnson & Taylor, 2004) but selection cannot
be ruled out.

Although the power to identify hybrids in this study was relatively low, there was
no evidence of substantial hybridization between anadromous and resident freshwater
G. aculeatus breeding sympatrically in the Jim Creek drainage, which is consistent
with previous indirect evidence (Karve et al ., 2008; Bell et al ., 2010). The magni-
tude of genetic divergence between anadromous and resident G. aculeatus in the Jim
Creek drainage was comparable to that observed between allopatric populations in
neighbouring drainages, genetic clustering by ecomorph was strong and the correct
assignment rates to anadromous and resident clusters were relatively high. There
were misclassified specimens in the general Structure analysis conducted (Table VI),
however, with the average F ST value observed between anadromous and resident
G. aculeatus in the Jim Creek system (0·091) and the number of loci used, false
assignment of pure individuals as hybrids is expected (Vähä & Primmer, 2006). In
simulation studies, Vähä & Primmer (2006) found that more than double the loci
used here (24) are necessary to detect hybrids with high (>95%) efficiency when
F ST = 0·12. The UsePopInfo model in Structure, which allows the use of prior infor-
mation on inferred clusters from sampling locations to be included, provides a more
conservative test for the presence of hybrids or migrants (Pritchard et al ., 2000).
When this model was used, virtually all Jim Creek fish were correctly assigned
[Table VII and Fig. 5(b)] and none of the problem specimens suggested hybridiza-
tion between resident and anadromous G. aculeatus within the Jim Creek drainage.
Four of the five problem specimens had the highest assignment probabilities between
two resident freshwater clusters. The fifth specimen, a Jim anadromous specimen that
was classified to the Mat-Su resident cluster, was the most interesting. The misclas-
sification occurred in both the general and the UsePopInfo model runs of Structure,
and the assignment probabilities were relatively high. Although caution is warranted,
given the number of loci used, this specimen is consistent with recent hybridization
between anadromous and resident G. aculeatus in the vicinity of the Mat-Su Valley.
If it is a true hybrid, this would give a point estimate of 0·01 as the hybridization rate
for anadromous G. aculeatus in the broader Cook Inlet Region. Greater sampling
with more loci, however, is necessary to obtain more accurate estimates of the extent
of hybridization between anadromous and resident G. aculeatus in the Cook Inlet
region of Alaska.

Our current knowledge of the Matanuska River drainage suggests that lakes in this
area probably formed within the last 9500–15 000 years (Reger & Pinney, 1996). This
provides an upper limit to the evolution of the resident population and to the evolution
of reproductive isolation between resident and anadromous populations. Gasteros-
teus aculeatus populations, however, can adapt rapidly, even on contemporary
time scales, to novel environmental conditions (Klepaker, 1993; Kristjánsson et al .,
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2002; Bell et al ., 2004; Kitano et al., 2008; Gelmond et al ., 2009; Aguirre & Bell,
2012). Recent evidence also indicates that reproductive isolation among ecologically
divergent populations may evolve on contemporary time scales (Hendry et al ., 2000;
Gelmond et al ., 2009; Furin et al ., 2012). The high levels of genetic diversity in the
resident Jim Creek drainage G. aculeatus indicate that there was abundant genetic
variation for adaptive divergence. Thus, the resident form, and reproduction isolation
between the resident and anadromous forms, may have evolved much more recently
than the upper time limit provided above. For example, anadromous-resident fresh-
water G. aculeatus species pairs have been reported from lakes and streams at Baring
Glacier that did not exist 100 years ago (von Hippel & Weigner, 2004). Based on the
magnitude of genetic divergence between anadromous and resident forms, resident
G. aculeatus populations in the Jim Creek drainage seem to have been established
on a time scale comparable to that of neighbouring resident populations in the area.

How reproductive isolation evolved between the sympatric anadromous and res-
ident Jim Creek drainage populations is unclear. Previous studies on sympatric
populations of G. aculeatus have shown that spatial and temporal isolation may
contribute to the lack of hybridization (Hagen, 1967; Kume et al ., 2010). Karve
et al . (2008) showed that the peak breeding times for anadromous and resident fish
may differ by as much as 5 weeks, with resident fish peaking in male nuptial coloura-
tion before anadromous fish. Furthermore, differential catch rates of species type per
location indicated that anadromous and resident G. aculeatus within Mud Lake may
exhibit spatial preferences when nesting. These temporal and spatial differences in
breeding preferences, however, are only partial; there is a broad overlap between
resident and anadromous G. aculeatus regarding when and where they breed in Mud
Lake, allowing for potential hybridization. Positive assortative mating may also be
a factor contributing to the genetic isolation. Assortative mating between benthic
and limnetic G. aculeatus species and between resident freshwater and anadromous
G. aculeatus has been well documented (Hay & McPhail, 1975; Nagel & Schluter,
1998; McKinnon et al ., 2004; Furin et al ., 2012; although see Jones et al ., 2006,
2008 for exceptions). One of the most important factors contributing to assortative
mating is body size divergence (Nagel & Schluter, 1998; McKinnon et al ., 2004;
Boughman et al ., 2005; Kitano et al ., 2007; Furin et al ., 2012). Anadromous fish are
substantially larger than resident fish in the Jim Creek system. Karve et al . (2008)
reported the average standard length of Mud Lake residents to be 49·4 mm com-
pared to 69·2 mm in Mud Lake anadromous fish. The difference in size between
resident and anadromous G. aculeatus was similar throughout the Jim Creek system
in the present collections (unpubl. data). The large difference in size may be a major
factor inhibiting hybridization, although other factors such as differences in mating
behaviour, colouration and niche use cannot be ruled out. Studies examining the
isolating mechanisms between anadromous and resident G. aculeatus in this system
comprise a major direction for future research. Understanding how reproductive iso-
lation is maintained between these closely related but divergent forms may provide
insight into the mechanisms at play during the early stages of speciation.
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Supporting Information

Supporting Information may be found in the online version of this paper:
Table S1. Geographic distances among sites in km. Stream distances (geographic
distances measured along streams) are listed below the diagonal, straight-line dis-
tances (geographic distances measured along straight-lines between sites) are above
the diagonal. Data were ln transformed for Mantel tests. One unit was added to
distance values that were <1 km apart prior to ln transformation. Distances are
approximate
Table S2. Frequency of mtDNA haplotypes in the study
Table S3. Summary of mean pair-wise genetic divergence between sets of popula-
tions based on microsatellite and mtDNA data
Table S4. Individual assignment results from the Structure analysis based on the
UsePopInfo model that included prior information on sampling location and pheno-
type for specimen assignment. Spec is the specimen identification, Ko is the cluster
to which the specimen belonged based on its phenotype or geographic location and
Pr_K is the assignment probability for its designated cluster. The rest of the columns
indicate the assignment probabilities for other clusters (An, anadromous; Jres, Jim
Creek drainage resident; MS, Mat-Su resident; Ke, Kenai resident) over the present
generation (Pres), one generation back (G1) and two generations back (G2). Only
data for individuals with q < 0.8 for all clusters are included
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isolation between two migratory forms of Japanese threespine stickleback (Gasterosteus
aculeatus). Journal of Evolutionary Biology 23, 1436–1446.

Largiader, C., Fries, V., Kobler, B. & Bakker, T. C. M. (1999). Isolation and characterization
of microsatellite loci from the three-spined stickleback (Gasterosteus aculeatus L.).
Molecular Ecology 8, 342–344.
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