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The Genetic Ecology and Population Origins
of the Beluga Whales, Delphinapterus leucas, of Yakutat Bay
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ABSTRACT—Small populations or 
groups of individuals at the edge of a spe-
cies’ range can reveal much about a spe-
cies’ niche preference limitations, its 
demographic history, and its adaptive po-
tential for range expansion or niche shifts. 
We investigated whether recent sightings 
of small numbers (n≤12) of beluga whales, 
Delphinapterus leucas, in Yakutat Bay, Alas-
ka, some 800 km distant from the nearest 
known population in Cook Inlet, represent-
ed a distinct group of whales or temporary 
extralimital movements from Cook Inlet, 
and if the former whether they exhibited 
any genetic consequences of small effec-
tive population size. Using remote biopsy 
sampling (nsamples=10), mtDNA sequenc-
ing, multi-locus genotyping, and PCR-
based gender determination, we found that 
the Yakutat whales comprised both males 
and females, exhibited site fi delity across 
years, were signifi cantly differentiated for 

mtDNA (Fst = 0.54, P < 0.0001) and mi-
crosatellite (Fst = 0.10, P < 0.0001) loci 
from the Cook Inlet population, and formed 
a distinct genetic cluster. Individual as-
signment methods identifi ed Cook Inlet as 
the most likely origin of the Yakutat whales 
when compared to the four other popula-
tion stocks in the western Nearctic: Bristol 
Bay, Norton Sound, the Chukchi Sea, and 
the Beaufort Sea (n = 494), but individual 
whales had low likelihoods of coming from 
Cook Inlet relative to whales sampled in 
that population. 

We developed a new exclusion-assign-
ment method, GELATo, that estimates the 
likelihood of a group of whales arising with-
in one, any, or none of a series of reference 
populations. Using the same fi ve beluga 
whale reference populations we confi rmed 
the close affi nity of Yakutat to Cook Inlet but 
excluded the Yakutat group as likely immi-
grants from Cook Inlet (logL= -68.63micros 

Introduction

Individuals on the frontier of a spe-
cies’ range typically defi ne the geo-
graphic limits of suitable conditions 
for the maintenance of viable popula-
tions, but they can also represent the 
vanguard of a range or niche expan-
sion or the relicts from past retreats.  
As such, groupings of individuals at 
the range edge can tell us much about 
a species’ niche preference limitations, 
its demographic history, and its adapt-

ability and potential for range expan-
sion or shifts.   It is for these reasons 
that range limits are receiving growing 
attention in the context of determining 
how species will face the increasing 
challenges of environmental and cli-
mate change (Gaston, 2009; Sexton et 
al., 2009, 2011). 

The geographic range limits of spe-
cies are often characterized by low 
population density (Jarema et al., 
2009) where populations may be sub-
ject to the genetic and demographic 
consequences of small population size, 
including negative aspects of inbreed-
ing (Hedrick and Kalinowski, 2000) 
and the Allee effect (Courchamp et 
al., 1999). In social species, these ef-
fects can be either compounded or 
alleviated by the size, genetic com-
position (e.g., kin- vs. nonkin-based), 
and breeding patterns of founding and 
immigrant groups. Furthermore, the 
extent of gene fl ow with larger central 
populations or other edge populations 

can infl uence the effective population 
size of marginal populations and the 
allelic variation upon which selection 
can act (Sexton et al., 2009, 2011). 

Thus, determining the genetic ori-
gins of marginal populations, their 
genetic composition and breeding pat-
terns, including levels of relatedness 
and inbreeding, and the extent of con-
tinuing genetic exchange with central 
populations can provide insight into 
the factors that infl uence the establish-
ment and persistence of small groups 
or populations on the geographic fron-
tier of a species’ range. Such insight 
is key to predicting how species will 
respond to climate and other environ-
mental change and has immediate ap-
plication to assessing the viability of 
core populations, especially those ex-
periencing declines and habitat loss.

Beluga whales, Delphinapterus leu -
cas, have a nonuniform distribu-
tion across the Arctic and Subarctic 
(O’Corry-Crowe, 2008) shaped by 

and -63.06mtDNA). These fi ndings, in con-
junction with recent beluga whale sight-
ings, including young-of-the-year calves, in 
Yakutat Bay in all seasons, indicate a small, 
resident, reproductive group with limited 
current genetic exchange with Cook Inlet. 
Lower variation (Hobs = 0.580 v. 0.715) at 
neutral markers, signifi cantly higher re-
latedness (mean difference in rQeullerGt = 
0.410) among and inbreeding (mean dif-
ference in F = -0.1 to -0.19) within the Ya-
kutat animals compared to Cook Inlet raise 
concerns about the loss of genetic diversi-
ty over time. While the small size and un-
certain history and viability of the Yakutat 
group creates new management challenges, 
its location, unique habitat, and persistence 
up to now can provide insights into the sur-
vival of small groups on the warm edge of 
the species’ range and is a testament to the 
effective stewardship of the local Tlingit 
community.
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glacial history, contemporary resource 
dispersion, physiological and physi-
cal constraints, and the behavioral ten-
dency of this species to form social 
aggregations and return to traditional 
locations each year (Suydam et al., 
2001; Lydersen et al., 2001; Laidre et 
al., 2008; Colbeck et al., 2013). Within 
the Gulf of Alaska, a small population 
of beluga whales is resident in the wa-
ters of Cook Inlet (Fig. 1; Rugh et al., 
2000; Allen and Angliss, 2012). Satel-
lite telemetry and sightings reveal that 
the population’s current range is re-
stricted to the mid and upper reaches 
of the inlet (Rugh et al., 2000; Hobbs 

Figure 1.—Beluga whale distribution in the Gulf of Alaska. Primary summer and winter ranges are indicated by grey shading and 
a dotted black line. Insert is the summer distribution of beluga whales in the western Nearctic including year-round distribution 
in the Gulf of Alaska and the summer concentration areas in the Bering, Chukchi, and Beaufort seas (grey shading). The black 
dashed line represents median extent of winter sea ice.

et al., 2005). While dispersal cannot 
be completely excluded, this popula-
tion of whales has been effectively geo-
graphically and genetically isolated 
from populations to the west and north 
for a long enough time that genetic di-
vergence via drift is evident at neutral 
markers (O’Corry-Crowe et al., 1997, 
2010). 

The Cook Inlet population experi-
enced dramatic declines in the 1990’s, 
with an estimated reduction from 653 
whales in 1994 to 347 whales by 1998 
(Hobbs et al., 2000). This decline was 
accompanied by a northward contrac-
tion of population range within the 

inlet (Rugh et al., 2000, 2010). Subse-
quent research revealed that the popu-
lation is not recovering but continues 
to decline at a much reduced rate of 
0.6–1.6% per year (Lowry et al., 2006; 
Allen and Angliss, 2012; Hobbs et al., 
2015). Its restricted range, low abun-
dance, and apparent failure to recover 
following more than a decade of in-
creased protection raise concerns over 
the viability of the Cook Inlet popu-
lation (Allen and Angliss, 2012). Its 
geographic isolation and location on 
the warm edge of the species’ range 
as well as its proximity to an increas-
ingly urbanized region of Alaska add 
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concerns over the population’s ability 
to respond to climate change and other 
challenges.

Over the past four decades periodic 
sightings of small numbers of beluga 
whales (typically ≤ 2) have been re-
ported in the Gulf of Alaska outside of 
Cook Inlet (Harrison and Hall, 1978; 
Laidre et al., 2000; Calkins1). These 
records have been attributed to short-
term extralimital movements by Cook 
Inlet animals (Laidre et al., 2000). One 
location, however, stands in stark con-
trast to the sporadic pattern of sight-
ings in the rest of the gulf. Beluga 
whales, about 5–12 individuals, have 
been regularly reported in Yakutat Bay, 
some 700 km to the east of Cook In-
let and 800 km southeast of the con-
temporary range of the depleted Cook 
Inlet population (Fig. 1; Hubbard et 
al., 1999; Calkins1; O’Corry-Crowe 
et al.2,3). Further, traditional ecologi-
cal knowledge (TEK) from the Yaku-
tat Tlingit Tribe and local fi shermen 
document consistent sightings of small 
groups (≤20) of beluga whales in the 
bay dating back to 1938 (Lucey et al., 
2015). 

Yakutat Bay is a deep glacial fi ord 
fed by several tidewater glaciers at its 
head. A fi eld study initiated in 2005 
found that beluga whales selected 
habitats associated with actively calv-
ing glaciers that may refl ect a unique 
ecology for this species in the North 
Pacifi c (O’Corry-Crowe et al.2,3). Fur-
thermore, sightings over the past de-
cade have occurred in all seasons and 

1Calkins, D. G. 1983. Marine mammals of lower 
Cook Inlet and the potential impact from outer 
continental shelf oil and gas exploration, de-
velopment and transport. U.S. Dep. Commer., 
NOAA, OCSEAP Final Rep. 20:171–265
2O’Corry-Crowe, G, W. Lucey, C. Bonin, E. 
Henniger, and R. Hobbs. 2006. The ecology, 
status and stock identity of beluga whales, Del-
phinapterus leucas, in Yakutat Bay, Alaska. Rep. 
to U.S. Mar. Mamm. Comm., NMFS-YSB-YTT, 
22 p.
3O’Corry-Crowe, G., W. Lucey, M. Castellote, 
and K. Stafford. 2008. Abundance, habitat use 
and behavior of beluga whales in Yakutat Bay, 
May 2008, as revealed by passive acoustic 
monitoring, visual observations and photo-id. 
Final Rep. to Prot. Resour. Div., Alaska Reg. 
Off., NMFS. NOAA, 49 p. (Available at: http://
alaskafisheries.noaa.gov/protectedresources/
whales/beluga/yakutat/yakutat_2008belugas_ 
0309.pdf).

include adults, juveniles, and young of 
the year (Lucey et al., 2015). 

The evidence to date may indicate 
that beluga whales regularly move 
between Cook Inlet and Yakutat Bay, 
and that the current whales are recent 
visitors or colonizers from Cook Inlet, 
possibly even a single family group. 
Such scenarios would potentially ex-
tend the known range and habitat of 
the endangered Cook Inlet popula-
tion. Alternatively, these fi ndings raise 
the possibility of the persistence of 
a very small reproductive group or 
population of whales in a previously 
unknown location and unique habitat 
beyond the known southern limit of 
the species’ range.

Determining the genetic origins of 
the Yakutat whales, their breeding pat-
terns, and level of kinship and inbreed-
ing, and the extent of continuing gene 
fl ow with the likely source population, 
Cook Inlet, will provide critical insight 
into: 1) the relationship between Yaku-
tat Bay and Cook Inlet, and 2) the vi-
ability of populations of beluga whales 
at the warm edge of the species’ range. 
This is essential to modeling the fu-
ture prospects of the larger Cook In-
let population already struggling to 
recover from recent declines. We con-
ducted such a study and present our 
fi ndings here. Using remote tissue bi-
opsy methods, multi-locus genotyping, 
and a suite of moment and likelihood-
based statistical analyses, including a 
new group exclusion-assignment test 
(GELATo) we introduce here, we ad-
dressed the following:

1) Is there evidence of long-term 
use of Yakutat Bay by individual 
whales?

2) Do the Yakutat whales have a 
lower neutral genetic diversity 
than similar sized sample sets 
from the Cook Inlet population?

3) Are Yakutat whales, on aver-
age, more related or inbred than 
whales sampled in Cook Inlet?

4) As a group, are the Yakutat 
whales likely to originate from 
Cook Inlet and or any other refer-
ence population?

5) Are individual Yakutat whales 
likely to be immigrants from 

Cook Inlet or any of the other 
populations of beluga whales in 
Alaskan waters?

Methods

Skin plug samples were collected 
from free-swimming belugas in Ya-
kutat Bay, Alaska, via remote biopsy 
between 2002 and 2008. Tissue was 
preserved in 20% DMSO-NaCl so-
lution and archived at -20°C. Total 
DNA was extracted from each tissue 
sample by established protocols and 
screened for variation within 410bp of 
the  mtDNA control region and 8 in-
dependent microsatellite loci accord-
ing to previously published methods 
(O’Corry-Crowe et al., 1997, 2010). 
The gender of each sample was also 
determined by PCR-based methods 
(Fain and LeMay, 1995), and replicate 
genotyping, sequencing, and gender 
determination was conducted to con-
fi rm genetic scores. 

Permutation-based estimation of ob-
served heterozygosity (Ho) and cumu-
lative probabilities of identity (PID), as 
well as calculation of the total number 
of alleles across all loci were conduct-
ed using the program Doh (Brzus-
towski, 2002). To compare estimates 
of such genetic parameters between 
Yakutat and similar-sized sample sets 
from another population we used a 
customized script written in Access, 
Go-Random4 (Beaman and O’Corry-
Crowe5) to generate multiple subsets 
of samples of equivalent magnitude 
chosen at random from the popula-
tion’s sample set. MCMC exact tests 
(500,000 iterations) were used to test 
for deviations from Hardy-Weinberg 
expectations and levels of genetic 
differentiation at both microsatellite 
and mtDNA loci using Genepop 4.1 
(Rousett, 2008). F statistics were also 
performed in Genepop. 

Considering the small sample size 
from Yakutat (see below), we used 
POWSIM 4.1 (Ryman and Palm, 

4Mention of trade names or commercial fi rms 
does not imply endorsement by the National 
Marine Fisheries Service, NOAA.
5Beaman, N., and G. O’Corry-Crowe.  Harbor 
Branch Ocean. Inst., Fla. Atl. Univ., 5600 U.S. 1 
North, Fort Pierce, FL 34946.
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2006; Ryman, 2011) to assess statisti-
cal power and estimate type 1 error in 
the data when testing for genetic dif-
ferentiation. Using the observed al-
lele frequencies we ran simulations 
(n= 200 and 1,000 runs) for a range 
of sampling regimes (n1 and/or n2 = 
5 to 100) to determine the minimum 
sample sizes required for two standard 
tests (chi-square and Fisher’s exact) to 
correctly reject the Ho of homogeneity 
for a range of expected divergence lev-
els (Fst = 0.01, 0.05, 0.1, or 0.2) that 
include the observed estimate. Type 
1 (α) error was estimated by running 
simulations under conditions of no 
differentiation (Fst=0) and counting 
the proportion of runs that rejected 
the Ho when it was true. To determine 
whether some of the biopsy samples 
were recaptures of the same individual 
we conducted genetic identity analy-
ses using Cervus 3.0 (Kalinowski et 
al., 2007). Pairwise probabilities of 
identity (PID) were estimated from the 
multi-locus genotypic data, and exact 
matches with low PID relative to the 
likely abundance of whales in Yaku-
tat were considered re-captures of the 
same individual.

Genotyping errors can infl uence 
mark-recapture analysis by erroneous-
ly detecting a mismatch (Kalinowski 
et al., 2006). We used more extensive 
data (n=547 samples) from a recent 
genetic mark-recapture study on belu-
ga whales conducted in our lab to esti-
mate genotyping error rates and their 
potential role in mismatches. Genet-
ic inbreeding (F) and relatedness (r) 
among pairs of individuals, and with-
in and among groups of whales were 
investigated using COANCESTRY 
(Wang, 2011). Two maximum-likeli-
hood (Milligan, 2003; Wang, 2007) 
and one moment (Queller and Good-
night, 1989) estimator of r and two 
moment (Ritland, 1996; Lynch and 
Ritland, 1999) estimators of F coeffi -
cients were calculated using multi-lo-
cus genotypic data. The ML methods 
account for genotyping errors and for 
inbreeding by including all estimat-
ed probabilities of identity-by-decent 
across pairs of alleles, including al-
leles within individuals (Wang, 2011). 

Bootstrap resampling (10,000 reps) 
was used to test signifi cance in mean 
r among groupings and mean F with-
in individuals. Data from 78 whales 
sampled from Cook Inlet were used in 
some of these analyses.

We used assignment methods and 
genetic data from fi ve reference pop-
ulations of beluga whale in Alaska 
waters, including the Cook Inlet pop-
ulation, (Cook Inlet, Bristol Bay, Nor-
ton Sound, Chukchi Sea, and Beaufort 
Sea, n=494) (O’Corry-Crowe et al.6) 
to determine the likely origins of the 
Yakutat whales. Individuals were as-
signed to populations based on esti-
mated likelihoods of their genotype 
and mtDNA haplotype arising in 
each of the sampled populations un-
der assumptions of random assort-
ment of alleles and independence of 
loci (Paetkau et al., 1995; Banks and 
Eichert, 2000). Analyses of diploid 
and haploid data were conducted sep-
arately as well as combined using the 
WHICHRUN 4.1 program (Banks and 
Eichert, 2000). 

We used the Bayesian model-based 
clustering method, STRUCTURE 2.3.4 
(Pritchard et al., 2000, 2010), to es-
timate the likely number of genetic 
clusters or populations, K, in the Gulf 
of Alaska dataset (Yakutat and Cook 
Inlet) and to assign individuals to clus-
ter of origin. Multiple MCMC runs 
(50,000 burn-in followed by 106 itera-
tions) of the data for a range of values 
of k were conducted for both admix-
ture and no admixture ancestry mod-
els. To accommodate possible limited 
information content (i.e, due to small 
n, low divergence) on structure in our 
dataset for this algorithm, we also ap-
plied the LOCPRIOR option that uses 
information on sampling location as 
an unbiased informative prior (Hubisz 
et al., 2009). We also used the non-
MCMC, iterative method, FLOCK 3.1 
(Duchesne et al., 2013) to estimate 
the number of populations, K, and al-

6O’Corry-Crowe, G., R. Suydam, L. Quaken-
bush, B. Mahoney, L. Harwood, W. Goodwin, 
K. Frost. 2015. Beluga whale population struc-
ture, dispersal and breeding patterns in a chang-
ing Arctic. Harbor Branch Ocean. Inst., Fla. Atl. 
Univ., unpubl. rep., 26 p.

locate individuals to those populations 
(Duchesne and Turgeon, 2012). To as-
sess the method’s ability to accommo-
date limited information content on 
structure in the data, we conducted a 
series of trials (each with 20 runs X 50 
iterations) on two genetically differen-
tiated populations (K=2, Bristol Bay 
and Cook Inlet) varying sample size 
with each trial. 

We also used GENECLASS2 (Piry 
et al., 2004) to assign or exclude ref-
erence populations as the origin of 
individuals or groups of individu-
als. Employing the Bayesian and fre-
quency-based criteria of Rannala and 
Mountain (1997), Baudouin and Leb-
run (2000), and Paetkau et al. (1995) 
log likelihood ratio scores (Score i,T) 
were used to assign likely population 
of origin (highest rank score) and ex-
clude other populations (rank score 
falls below a predetermined thresh-
old, e.g. Score i,T  <0.5). Furthermore, 
MCMC methods were used in a semi-
Bayesian exclusion procedure where 
observed probabilities of test samples 
were compared to those of simulat-
ed samples (n=1,000 to 10,000) from 
each population (Cornuet et al., 1999, 
Baudouin et al., 2004).

In determining whether a test group 
of individuals comes from one, any, 
or none of a series of reference pop-
ulations, however, the approach used 
in GENECLASS2 has a series of short-
comings. By only considering relative 
likelihoods among a series of refer-
ence populations, the logL methods do 
not estimate genotypic (or haplotypic) 
likelihoods of test groups relative to 
those of other similar sized group-
ings within each population, while the 
MCMC methods tend towards exces-
sive exclusion of reference populations 
(see Discussion). We therefore devel-
oped a test that estimates these relative 
likelihoods and improves exclusion ac-
curacy (Group ExcLusion-Assignment 
Test – GELATo). Specifi cally, we ad-
dressed the following question: “as-
suming the whales sampled in Yakutat 
Bay were from a single group or popu-
lation, were any of the reference popu-
lations sampled the likely source, and 
if so which was the most likely?”
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GELATo is a permutation-based test 
that compares the distributions of Fst 
values for a population of unknown 
origin to potential source populations 
with null Fst distributions generated 
from comparing similarly sized ran-
dom samples from the source popu-
lations back to themselves. For a 
given “unknown” population, U, with 
a sample size of Nu, the likelihood of 
its membership to a given source pop-
ulation, K, is calculated as follows. 
A random sample of Nu individuals 
is selected from K without replace-
ment (Ku). These individuals are used 
to calculate an Fst value from the null 
distribution (Fst -null) by comparing 
them to the remaining individuals in 
K (Kk’). An “observed” Fst (Fst -obs) is 
then calculated between all individu-
als from U and Kk’. This process is 
repeated 1,000 times to generate a dis-
tribution of Fst -null and Fst -obs. The 
null distribution is then modeled as a 
Normal distribution with the mean and 
standard deviation of Fst –null.

The likelihood that U came from K 
is the product of the likelihood (sum 
of log-likelihoods) of all values in 
Fst –obs given the fi tted null distribu-
tion. The probability that population 
U came from K is its likelihood of 
Fst –obs given the null for K divided 
by the product of likelihoods to each 
potential source population. In the re-
sults below, we express the likelihoods 
as deviations of the log-likelihood 
from the maximum observed log-like-
lihoods. As can be seen, this method 
can also be used as an exclusion test, 
where low likelihoods (negative log-
likelihoods) for all source popula-
tions would indicate that the test group 
was either of mixed origin, a nonran-

dom sample from one of the source 
populations, or from an unsampled 
population.7

Results

A total of 10 skin biopsy samples 
were collected from free swimming 
beluga whales in Yakutat Bay, Alaska, 
between 2002 and 2008. PCR-based 
tests found similar proportions of 
males and females in the sample set 
(Table 1).

Genetic Identity Analysis

The genetic identity analysis re-
vealed that of the 45 pairwise com-
parisons involving the 10 samples 
across 8 microsatellite loci, two dyads 
differed at one allele in one locus (lo-
cus D3 in both cases), while all oth-
ers differed by multiple alleles at two 
or more loci. Reanalysis revealed that 
both single allele differences were the 
result of genotyping error. An inde-
pendent assessment of genotyping er-
ror rates in a large dataset from Bristol 
Bay (n=547) found that single allelic 
differences at one of eight loci were 
likely the result of a genotyping error, 
while differences at two or more loci 
refl ected real differences among indi-
viduals (O’Corry-Crowe et al.8). This 
has also been found in other species 
for as few as six loci (Kalinowski et 
al., 2006).

Our fi ndings indicate that the two 
exact matches represent two cases of 

7All code for GELATo was written in R v2.15.2 
(R Core Team 2012) by FIA, and is available on 
request.
8O’Corry-Crowe, G., J. Citta, and L. Quaken-
bush. 2012. Genetic mark-recapture study of be-
luga whales in Bristol Bay, Alaska: 2002–2011. 
Harbor Branch Ocean. Inst., FAU, 10 p.

genetic recapture. Finally, the com-
plete removal of locus D3 resulted in 
estimated pairwise PID orders of mag-
nitude lower (2.72 x10-3 and 1.01 x 
10-5) than probable whale abundance 
in Yakutat further indicating that two 
whales were resampled during the 
course of the study. The fi rst case in-
volved a male whale, DL-Yak-2-04, 
initially sampled on 01 May 2004 
and resampled a year later on 19 May 
2005. The second case involved a fe-
male whale, DL-Yak-1-04, biopsied on 
the same day as the initial sampling of 
DL-Yak-2-04 and subsequently resam-
pled 3 years and 3 months later on 04 
Aug. 2007. These fi ndings establish 
for the fi rst time the occurrence of in-
dividual whales in Yakutat Bay across 
multiple years.

Genetic Diversity
and Differentiation

Only one mtDNA haplotype, Hap-
lotype 2, was documented in all the 
Yakutat animals. Haplotype 2 is pres-
ent within Cook Inlet at moderate fre-
quencies (14%) but is not the most 
common lineage in this population. 
This haplotype has also been found 
in Norton Sound (0.52%), the Chuk-
chi Sea (47%), and the Beaufort Sea 
(5.6%) (O’Corry-Crowe et al.8). Ex-
cluding recaptures (see below), aver-
age heterozygosity per nuclear locus 
for Yakutat ranged from 0.25–0.875, 
and no loci were found to deviate from 
Hardy-Weinberg expectations (p > 
0.136).

The Yakutat whales were found to 
have lower mean levels of heterozy-
gosity (Hobs = 0.580 vs. 0.715), lower 
numbers of alleles (total allele count 
= 22 vs. 36.3), and higher estimated 
cumulative probabilities of identity-
by-descent (PID = 3.24 x 10-5 vs. 2.92 
x 10-8) than sets of samples (n=50) 
of similar magnitude drawn at ran-
dom from the Cook Inlet population 
(Fig. 2). Even when the Cook Inlet 
resampling (n=25 sets) was restricted 
to individuals with the same mtDNA 
haplotype, the diversity indices were 
still lower and PID higher for the sin-
gle-matriline group in Yakutat Bay 
compared to Cook Inlet (Fig. 2). 

Table 1.—Field and gender i nformation on biopsy samples of beluga whales in Yakutat Bay, Alaska. Age was esti-
mated based on size and color. Gender was determined via PCR.

 Date of   Sampled while
Field ID sample collection Age/Color Gender in a group

DL-YK-01-2 20 Sept. 2002 Adult/White F yes
DL-YK-03-928 28 Sept. 2003  M –
DL-YAK-1-04 01 May 2004  F –
DL-YAK-2-04 01 May 2004  M –
DL-YAK-05-1 19 May 2005 Adult/White M yes
DL-YAK-05-2 19 May 2005 Adult/White M yes
YAK-1A-07 04 Aug. 2007  F –
DL-YAK-08-1 16 May 2008 Juvenile/Grey M yes
DL-YAK-08-2 19 May 2008 Juvenile/Grey F yes
DL-YAK-08-3 19 May 2008 Adult/White M yes
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The Yakutat sample set was signifi -
cantly differentiated from Cook In-
let for both microsatellite loci (Fst = 
0.106; P = 0.065 - 0.0001) and  mtDNA 
(Fst = 0.536; P <  0.0001). The POW-
SIM analysis revealed that the eight 
microsatellite loci used had suffi cient 
power to provide a 99% probability of 
detecting an Fst as low as 0.05 for the 
nuclear data when analyzing skewed 
sample sizes of 8 and 78 for pop1 and 
pop2 (i.e., Yakutat Bay and Cook Inlet 
sample sizes) and yielded a type 1 er-
ror close to 0.05 (α = 0.03 – 0.08).

Inbreeding and Relatedness

All three estimators of relatedness 
yielded similar results although ML 
methods tended toward higher r val-
ues for pairs of highly homozygous in-
dividuals with few differences. When 
the entire Gulf of Alaska (i.e., Cook 
Inlet and Yakutat Bay) was treated as a 
single population, the highest estimat-
ed relatedness for all estimators was 
found among pairs of Yakutat whales 
with many in excess of r = 0.3 (Fig. 
3a). Average relatedness among beluga 
whales within Yakutat was signifi cant-
ly higher than among whales within 
Cook Inlet (e.g., observed difference 
in mean rQeullerGt = 0.410, which lies 
well outside the 99% confi dence in-
tervals of the bootstrap analysis, Fig. 
3b). Furthermore, average relatedness 
within Yakutat was signifi cantly high-
er than average relatedness between 
Cook Inlet and Yakutat whales (e.g., 
observed difference in mean rQeullerGt = 
0.418, which lies well outside the 99% 
confi dence intervals of the bootstrap 
analysis, Fig. 3c). 

The Yakutat whales were also found 
to have higher inbreeding coeffi cients, 
on average, than whales in Cook In-
let. Signifi cance tests differed among 
the two estimators with the observed 
difference falling outside the 95% 
confi dence intervals of the bootstrap 
analysis for the Lynch and Ritland 
estimator and inside for the Ritland 
estimator. Restricting the estimated al-
lelic frequencies to include only Yaku-
tat whales, average dyadic relatedness 
coeffi cients were lower but close rela-
tionships (r > 0.4) were still evident.

Figure 2.—Microsatellite diversity in beluga whales from Yakutat Bay compared 
to Cook Inlet and a single matriline within Cook Inlet; A) mean observed hetero-
zygosity across all loci, B) the cumulative total number of unique alleles, C) es-
timated probability of identity by descent across all loci. Black bars represent the 
distribution of estimates for Cook Inlet based on 50 random draws of 8 individuals 
from the Cook Inlet data set. White bars represent the distribution of estimates for 
Cook Inlet based on 25 random draws of 8 individuals from one matriline (Hap#1) 
within the Cook Inlet data set. Black line represents estimate from Yakutat Bay 
based on the 8 individuals sampled.
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Assignment and Exclusion Tests

Using the assignment criteria in 
GENECLASS2, all eight Yakutat whales 
had the highest likelihood of aris-
ing within the Cook Inlet population. 
However, most of the Yakutat whales’ 
assignment likelihoods to Cook Inlet 
fell within the lower range of likeli-
hoods observed for Cook Inlet animals 
assigned to their own population. The 
remaining Yakutat whales had lower 
likelihoods (Fig. 4). This pattern was 
also observed with WHICHRUN, includ-
ing tests that used microsatellite and 
mtDNA data combined. These fi nd-
ings indicate that while the likelihood 
of encountering each of the Yakutat 
whales’ multilocus genotype in a giv-
en reference population is highest for 
the Cook Inlet population, most of the 
Yakutat genotypes have relatively low 
likelihoods of arising in the Cook Inlet 
population.

The STRUCTURE analyses where in-
formation on sample location was not 
used to assist clustering outcomes did 
not provide a clear signal of structure 
in the Gulf of Alaska dataset. When 
structure was apparent (i.e., k≥2), the 
Yakutat whales always clustered to-
gether. When prior information on 
sample origin was included, the most 
likely number of genetic groups was 
K = 2 (i.e., Pr(K | X) ≈1). These two 
groupings corresponded unambigu-
ously to Yakutat and Cook Inlet for 
both admix and noadmix ancestry 
models with all individuals from Yaku-
tat assigned to one cluster and all in-
dividuals from Cook Inlet assigned to 
the other (Fig. 5). 

The FLOCK analysis identifi ed K = 
2 genetic groups (PL ≥ 6), allocated 
the Cook Inlet samples across both 
groups, and allocated all the Yakutat 
whales to one of these groups. The tri-
als involving Bristol Bay and Cook In-
let found that with moderate to large 
sample sizes (n≥20) FLOCK performed 
well (i.e, estimated K = 2,  allocated 
>80% of individuals to their sampled 
population). By contrast, when the 
sample size from even one location 
was lowered to values on the order 
of n=10, FLOCK rarely yielded pla-

Figure 3.—Estimated relatedness (r) in Yakutat Bay compared to Cook Inlet beluga 
whales using COANCESTRY: A) pairwise estimates of r using the Queller and Good-
night estimator, B) mean difference in r within Yakutat compared to within Cook 
Inlet whales, and (C) mean difference in r within Yakutat compared to between Ya-
kutat and Cook Inlet. If the observed difference (black line)  falls outside the 90% 
(dotted lines), 95% (dashed lines), and 99% (grey lines) confi dence intervals from 
the bootstrap analysis distribution the difference is adjudged to be signifi cant
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teau sequences that were long enough 
(i.e., PL ≥ 6 for a run number of 50) 
to estimate K with confi dence (i.e., 
yielded an “undecided” verdict). Fur-
thermore, a substantial number of in-
dividuals from either population were 
miss-assigned.

The analytical group assignment 
tests in GENECLASS2 all assigned the 
Yakutat whales to Cook Inlet.  The as-
signment criterion, -log10(L), was low-
est for Cook Inlet and the score for the 
Yakutat group of individuals, ScoreYak = 
100%. By contrast, the MCMC resam-
 pling procedure in GENECLASS2 gave 
the opposite result: Yakutat as a group 
was excluded from Cook Inlet. Further 
analysis, however, revealed that this 
test consistently “excluded” subsets of 
individuals from their own reference 
population when tested as a group (see 
Discussion). 

The group exclusion-assignment 
test, GELATo, revealed that while the 
Yakutat whales have the strongest af-
fi nity with Cook Inlet, as a group they 
have a very low likelihood (negative 
LogL) of coming from Cook Inlet (Fig. 
6). The test excluded the Yakutat whales 
from all baseline populations includ-
ing Cook Inlet for both the microsatel-
lite (LogL = -68.63 to -268.6) and the 
mtDNA (LogL = -17.29 to -106.1) data. 
The Yakutat sample set did have a rela-
tively high, but still negative, likelihood 
(lnL = -17.3) of being sampled in the 
Chukchi Sea based on mtDNA due to 
the relatively high occurrence of Hap#2 
(47%) in that population (O’Corry-
Crowe et al., 1997, 2010).

Discussion

The genetic analysis of beluga 
whales sampled in Yakutat Bay be-
tween 2002 and 2008 revealed that the 
whales in this glacial fjord system, re-
cently estimated to number less than 
20 individuals (Lucey et al., 2015), 
are unlikely to represent recent arriv-
als or seasonal visitors from the Cook 
Inlet population to the northwest. The 
Yakutat whales do not appear to ex-
perience substantial contemporary ge-
netic exchange with the larger Cook 
Inlet population. Further,  the genetic  
“re-sights” of the same individuals 

across years, when taken with recent 
sightings of beluga whales in all sea-
sons, including juveniles and young-
of-year calves (Hubbard et al., 1999; 
O’Corry-Crowe et al.2,3) and TEK of 
beluga whales in this region spanning 
80 years (Lucey et al., 2015) indicate 
that the Yakutat beluga whales likely 
represent a small, resident reproduc-
tive group of whales on the southern 
edge of the species’ range. 

High average relatedness among the 
Yakutat whales combined with higher 
inbreeding coeffi cients and lower het-
erozygosity and allelic (and haplo-
typic) diversity relative to the Cook 
Inlet population indicate that this 
group may be exhibiting negative ge-
netic consequences of low abundance 
and genetic isolation.

The use of a broad suite of comple-
mentary methods of genetic analy-
sis, including a power analysis and a 
new group-based assignment/exclu-
sion method, revealed that genetic 
data from a relatively small number 
of samples was suffi cient to address 
a number of key questions. Individu-
al likelihood-based assignment meth-
ods identifi ed Cook Inlet as the most 
likely origin of Yakutat whales when 
compared to other baseline popula-

tions. It does not necessarily follow, 
however, that the Yakutat whales were 
primarily resident in, or had recently 
immigrated from Cook Inlet. Rather, 
the low individual likelihoods of many 
Yakutat genotypes occurring in Cook 
Inlet (relative to Cook Inlet whales) 
suggest that Yakutat Bay whales have 
Cook Inlet ancestry but may not have 
been born in Cook Inlet. Estimates of 
relatedness and inbreeding revealed 
that the Yakutat sample set was not a 
random sample from the entire Gulf 
of Alaska and that preferential inter-
breeding among the Yakutat whales 
has led to high levels of relatedness 
among group members, and slightly 
higher average inbreeding within indi-
vidual whales.

A number of widely different ap-
proaches found that the Yakutat 
whales, as a group, were genetically 
distinct from Cook Inlet. F statistics 
and homogeneity tests revealed sub-
stantial and statistically signifi cant 
differentiation between Yakutat and 
Cook Inlet, STRUCTURE identifi ed Ya-
kutat as its own distinct genetic clus-
ter, and GELATo excluded Yakutat as 
unlikely to occur in Cook Inlet or any 
other population studied. The close af-
fi nity of Yakutat to the Chukchi Sea in 

Figure 4.—Multilocus genotypic likelihoods of individual Yakutat whales (white 
bars) arising in the Cook Inlet population compared to the likelihood of whales 
sampled in Cook Inlet (black bars), estimated in GENECLASS2. Results from the 
analysis using the Bayesian assignment criterion of Rannala and Mountain (1997) 
are presented here.
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the GELATo mtDNA analysis differed 
markedly from that for the multilocus 
microsatellite analysis. This is like-
ly due to the demographic history of 
the maternally inherited mtDNA that 
has resulted in the wide distribution 
of Hap#2 across much of the species’ 
range rather than contemporary dis-
persal between Yakutat and the Chuk-
chi Sea, and cautions against relying 
on a single marker for assignment- or 
allocation-based tests.

The group assignment criteria of 
Paetkau et al. (1995, 2004), Rannala 
and Mountain (1997), and Baudouin 
and Lebrun (2000) as implemented 
in the GENECLASS2 (Piry et al., 2004) 
program all estimated the highest like-
lihoods of the Yakutat whales coming 
from Cook Inlet, each giving a rank 
score of 100% to this population. In 
all three methods the assignment cri-
terion is simply the highest estimated 
likelihood (rank score) while the ex-
clusion criterion is an arbitrary rank 
score value below which it is consid-
ered that population-of-origin is un-
likely (Piry et al., 2004).

These criteria, however, do not pro-
vide any insight into whether the group 
of whales tested is in fact likely or un-
likely to occur in each of the reference 
populations.  To illustrate this, we test-
ed subsets of whales similar in magni-
tude to that of the Yakutat test group 
(i.e., n=8) from the genetically isolat-

ed Cook Inlet population against the 
four remaining reference populations 
in Alaska and Northwest Canada. Ear-
lier studies had found negligible levels 
of contemporary gene fl ow between 
Cook Inlet and these four populations 
and that all individuals tested here had 
the highest likelihoods of arising with-
in Cook Inlet (O’Corry-Crowe et al.6). 
And yet, in all individual and group 
assignment tests in GENCLASS2, 
the Cook Inlet whales were assigned 
to one of the other populations, some 
with rank scores > 80% (not shown). 
Similarly, using an exclusion criterion 
based on a rank score can only exclude 
the lowest scores (as long as they fall 
below the threshold, e.g., 0.05%) but 
cannot exclude all populations. This 
is a problem if the test group is from 
none of the reference populations. 

The method we present (GELATo) 
overcomes both of these limitations. 
The assignment and exclusion crite-
ria are based on the likelihood of the 
test group relative to randomly cho-
sen groups of individuals (of simi-
lar magnitude) from each population.  
The tests are conducted on each ref-
erence population independently and 
rank scores are not relied upon. Strong 
overlap between the population distri-
bution (based on resampled replicates 
of the original reference dataset) and 
test group distribution (based on ob-
served differences between the test 

group and resampled reference popu-
lation) indicates a high likelihood of 
the group coming from that popula-
tion, while non-overlapping distribu-
tions excludes the group. 

A further shortcoming of the ex-
clusion methods in GENECLASS2 is 
that while the rank-score methods 
tended to under-exclude populations, 
the MCMC methods (Rannala and 
Mountain, 1997; Cornuet et al., 1999; 
Paetkau et al., 2004) tended to do the 
reverse, excessively exclude popula-
tions that were in fact the real origin 
of the test group.  We determined this 
by running a series of tests in GE-
LATo and GENECLASS2 where 100 
“groups” of individuals (n=8) were 
randomly subsampled from their own 
population (e.g., Cook Inlet, Chukchi 
Sea). In all cases the former approach 
correctly assigned these groups to their 
population whereas the MCMC meth-
ods almost always excluded (probabil-
ity < 0.05) groups numbering three or 
more individuals.

Our method, as with all other group 
methods, assumes random associa-
tions of individuals and random breed-
ing among group members, which 
may not hold for small groups of be-
luga whales. Beluga whales are highly 
social, characterized by a wide variety 
of grouping patterns. If such group-
ing behavior is kin-based, it is possible 
that a small group of closely related 

Figure 5.—Inferred membership in K=2 genetic clusters from a STRUCTURE analysis of all Gulf of Alaska beluga whale samples. 
The summary plot is for the analysis that allowed admixture and used the LOCPRIOR option. Each individual is represented by 
a single vertical line broken into K colored segments, with lengths proportional to membership in each of the K inferred clusters.
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Figure 6.—The likelihood of the Ya-
kutat group of beluga whales com-
ing from the 5 population stocks of 
this species in Alaska and NW Ca-
nadian waters including Cook In-
let, using the program GELATo: A) 
mtDNA, and B) microsatellite loci. 
The null distribution of genetic dis-
tance (Fst-null) within each refer-
ence population centered on Fst = 0 
(light grey bars), is compared to the 
observed distribution of genetic dis-
tance (Fst-obs) between the Yakutat 
sample set and the reference popula-
tion, centered on Fst ≥0 (dark grey 
bars). The distributions are gener-
ated from 1,000 re-samplings of the 
reference data set and associated 
estimation of genetic distance. The 
log likelihood of each Fst-obs is also 
reported. A high degree of overlap 
among the null and observed distri-
butions indicates a high likelihood 
the sampled group came from that 
population stock.

individuals recently dispersed from 
Cook Inlet would accentuate measured 
genetic differences between the source 
population and the splinter group, and 
we would thus erroneously exclude 
Cook Inlet.

Similar erroneous exclusions are 
conceivable if mating patterns dif-
fer greatly from random mating. We 
found no evidence of non-random 
mating within the Yakutat whales and 
a recent genetic analysis of beluga 
whale grouping patterns revealed that 
most grouping types other than cow-
calf pairs are not comprised of close 
kin (O’Corry-Crowe et al.6). We con-
clude, therefore, that it is unlikely 
that colonizing groups are comprised 
solely of close kin or that breeding 
in these groups is highly skewed. So, 
while Cook Inlet is the likely original 
source of whales in Yakutat Bay, our 
test found that the group of whales we 
sampled in Yakutat is unlikely to have 
recently emigrated from Cook Inlet. 
Finally, while the new group-based as-
signment/exclusion method we pres-
ent here has shown great promise, 
development is ongoing, including 
validation with simulated data and the 
exploration of other measures of ge-
netic discreetness. 
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Perspectives

This study, when viewed with grow-
ing evidence from ecological and 
traditional knowledge studies, estab-
lished that a small breeding group of 
beluga whales is resident in Yakutat 
Bay at the warm edge of the species’ 
range. This group has likely persisted 
in this region for at least several de-
cades spanning multiple generations, 
and occupies a habitat unique to be-
luga whales in the North Pacifi c. Re-
curring immigration from Cook Inlet 
appears limited and dispersal to Cook 
Inlet from Yakutat Bay may be rare.

That these whales represent a viable 
functioning population is less clear. 
The number of breeding adults may 
be less than 10 individuals. While the 
adaptive potential of this group can in-
fl uence its chances of survival in the 
long term, it is its small current size 
and the attendant demographic and 
genetic effects on fi tness and survival 
that will dictate its fate in the short 
term.

Nevertheless, that such a small num-
ber of whales have survived on the 
southern edge of the species’ range is 
encouraging. Their persistence may 
refl ect an innate resilience of this spe-
cies in marginal habitats or locations 
that may increase their prospects when 
dealing with predicted environmental 
and climate change. Genetic and be-
havioral aspects of the social nature of 
this species may enhance the chances 
of small pioneering or relict groups of 
beluga whales surviving on the edge 
of the species’ range.

The management of small groupings 
on the species’ range limit presents 
both unique challenges and opportuni-
ties. On the one hand, the persistence 
of peripheral groups may be short 
lived, their direct role in the mainte-
nance or recovery of central popula-
tions over ecological timescales may 
be limited and their contributions to 
the evolutionary potential of species 
on evolutionary timescales may be 
minimal. It can be debated, therefore, 
whether they qualify for inclusion 
within Distinct Population Segments 
(Waples, 1991; USFWS and NMFS, 

1996) under the U.S. Endangered Spe-
cies Act.

On the other hand, groups, no matter 
how small, at the geographic limit of 
a species’ range defi ne the boundary 
of management units where the objec-
tive is to maintain all populations as 
functioning elements of their ecosys-
tem, as in Population Stocks under the 
Marine Mammal Protection Act (Wade 
and Angliss, 1997). They also provide 
rare opportunities to investigate how 
species respond to environmental per-
turbations, including climate change, 
and cope with the challenges of small 
population size and isolation. 

In the case of the belugas of Yakutat 
Bay, their survival thus far has likely 
been aided by their obscurity and the 
relative pristine nature of their envi-
ronment. Further, the Tlingit of the 
Lost Coast have no tradition of hunt-
ing the whale and view the beluga as 
an integral part of an ecosystem that 
should be preserved. We recommend 
that further research be conducted on 
the population dynamics, ecology, ge-
netics, and movement patterns of the 
Yakutat Bay whales. This study was 
a collaborative effort with the com-
munities of this region and it is only 
through continued community-based 
research will further insight be gained 
and the chances of survival of this 
group be maximized. 
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