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Abstract Following glacial recession in southeast
Alaska, waterfalls created by isostatic rebound have iso-
lated numerous replicate populations of coastal cutthroat
trout (Oncorhynchus clarkii clarkii) in short coastal
streams. These replicate isolated populations offer an
unusual opportunity to examine factors associated with the
maintenance of genetic diversity. We used eight micro-
satellites to examine genetic variation within and differ-
entiation among 12 population pairs sampled from above
and below these natural migration barriers. Geological
evidence indicated that the above-barrier populations have
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been isolated for 8,000-12,500 years. Genetic differentia-
tion among below-barrier populations (Fst = 0.10, 95%
C.I. 0.08-0.12) was similar to a previous study of more
southern populations of this species. Above-barrier popula-
tions were highly differentiated from adjacent below-barrier
populations (mean pairwise Fgt = 0.28; SD 0.18) and
multiple lines of evidence were consistent with asymmetric
downstream gene flow that varied among streams. Each
above-barrier population had reduced within-population
genetic variation when compared to the adjacent below-
barrier population. Within-population genetic diversity was
significantly correlated with the amount of available habitat
in above-barrier sites. Increased genetic differentiation of
above-barrier populations with lower genetic diversity sug-
gests that genetic drift has been the primary cause of genetic
divergence. Long-term estimates of N, based on loss of
heterozygosity over the time since isolation were large
(3,170; range 1,077-7,606) and established an upper limit for
N, if drift were the only evolutionary process responsible for
loss of genetic diversity. However, it is likely that a combi-
nation of mutation, selection, and gene flow have also con-
tributed to the genetic diversity of above-barrier populations.
Contemporary above-barrier N, estimates were much smal-
ler than long-term N, estimates, not correlated with within-
population genetic diversity, and not consistent with the
amount of genetic variation retained, given the approximate
10,000-year period of isolation. The populations isolated by
waterfalls in this study that occur in larger stream networks
have retained substantial genetic variation, which suggests
that the amount of habitat in headwater streams is an
important consideration for maintaining the evolutionary
potential of isolated populations.
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Introduction

A primary focus in conservation genetics is to understand
factors that influence the persistence of small populations.
Isolation of small populations can be caused by natural or
anthropogenic barriers to dispersal (Young et al. 1996;
Keyghobadi et al. 2005; Trizio et al. 2005; Deiner et al.
2007). Loss of genetic variation and an increased probability
of inbreeding depression in small isolated populations may
interact with demographic processes to lead to a decreased
probability of population persistence (Newman and Pilson
1997; Frankham 1998; Saccheri et al. 1998; Soule and Mills
1998; Crnokrak and Roff 1999; Hedrick and Kalinowski
2000; Nieminen et al. 2001). As the rate of population
fragmentation and isolation increases, it becomes increas-
ingly important to examine factors that influence the main-
tenance of genetic diversity and therefore the likelihood of
persistence of small isolated populations.

Populations that have been isolated for long periods of
time are best suited for studies that examine fundamental
processes associated with maintenance of genetic variation
in small populations (White and Searle 2007). Islands have
been the primary type of long-isolated habitat analyzed in
this regard. For example, several studies find evidence for a
correlation between within-population genetic variation
and island area (Frankham 1997; Cheylan and Granjon
1998; Hinten et al. 2003; White and Searle 2007; Ortego
et al. 2008). While inferences based on island studies
provide important insights, novel environmental conditions
encountered on islands may affect population persistence,
making island populations more prone to extinction than
long-isolated non-island populations. Island studies also
often lack information on the timing of population isola-
tion. Finally, few island systems are unencumbered by
complications due to extensive human alterations of the
landscape. Studies of factors that affect population persis-
tence in replicate non-island isolated populations free of
human influence would be valuable to determine if island
results can be generalized, and may provide additional
insights where time since isolation can be reliably inferred.

Linear stream habitats are prone to fragmentation by
natural and anthropogenic factors that include dams, road
crossings, and waterfalls (Dunham et al. 1997; Warren and
Pardew 1998; Taylor et al. 2003; Wofford et al. 2005;
Deiner et al. 2007; Fukushima et al. 2007; Rahel 2007).
Stream salmonids appear to be particularly prone to
impacts from fragmentation. Isolation has been shown to
increase population extinction risk in one stream salmonid
(Letcher et al. 2007). Other studies have found a positive
relationship between population persistence and amount of
habitat above barriers for two other salmonid species
(Harig and Fausch 2002; Morita and Yamamoto 2002).
Isolated populations above stream barriers are similar to
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those on islands, in that they may be threatened by loss of
genetic variation and inbreeding (Wang et al. 2001; Nov-
inger and Rahel 2003). Genetic effects of stream barriers
have been observed to include loss of genetic diversity in
and increased genetic differentiation of above-barrier
populations (Angers et al. 1999; Bouza et al. 1999;
Carlsson and Nilsson 1999; Costello et al. 2003; Taylor
et al. 2003; Wofford et al. 2005; Neville et al. 2006; Guy
et al. 2008). However, important questions remain about
fundamental evolutionary processes associated with popu-
lation isolation in above-barrier populations. For example,
gene flow is predicted to be asymmetric and greater in the
downstream direction, but occasional upstream gene flow
could have large demographic and genetic consequences
for the above-barrier populations. In general, few studies
have examined factors that influence the maintenance of
genetic diversity in fish populations that have been isolated
by waterfall barriers for thousands of years.

Replicate isolated fish populations that are well suited for
examining the effects of long-term isolation on population
persistence occur throughout southeastern Alaska, USA.
These populations are isolated because of geological events
that have occurred since the last major glacial ice advance.
Freshwater habitats in this region were eliminated during the
Pleistocene, under the continuous coverage of the Cordil-
leran ice sheet. Retreat of the ice sheet was largely complete
in this region by about 12,500 BP (Mann 1986), leaving
many new streams exposed for colonization by fish from
saltwater, which can occur very quickly, on the order of
years to decades (Milner et al. 2008). High rates of uplift of
the earth’s outer crust, termed isostatic rebound, subse-
quently occurred in response to release from the weight of
the ice sheet. Where uplift exposed geological discontinu-
ities in streambeds, waterfalls sometimes blocked upstream
fish migration and created isolated fish populations
upstream of the barrier falls. Historical estimates of the
isostatic rebound in this region allow the time since isolation
of these populations to be determined. This landscape pro-
cess has affected several fish species. Here we focus on the
coastal cutthroat trout (Oncorhynchus clarkii clarkii), one of
four major subspecies of this polytypic species (Allendorf
and Leary 1988). Anadromous populations can presently be
found immediately below waterfall barriers and isolated
populations occur immediately above the same falls. Thus, it
is possible to sample replicate above- and below-barrier
population pairs in many watersheds. Furthermore, human
influence is negligible in much of this region, which elimi-
nates confounding factors associated with anthropogenic
habitat modifications. In addition, the stream-resident life
form of coastal cutthroat trout found above waterfall barriers
is too small to have attracted attention as a food source for
humans or a candidate for transplantation, therefore most
populations remain in a largely natural state.
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In this paper, we use microsatellites to examine the
distribution of genetic variation within, and genetic dif-
ferentiation among, pairs of coastal cutthroat populations
separated by waterfall barriers. We then ask the following
questions: Is there evidence of asymmetric downstream
gene flow? And, what factors contribute to the maintenance
of genetic diversity in the above-barrier populations?

Materials and methods
Study area

The Alexander Archipelago follows the coastline of the
southeastern Alaskan panhandle between 54°40' N and
58°30" N. The archipelago covers approximately 500 km
of latitude and 150 km of longitude, and includes, by one
estimate, over 22,000 islands (USFS 1997). These islands
contain many freshwater habitats that are separated by
saltwater habitat. Compared to continental watersheds
elsewhere in North America, the numerous island water-
sheds in the Alexander Archipelago are quite small. The
longest island streams are about 30 km and the majority of
streams are <10 km from origin to saltwater.

We selected 12 streams in generally pristine settings in
central southeastern Alaska with populations of coastal
cutthroat trout above apparent permanent upstream move-
ment barriers (Table 1; Fig. 1). Sample streams were
chosen to represent a gradient in amount of above-barrier
habitat, ranging from small drainages that were apparently

barely sufficient to support an isolated population, to
drainages at least an order of magnitude larger in size
(Table 1). We generally avoided populations that had
access to a lake upstream of the barrier because we wanted
to focus on the smallest natural populations we could find.
In addition, lakes are more likely than streams to have
experienced fish stocking or other forms of anthropogenic
supplementation. The amount of linear habitat available to
the populations above waterfalls ranged from approxi-
mately 1 to 29 km (Table 1). Bankfull width was typically
about 5 m. In some cases, coastal cutthroat trout were the
only fish found in the above-barrier portion of a stream,
while in others, Dolly Varden (Salvelinus malma) were
also present.

We used geological evidence to estimate the age of each
waterfall barrier. These estimates relied on radiocarbon
dates for shell fragments from exposed, uplifted glacioma-
rine sediments, which were used to establish the earliest
time that land at different elevations could have emerged
from saltwater. From a larger dataset of 65 radiocarbon-
dated, exposed glaciomarine sediments, we selected the
most recent date found in each 15 m vertical elevation band
and regressed it on log-transformed elevation to produce a
formula for predicting the time that a given elevation
emerged from the sea during Holocene uplift (Table 1; Fig.
S1; Hastings 2005). These estimates provide a maximum
amount of time that a barrier could have reduced gene flow,
since there was likely a time period during which fish pas-
sage still occurred as the waterfall formed and since isostatic
rebound is a dynamic and nonlinear process.

Table 1 Site names, abbreviation codes, geographic coordinates, and estimates of habitat parameters for each of the study streams

Site name Site code N (a/b) Latitude Longitude Available Barrier elevation toeo
(°N) (°W) habitat (m) (m ASL) (YBP)
Duncan HW DN 30/33 56.77 —133.11 29,700 130 12,000
North Arm NA 29/29 57.20 —133.26 28,300 100 8,500
West Fools WF 30/30 56.25 —132.09 14,100 38 11,000
Dry Straits DS 27/21 56.62 —132.62 7,800 15 8,500
Rugby RG 29/20 56.21 —132.69 3,900 61 8,000
Whitecap wC 27/31 56.14 —132.16 1,600 138 11,500
Jenkins JE 30/29 56.42 —132.18 1,400 58 12,500
McHenry MH 22/26 55.97 —132.38 900 89 10,500
Hiller HL 20 56.65 —133.84 20,000 52 10,000
Portage PO 30 56.91 —133.14 12,700 15 11,500
Mason MA 29 56.58 —132.92 9,200 81 11,000
Leprechaun LP 30 56.66 —133.04 2,000 14 12,500

Samples sizes (N) are shown for above (a) and adjacent below-barrier (b) population samples. Available habitat represents a measure of the total
stream distance above each barrier waterfall in meters (m). Barrier elevation is the height above sea level (ASL) of each waterfall. Geological
estimates of time since isolation (Z4,) based on barrier elevation is shown in YBP. Populations are arranged by decreasing amount of available
above-barrier habitat, except for the final four streams. The below barrier sites for these last four streams were either not sampled (LP) or were

removed due to the presence of rainbow trout genes (HL, MA, PO)
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Fig. 1 Map of sample sites.
Each triangle is located at the
mouth of a stream and
represents an above/below-
barrier population pair
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Sample collection

We collected fin clips from approximately 30 coastal cut-
throat trout from both above- and below-barrier sites in
each of the 12 streams (Table 1; Fig. 1; hereafter abbre-
viated by a site code followed by -a or -b for above- and
below-barrier sites, respectively). Three below-barrier
population samples were removed upon discovery of
rainbow trout (Oncorhynchus mykiss) alleles (see below); a
fourth was removed because we were unable to collect
enough individuals. Therefore, the final analysis included
eight above/below-barrier population pairs and four above-
barrier populations without matching below-barrier sites.
Fish were captured using minnow traps, electrofishing, or
hook-and-line. Fish from below barriers were sampled as
close to saltwater as possible to increase the likelihood of
sampling anadromous individuals. Above barriers, we
sampled fish throughout the available habitat in the smaller
drainages, and at centrally situated and apparently repre-
sentative sites within the larger drainages. Fin clips were
stored in 95% ethanol.

Microsatellite amplification and allele scoring

We extracted DNA with the Pure Gene® kit (Gentra Sys-
tems) following the manufacturer’s protocol. Target
sequences were PCR amplified for eight microsatellite loci:
SFOS8, OMY77, ONEull, OGO4, OGOS8, OCLI, OCL2,
and OCLA4 (Table S1). We visualized fluorescently labeled
PCR products on acrylamide gels with a Hitachi FMBIO-II
fluorescent imager. Product sizes were determined using
MapMarkerLOWTM size standards (Bio Ventures Inc.).
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Each gel included previously amplified individuals to
ensure consistent scoring across all gels. Allele frequency
data are available from the authors upon request.

Hybridization with rainbow trout

We screened all coastal cutthroat trout samples from below-
barrier populations for evidence of hybridization with sym-
patric rainbow trout because these species are known to
hybridize (Allendorf et al. 2004). We also randomly selected
10 fish from each above-barrier population to screen for
evidence of hybridization, which we considered unlikely as
no rainbow trout were observed above the barrier in any
stream. We used genetic markers derived from paired
interspersed nuclear elements (PINEs, Spruell et al. 2001).
Conditions for PINE PCR, electrophoresis details, and
methods for scoring amplification products followed those
described by Spruell et al. (2001). We identified hybrids
using four previously developed PINE markers shown to be
diagnostic between rainbow trout and coastal cutthroat trout
(Kanda et al. 2002; Hitt et al. 2003). We detected rainbow
trout alleles in 14, 22, and 11 individuals in HL-b, MA-b, and
PO-b, respectively and excluded these sites from further
analyses. We did not detect any evidence of hybridization
with rainbow trout in any of the other below-barrier popu-
lations or in any of the above-barrier populations.

Genetic data analysis
Allele frequencies, deviations from Hardy—Weinberg

expectations, gametic disequilibrium, observed (Hp) and
expected (Hg) heterozygosity, per locus and population,
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mean within-population expected heterozygosity (Hs), and
mean allelic richness per population (AR; mean number of
alleles scaled to the smallest sample size; N = 15) were
calculated with GENEPOP ver. 3.4 (Raymond and Rousset
1995) and FSTAT ver. 2.9.3.2 (Goudet 2001). We calcu-
lated loss of heterozygosity and allelic richness for the
above-barrier populations with the assumption that below-
barrier populations are suitable representations of the
amount of genetic variation contained within the above-
barrier populations upon isolation.

Pairwise exact tests for genic differentiation, F-statistics,
and pairwise Fgt values were calculated with GENEPOP ver.
3.4 (Raymond and Rousset 1995) and FSTAT ver. 2.9.3.2
(Goudet 2001). We used 6 analogues (Weir and Cockerham
1984) for estimates of Fst. We estimated: (1) the divergence
among below-barrier populations, which are believed to be
capable of exchanging migrants; (2) the divergence among the
isolated, above-barrier populations; and (3) the average
divergence between paired above- and below-barrier samples
in each stream. To estimate above-below barrier differentia-
tion for each of the four unpaired above-barrier samples, we
used the average pairwise Fgr value between each of these
above-barrier sites and all eight of the below-barrier samples.
Randomization tests were used to test whether F-statistics
were significantly greater than zero. We used Fgt instead of
Rgt because Fgt estimates are more conservative when rela-
tively few microsatellite loci are used (<20) and populations
have diverged recently (Gaggiotti et al. 1999). We also cal-
culated Fgt' according to Hedrick (2005). Fst is a standard-
ized measure of genetic divergence that is related to the
maximum possible value Fgr can attain for the genetic
diversity present in the sample. We used Fgy’ to examine the
relationship between genetic divergence between above and
below-barrier population pairs and the within-population
genetic diversity in above-barrier populations because Fgy' is
less influenced than Fgt by the amount of genetic diversity
within samples (Hedrick 2005; Heller and Siegismund 2009;
Ryman and Leimar 2009). We adjusted the results from
multiple tests for conformation to Hardy—Weinberg expecta-
tions and gametic disequilibrium with the sequential Bonfer-
roni procedure (Rice 1989).

We used JMP ver. 7 (SAS Institute, Inc.) to perform a
principal components analysis (PCA) of allele frequencies,
using the covariance matrix. The largest allele at each locus
was omitted to account for the non-independence of allele
frequencies within a locus (Cavalli-Sforza et al. 1993).

Asymmetric gene flow

We used STRUCTURE ver. 2.1 (Pritchard et al. 2000;
Falush et al. 2003) to test for migration between above- and
below-barrier population pairs. Each population pair was
examined separately without prior population information.

We used 100,000 replicates and 20,000 burn-in cycles
under an admixture model where we applied the ‘infer o’
option (o is the Dirichlet parameter for degree of admix-
ture) with a separate o for each population under the F
model. We used the correlated allele frequencies model
under the 4 = 1 option, where A parameterizes the allele
frequency prior and is based on the Dirichlet distribution of
allele frequencies. We allowed F to assume a different
value for each population, which allows for different rates
of drift among populations. We performed five runs for
K =1 and 2 for each population pair.

We also used BAYESASS ver. 1.3 (Wilson and Rannala
2003) to obtain a more contemporary estimate of gene flow
between above and below-barrier population pairs. BAYE-
SASS implements a Bayesian approach for the estimation of
population-specific inbreeding coefficients and asymmetric
migration rates among populations. The model assumes
linkage equilibrium but allows for deviations from Hardy—
Weinberg expectations. It also assumes migration rates
are constant for two generations prior to sampling. We used
MCMC runs of 20 x 10° iterations with a burn-in of
2 x 10%and a thinning interval of 2,000 iterations. We used
delta values of 0.10 for the allele frequency and F' parame-
ters, and 0.05 for the migration rate parameter because these
values resulted in acceptance rates between 40 and 60%. We
performed 5-10 runs with a different starting point for each
population pair. We calculated the Bayesian deviance for all
MCMC runs and report the run with the lowest deviance
value. We also eliminated any runs that had migration rates
for both populations very close to the prior of 0.33 (Faubet
et al. 2007). We used a modified version of the program to
obtain raw MCMC trace files, from which we calculated
distribution means and 95% highest posterior density (HPD)
intervals (the boundary of the shortest span that includes 95%
of the probability density of a parameter).

Above-barrier populations

We used Pearson correlations to test the relationship
between within-population estimates of genetic variation
(Hs and AR), estimates of effective population size (N,, see
below), and available habitat. One-tailed significance val-
ues were used because predictions were directional.

The paired nature of our sampling scheme and the geo-
graphic isolation of the above-barrier populations allowed us
to estimate long-term N, analytically based on loss of het-
erozygosity over time for each isolated population. We
calculated long-term N, with the following formula:

= h SR N
2(1 _ea), where a (1)

(Crow and Kimura 1970).
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In this equation, H, is mean expected heterozygosity at
generation . For this parameter we used estimates of mean
expected heterozygosity (Hg) for each above-barrier pop-
ulation. For H,, the presumed heterozygosity of the
founding population ¢ generations in the past, we used
estimates of Hg from paired contemporary below-barrier
populations. This assumes that genetic diversity in the
below-barrier populations is representative of the founding
population of fish originally trapped above the waterfall
barriers in each stream. For each of the four above-barrier
populations that lacked an adjacent below-barrier paired
population, we used mean values of Hg for the eight other
below-barrier populations for the parameter H,,.

For the parameter ¢ for each above-barrier population,
we used geological estimates of waterfall ages. We used a
mean generation interval of 4 years to convert ¢ from years
to generations. Stream-resident cutthroat trout from above-
barrier populations mature early at a smaller size. Previous
work indicates that fish in these isolated populations spawn
from age 2 to 4, with a mean spawning age of 3 (Wyatt
1959; Nicholas 1978; June 1981; Rehe 2007). Fish from
below-barrier populations are anadromous and mature later
at larger size (Trotter 1989). Spawning for this life-history
form occurs between ages 4 and 6, with a mean of 5 years
(Rehe 2007). We used the mean of both life history forms
(4 years) as the generation interval.

We estimated contemporary N, for each above barrier
population with ONeSAMP (Tallmon et al. 2008) and
LDNE (Waples and Do 2008). ONeSAMP calculates eight
summary statistics and uses Approximate Bayesian Com-
putation (ABC) to estimate N, from a single population
sample. LDNE uses a linkage disequilibrium method to
calculate N, estimates and incorporates the bias correction
from Waples (2006). Both programs make the following
assumptions: selectively neutral and unlinked loci, closed
populations, and discrete generations. ONeSAMP and
LDNE provide a contemporary estimate of inbreeding N,.
Because cutthroat trout are iteroparous and have overlap-
ping generations, estimate are intermediate to the number
of breeders (Ng) and N, of the generation prior to that
sampled (Waples 2005; Palstra and Ruzzante 2008). For
priors on N, in ONeSAMP we used 2.0 as the low value
and both 0.5 x N, (demographic estimates of population
size) and N, as the upper value. N, was estimated based on
intensive sampling of one stream (LP-a). We used a three-
pass removal sampling design (Bryant 2002) to sample
50 m reaches and program CAPTURE (White et al. 1978;
Rexstad and Burnham 1991; Burnham and Anderson 1998)
to generate an abundance estimate for the entire stream.
We used the density estimate from LPA to estimate N, for
the other above-barrier populations. These N, estimates are
not reported here because we did not estimate N,
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independently for each of the populations. The use of a
range of priors allowed us to assess sensitivity of N, esti-
mates to those priors. If estimated N, was greater than
10,000, the upper limit for priors with this program, we
used this upper limit as the prior. Monomorphic loci were
excluded from the analysis. For LDNE, the lowest allele
frequency used was 0.01 (a larger threshold allele fre-
quency provided similar results).

Recent population bottlenecks could be responsible for
small contemporary N, estimates in our above-barrier pop-
ulations (see below). To test for evidence of bottlenecks
since population isolation, each above-barrier population
was tested for heterozygosity excess compared to that
expected at mutation-drift equilibrium. We used the pro-
gram BOTTLENECK (Cornuet and Luikart 1996; Piry et al.
1999) with the two-phase mutation model of microsatellite
evolution (DiRienzo et al. 1994) with 10% of the infinite
allele model and 90% of the stepwise mutation model
(White and Searle 2007). A one-tailed Wilcoxon test for
heterozygosity excess was used as the test for a bottleneck.

We used EASYPOP ver. 2.0.1 (Balloux 2001) to
examine the influence of mutation as a source of new
genetic diversity in above-barrier populations. We per-
formed single population simulations assuming that each
above-barrier population has been isolated for 10,000 years
(2,500 generations). We used a maximum of 10 alleles
(mean for our data set) and a step-wise mutation model.
We assumed no gametic disequilibrium and an equal
number of males and females. We ran ten replicate simu-
lations for three mutation rates (1 X 1073, 1 x 1074,
1 % 1075) and N, values of 50, 100, 250, 500, and 1,000,
5,000, and 10,000 to fully encompass the empirical long-
term estimates of N.. Mutation rate estimates for micro-
satellites have a large degree of uncertainty (Ellegren 2004)
but the typical range observed by most studies to date has
been 1 x 107°~1 x 107> (Jones et al. 1999; Shimoda
et al. 1999; MacKiewicz et al. 2002; Steinberg et al. 2002;
Ellegren 2004; Yue et al. 2007). Simulations were started
with minimal variation and we recorded the final Hg after
2,500 generations.

Results

Tests for deviation from Hardy—Weinberg proportions
were significant in 10% of the cases (13 of 130 tests;
P < 0.05), where 6.5 were expected by chance at = 0.05.
Significant tests were distributed across seven of eight loci
and nine of 20 populations. After sequential Bonferroni
correction, either for approximately eight tests within each
population sample or for approximately 20 tests per locus,
four comparisons remained significant (one in DN-a and
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LP-a, two in RG-a; one for OCLI and OCL2, two for
OCL4). Significant gametic disequilibrium was detected
for 12% of the cases (51 of 417 tests; P < 0.05). Upon
sequential Bonferroni correction for approximately 28
locus pairs in each population, 13 tests remained signifi-
cant, 12 of which occurred in below-barrier populations.
Eight of the 13 significant tests occurred in RG-b.

Each of the above-barrier populations had lower esti-
mated within-population genetic variation than any below-
barrier population (Table 2). For the below-barrier popu-
lations, mean expected heterozygosity (Hs) was 0.62
(range 0.55-0.66) and mean allelic richness (AR) was 4.8
(range 3.9-5.5; Table 2). For above-barrier populations,
mean Hg was 0.32 (range 0-0.50) and mean AR was 2.3
(range 1-3.6; Table 2). If we assume that current estimates
of genetic diversity within the below-barrier populations
are representative of the genetic diversity of the above-
barrier populations at the time of population isolation, then
above-barrier populations had a mean reduction in Hg of
48% and AR of 65% (Table 2).

We observed substantial variation in allele frequencies
among sample sites (Table S2). Allele frequency differ-
ences were significant among all pairwise comparisons for
the 20 population samples at each locus individually, and
over all eight loci (P < 0.0001). Overall Fst was 0.39
(95% C.I. 0.36-0.42). We observed a dramatic difference

in the estimate of Fgr that included only below-barrier
populations (Fst = 0.10, 95% C.I. 0.08-0.12), compared
to the estimate that included only above-barrier populations
(Fst = 0.57, 95% C.I. 0.53-0.61). Mean pairwise Fgr
between immediately adjacent above- and below-barrier
populations was 0.28 (SD 0.18). Standardized estimates of
Fs1' following Hedrick (2005) were greater than unstan-
dardized Fgy estimates. Mean overall Fgy' was 0.69. The
estimate of Fgy' that included only below-barrier popula-
tions was 0.26 and the estimate than included only above-
barrier populations was 0.84. Mean pairwise Fst' between
immediately adjacent above- and below-barrier popula-
tions was 0.48 (SD 0.24). Within-stream pairwise Fgy’
estimates were less than the mean pairwise Fgy’ estimated
for the above-barrier population in a pair and all below-
barrier populations from other streams in seven of eight
cases (Wilcoxon paired sign-rank test = 16, P = 0.023).
Jost’s D (Jost 2008), which is mathematically independent
from Hg (Jost 2009), showed highly similar results to Fgy’
(data not shown) and thus observed patterns of genetic
differentiation are unlikely to be an artifact of the measure
of genetic differentiation that we used.

Principal components analysis based on allele frequen-
cies revealed a central cluster of below-barrier populations
and a scattered distribution of above-barrier populations
(Fig. 2). PC axes one through four explained 19, 15, 13,

Table 2 Genetic diversity parameters, proportion of genetic diversity lost in above-barrier populations, and estimates of N,

Population Hs (a/b) AR (a/b) Hjg lost AR lost Contemporary Contemporary Long-term
pair (%) (%) N.—~ONeSAMP N.~LDNE N,
DN 0.500/0.609 3.38/4.69 18 36 79.6 (46.5-371.0) 63.2 (16.8-00) 7,606
NA 0.503/0.604 3.62/4.74 17 30 18.4 (11.147.2) 22.1 (11.3-61.0) 5,806
WF 0.206/0.625 1.84/5.18 67 80 13 (8.3-49.7) 6.4 (1.2-122.3) 1,239
DS 0.454/0.598 2.83/4.90 24 53 35.2 (28.2-60.8) - 3,857
RG 0.264/0.668 1.74/4.54 60 79 19.3 (12.8-46.4) - 1,077
wC 0/0.611 1.00/4.88 100 100 - - -

JE 0.396/0.658 2.37/5.54 40 70 61.5 (39.6-216.4) 110 (10.6—0) 3,077
MH 0.169/0.555 1.46/3.94 70 84 9.8 (5.65-25.8) 25.5 (0.6—c0) 1,104
HL* 0.405/0.616 3.06/4.80 34 46 80.7 (38.6-418.5) 53 (9.8-0) 2,980
PO* 0.345/0.616 2.59/4.80 44 58 47.9 (26.4-219.7) 79 (14.4-0) 4,280
MA* 0.264/0.616 2.03/4.80 57 73 27.5 (20.7-64.8) 32 (2.9-0) 1,623
LP* 0.305/0.616 1.96/4.80 50 75 18.0 (11.7-57.0) 8 (1.5-298.9) 2,223

Hjg represents the mean expected heterozygosity and AR represents the mean allelic richness for (a) above and (b) below-barrier sites. Hg and AR
lost show the percentage reduction of Hg or AR in each above-barrier population relative to the adjacent below-barrier population. Contemporary
N, estimates were calculated for the above-barrier sites with ONeSAMP (95% credible limits in parentheses) or LDNE (95% confidence intervals
in parentheses). Long-term N, was calculated based on loss of heterozygosity from the assumed ancestral below-barrier population over the
geologically estimated time since isolation. N, could not be calculated for the genetically monomorphic WC population

 Populations for which mean Hg or AR from the eight below-barrier populations retained in the analysis were used for the below-barrier

estimate of Hg or AR
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Fig. 2 Principal components (a) (b)
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and 10% of the allele frequency variation, respectively.
The central cluster of below-barrier populations is consis-
tent with the hypothesis that gene flow has prevented dif-
ferentiation of these sites and could also reflect the greater
genetic diversity of these sites. There was a wide distri-
bution of above-barrier populations around the central
cluster, with little apparent geographic pattern (Fig. 2). For
example, WF-a and WC-a were geographically proximate
but appeared in different extremes of PC space (Fig. 2a).
The wide scatter of above-barrier sites in the PCA analysis
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Fig. 3 Proportion of the genome of each individual assigned by
STRUCTURE to either the above-barrier population (black) or below
barrier population (grey) for each of the eight above/below-barrier
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reflects the increased genetic differentiation and reduced
genetic diversity of the above-barrier populations.

Asymmetric gene flow

We used the program STRUCTURE to test for asymmetric
gene flow. There was little evidence of gene flow in the
upstream direction, with the exception of one individual in
NA whose entire genome assigned to the below-barrier
population (Fig. 3b) and one individual in DN, for which

(e) RG
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population pairs (a-h). Each column corresponds to an individual.
Individuals from above- and below-barrier sample sites are to the left
(black) and right (grey) of the vertical line in each panel, respectively
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approximately 75% of the genome assigned to the below-
barrier population (Fig. 3a). The mean proportion of the
genome of above-barrier sampled individuals that belonged
to the adjacent below-barrier cluster was 0.03 (range
0.004-0.09). There was evidence of greater gene flow in
the downstream direction for some of the population pairs
(Fig. 3). The mean proportion of the genome of below-
barrier sampled individuals that belonged to the adjacent
above-barrier cluster was 0.15 (range 0.004-0.46).
Estimates of m from BAYESASS, which provide a more
contemporary estimate of gene flow, were highly concor-
dant with those from STRUCTURE and revealed further
evidence of gene flow asymmetry. Posterior distributions
of upstream m were close to zero for all eight populations
(Fig. 4). Posterior distributions were consistent with the
occurrence of downstream contemporary gene flow in NA,
DS, RG, and JE but not DN, WF, WC, or MH (Fig. 4).

Above-barrier populations

For the above-barrier populations, the amount of available
habitat was significantly correlated with both measures of
within-population genetic variation, Hg (r = 0.65; P =
0.01) and AR (r = 0.83, P = 0.0004). This pattern was
highly evident in calculations of loss of genetic diversity.
The three sites with the largest above-barrier stream net-
works (mean habitat = 26,167 m) lost an average of 23%

of their heterozygosity and 37% of their allelic richness.
The three smallest streams (mean habitat = 1,300 m) lost
an average of 70% of their heterozygosity and 84% of their
allelic richness.

We observed a significant negative relationship between
within-stream (above relative to below-barrier) genetic
differentiation and estimates of within-population genetic
diversity of the above-barrier population in each pair. The
correlation between above/below pairwise Fgt' and above-
barrier population Hg was —0.82 (P = 0.01; Fig. 5) and
between pairwise Fst' and AR was —0.73 (P = 0.04; data
not shown). This correlation supports the hypothesis that
genetic drift is the predominant evolutionary process
driving differentiation of the above-barrier sites at the loci
examined.

Long-term estimates of N, were based on the loss of
heterozygosity over the interval of time since the above-
barrier populations have been isolated according to our
geological estimates. These estimates represent N, over the
many generations since isolation. The mean of estimates of
long-term N, was 3,170 (range 1,077-7,606; Table 2).
Amount of available habitat was significantly correlated
with long-term N, (r = 0.78, P = 0.002). Long-term N,
estimates were significantly correlated with Hg (r = 0.89,
P = 0.0002) and AR (r = 0.89, P = 0.0003).

We estimated contemporary N, for above-barrier popu-
lations with ONeSAMP (N.—ONeSAMP), a summary
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contemporary migration rates 2 2 2 R
from BAYESASS between g a3 2 o]
above/below-barrier population s 4 J\\ g 3 J
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comespond to d (b) NA (Hwe
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Fig. 5 Relationship between genetic differentiation of within-stream
population pairs and within-population genetic variation of the above-
barrier population (r = —0.82, P = 0.01). Pairwise Fst’ values were
calculated for each above- and below-barrier population pair. Hg
corresponds to mean within-population heterozygosity of the above-
barrier populations in each pair

statistic based one sample N, estimator, and LDNE
(N.—LDNE), a one sample estimator based on linkage dis-
equilibrium. Mean N.—ONeSAMP was 37 (range 9.8-80.7;
Table 2) and point estimates were generally not sensitive to
priors. Mean N.-LDNE was 44 (range 6.4-110; Table 2).
Point estimates for each estimator were significantly corre-
lated (r = 0.73, P = 0.02). ONeSAMP provided smaller
credible limits than those from LDNE (Table 2). Amount of
available habitat was not significantly correlated with
N.—ONeSAMP (r=1042, P=0.100 or N.-~LDNE
(r = —0.04, P = 0.46). Point estimates for N.-ONeSAMP
were significantly correlated with Hg (r = 0.61, P = 0.02)
and AR (r = 0.60, P = 0.03). Point estimates for N.-LDNE
were not significantly correlated with Hg (r = 0.43,
P =0.12) or AR (r =0.30, P = 0.44). Based on the
expression used to calculate long-term N,, estimated mean
number of years for the observed loss of Hg for these small
estimates of contemporary N, (mean of point estimates from
ONeSAMP and LDNE) was 158.5 (range 29-347; Table 2),
which was approximately two orders of magnitude less than
the mean geological estimate of isolation time (Table 1).

Recent population bottlenecks could be responsible for
small estimates of contemporary N.. BOTTLENECK
analyses revealed evidence for bottlenecks in DS-a, JE-a,
and LP-a (Table 1). Each of these populations had an
excess of heterozygosity when compared to the expectation
at mutation-drift equilibrium (Wilcoxon test, P < 0.05).
However, after sequential Bonferroni correction based on
12 tests, none of these results remained significant.

High mutation rates at microsatellite markers could be a
source of new genetic variation in the above-barrier popu-
lations. We used EASYPOP simulations to evaluate the
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Fig. 6 Simulations to test the influence of mutation on genetic
diversity in above-barrier populations. Heterozygosity is shown as a
function of effective population size and mutation rate (u). Hetero-
zygosity is mean Hg across eight simulated loci and across ten
replicate simulations after 2,500 generations. Error bars show =1 SE
and the log scale was used for the x-axis

likely contribution of mutation to genetic diversity of above-
barrier populations over the time period we consider (2,500
generations) and over a range of effective population sizes.
We started simulations with no genetic variation to isolate
the effect of mutation on the accumulation of genetic vari-
ation. A mutation rate of 1 x 107> had a large influence on
the simulated amount of heterozygosity (Hs) retained over
this time period and across the range of N, values examined
(Fig. 6). A more moderate and probably more representative
mutation rate (1 x 1074) contributed more than 10% to Hg
only at larger population sizes (N. > 500). The lowest
mutation rate that we considered (1 x 107°>) had little effect
on genetic diversity across this range of population sizes
(Fig. 6). Accounting for increased genetic variation in
above-barrier populations due to mutation would lead to
smaller estimates of long-term N,. Contributions to hetero-
zygosity of 10, 25, and 50% by mutation would lead to
reduced mean long-term N, estimates for all above-barrier
populations by 25, 45, and 65%, respectively. Values for
mean long-term N, estimates given these mutational con-
tributions were 2,268 (range 967-4,958), 1,646 (range 822—
3,094), and 1,058 (range 617-1,685), respectively.

Discussion

Following retreat of continental ice sheets in southeast
Alaska, newly formed streams were colonized by coastal
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cutthroat trout. We examined populations above and below
waterfalls that are approximately 10,000 years old. Genetic
differentiation among the below-barrier populations in our
study was similar to that observed by Wenburg et al. (1998)
for anadromous coastal cutthroat trout populations in
western Washington, USA. These results reveal that fine-
scale genetic structure has developed in this region in a
similar manner as anadromous populations from more
southern portions of the species’ range. This observation
highlights the influence of gene flow caused by the anad-
romous life history on genetic structure as well as the
dramatic effect waterfall barriers have had on genetic dif-
ferentiation of above-barrier populations in this study.

The consistent pattern of reduced genetic variation within
the above-barrier populations and marked genetic differ-
entiation between above- and below-barrier population pairs
confirms that the above-barrier populations are isolated.
Previous studies have also observed reduced within-popu-
lation genetic variation and increased among-population
genetic divergence of salmonid populations in isolated
headwater sites (Angers et al. 1999; Bouza et al. 1999;
Carlsson and Nilsson 1999; Costello et al. 2003; Taylor et al.
2003; Wofford et al. 2005; Neville et al. 2006). However,
these previous studies have not had the opportunity to
examine replicate isolated populations in pristine conditions
where the influence of various evolutionary processes on the
maintenance of genetic diversity can be tested in the absence
of anthropogenic manipulations.

The significant negative relationship between genetic
differentiation of the above-barrier populations and their
within-population genetic diversity supports the hypothesis
that drift has predominantly caused genetic differentiation
of the above-barrier sites. The significant correlation
between amount of habitat and retention of genetic diver-
sity in the above-barrier populations further supports the
role of drift in mediating loss of genetic diversity. Further,
this correlation is consistent with studies of animals on
islands (Frankham 1997; Cheylan and Granjon 1998;
Hinten et al. 2003; White and Searle 2007; Ortego et al.
2008) and demonstrates the island-like conditions of the
above-barrier habitat in this study.

The above-barrier populations, particularly those in
streams with the most above-barrier habitat, retained sur-
prisingly high genetic diversity in the absence of gene flow
from downstream sources. Given the long period of isola-
tion in the absence of gene flow, we expected more pop-
ulations to have lost all of their genetic diversity. However,
only one population (WC-a) lost all of its genetic variation
and other populations retained up to 83% of their hetero-
zygosity and 70% of their allelic richness (Table 2; Fig. 2).
The extant populations are a subset of all original popu-
lations because coastal cutthroat trout are now absent from
many of the smaller streams in this region. It is possible

that most populations that lost most or all of their genetic
variation no longer persist.

Estimates of loss of genetic diversity, along with esti-
mates of long-term N., assume that paired below-barrier
populations are representative of the ancestral above-barrier
population at the time of isolation. It is possible that patterns
of genetic structure of the below-barrier anadromous pop-
ulations have changed over this time period, however, the
key parameter of interest is within-population heterozy-
gosity (Hs). Below-barrier populations had highly similar
estimates of within-population genetic diversity (Table 2).
It appears that enough gene flow has occurred among these
populations to maintain similar amounts of within-popula-
tion heterozygosity. Further, lower genetic differentiation of
each above-barrier population from the below-barrier pop-
ulation from the same stream relative to below-barrier
populations from other streams provides additional support
for our assumption. Greater gene flow among below-barrier
populations would have obscured this pattern, homogenized
allele frequencies, and led to divergence from the ancestral
state in terms of within-population genetic diversity. Thus,
we expect below-barrier Hg to have changed minimally over
time and we expect any biases associated with our
assumption about past genetic diversity to be minimal.

Retention of relatively high levels of genetic diversity for
the estimated period of isolation translated into large long-
term estimates of N, in many of the above-barrier popula-
tions. The long-term N, estimates reflect the effective size
that would limit drift over thousands of years, if drift were
the only evolutionary process responsible for loss of genetic
diversity. These long-term estimates establish an upper limit
for N,, but the values themselves should be interpreted with
caution because they are likely to be biased high for a
number of reasons. If our estimates of isolation time are
biased high, generation interval is biased low, or initial
heterozygosity estimates are biased low, our estimates of
long-term N, will be biased high. We have already addres-
sed our assumption about initial heterozygosity and we
chose a conservative generation interval of 4 years where
three might be justified. There is some uncertainty associ-
ated with geological estimates of time since isolation, but
the geological evidence strongly suggests that waterfalls
have been in place for at least thousands of years and it is
highly likely that fish have been physically present above
these barriers since their formation. The geological esti-
mates of barrier ages were based on the age of marine-
deposited evidence at the elevation of the top of the barrier
and we used the youngest-aged marine sediment in each
elevation stratum. Mann and Hamilton (1995) indicate that
modern sea level in southeastern Alaska was reached by
9,000 4¢ years before present (YBP) and in the time since,
shore lines have varied by only a few meters (Riddihough
1982; Clague 1989).
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Mutation, selection, and gene flow could each have
contributed to the maintenance of genetic diversity in the
isolated above-barrier populations. Any contribution from
these three evolutionary processes would lead to an upward
bias in long-term estimates of N.. The influence of each
process could also scale with the amount of available hab-
itat. The mutation rate of microsatellites is high enough
(Ellegren 2004) that this process is likely to have created
new allelic diversity in the amount of time that above-barrier
populations have been isolated. Our simulations suggested
that mutation could have influenced genetic diversity at
moderate mutation rates if effective population size were
greater than 500 and incorporation of a modest mutation rate
(1 x 107%) led to reduced long-term N, estimates by as
much as 45%. The simulations also indicated that larger
populations would receive greater input of genetic diversity
from mutation and thus contribution from mutation is con-
sistent with the observed positive relationship between
genetic diversity and available above-barrier habitat.

Selection against individuals homozygous for deleteri-
ous recessive alleles could have indirectly served to
maintain genetic diversity in the above-barrier populations.
Bensch et al. (2006) demonstrated that selection may favor
more heterozygous individuals in a highly inbred popula-
tion of Scandinavian wolves (Canis lupus), though a follow
up study with more markers but without a pedigree failed
to replicate these results (Hagenblad et al. 2009). The
influence of selection would depend on levels of inbreeding
in the above-barrier populations (Bensch et al. 2006),
which is currently unknown. Selection would also be more
effective at removing deleterious recessive alleles from
larger populations. Therefore, selection might indirectly
increase heterozygosity more effectively in the streams that
contain larger populations. It is also possible that selection
could increase genetic diversity through frequency-depen-
dent fitness effects that do not depend on inbreeding.

Gene flow into the isolated populations would also serve
to maintain genetic diversity (Jorde and Ryman 1996; Lai-
kre et al. 1998). Upstream gene flow, which appears to be
highly infrequent over contemporary time scales, could
have occurred occasionally in the long-term. In addition, we
cannot exclude the possibility that multiple populations
exist above the waterfalls in some of the study streams. Fish
habitat extended from 0.9 to 28 km upstream from the
waterfalls in the streams we studied. Our samples were
collected throughout the available habitat in the shorter
drainages but in a central location in longer drainages. Thus,
enough habitat might occur for population subdivision to
have developed in the larger streams. Gene flow among
multiple genetically differentiated populations in these
streams with larger above-barrier habitat could maintain
genetic diversity within each of the smaller above-barrier
subpopulations (Jorde and Ryman 1996; Laikre et al. 1998).
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Contemporary N, estimates stood in stark contrast to the
long-term N, estimates. Contemporary N, was small and
not significantly correlated with amount of available hab-
itat (Fig. 2). Effective sizes this small in the above-barrier
populations would be expected to lose the observed amount
of heterozygosity in a mean of 159 years (range 29-347),
based on the same equation we used to calculate long-term
N, and the mean contemporary point estimates of N, from
ONeSAMP and LDNE. Thus, contemporary N, estimates
are inconsistent with the amount of genetic diversity
retained by above-barrier populations over the time interval
of isolation. Recent bottlenecks could be responsible for
small contemporary N, estimates, though analyses with the
program BOTTLENECK provided little evidence in sup-
port of this hypothesis. The correlation between genetic
diversity and amount of above-barrier habitat also suggests
that bottlenecks have not had a large influence on genetic
variation in these populations because events that influence
population size strongly enough to leave the signature of a
bottleneck are likely stochastic in nature and would be
expected to influence within-population genetic diversity
independently of habitat size.

Our contemporary N, estimates could be biased low
because, when applied to iteroparous organisms with over-
lapping generations, one-sample N, estimators provide
estimates that correspond to a value intermediate to Ny
(number of breeders) and N, of previous generations
(Waples 2005). In addition, if the analysis by Palstra and
Ruzzante (2008) for temporal N, estimators applies to one-
sample estimators, our samples sizes of approximately 30
may have low power to detect large N.. The large discrep-
ancy between contemporary and long-term N, estimates in
our study suggests that, while one-sample N, estimates are
likely to be useful under a variety of circumstances, in this
example, the one-sample estimates were not directly rele-
vant to understanding the maintenance of genetic diversity
in long-isolated populations. This inference is only possible
due to the geological circumstances of the studied popula-
tions and the ability to compare contemporary N, to esti-
mates of long-term N, obtained by alternative means.

Asymmetric gene flow

The observation that gene flow was strongly biased in the
downstream direction over waterfalls is consistent with
another study that has examined the direction of gene flow in
relation to stream barriers (Crispo et al. 2006). Several lines
of evidence support the interpretation that gene flow occurs
in the downstream but rarely in the upstream direction in our
study streams. Immigration of divergent upstream genomes
into downstream populations is the most likely cause of the
deviations from Hardy—Weinberg proportions and gametic
disequilibrium observed in the below-barrier sites in
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general, and the RG sample specifically. The STRUCTURE
(Fig. 3) and BAYESASS (Fig. 4) results provided little
evidence of upstream gene flow, but strong evidence for
downstream gene flow in several streams. The overall pat-
tern is one of heavily biased unidirectional downstream gene
flow in some but not all of the streams.

One-way gene flow in headwater stream systems has
important evolutionary and conservation implications
(Novinger and Rahel 2003; Allendorf et al. 2004). Highly
divergent genomes enter the below-barrier populations
from the above-barrier populations, potentially providing
increased genetic diversity. However, fish from above-
barrier populations differ in life-history and have likely
experienced different selective regimes. Downstream gene
flow could reduce fitness through outbreeding depression in
the below-barrier populations. In addition, upstream gene
flow from larger below-barrier populations is eliminated as
a source of genetic diversity for the above-barrier popula-
tions. Recent work has provided evidence for asymmetric
gene flow from larger to smaller salmonid populations
(Fraser et al. 2004; Hansen et al. 2007), but waterfalls
appear to preclude this possibility for above-barrier popu-
lations in this study. In addition, the variation we observed
among populations in frequency of downstream gene flow
suggests that not all populations lose the tendency to
migrate upon isolation by barriers to fish movement.

Conclusions

This study offered an unusual opportunity to examine
factors that influence the maintenance of genetic diversity
in replicate isolated populations. Multiple lines of evidence
indicated that above-barrier populations were isolated and
gene flow has been asymmetrically in the downstream
direction. Thus, presumably larger below-barrier popula-
tions are prevented from acting as sources of genetic
diversity for the above-barrier populations. Yet, these
above-barrier populations have retained substantial diver-
sity that scaled significantly with the amount of available
habitat above the waterfalls. Genetic drift appears to pre-
dominantly influence the maintenance of genetic diversity
within and amount of genetic divergence between above-
barrier populations. However, mutation, selection, and/or
gene flow may also have contributed to genetic diversity in
these populations. The significant correlation that we
observed between available habitat and genetic diversity
indicates that the amount of habitat available in headwater
stream networks is an important consideration for main-
taining the evolutionary potential of isolated populations.
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