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Abstract

Genetic variation was assayed at 14 microsatellite loci to investigate the
genetic population structure of Alaska eulachon. Alaska eulachon have high
levels of genetic diversity and relatively large effective population sizes (N,),
although a large variance in reproductive success is likely responsible for a
low N, /N ratio. Eulachon exhibit a low degree of genetic divergence (G, =
0.005) that is structured by broad-scale geographic regions. Overall, there is

a significant correlation between genetic and geographic distance, suggesting
that gene flow is geographically restricted and follows an isolation-by-distance
(IBD) model, with geographic distance explaining 28% of the genetic varia-
tion. However, closer analysis reveals an absence of IBD within regions and
that gene flow is primarily restricted by geographic distance between regions.
The demographic independence of the regions warrants separate manage-
ment regimes. However, it may be prudent to take a precautionary approach
and conserve potential spawning habitat throughout the geographical range of
eulachon because of high gene flow and variable use of rivers for spawning.

Introduction

Estimation of genetic population structure and diversity is important for defining meaning-
ful conservation units and assessing genetic health. Physical or behavioral barriers can result
in intraspecific reproductive isolation, allowing for the accumulation of genetic differences
through genetic drift and the formation of genetic population structure. The diverging effects
of genetic drift are constrained by limited time of separation, gene flow, and large effective
population sizes (N ). These factors may be significant for marine species because of poten-
tial recent colonization following Pleistocene deglaciation, the absence of obvious barriers
to dispersal, and large census sizes, making detection of genetic divergence difficult even
when suggested by differences in life history, morphology, and parasites (Hauser and Car-
valho 2008). Whereas morphology and life history differences may represent phenotypic
plasticity and not local adaptation, the observation of genetic population structure indicates
demographic independence, which must be accounted for in fishery management (Hauser and
Carvalho 2008). Long term sustained yield, ultimately the goal of fishery management, can
only be accomplished through conservation of genetic resources to maintain diversity and a
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population’s adaptive potential in the face of a fluctuating environment (Altukhov and Sal-
menkova 1987; Nelson and Soule 1987).

Recent conservation concerns have sparked research on eulachon (Thaleichthys pacificus)
also known as candlefish due to a high oil content that enables a dried fish to burn when

lit. Eualchon are an anadromous, forage fish from the family Osmeridae, with a geographic
distribution from California to the Pribilof Islands in the Bering Sea. They are highly fecund,
semelparous spawners (Moffitt 2002). Females broadcast lay an average of 35,000 eggs,
while males release milt simultaneously. Eggs are fertilized in the water column, attach to
river substrate, and hatch in 20 to 40 days. Larvae are immediately flushed to sea where they
are dispersed by estuarine and ocean currents. After three to five years in the ocean, eulachon
return to rivers to spawn, usually in the lower tidally influenced reaches. The extent that
eulachon home to natal spawning sites is unknown (Hay and McCarter 2000). In the Pacific
Northwest, eulachon spawning run strength and use of rivers for spawning are variable (Hay
and McCarter 2000). This variability has been observed in Alaska as well. In Behm Canal,
the strongest runs of fish have been reported to vary between the Eulachon, Unuk, and Kla-
hini Rivers (Tisler, USFS, personal communication). Similar events are known to occur in
adjacent rivers of the Copper River Delta (Moffitt, ADF&G, personal communication), the
Yakutat Forelands (Gillikin, USFS, personal communication), upper Lynn Canal (Bachman,
ADF&G, personal communication), and Berners Bay (Koski, NOAA, personal communica-
tion; USFS unpublished data).

Eulachon have long been an important food resource. Historically, Native Americans prized
the oil that they rendered from the eulachon, which remained a solid at room temperature.
This fat was widely traded through a network of “grease trails” between coastal and inland
tribes. In recent times, in the Pacific Northwest, eulachon were caught in vast quantities in
both subsistence and commercial fisheries, with commercial hauls often exceeding 1,000
metric tons a year from the Columbia River (NOAA 2009). This occurred until the early
1990’s when eulachon abundance collapsed, leading to the proposal to list the southern
distinct population segment of eulachon as threatened under the U.S. Endangered Species
Act (ESA; NOAA 2009). In Alaska, eulachon have not been similarly exploited, though they
are a popular subsistence and personal use fishery (Spangler et al. 2003; Joyce et al. 2004),
and while commercial fisheries are currently limited, the collapse of eulachon in the Pacific
Northwest has prompted interest (Moffitt 2002). An ESA ruling has not been proposed for
Alaska eulachon, whose biomass has actually increased (Ormseth et al. 2008), but the col-
lapse of the Behm Canal eulachon run (Ormseth et al. 2008; USFS, unpublished data) illus-
trates that Alaska eulachon are not immune to local perturbations. Though the cause of the
Behm Canal crash is not clear (Ormseth et al. 2008), it may be a cyclical pattern of use by
eulachon and not reflective of a stock collapse.

The population structure for eulachon within and among river systems in Alaska is unknown.
In fact, relatively little is known about the life history of eulachon. This lack of knowledge
combined with the variable spawning run strength and use of rivers for spawning compli-
cates fishery management and assessment of stock collapses. Initial genetic studies of eula-
chon from the Pacific Northwest observed little population structure, which suggested that
eulachon existed as large populations with low levels of genetic diversity (McLean et al.
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1999; McLean and Taylor 2001). However, a more recent and thorough study of eulachon
from this area observed that eulachon exhibited much higher levels of genetic diversity than
originally thought and that significant differences occurred among eulachon from different
rivers (Beacham et al. 2005). These contradictory results make it clear that an understanding
of eulachon genetic population structure in Alaska is necessary to identify appropriate man-
agement units for maintenance of biodiversity and productivity. In this study, we investigate
the genetic population structure of eulachon by assaying variation at 14 microsatellite loci to
evaluate patterns of genetic diversity within and among 26 collections of eulachon distributed
throughout Alaska.

Methods

Sample collection and laboratory analysis

Tissue samples from adult eulachon were collected from 26 freshwater spawning locations

in Southcentral and Southeast Alaska (Table 1; Figure 1). Total genomic DNA was extracted
from the tissue (~25mg) using proteinase K with the Dneasy™ DNA isolation kit (Qiagen
Inc., Valencia, CA), quantified by fluorometry, and diluted to 30 ng/ul. Polymerase chain
reaction (PCR) DNA amplification was used to assay genetic variation at the following mic-
rosatellite loci: Tpal03, Tpal04, Tpalll, Tpall2, Tpall3, Tpall4, Tpall5, Tpall7, Tpalls,
Tpall9, Tpal2l, Tpal22, Tpal27, Tpal29 (Kaukinen et al. 2004). The PCR product was
electrophoresed and visualized with the Applied Biosystems 3730 Genetic Analyzer utiliz-
ing a polymer denaturing capillary system. The sizes of bands were estimated and scored by
the computer program GENEMAPPER® version 4.0. Applied Biosystems GeneScan™-600
LIZ® size standards, 20—600 bases, were loaded in all lanes to ensure consistency of allele
scores. All scores were verified manually. Alleles were scored by two independent research-
ers, with any discrepancies being resolved by re-running the samples in question and repeat-
ing the double scoring process until scores matched. In addition, one column of samples from
each DNA plate, representing a minimum of eight percent of the samples, was re-run for the
full suite of loci following the above methods and compared to the original scores in order to
check for plate transpositional errors.

Data analysis

Intra-population genetic diversity—Where multiple tests of the same hypothesis were per-
formed, a sequential Bonferroni method was used to maintain the overall alpha at 0.05 (Rice
1989). The data were checked for duplicated genotypes using the program MICROSATEL-
LITE TOOLKIT (Park 2001), and any duplicates were removed. The stocks and loci were
assessed for conformance to Hardy-Weinberg and gametic phase equilibrium using the
programs FSTAT 2.9.3 (Goudet 2001) and GENETIX 4.05 (Belkhir et al. 1996), respectively.
This was done to test that the samples represented randomly mating, Mendelian populations.
Significant tests of disequilibrium (P<0.05) were compared to binomial expectations to deter-
mine if chance alone explained the results (Apostal et al. 1996). In addition, FSTAT 2.9.3 and
GENETIX 4.05 were used to calculate estimates of allelic richness, percentage polymorphic
loci (95%), observed and expected heterozygosity, and gene differentiation (G ). Estimates
of effective number of alleles (Hartl and Clark 1997) for stocks and loci were calculated in
Microsoft Excel™. A Mann-Whitney test (Zar 1984) was used to test for significant differ-
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ences (P<0.05) in observed levels of genetic diversity between regional groups. Contempo-
rary estimates of effective population size (N,) were calculated using the linkage disequilib-
rium method (Hill 1981; Bartley et al. 1992) in the program NEESTIMATOR 1.3 (Peel et
al. 2004). Long-term estimates of N, were calculated using Bayesian analysis in the program
MIGRATE 3.0 (Beerli and Felsenstein 2001; Beerli 2006). Data for collections were pooled
within regions for the N, analysis.

Inter-population genetic diversity—Using PHYLIP 3.57 (Felsenstein 1989), replicate col-
lection pairwise chord distance (Cavalli-Sforza and Edwards 1967) matrices were calculated
from allele frequencies by bootstrapping over loci 1,000 times, wherefrom a consensus
neighbor-joining (Saitou and Nei 1987) dendrogram was produced. To further investi-

gate spatial relationships and assess whether gene flow was geographically restricted (i.e.
isolation-by-distance), collection pairwise matrices of genetic distance (F,) and geographic
distance (kilometers) were analyzed by standard linear regression and lowess smoothing.
Significance of the correlation between the two matrices was determined by the Mantel test
(Mantel 1967) with 10,000 randomizations using FSTAT 2.9.3.

GENEPOP 3.4 (Raymond and Rousett 1995) was used to conduct collection pairwise tests of
allelic frequency homogeneity. Hierarchical likelihood ratio tests were conducted to deter-
mine the homogeneity of allelic frequencies among collections within areas, among areas,
and between regions (G-test, Sokal and Rohlf 1995). The hierarchy used in these analyses
was based on geographic location and population structure as depicted by neighbor-joining
analysis. Alleles with expected overall counts of less than three were pooled with adjacent
alleles to maintain asymptotic assumptions (Sokal and Rohlf 1995). The magnitude of hetero-
geneity within and between regions was compared using an approximate F-statistic (Smouse
and Ward 1978).

A hierarchical unbiased gene diversity analysis was used to partition the genetic variation due
to divergence among collections (Chakraborty and Leimar 1987; Nei and Chesser 1983). The
relative proportions of the total diversity accounted for by the different levels of hierarchy
were estimated by calculating coefficients of gene differentiation (G -statistics). Significance
of the G -statistics was inferred from likelihood ratio tests of homogeneity (Chakraborty and
Leimar, 1987). Gene flow or the effective number of migrants (N m) was estimated from G-
statistics assuming a hierarchical island model at equilibrium (Zhivotovsky et al. 1994). In
addition, N m between regions was estimated using MIGRATE 3.0.

Results

Intra-population genetic diversity

Significant (P < 0.05) Hardy-Weinberg disequilibrium was observed for Tpall9 and Tpal21;
therefore, these loci were dropped from further analyses of allele frequencies. All loci were
in gametic phase equilibrium. Genetic diversity values varied for the loci, with the number
of alleles ranging from 16-70, allelic richness from 4.0—13.5, effective number of alleles
from 1.6-13.8, expected heterozygosity from 0.383—-0.938, observed heterozygosity from
0.384-0.901, and G, from 0.002-0.011 (Table 2). Genetic diversity values for the collections
ranged from 7.0-8.5 for allelic richness, 4.4-6.2 for effective number of alleles, 0.700-0.772
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for expected heterozygosity, and 0.694—0.793 for observed heterozygosity (Table 3). Genetic
diversity values were averaged over the collections by region and ranged from 7.6 (northern)
to 7.9 (southern) for allelic richness, 5.4 (northern) to 5.7 (southern) for effective number of
alleles, 0.737 (northern) to 0.757 (southern) for expected heterozygosity, and 0.727 (north-
ern) to 0.735 (southern) for observed heterozygosity. Collections from the southern region
had significantly (P < 0.05) higher levels of allelic richness and expected heterozygosity,

but there were no significant differences between the regions for effective number of alleles
and observed heterozygosity. Contemporary estimates of effective population size (V,) and
their 95% confidence intervals were 3525 (2578-5498) for the northern region and 2823
(2392-3427) for the southern region. Long-term estimates of N, and their 95% credible inter-
vals were 2458 (2400-2488) for the northern region and 2460 (2400-2488) for the southern
region.

Inter-population genetic diversity

Neighbor-joining analysis revealed a consensus dendrogram with little bootstrap support;
only collections from the Cook Inlet clustered together a majority of the time (Figure 2). The
consensus dendrogram indicated a weak population structure aligned along broad geographic
regions. Collections from Cook Inlet, Prince William Sound, and the Yakutat Forelands
formed a northern region, while collections from upper Lynn Canal, Berners Bay, Stikine
Strait, and Behm Canal formed a southern region. With the exception of Cook Inlet, little
geographically based fine-scale genetic population structure was evident within the regions.
Gene flow was geographically restricted overall (» = 0.527, P < 0.0001, Figure 3a) and
between regions (» = 0.333, P <0.0001, Figure 3b), but not within the northern (» = 0.198,
P> 0.05, Figures 3c) or southern regions (» = 0.044, P > 0.05, Figures 3d). The significant
IBD suggests that collections between regions are at or near migration-drift equilibrium, but
equilibrium has not been approached within regions (Slatkin 1993).

Significant genetic divergence was observed in 59 of the 325 collection pairwise tests of
allelic frequency homogeneity (Table 4). Only one of the significant pairwise tests was
observed within regions, between Skagway and Upper Landing Slough (Table 4). The hi-
erarchical analysis of allelic frequency homogeneity revealed highly significant genetic
divergence between regions, but within regions genetic divergence was limited (Table 5).
No genetic divergence was observed among collections within areas or among areas within
regions (Table 5). However, overall additive effects resulted in significant genetic divergence
for within southern areas, total northern region, and total within regions (Table 5). Levels
of genetic divergence observed between regions were four times greater than within regions
(F\g43,= 4.2, P<0.0001). The northern and southern regions did not exhibit different levels
of genetic divergence (F =1.1, P>0.05).

198,234

A total of 99.5% (H/H =0.9950) of the gene diversity was present in each collection (Table
6). Variation among collections accounted for only 0.5% (G, =0.0050) of the gene diversity,
which, though low, was significant (P < 0.05). Variation between regions was significant (P
< 0.05) as well and accounted for 0.24% (G,,=0.0024) of the among collections gene di-
versity. Variation among areas within regions and among collections within areas accounted
for 0.08% (G, ,=0.0008) and 0.18% (G, =0.0018) of the among collections gene diversity,
respectively; however, these values were not significantly different (P > 0.05) from zero.
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The overall G, estimate of N m was 49 and ranged from 26 between regions to 156 among
areas within regions. MIGRATE 3.0 estimates of N m were 17 from the northern region to the
southern region and 24 from the southern region to the northern region, for a total between
regions N m of 41.

Discussion

Intra-population genetic diversity

The analysis of eulachon genetic variation revealed that levels of heterozygosity (H,, H ) and
number of alleles (4,, 4,) are similar among the collections and regions (Table 3). Although
the southern region has significantly higher levels of expected heterozygosity and allelic
richness, the differences are slight and other measures of genetic diversity are not supportive
of a latitudinal trend, which agrees with observations by McLean and Taylor (2001). These
levels are high and signify strong evolutionary potential (Frankham et al. 2002). Moreover,
the observed levels of genetic diversity (Table 2) are similar to those reported by Beacham

et al. (2005), and further confirm that eulachon are not depauperate in microsatellite genetic
diversity as suggested by McLean and Taylor (2001).

Mutation rates can vary widely among loci (Olsen et al. 2003); therefore, the dearth of
microsatellite genetic diversity observed by McLean and Taylor (2001) is likely specific to
those loci, as they postulate, and not indicative of the species, especially in light of the high
levels of mitochondrial DNA (mtDNA) genetic diversity observed in eulachon (McLean et
al. 1999). Because it is haploid and maternally inherited, mtDNA has an effective popula-
tion size (N,) that is one-forth that of the nuclear genome, which makes it more vulnerable
to loss of genetic diversity. The high levels of observed microsatellite genetic diversity from
this study and Beacham et al. (2005) concur with mtDNA results from McLean et al. (1999),
indicating that eulachon harbor sufficient genetic diversity to maintain potential for adaptive
response.

The genetic health of a population can also be measured by estimating N, which is the size
that the population behaves genetically in regards to loss of genetic diversity and is usually
much less than census size. Populations are considered at risk of short- and long-term loss
of genetic diversity if their N is below 50 and 500, respectively (Hallerman 2003a). The
northern and southern regions both exceed these critical N, values for loss of genetic diver-
sity. However, the N estimates are not as high as expected when compared to census size
(Nunney and Elam 1994; Nunney 1996) for which there is little data. Abundance for Copper
River, based on total biomass and mean weight per fish, ranges from 43 million to 150 mil-
lion fish (Moffitt et al. 2002). Using this number alone puts the N, /N ratio at approximately
10, which is quite low (Frankham 1995), but comparable to other highly fecund marine spe-
cies (Hauser and Carvalho 2008).

Likely reasons for the low N, /N ratio include unequal sex ratio, variance in reproductive
success among individuals and locations, hierarchical population structure, and fluctuating
population size (Nunney 1999; Hallerman 2003b). The agreement between the long-term and
contemporary estimates of N, suggests that fluctuating population size is not largely respon-
sible for the low N, /N ratio (Turner et al. 2002), and the recent population fluctuations that
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have occurred in Behm Canal eulachon only reduce N, moderately (Arnason 2004). Inbreed-
ing due to hierarchical population structure can reduce N, but an analysis of the G (0.005)
and G ¢ (0.023) values in an island-structured metapopulation model, using equation 16 from
Nunney (1999), indicates that its affect is negligible. Unequal sex ratios may play a role; the
mean annual percentage of eulachon males was 67% from 1998 to 2002 in the Copper River
and was significantly different from 50:50 in all four years (Moffitt et al. 2002). In another
river from the northern region, sex ratios were also skewed towards males (2:1; Spangler et
al. 2003). This moderate inequality of sex ratios alone can not explain the low N /N ratio
(Hallerman 2003b). Thus, the driving influence is likely a large variance in reproductive
success among individuals and locations (Turner et al. 2002; Hallerman 2003b; Arnason
2004), which is not uncommon for a marine species with high fecundity and mortality (Type
III survivorship). Eulachon must spawn at times that coincide with optimal river and ocean
conditions for successful reproduction and recruitment. Variable environmental conditions
are known to strongly affect recruitment in estuarine dependent species, leading to reproduc-
tive variances orders of magnitude greater than binomial expectations and resulting in low N,
/N ratios (Turner et al. 2002; Hallerman 2003b).

Inter-population genetic diversity

In Alaska, eulachon exhibit a low degree (G, = 0.005) of broad geographic scale genetic
population structure. This structure is largely explained by two regional groups, with collec-
tions from the Yakutat Forelands, Prince William Sound, and Cook Inlet forming a northern
region and collections from upper Lynn Canal, Berners Bay, Stikine Strait, and Behm Canal
forming a southern region. The regions are similarly structured, without any difference in
levels of divergence, whereas the level of divergence between regions is four times greater.
Overall, there is a significant correlation between genetic and geographic distance, suggesting
that gene flow is geographically restricted and follows an isolation-by-distance (IBD) model
(Figure 3a), with geographic distance explaining 28% of the genetic variation. However,
closer analysis reveals an absence of IBD within regions (Figure 3c, d) and that gene flow is
primarily restricted by geographic distance between regions (Figure 3b). This results from a
lack of heterogeneity within regions and suggests that while there is a barrier to gene flow be-
tween regions, no such impediment exists within regions. The counter clockwise Alaska gyre
may facilitate larval dispersal from the Yakutat Forelands towards Prince William Sound and
Cook Inlet and, therefore, gene flow among these three areas, whereas the Alexander Archi-
pelago likely shelters Southeast Alaska eulachon from oceanic currents, restricting gene flow
between regions, and allowing for the development of regional genetic divergence. However,
the barrier to gene flow between regions is not that strong as the lack of bootstrap support
and the high N m estimates between regions indicate.

These results agree and contrast with observations of genetic variation collected primarily
from Pacific Northwest eulachon (McLean et al. 1999; McLean and Taylor 2001; Beacham et
al. 2005). All of the studies rejected the notion of panmixia, with regional structure observed
by Beacham et al. (2005) and the present study, but only Beacham et al. (2005) observed
fine-scale genetic population structure. Additionally, overall IBD was observed, except by
McLean and Taylor (2001), who hypothesized that the lack of IBD for microsatellite varia-
tion when it was observed for mtDNA variation (McLean et al. 1999) was because of low
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sample sizes and the one-forth smaller N, of mtDNA making it more sensitive to population
structure. The differing mutational rates of loci do not allow for direct comparisons of £ or
analogs (Olsen et al. 2004), but, with the same suite of loci, the degrees of population struc-
ture are identical between the present study and Beacham et al. (2005).

There are a number of potential reasons, acting separately or in combination, for the ob-
servation of fine-scale genetic population structure in eulachon from the Pacific Northwest
(Beacham et al. 2005) and the absence of such structure in eulachon from Alaska. Eulachon
likely survived Pleistocene glaciations in the Pacific refuge of which the Columbia River
was the major freshwater habitat (McPhail and Lindsey 1970). Eulachon are not believed

to have resided in the Bering Sea refuge because of their absence in Russia and the Far East
(McPhail and Lindsey 1986). An mtDNA study supports the single Pacific refuge for eula-
chon (McLean et al. 1999), and the shallow mtDNA gene genealogy indicates a recent age
of extant populations (Arnason 2004). Following deglaciation, eulachon likely underwent

a northward range expansion, recolonizing newly available freshwater habitat. Therefore,
insufficient time of separation, in comparison to the older southern populations, may ex-
plain the lack of divergence among Alaska eulachon collections within a region, which is
suggested by the lack of within region migration-drift equilibrium, although the significant
within region overall additive hierarchical effects and clustering of Cook Inlet collections
may indicate emerging population structure. Augmenting or perhaps primarily responsible
for this dearth of divergence could be higher rates of gene flow. Longer pelagic larval dura-
tions (PLD) are noted for northern latitude fish (Hauser and Carvalho 2008), and this has
resulted in significantly reduced levels of genetic divergence in a color form of Elacatinus
evelynae when compared to other color forms with shorter PLD (Taylor 2004). Alternatively,
non-random sampling due to reproductive variance (sweepstakes effect) and statistical power
may contribute to the perceived discrepancy. Allele frequencies can vary among cohort and
location by random chance through the sweepstakes effect (Hedgecock 1994), resulting in
genetic divergence that is not geographically influenced. With large sample sizes, even small
deviations from random sampling can lead to significant results (Waples 1998). A lack of
temporal stability was observed in the Beacham et al. (2005) study, which is supportive of a
possible sweepstakes effect; however, regional divergence was three to six times greater than
divergence among sampling years, indicative of a stable regional structure. Clearly, further
genetic analyses across sampling years are required to vet the presence or absence of tempo-
rally stable, geographically based fine-scale genetic population structure in eulachon.

In general, eulachon appear to be less influenced by genetic drift than by gene flow. Such

a relationship is not unexpected for a species whose larvae have a limited freshwater exis-
tence and inadequately developed nervous systems when compared to Pacific salmon (Hay
and McCarter 2000). This implies that imprinting to natal river may not be strong and that
homing may be imprecise. Lack of freshwater imprinting has led to greater straying rates in
pink salmon than in sockeye salmon (Quinn 1984). Evidence of homing imprecision is seen
in the great variability in eulachon abundance and use of specific rivers for spawning. Many
rivers do not have annual eulachon spawning runs, and, within an estuary, the majority of
the spawning biomass has been observed to move among rivers, suggesting that eulachon
may home only to estuarine systems (i.e., Cook Inlet, Prince William Sound, and Southeast
Alaska; Spangler, unpublished data). The larval stage has a longer duration in estuaries, al-
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lowing for the development of sensory organs and for the potential of imprinting, which, if
it does occur, would likely be less precise than that of Pacific salmon (Hay and McCarter
2000).

Despite the indications of high gene flow, a degree of reproductive isolation and, therefore,
demographic independence is supported by the observed regional divergence. Gene flow is
restricted between regions either by distance through regional homing, as suggested by the
IBD results, or by a biogeographical or oceanographic barrier (e.g., Alaska gyre, Alexan-
der Archipelago). At the minimum, these two regions should be managed as separate units
to maintain both productivity and evolutionary potential of eulachon. Further population
structure may be developing within regions, but additional analyses of samples across years
are necessary to rule out sweepstakes effect divergence and clarify the microevolutionary
processes. Until such clarification, a precautionary approach to the management of eulachon
would be wise when so little is known about their life history and ecology. In concurrence
with McLean et al. (1999), it would be appropriate to at least conserve potential spawning
habitat within the geographic distribution of eulachon because of high gene flow and variable
use of rivers.

Conclusions
1) Alaska eulachon have high levels of genetic diversity and strong evolutionary potential.
2) Alarge variance in reproductive success is likely responsible for the low N, /N ratio.

3) Alaska eulachon exhibit a low degree (G4, = 0.005) of broad-scale, regionally based ge-
netic population structure.

4) The northern and southern regions are demographically independent and should be man-
aged separately.

5) Further structure may be emerging within regions, but additional analyses of samples
across years are necessary to confirm.

Recommendation

6) Analyze additional samples collected across multiple years.
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Table 1. Geographic region, area, collection location, collection label, year collected, and number (V) of

samples.
Region Area Collection Label Year N
North Cook Inlet Kenai 1 2004 55
Yetna 2 2004 50
Susitna 3 2004 25
Prince William Sound 38 mile 4 2003 48
Ibeck 5 2003 55
Alaganik 6 2003 55
Yakutat Forelands Esker 7 2003 55
Tawah 8 2003 55
Lost 9 2003 14
Situk 10 2003 55
Seal 11 2003 55
Awkwe 12 2003 55
South Upper Lynn Canal Chilkat 13 2003 51
Chilkoot 14 2003 55
Tiaya 15 2003 55
Skagway 16 2005 55
Berners Bay Berners 17 2003 55
Lace 18 2003 55
Antler 19 2003 55
Stikine Strait Stikine 20 2003 55
Behm Canal Eulachon 21 2003 55
Unuk 22 2003 55
Klahini 23 2003 55
Matney Slough 24 2003 55
Upper Landing 25 2003 55
Side Channel 26 2003 55
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Table 2. Results across all collections for each locus: number of alleles,
allelic richness (4,), effective number of alleles (4,), unbiased expected

heterozygosity (H;), observed heterozygosity (H ), and measure of genetic

divergence (G,).

Locus Alleles A, A, H, H, G,
Tpal03 40 13.5 13.8 0.938 0.901 0.005
Tpal04 45 9.1 4.7 0.784 0.718 0.007
Tpalll 16 6.6 5.1 0.808 0.820 0.009
Tpall2 25 9.0 7.5 0.873 0.816 0.002
Tpall3 32 8.1 5.8 0.835 0.839 0.002
Tpali4 17 7.0 32 0.683 0.705 0.009
Tpalls 16 4.9 3.1 0.687 0.691 0.004
Tpall7 20 4.8 1.6 0.383 0.384 0.002
Tpall8 23 4.0 2.2 0.535 0.506 0.009
Tpall9 20 5.7 2.6 0.606 0.511 0.011
Tpal2l 70 12.5 11.3 0.922 0.631 0.006
Tpal2?2 41 10.5 8.7 0.892 0.833 0.002
Tpal27 25 7.3 32 0.678 0.699 0.009
Tpal29 30 10.2 8.0 0.882 0.863 0.004
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Table 3. Results for each collection across all loci: mean sample size (/V), percentage
polymorphic loci at the 95% criterion (% P), allelic richness (4,), effective number of
alleles (4,), unbiased expected heterozygosity (H,), and observed heterozygosity (H).
The N listed here indicates the mean number of samples across loci where data were
successfully collected, which may differ from the N in Table 1.

Collection N %P A, Ay H, H,
Kenai 49 100.0 7.6 5.6 0.729 0.699
Yetna 46 100.0 7.6 5.6 0.734 0.694
Susitna 24 100.0 7.5 52 0.717 0.697
38 mile 46 100.0 7.7 5.7 0.747 0.715
Ibek 52 100.0 8.0 59 0.758 0.748
Alaganik 52 100.0 8.0 59 0.764 0.743
Esker 52 100.0 7.6 5.6 0.741 0.723
Tawah 50 100.0 7.4 53 0.729 0.697
Lost 12 100.0 7.1 4.4 0.713 0.710
Situk 45 100.0 7.7 5.8 0.758 0.793
Seal 41 100.0 7.0 4.6 0.702 0.750
Awkwe 50 100.0 7.8 5.8 0.755 0.753
Chilkat 50 100.0 8.2 6.0 0.771 0.782
Chilkoot 53 100.0 7.9 54 0.745 0.707
Tiaya 52 100.0 7.9 5.9 0.769 0.717
Skagway 52 100.0 7.9 5.8 0.762 0.721
Berners 55 100.0 8.0 5.7 0.772 0.721
Lace 55 100.0 8.0 5.8 0.759 0.734
Antler 52 100.0 8.1 59 0.755 0.729
Stikine 50 100.0 7.9 5.4 0.769 0.710
Eulachon 45 100.0 7.7 5.4 0.763 0.762
Unuk 54 100.0 8.2 6.2 0.766 0.747
Klahini 54 100.0 8.1 5.9 0.764 0.735
Matney Slough 51 100.0 7.7 54 0.736 0.742
Upper Landing 45 100.0 7.1 5.0 0.700 0.750
Side Channel 54 100.0 8.5 6.0 0.768 0.735
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Table 5. Hierarchical tests of homogeneity based on 12
loci.

Source of variation df G-test
Northern region CI 36 40.0
PWS 36 43.6
YF 90 117.7
Within Northern areas 162 201.3
Among Northern areas 36 61.5
Total Northern region 198 262.8%*
Southern region ULC 54 73.0
BB 36 413

SS No test
BC 90 122.8
Within Southern areas 180 237.0*
Among Southern areas 54 49.4
Total Southern region 234 286.5
Total within regions 432 549.2%
Between regions 18 97.0%*
Total 450 646.2%

*P<0.05

Table 6. Hierarchical gene diversity analysis based on 12 loci.

Source of variation Gene diversity G, -statistics Nm
Average within collections H=0.7480 H/H =0.9950

Average among collections within areas D, =0.0014 G,,=0.0018 135
Average among areas within regions D, =0.0006 G, .=0.0008 156
Average between regions D,=0.0018 G,=0.0024* 26
Total gene diversity H. =0.7518 G,,=0.0050* 49
*P<0.05
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Figure 1. Collection locations, reference Table 1 for collection names.
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Figure 2. Consensus neighbor-joining dendrogram of Cavalli-Sforza and Edwards (1967) chord
distances calculated from allele frequencies at 12 loci after 1000 bootstrap iterations.
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Figure 3. Continued.



