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ABSTRACT 

 
 
Wolves of coastal northwest North America (Prince of Wales Island, Alaska and 
southeast Alaska; northwest British Columbia) have a close evolutionary history and 
are genetically and morphologically unique from all other wolves.  Habitat 
fragmentation, loss of prey abundance, hunting and culling facilitated by logging 
roads have disproportionally impacted wolf populations in these parts of Alaska 
where hunting of wolves is performed at approximately 30% to 40% per annum of the 
estimated population size, and is conducted pack-by-pack and not randomly.  It is 
carried out to preserve high numbers of ungulates so that the ungulates for hunting.  
This level of wolf hunting is believed to have no long-term impact on this wolf 
metapopulation.  Three management units (MUs) in this highly complex 
biogeographical area have been proposed: (i) Prince of Wales Island, Alaska 
(represented by n=45 wolf DNA samples), (ii) southeast Alaskan islands and adjacent 
mainland (n=31), and (iii) the control unit, British Columbia, Canada (n=42) which 
receives <2% hunting per annum.  The genetic effects of this hunting were 
investigated in the present study by genotyping 13 microsatellite markers in a total of 
118 wolves from the three MUs.  The alleles in Alaskan MUs were a subset of those 
in British Columbia, and the allele frequencies were statistically significantly different 
between all pairs of MUs.  Both Alaskan MUs were genetically homogeneous when 
compared with British Columbia, with the least variable being Prince of Wales Island.  
The most likely number of clusters was three when STRUCTURE 2.2 analysis was 
performed, further supporting the division of wolves into three MUs.  Fine scale 
structuring was found within southeast Alaska.  A general trend of dispersal from 
British Columbia in the south, to southeast Alaska in the north was detected, where 
high levels of hunting occur.  Thus, I propose that the southeast Alaska MU is a sink 
in this metapopulation.  Prince of Wales Island was highly differentiated from both 
the mainland MUs, suggesting a strong affect of hunting, isolation and random 
genetic drift.  With British Columbia’s plans to somewhat mirror the land 
management of these Alaskan regions, the sustainability of these actions is 
questionable.  Also of conservation concern is the presence of domestic dogs in 
remote parts of British Columbia and southeast Alaska, since this imposes risks due to 
possible hybridisation and the transmission of disease to the wolves. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Cover picture provided with permission by Chris Darimont from UVic and Raincoast.org 
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1. Background and Introduction 
 
Habitat loss with subsequent fragmentation (Corsi et al., 1999; Mladenoff et al., 
1999), lethal persecution due to access provided by logging roads (Mech, 1970; 
Mech, 1995; Person et al., 1996; Person, in prep), reduced ungulate abundance due to 
clearfelling of forests on which they depend (Person, in prep), and the increasing 
human demand to hunt ungulates and the wolf-human conflict that arises as a 
consequence (Person et al., 1996; Person, in prep) have brought about severe range 
reductions, extirpation and fragmentation of North American wolf populations.  
Where humans and wolves coexist, the greatest mortality risk to wolves is usually 
from humans (Person, 2000).  Roads are known to be strongly associated with low 
wolf abundance in many regions and clearfelling has been shown to have significant 
detrimental effects on ungulate numbers which, as the wolves’ primary prey item, 
affects their population negatively (Darimont et al., 2004; Musiani & Paquet, 2004; 
Person, in prep.).  Recent management interventions have been able to reduce a 
number of the impacts of these well known extinction factors, resulting in some wolf 
populations increasing in abundance and/or range (Musiani & Paquet, 2004).  The 
majority of wolves in North America today occur in Alaska and Canada, with 
estimated population sizes of these regions being at least 7500 and 42000 respectively 
(Hayes & Gunson, 1995; Musiani & Paquet, 2004).  Relevant to the present study is 
the Canadian province of British Columbia, which has an estimated 8000 wolves 
(Hayes & Gunson, 1995).   
 
Wolves form tight family packs, and are led by an alpha pair which are generally the 
only members of a pack to breed (Mech & Boitani, 2003; Paquet, 2006).  If these 
alpha members die, the pack usually disbands, another member of the pack rises to 
become the alpha leader or an unrelated wolf is accepted into the pack as an alpha 
adult (Peterson, 1979; Meier et al., 1995; Smith et al., 1997; Haight et al., 1998; 
Mech & Boitani, 2003).  If an entire pack disbands or is culled, the vacant home range 
is quickly occupied by a newly formed pack or another pack expanding its range 
(Meier et al., 1995; Haight et al., 1998).  Pack members may disperse for various 
reasons (e.g. be driven off by in-pack leadership competition; to breed etc.) and 
experience varying levels of success in being accepted into a new pack or creating 
new packs of their own.  In general dispersing wolves have a higher chance of 
mortality than wolves in packs (Mech & Boitani, 2003; Person, in prep).  
 
Wolves are well known for their ecological adaptiveness (Mech & Boitani, 2003).  
They inhabit most ecotypes ranging from Arctic tundra and deserts to rainforests and 
mountains (Mech, 1970).  Their feeding habits are just as varied and are often 
generalised, although high levels of individual specialisation are present (Darimont et 

al., 2004).  Ungulates are the primary prey item of wolves but various other 
vertebrates (e.g. carnivores, lagomorphs, rodents, salmon) and plant matter are also 
consumed (Darimont et al., 2003; Mech & Boitani, 2003; Darimont et al., 2004).  
Wolves have a great ability to cover vast distances over land, with dispersal distances 
of over 1000 kms frequently reported (Zimen, 1975; Mech & Boitani, 2003; 
Webakken, 2007).  Their ability to disperse via water is also well documented with 
efforts to swim more than 4kms having been reported (Person et al., 1996; Darimont 
& Paquet, 2002).   
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Wolves have long been met with both disrespect and admiration by humans.  In North 
America, public attitudes toward wolves have undergone temporal change with recent 
studies of the public’s attitudes having shown an increasingly positive perception of 
wolves.  It was also found that large sections of the public thought that wolf 
conservation should be a high priority (Kellert et al., 1996; Williams et al., 2002; 
Musiani & Paquet, 2004).  This interest in wolves has resulted in the formation of 
many pro-wolf organisations.  On the other hand, a minority of people were found to 
fear wolves and most of their fears were of a “non-biological” basis (Kellert et al., 
1996; Musiani & Paquet, 2004).  This suggests a need for further increasing public 
education about wolves.  There has been continuing backlash to reintroductions of 
wolves into some regions of North America (Lohr et al., 1996).   People have 
supported persecution of wolves in regions where ungulates and livestock have been 
perceived to be, or were actually, threatened by wolves (Musiani & Paquet, 2004). 
 
Wolf culling was not controlled by law until 1972 in the U.S.A. and 1973 in Canada, 
at which time legislation was passed (U.S.A.: Federal Aerial Hunting Act, 1972; 
Canada: Canada Wildlife Act, 1973).  Until then no restrictions were in place on the 
methods, seasonality or bag limits (Mech, 1970).  In British Columbia and Alaska the 
wolf is legally classified as big game and a furbearer, and is consequently hunted 
commercially and recreationally.  In these regions the gray wolf is not listed as 
threatened by extinction.  In both regions culling is performed to maintain ungulate 
abundance.  Culling is also performed to protect livestock in British Columbia.  
Culling is conducted seasonally in Alaska and year-round in British Columbia with 
the methods of culling, length of open season, and quotas set by the respective 
government departments.  An exception to this general restriction on wolf culling is 
the Canadian Aboriginals, who have a constitutional right to hunt wolves without 
quota restrictions (Constitutional Act, Government of Canada, 1982; Hayes & 
Gunson, 1995; Alaska Department of Fish and Game).  30% of the wolf’s winter 
population has been estimated as a sustainable harvest level (Fuller, 1989; Person, in 
prep).  Legal culling has been, and in some areas continues to be, much higher than 
this (Musiani & Paquet, 2004; Person, pers. comm.).  For example, 80% of the 
estimated wolf population in the Yukon Territory, Canada, was culled each year from 
1983 to 1989 by intensive aerial hunting, with subsequent recovery of wolf numbers 
in 4 to 5 years from 1989 (Hayes & Harestad, 2000).  This recovery was primarily due 
to immigration of wolves into regions from where they had been extirpated (Hayes & 
Harestad, 2000).  Illegal hunting is also present in the region of this study (Person, in 

prep.).  
 
The wolves that were investigated in the present study once were, or still are, part of a 
genetically distinct continuous coastal metapopulation (Weckworth et al., 2005; 
Muñoz-Fuentes et al., in prep.; Person, in prep.).  They constitute a unique array of 
mtDNA haplotypes not found in any other population of wolves in North America, 
therefore this metapopulation is considered an evolutionarily significant unit (Moritz, 
1994; Crandall et al., 2000).  Their morphology has also been considered to be 
uniquely differentiated from their non-coastal relatives (Goldman, 1944; Wood, 1990; 
Person et al., 1996).  These observations suggest a shared, unique evolutionary history 
of these coastal wolves leaving them distinct from other North American and global 
wolf populations.  The range of this metapopulation extends approximately 300 kms 
south and 200 kms north of the British Columbia-Alaska coastal jurisdictional 
boundary.  The metapopulation is bound to the east by the Coast Mountains with 
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migration routes restricted to river valleys that penetrate this mountain range (Person, 
in prep.) and to the west by the Pacific Ocean (Figure 1).  To the south of this region 
wolves are extinct (Darimont, pers. comm.), whereas to the north wolves are present 
but their connectivity is not known (Leonard pers. comm.).  Darimont and Paquet 
(2000) estimated that there were 403-476 wolves in coastal British Columbia and 
Person et al. (1996) estimated that there were <1000 wolves on Prince of Wales 
Island and southeast Alaska.  Three management units (MUs) are hypothesised for 
wolves in this region based on unique management regimes and natural and 
anthropogenic barriers to dispersal.  They are: (i) Prince of Wales Island, Alaska 
(PAK), (ii) southeast Alaska (non-Prince of Wales southeast Alaskan islands and 
adjacent mainland areas) (NAK), and (iii) British Columbia (BC) (Weckworth, 2005; 
Muñoz-Fuentes et al., in prep.; Person, in prep.) (Figure 1).  A management unit is 
defined as a population that has significantly different allele frequencies (Moritz, 
1994).  The managerial approaches towards these wolves have been, and continue to 
be, in stark contrast.  In addition, Weckworth et al. (2005) found PAK wolves to be 
genetically distinct from all other coastal Alaskan populations.  This further supports 
the subdivision of the Alaskan wolves into NAK and PAK.   
 
The coastal British Columbian wolves occur in an area that has received relatively 
little human impact with the consequence that they receive relatively little 
management attention (Darimont & Paquet, 2002; Darimont et al., 2004).  The 
anthropogenic mortality of wolves in coastal BC is thought to be around 2% per 

annum, although there is evidence of an increasing risk of wolf deaths caused by 
humans.  These risks are likely to increase due to an increase in road density and 
clearfelling planned for this region (Darimont & Paquet, 2000). 
 
In contrast, Prince of Wales Island and southeast Alaska have been seriously altered 
by the activity of humans.  Road density is estimated at 0.7km/km2 on Price of Wales 
Island and other coastal areas also have high road densities (Person, in prep.).  Other 
anthropogenic impacts in this region include large-scale industrial clearfelling, high 
levels of wolf culling, and ungulate hunting (Person, in prep.).  These human impacts 
are generally higher in PAK than NAK (Person, in prep.).  The Federal Subsistence 
Board and the Alaska Board of Game control the culling that is allowed from late 
autumn to early spring in these areas.  It is currently capped at 30% of the estimated 
population size (Person, in prep.), but actual levels of hunting may exceed quotas, 
particularly in PAK and near roads (Person pers. comm.).  Wolf abundance in Alaska 
is thought to be stable over time, even with these levels of culling (Person, 2000), but 
the impacts that this management scheme may have on the future viability of the wolf 
populations remains unclear.   
 
Since it is generally thought that the abundance of wolves is being preserved at a 
stable level, hunting is maintained (Person in prep.; Leonard pers. comm.).  It has, 
therefore, been argued that the current levels of hunting have no long-term viability 
affects on the wolves (Leonard pers. comm.).  Although, not until the present study 
has the genetic effects these management regimes have on these Alaskan wolves been 
investigated.  Also, not until now has a comparison between coastal Alaskan and 
coastal British Columbian wolf MUs been conducted in unison.  Culling of these 
Alaskan wolves probably does not occur at random, but rather pack-by-pack (Person 
pers. comm.), with the potential that such an approach would severely reduce 
frequencies of rare alleles (Hartl & Clark, 1997).  If this is correct then these hunted 
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Alaskan wolves would be less able to adapt to their changing environment.  This 
would predispose them to many other detrimental effects associated with lowered 
genetic diversity (Saccheri et al., 1998; Lande, 1999; Bijlsma et al., 2000; Higgins & 
Lynch, 2001; Frankham et al., 2002; Waller, 2002; Liberg et al., 2005).  With the 
mounting evidence that these coastal wolves are unique both genetically and 
morphologically, an investigation is crucial into the genetic status of these highly 
persecuted Alaskan wolves.  
 
The genetic effect that high levels of hunting have on Prince of Wales Island and 
southeast Alaskan wolves was investigated in the present study with the use of 
microsatellite molecular markers.  The British Columbian wolf MU was used as a 
control.  The above information provided the impetus for this study which had the 2 
specific objectives.  They were to:  
 

(i) assess the genetic diversity of the Alaskan wolf MUs 
(ii) determine the genetic differentiation, structure and migration patterns of 

wolves in this region 
 
 

2. Methods 
 

2.1. Sampling and Study Area 
 
The coastal regions of British Columbia and Alaska are geographically highly 
heterogeneous.  Large numbers of islands lie off the coast, fjords break up the 
mainland, and the Coast Mountains border the sampling sites inland while the Pacific 
Ocean borders them to the west.  Temperate rainforest is the dominant habitat, and is 
characterised by wet and temperate climate, with most of the region belonging to the 
Coastal Western Hemlock biogeoclimatic zone (Government of British Columbia, 
2001).   
 
Tissue samples from NAK and PAK were provided by Dave Person from Alaska 
Department of Fish and Game, U.S.A.  These samples were from legally killed and 
tagged wolves.  They ranged in kill location from 54.93ºN 133.00ºW in the south to 
55.94ºN 132.76ºW in the north (Figure 1).  The coordinates assigned to each wolf was 
the geographic centroid of each hunted area.   
 
Faecal samples were obtained from coastal regions of British Columbia in the 
summers between 2000 and 2004 by Chris Darimont from the University of Victoria, 
British Columbia, Canada.  Access to this region was limited to boats and aeroplanes 
since it is primarily without human settlements and roads.  Coverage was well 
distributed between the mainland and coastal islands between 51.33ºN 127.73ºW in 
the south to 55.63ºN 129.80ºW in the north (Figure 1).  Coordinates were noted at the 
location of each faecal sample.  Each sample was preserved in 95% ethanol, and 
stored at -20ºC.  
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Figure 1.  Representation of wolf geographic localities (1 circle = 1 wolf) and their cluster probabilities 
based on STRUCTURE 2.2 analyses with K = 3.  The 10 wolves excluded by the GENECLASS 
2.0.h analysis are shown in yellow.  The thick dark line represents the jurisdictional boundary of 
Alaska to the north and British Colombia to the south.  Each MU is labelled with its specified acronym: 
BC = British Columbia; NAK = mainland coastal Alaskan; PAK = Prince of Wales Island, Alaska.  
Each circle was moved manually a minimal distance to make way for proximate circles.   
 
 
2.2. DNA Extraction 

 
Extraction of DNA from ~200mg of faeces was performed using the QIAamp DNA 
Stool Mini kit (Qiagen) according to the manufacturer’s protocol, except for an 
additional one-hour digestion step.  In order to minimise cross-contamination and 
risks to human health, all faecal extractions were conducted in a laboratory dedicated 
to work on low quality DNA and faeces that potentially contain infectious organisms.  
Negative controls were present for each extraction run.  Extractions were performed 
in a fume-cupboard and thorough pre and post-extraction run preparation and cleaning 
with 5% chlorine-bleach was performed.  Extracted DNA from the Alaskan tissue 
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samples was provided by Jennifer Leonard from the Department of Evolutionary 
Biology at Uppsala University. 
 
2.3. Microsatellite Genotyping 
 
Microsatellites are appropriate molecular markers for this study due to their great 
utility in the areas of population, ecological and conservation genetics (Luikart & 
England, 1999).  Microsatellites have high mutation rates, and are easily scored, 
codominant, biparentally inherited and short.  They are common throughout genomes.  
Their repeat units are most often 1, 2, 3, 4 or 6 base pairs (Ellegren, 2004).  
Polymerase slippage during cell division (DNA replication) is thought to be the cause 
of the high degree of variation of these markers, and the rate of mutation is estimated 
to be in the order of 10-3 gametes per generation (Bruford & Wayne, 1993; Luikart & 
England, 1999; Ellegren, 2004; Gibson & Muse, 2004).  Scoring of microsatellites 
generally requires consideration of the size of the allele only.  This type of marker is 
commonly used in canid studies, facilitated by the completion of the dog genome 
project (Perkin–Elmer, Zoogen; see the FHCRC Dog Genome Project 
http://www.fhcrc.org/science/dog_genome).  Many microsatellite primers are known 
to successfully amplify low quality wolf DNA (e.g. Sundqvist et al., 2001; Scandura 

et al., 2005; Weckworth et al., 2005; Aspi et al., 2006). 
 
The 13 microsatellite loci used in this study were u109, u173, u225, u250, u253 
(Ostrander et al., 1993), c2006, c2079, c2088, c2096 (Francisco et al., 1996) PEZ03, 
PEZ05, PEZ12 (PerkinElmer, Zoogen; see dog genome map at 
www.fhcrc.org/science/dog_genome/dog.html) and vWF (Shibuya et al., 1994).  
These loci were previously developed for canids and are unlinked in domestic dogs 
and were amplified with polymerase chain reaction (PCR) in several multiplexed PCR 
reactions and later pooled to decrease DNA use, time and resources (Appendix 1).  In 
each case the forward primer was labelled with hexachloro-fluorescein (HEX), 
tetrachloro-fluorescein (TET) or fluorescein (6-FAM) phosphoramidites.  Each 
reaction contained 1µL tissue extracted DNA or 2µL faeces extracted DNA, 1 x 
Qiagen Hot Star buffer, 3.5mM MgCl2, 0.25µM dNTPs, 0.05µL Q solution, 0.025 
units HotStarTaq DNA polymerase (Qiagen) and 0.32µM each primer pair, except 
0.25µM for the c2088 primers, to make a total of 10µL per reaction.  42 PCR cycles 
were conducted in a PTC-225 DNA Engine Tetrad Thermocycler (MJ Research) 
starting with enzyme activation at 95ºC for 15 minutes; denaturation at 95ºC for 30 
seconds, annealing at 58ºC for 30 seconds decreasing by 0.5ºC per cycle to 52 ºC and 
extension at 72ºC for 1 minute for a total of 12 cycles; denaturation at 95ºC for 30 
seconds, annealing at 52ºC for 30 seconds, extension at 72ºC for 1 minute for 30 
cycles; and a final extension at 72ºC for 15 minutes.   
 
One to three multiplexes constituted each pool, which, post-amplification, were 
diluted and run simultaneously on a MegaBACE 1000 automated capillary sequencer.  
Each faecal sample was replicated at least three times per genotyping run, and for 
confident scoring at least two trustworthy replicates were required for it to be scored 
as a heterozygote and three trustworthy replicates for a homozygote.  Tissue samples 
were replicated once due to the low probability of allelic dropout in high quality DNA 
samples.  Allele scoring was done in Genetic Profiler 2.2 (Amersham Biosciences).  
The steps outlined by Taberlet et al. (1999) were followed to avoid data errors with 
regard to allelic dropout and false alleles.  In total 118 wolves from the three localities 
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were genotyped and analysed (nBC = 42; nPAK = 45, nNAK = 31).  The genotyping 
performed in this study was combined with the dataset compiled by Bohman (2005). 
 
2.4. Data Analysis 
 
2.4.1. Quality of data 
The percentage of genotype matches between individuals was calculated for all 
samples using Microsatellite Toolkit 3.1 (Park, 2001).  This test is important to screen 
for resampling of faeces of the same wolf.  Each tissue sample was unique, as it was 
from a shot wolf.   
 
Based on Hardy-Weinberg equilibrium (HWE) the deficits and excesses of 
heterozygotes for each locus within each population were calculated.  HWE has many 
assumptions, including random mating, no migration and infinite population size 
(Hartl & Clark, 1997).  The calculation of expected allele frequencies is fundamental 
to form an expectation under HWE.  Imagine we have one locus which has two 
alleles, A and a.  The frequencies of the alleles A and a are p and q, respectively.  
Then the frequencies of each type of individual (AA, aa and Aa) can be calculated 
with the aid of a simple 2x2 square and the rules of Mendelian segregation.  This 
leaves the following frequency of each individual: 
 
     AA = p

2
 

     Aa = 2pq 
     aa = q

2
 

 
These calculations can be easily expanded for more than two alleles per locus.  These 
tests were conducted with the utilisation of the stochastic process Markov chain in 
GENEPOP 3.4 (Raymond & Rousset, 1995).  This process makes use of the 
information from the present, not past, states to gain a probability of future states.  It 
can be run many times to increase the likelihood of the given parameters for the data.  
The Markov chain process was run with the parameters of 1000 dememorisations, 100 
batches and 1000 iterations per batch.  If a specific locus has deficits in heterozygotes 
detected across all populations and the other loci do not display this deviation, one 
can predict that this is due to a null allele.  A null allele is defined as an allele that is 
present, but does not amplify.  This is mainly due to a mutation in the primer binding 
site.  If these are present, then actual heterozygotes will be scored as homozygotes 
leading to fewer heterozygotes than expected under HWE. 
 
Pairwise analysis of loci was conducted for linkage disequilibrium (LD).  LD is the 
non-random association of alleles.  It can occur for many reasons.  For example, 
alleles can be physically linked when they are in close proximity on a chromosome 
where there is only a low probability that recombination will separate them.  
Interactions of genes (epistasis), non-random mating, population structure (Wahlund 
effect) and random genetic drift are potential causes of LD between alleles (Hartl & 
Clark, 1997).  For this analysis exact Fisher’s test was used, with p-values 
sequentially Bonferroni corrected for multiple comparisons (Rice, 1989) and Markov 
chain parameters of 2000 dememorisations, 200 batches and 2000 iterations per batch 
used.  These analyses above were conducted in GENEPOP 3.4 (Raymond & 
Rousset, 1995).   
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Low quality DNA is known to potentially have high levels of allelic dropout since the 
DNA can be degraded or of low concentration (Taberlet et al., 1999).  Allelic dropout 
is when one of the two alleles at a locus does not amplify by chance (e.g. due to low 
DNA concentration).  This can necessitate large numbers of replicates per individual 
when genotyping (Taberlet et al., 1999).  Calculating allelic dropout per locus is done 
by taking the percentage of homozygote scored replicates for each confirmed 
heterozygote.  Allelic dropout per locus was calculated for the faecal samples 
genotyped in the present study.   
 
2.4.2. Genetic diversity 
The genetic diversity of each population was measured by the mean number of alleles 
per locus (MNA), unbiased expected heterozygosity under HWE ( H

E
=2pq*(n/(n-

1)) ), observed heterozygosity (HO), absolute number of alleles per locus and per 
population, and the number of private alleles using Microsatellite Toolkit 3.1 (Park, 
2001).  A private allele is one that is found only in a single population or an allele 
found in only one individual.  To account for differences in sample size among MUs, 
per locus allelic richness (AR) was calculated (El Mousadik & Petit, 1996; Petit et al., 
1998) using FSTAT 2.9.3.2 (Goudet, 2001).  
 
The significance of differences in HE values was compared between populations with 
a Wilcoxon’s signed-ranks tests (Wilcoxon, 1945) in SPSS 12.0.  This test first 
calculates the differences in heterozygosity per locus between MUs.  Then these 
differences are ranked without accounting for their sign.  Then the sum of the ranks of 
these values is calculated separately for each sign.  The value for the smaller sum is 
then compared with the one-tailed significance table with the corresponding degrees 
of freedom, which in this case is 13 representing the 13 loci (Zar, 1999).  This same 
test was performed between MUs’ HO and AR.  In each case multiple comparisons 
were performed for each data set, therefore sequential Bonferroni correction was 
required.  The initial critical p-value of 0.05 was adjusted for the three comparisons 
conducted, thus, the critical p-values for the comparisons were: 0.05/3 = 0.017 for the 
smallest p-value; 0.05/2 = 0.025 for the next largest p-value; and 0.05/1 = 0.05 for the 
largest p-value. 
 
2.4.3. Inbreeding 
Levels of inbreeding within each of the 3 MUs were estimated by investigating 
deficits and excesses of heterozygotes at a global scale within each MU assuming 
HWE.  Inbreeding occurs when members of a population breed with other members 
which are more closely related than expected by chance under HWE.  It has the effect 
of increasing homozygosity across all loci.  Inbreeding does not affect the allele 
frequencies, it only shuffles them into homozygotes (Conner & Hartl, 2004).  A 
Fisher’s exact test was used to assess the significance of these changes in GENEPOP 
3.4 with Markov chain parameters of 1000 dememorisations, 100 batches and 1000 
iterations per batch (Raymond & Rousset, 1995).  This test incorporates information 
about each populations’ HE and HO and tests to see if the observed values are 
significantly different from those under HWE expectations.   
 
The inbreeding coefficient, F, was also calculated with the following formula:   
 
     F = (H

E
-H

O
)/H

E 
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F varies from -1 to 1, and it equals 0 when HO is exactly what would be expected 
under HWE.  It approaches 1 with greater proportions of HO than expected, i.e. a more 
inbred population.   
 
Other explanations for detection of inbreeding include: (i) population structuring, 
known as the Wahlund effect, and (ii) null alleles.  The Wahlund effect occurs when 
what was thought to be a panmictic population actually has subtle barriers to gene 
flow.  Both the Wahlund effect and null alleles will result in a reduction in HO, 
increasing the inbreeding coefficient.   
 
2.4.4. Bottlenecks 
Events which confer recent reductions in effective population size (i.e. genetic 
bottlenecks) were tested for in each MU using Wilcoxon’s signed-ranks test inferring 
the two-phased mutation model (TPM) in the program BOTTLENECK 1.2.0.2 
(Cornuet & Luikart, 1996).  This program investigates whether a population is in 
mutation-drift equilibrium.  When a population undergoes a genetic bottleneck there 
is a correlated reduction in both allele numbers and heterozygosity, but allele numbers 
reduce faster.  Therefore, in populations that have experienced recent genetic 
bottlenecks, an excess in heterozygosity is found because of the differing rates in 
reduction of these diversity estimates (Luikart et al., 1998).  TPM is favoured over 
other mutation models, such as the step-wise mutation model (SMM) or the infinite 
allele model (IAM), when investigating microsatellites (Luikart et al., 1998).  TPM is 
considered as an intermediate model between SMM and IAM.  SMM refers to a 
situation where the most frequent allele will be flanked by less frequent alleles with a 
normal distribution of variance.  IAM assumes that each time a new mutation arises it 
becomes a new allele.  TPM therefore assumes that mutations have a certain 
probability of being step-wise or being more than step-wise, summing to a probability 
of 1.  In the present study three such TPM scenarios were utilised to investigate recent 
bottlenecks.  They included the following one-step to more than one-step mutation 
ratios: (i) 70:30, (ii) 90:10 and (iii) 95:5.  These values are recommended for the 
sample sizes and number of loci present in this study (Luikart et al., 1998).  
 
2.4.5. Genetic differentiation, structure and migration 
Pairwise MU genic and genotypic differentiation was calculated with Fisher’s exact 
test with Markov chain parameters of 1000 dememorisations, 100 batches and 1000 
iterations per batch in GENEPOP 3.4 (Raymond & Rousset, 1995).  Genic 
differentiation refers to the distribution of alleles in the compared populations, where 
significant differentiation is detected when the allele frequencies between populations 
is significantly different using Fisher’s exact test.  Genotypic differentiation is similar 
to genic differentiation, except that it incorporates information about genotypes 
instead of allele frequencies. 
 
Pairwise population differentiation estimates of FST using θ (Weir & Cockerham, 
1984) were calculated in GENETIX 4.03 (Belkhir et al., 1996-1997), and 
significant differences were tested for using 10 000 permutations.  This calculation 
measures the amount of variation in genetic diversity that is present within a 
subpopulation and therefore is not accounted for within the total population.  FST 
ranges from 0 to 1, and approaches 0 when subpopulations are panmictic and 
approaches 1 when subpopulations are completely differentiated.   
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Factorial correspondence analysis (FCA) was conducted to graphically visualise how 
the genetic data organises itself in 2-dimensional space.  This analysis is useful to 
identify possible genotyping errors as well as complex population structuring.  In 
practise, FCA is analogous to the more familiar principle component analysis with the 
difference being that FCA uses ordinal data, not continuous data.  If the many 
variables in a dataset are correlated in some way, principle axes can be calculated that 
explain large degrees of the variation in the data.  The degree of explanation equals its 
eigenvalue, and this varies from 0 to 1, with 1 being perfect explanation of the 
variation.  The axis with the highest eigenvalue is denoted the principle axis, and the 
axis that represents the most variation perpendicular to this axis is the secondary axis.  
These two principle axes are those usually represented in the graphical outputs of this 
kind of analysis.  This analysis was conducted in GENETIX 4.03 (Belkhir et al., 
1996-1997).   

 
Population structure was investigated using the program STRUCTURE 2.2 
(Pritchard et al., 2000) using the admixture model and assuming correlated allele 
frequencies among populations.  These parameters are considered best to show subtle 
population structuring (Falush et al., 2003).  This program divides the sampled 
individuals into assumed genetic clusters (K; i.e. populations) independent of actual 
sampling locality.  The number of clusters is prior assigned and individuals are 
assigned into these clusters with the program aiming to maximise each clusters’ state 
of HWE and linkage equilibrium.  STRUCTURE 2.2 has, therefore, an advantage of 
not assuming a mutation model.  Each sample has its probability of being assigned to 
each cluster calculated.  Samples can be assigned to multiple populations if admixture 
is found to be the most probable.  A Markov chain Monte Carlo algorithm is used to 
estimate the posterior probability of the data fitting the number of clusters, Pr(X|K).  
Runs were performed using a burn-in of 500 000 steps followed by data collection 
chains of 106 steps.  The burn-in phase allows the chains to ‘settle down’, as the initial 
steps are chosen randomly and therefore are uninformative to make predictions.  The 
most likely number of clusters was estimated in such a way that we analysed (i) the 
modal Pr(X|K), (ii) the modal ∆K following Evanno et al. (2005) and (iii) the bar 
plots of the Pr(X|K) of assignment of each sample to each cluster.  Evanno et al. 
(2005) exemplified the importance of these approaches, specifically because the use 
of only the modal Pr(X|K) can lead to erroneous conclusions.  This value has been 
found to plateau or slowly increase after the true K-value has been found and the 
Pr(X|K) variance increases with increases in K.  Thus, ∆K incorporates these two 
patterns.  We investigated K-values ranging from 1 to 10, and performed 4 
independent replicate runs for each K-value. 
 
One of the potential drawbacks of STRUCTURE 2.2 is that its clustering method 
assumes that all possible populations from which samples were taken were 
sufficiently sampled.  If all populations were not adequately sampled, incorrect 
assignment of migrants or migrant’s progeny that originated from an unsampled 
population will occur.  To exclude likely migrants (or their progeny), we ran an 
exclusion test (Cornuet et al., 1999; Bergl & Vigilant, 2007) which calculates the 
likelihood of each sample having come from the sampled populations.  This was 
conducted in GENECLASS 2.0.h (Piry et al., 2004).  This test performs random 
gamete resampling allowing each sample to be compared with 10 000 simulated 
samples from each of the three MUs.  The simulation method used in this test was that 
described by Paetkau et al. (2004) incorporating the Bayesian criterion described by 
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Rannala and Mountain (1997).  This Bayesian criterion calculates the posterior 
probability of an individual’s multilocus genotype given the allele frequencies in that 
MU.  Linkage equilibrium among loci is assumed.  To detect first-generation 
immigrants from outside the sampling range, ratios of these posterior probabilities are 
calculated.  Where the logarithm of this ratio is positive, the null hypothesis is 
supported where the individual is not an immigrant.  Where the ratio gives a negative 
result, the null hypothesis is rejected, and the individual is detected as a likely 
immigrant.  This simulation method has been shown to be more realistic to population 
processes and hence more powerful (Paetkau et al., 2004; Piry et al., 2004) than other 
methods  available in GENECLASS 2.0.h (e.g. Rannala & Mountain, 1997; 
Cornuet et al., 1999).  An assignment test for each individual was conducted with the 
same GENECLASS 2.0.h parameters as the exclusion test described above. 
 
To analyse directional movements between the MUs each wolf with a posterior 
probability of >0.80 fitting in a STRUCTURE 2.2 cluster was classified as either a 
resident or an immigrant.  The number of residents and immigrants was summed for 
each MU.  The null hypothesis that was tested was the frequency of the likely origins 
of wolves (residents:immigrants) was the same for each MU.  This was conducted 
with pairwise 2 x 2 contingency tables and Pearson chi-square using SPSS 12.0.   
 
Analysis of isolation-by-distance was conducted with two-matrix Mantel’s tests 
(Mantel & Valand, 1970; Mantel, 1967) on individual wolf geographic and genetic 
distances.  This was conducted for the samples within each MU and for all of the 
samples from the entire dataset using GENALEX 6 (Peakall & Smouse, 2006).  This 
test investigates how a sample’s genetic distance correlates with the ln (geographic 
distances +1).  The pairwise genetic distance was calculated according to Smouse and 
Peakall (1999), where a distance of 1 is achieved when there are non-matching alleles 
for a specific locus.  For example the distance between individuals who have alleles 
AB and AA for a specific locus is 1, for AA and BB the distance is 4 (see Smouse & 
Peakall, 1999).  These Euclidian distances are additive with each additional allele 
compared. To test the significance of this correlation the calculated r-value was 
compared with the distribution of r-values calculated from 9999 matrix permutations 
(Hope, 1968; Legendre, 2000).  Permutation significance testing of two-matrix 
Mantel’s tests will always have a type I error rate of 0.05, no matter what the sample 
sizes are, and will have a power of about 0.95 to detect a correlation of 0.2 to 0.3 for 
sample sizes used here (Legendre, 2000).   
 
2.5. Migration and Hardy-Weinberg Equilibrium Assumptions 

 
One of the assumptions of HWE calculations is that populations are closed to 
migration.  Tests stated above were designed to detect putative migrants, and 
therefore can aid to identify groups of individuals which are in HWE.  Therefore, we 
excluded all identified migrants from between the 3 MUs and from outside our 
sampling range into the MUs from a secondary round of analysis.  The analyses run 
were a subset of those from the ‘Quality of data’, ‘Genetic diversity’, ‘Inbreeding’ 
and ‘Bottleneck’ sections described above.  The relevant results will be presented 
after the ‘Genetic differentiation, structure and migration’ section.  Migrant exclusion 
was performed post hoc, and samples that met any 1 of 3 criteria were excluded.  The 
criteria were: (i) those that were excluded with the GENECLASS 2.0.h exclusion 
test (Figure 7), (ii) those that were assigned to a non-home MU with at least two times 
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the probability of their home in the GENECLASS 2.0.h assignment test (Figure 7), 
and (iii) those that scored a posterior probability of coming from a cluster of less than 
0.8 for their sampling locality with STRUCTURE 2.2 analysis with K=3 (Figure 
6.a).  
 
 

3. Results 

 
3.1. Quality of Data 

 

A total of 118 wolves were genotyped, of which three were missing data from a single 
locus and one was missing data from two loci (Appendix 2).  All samples with 
missing data were from BC faecal samples.  Two pairs of BC samples had a 100% 
genotype match, and one of each pair was excluded from further analyses because it 
likely represented multiple faecal samples from the same individual (Appendix 3).  
All samples from high quality DNA were kept regardless whether there was a greater 
than 85% genotype match since the samples were tissue from known different 
individuals.  No known different individuals shared more than 95% of their alleles. 
 
Every locus except PEZ05 had a significant deficiency in observed heterozygotes for 
at least one MU (p<0.05) (Table 1).  However, no locus showed a significant 
heterozygote deficit in all three MUs.  This is an indication that null alleles were not a 
widespread problem for these markers.  If null alleles are present, they lead to actual 
heterozygotes being scored as homozygotes due to a mutation in the primer binding 
site.  Since no locus exhibited a heteryzogote deficiency in all three MUs, all loci 
were kept for further analyses.  NAK was observed to be significantly deficient in 
heterozygotes (p<0.05) for the most loci (nloci = 9), PAK had fewer loci with 
significantly deficient heterozygotes (nloci = 5) and BC had the fewest (nloci = 2).  No 
MU had a significant excess of heterozygotes for any locus.   
 
Table 1. Significant deficiency in observed heterozygotes for each locus by MU.  P-values are 
expressed ‘*’<0.05; ‘**’<0.01; ‘***’<0.001.   
 BC NAK PAK 
u253 *   
u109  **  
u173  *** * 
u225 * ***  
u250   * 
vWF  ** *** 
PEZ12  ** * 
PEZ05    
c2088   * 
c2006  **  
c2096  **  
c2079  **  
PEZ03  *** * 
Total 2 9 5 

 
BC had four pairs of loci that were in significant LD (u109-u225; u109-u250; u173-
u250; u250-PEZ12) and NAK had a single loci pair showing this pattern (u253-u250).  
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In each case these linked loci pairs were different, and all loci used in this study are 
known to be physically unlinked in domestic dogs.  Therefore, LD between loci may 
have been caused by demographic processes, selection or recent mutation.   
 
All loci amplified from BC faecal samples experienced allelic dropout to some 
degree.  The levels of dropout varied from ~42% (c2006) to ~5% (PEZ05) of the 
replicates per heterozygote performed for that locus (Figure 2).  No clear relationship 
was found between levels of allelic dropout and the number of replicates per 
heterozygote.  If larger alleles amplified less consistently in the BC faecal samples 
this pattern might be found.  The two loci with the greatest rate of dropout, c2006 and 
c2079, were loci with larger fragments.  Their minimum allele sizes were the largest 
of the 13 loci (Table 2).  Further analyses are required to determine the significance of 
these patterns.  
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Figure 2. Graphical representation of the percentage of allelic dropout (dark thick bar) and the number 
of replicates per heterozygote (light thin bar).  
 
Six of the 13 loci were missing alleles assuming the SMM (Table 2).  The frequency 
of the alleles for most loci was not normally distributed as one would expect with the 
SMM (Ellegren, 2004) (Appendix 4).  The markers’ mutation patterns would have 
been affected by the biogeographical or more recent demographic history of these 
wolves, with founder effects or bottlenecks leading to gaps in the allele size 
distributions.  A likely explanation for the observed distribution is the complex 
demographic history of these wolves, with founding events and potential recent 
effective population reductions in the Alaskan MUs. 
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Table 2.  Loci minimum and maximum allele sizes, with missing alleles based on the stepwise 
mutation model shown. 

 Minimum allele (bp) Maximum allele (bp) Missing alleles (bp) 
u253 102 114 104, 106, 112 
u109 140 152 144 
u173 103 115  
u225 164 170  
u250 130 142  
vWF 134 182 146, 152 
PEZ12 157 305  
PEZ05 101 113  
c2088 93 125 97, 101, 105 
c2006 187 203 199 
c2096 92 100  
c2079 264 287 284 
PEZ03 118 139  

 
 
3.2. Genetic Diversity 

 

The 13 microsatellite loci genotyped in the present study displayed between 3 and 13 
alleles with a mean of 6.2 (±2.6 alleles S.E.) (Appendix 5).  MNA was generally 
higher in BC followed by NAK and then PAK (Table 3).  BC had the highest HE, 
followed by NAK then PAK, and in the case of PAK this difference was significant 
(Table 3, Table 4.a).  The HO was also highest in BC, and PAK had slightly greater 
HO than NAK (Table 3).  BC had significantly greater HO in both pairwise 
comparisons (Table 4.b).  
 
Table 3.  MU’s HE, HO and MNA. 

 MNA HE HO 
BC 5.54 0.62 0.58 
NAK 4.38 0.55 0.35 
PAK 3.85 0.48 0.40 

 
Table 4.  Pairwise Wilcoxon’s signed-ranks tests between expected (a) and observed (b) 
heterozygosities (df = 13).  Significant differences after sequential Bonferroni correction indicated by 
‘*’. 

 (a) BC NAK   (b) BC NAK 
NAK 0.116   NAK 0.0019*  
PAK 0.013* 0.087  PAK 0.0071* 0.25 

 
 
Out of a total of 79 alleles displayed in the three MUs, 72 were present in BC.  18 of 
BC’s alleles were private alleles.  NAK and PAK had considerably fewer private 
alleles and also far fewer alleles in total (Table 5).  
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Table 5.  Total number of alleles and private allele numbers per MU and the entire dataset as a whole.  
Frequency of all private alleles by MU shown in parentheses, with a homozygote for a private allele 
scored as 2. 

 Alleles present Private Alleles 
BC 72 18 (76) 
NAK 57 4 (7) 
PAK 50 2 (2) 
Total 79 24 

 
BC wolves had the greatest AR for 9 of the 13 loci (Appendix 5).  NAK had equal AR 
as BC for two loci (PEZ05 and PEZ03) and held the greatest AR for the two loci 
(c2006 and u173).  BC had significantly greater AR across all loci than both NAK and 
PAK, and NAK had significantly greater AR across all loci than PAK (Table 6). 
 
Table 6.  Pairwise Wilcoxon’s signed-ranks test between each MU’s AR (df = 13).  Significant 
differences after sequential Bonferroni correction indicated by ‘*’. 

  BC NAK 
NAK 0.023*  
PAK 0.014* 0.044* 

 
3.3. Inbreeding 

 

All three MUs were significantly globally deficient (p<0.05) in observed versus 
expected heterozygosity, and no MU had a significant excess of heterozygotes at any 
locus (Table 7).  NAK had by far the greatest inbreeding coefficient values, followed 
by PAK and then BC.   
 
Table 7. Deficits and excesses of heterozygotes observed globally as compared to HWE expectations 
for each MU with Fisher’s exact test, and values of the inbreeding coefficient (F). 
 Inbreeding Coefficient (F) Globally Heterozygote Deficient 
BC 0.06 p<0.05 * 
NAK 0.37 p<0.001 *** 
PAK 0.17 p<0.001 *** 

 
One would expect inbreeding to be most severe in small isolated populations.  This is 
due to the effect random genetic drift has on reducing genetic diversity and since 
individuals within these populations have fewer opportunities to avoid breeding with 
close relatives (Hartl & Clark, 1997).  Other factors that influence the inbreeding 
coefficient are null alleles and population structuring.  In the present study null alleles 
are probably not a major issue (see previous section).  The Wahlund effect (i.e. MU 
sub-structuring) is a likely factor contributing to the inbreeding coefficients found.  
This is particularly so in NAK and PAK, and it was therefore investigated further with 
migrant exclusions below. 
 
3.4. Bottlenecks 

 
None of the MUs were detected to have gone through a recent genetic bottleneck 
under any of the microsatellite evolution models assumed.  This would be what was 
expected for BC, since no change in the effective population size is thought to have 
occurred recently.  Conversely, one might expect to detect a recent bottleneck given 
the levels and methods of hunting of NAK and PAK.  The results for the Alaskan 
MUs may have been affected by a number of factors.  Which include: (i) low power 
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due to a low number of loci used in this study.  It is recommended that at least 10 loci 
are used in this analysis, and our 13 were not all very variable leaving this as a 
possibility.  (ii) Breeding immigrants or, (iii) subtle population structuring may have 
increased the number of alleles observed proportionally more than they would have 
increased the heterozygosity.   
 
3.5. Genetic Differentiation, Structure and Migration 
 
All pairs of MUs expressed significant genic and genotypic differentiation (p<0.001).  
Pairwise MU differentiation based on FST using θ showed relatively diverged MUs, 
with Pairwise FST values ranging from 0.087 to 0.149 (Table 8).  The least 
differentiated MUs were BC and NAK.  The levels of FST found here were what have 
been found before between relatively well connected wolf MUs in this region and afar 
(Lucchini et al., 2004; Weckworth et al., 2005; Muñoz-Fuentes et al., in prep).   
 
Table 8.  Pairwise FST using θ (below diagonal) for each pair of MUs and their significance of 
differentiation (above diagonal).  Significant results are denoted by *** (p<0.001). 
 BC NAK PAK 
BC - *** *** 
NAK 0.087 - *** 
PAK 0.149 0.122 - 

 
The extraregional migrant exclusion test run in Geneclass 2.0.h detected 10 wolves as 
being from outside the sampling range (Yellow circles in figure 1; Figure 7).  They 
were not assigned to any of the given MUs with a probability > 0.05.  These 10 
wolves were excluded from STRUCTURE 2.2 analyses since their populations 
were not likely to have been part of the sampling regime, and they would therefore be 
incorrectly assigned to clusters.  The most likely number of clusters that best 
described the variation in our data was hard to interpret, as the posterior probabilities, 
ln Pr(X|K), increased slightly with increasing K after a steep rise to K=3, to a mode of 
K=5 (Figure 4).  After K=5 the posterior probability values declined.  Taken strictly, 
this would indicate that K=5 would best explain our data.  However, following 
Evanno et al. (2005), the modal value for ∆K is a better indicator of greatest 
population subdivision than the ln Pr(X|K) values per se.  The mode of ∆K was at 
K=2, with K=3 slightly lower, and a secondary modal node at K=5, indicating that 
K=2 is representative of the greatest amount of population subdivision, and K=5 
representing a secondary peak (Figure 5).  In view of the bar plots of the posterior 
probabilities of each individual originating from a particular cluster, it can be seen 
that the population subdivision does seem clearer for K=3 (Figure 6.a) than when 
K=2.  K=2 did not give clear separation of many individuals, suggesting great 
amounts of admixture, and fewer admixed individuals were seen in the K=3 plot 
(Figure 6.b).  With K=3 the greatest amount of gene flow can be seen between BC 
and NAK, with a general bias into NAK.  
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Figure 4.  Natural logarithm of the posterior probability of the data given the number of clusters (K) as 
a function of the number of K.   
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Figure 5.  Change in rate of likelihood of clusters (∆K) as a function of the number of clusters (K). 
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Figure 6.a.  Bar plot output from STRUCTURE 2.2 of K=3.  Likelihood of assignment to each 
cluster was represented by the colours (main BC cluster = red; main NAK cluster = green; main PAK 
cluster = blue).  The x-axis denotations represent the sampling origin of each wolf.   
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Figure 6.b.  Bar plot output from STRUCTURE 2.2 of K=2.  Likelihood of assignment to each 
cluster was represented by the colours (main BC cluster = red; main coastal Alaskan cluster = green).  
The x-axis denotations represent the sampling origin of each wolf.   
 
Following the K=3 bar plot (Figure 6.a), the outcome of this analysis exemplifies the 
close connectivity between BC and NAK.  NAK was found to have a significantly 
greater ratio of immigrants:residents than BC and marginally insignificantly more 
immigrants:residents than PAK (Table 9).  4 of the 5 likely immigrants into NAK 
formed a cluster with BC, demonstrating the directionality of the movements between 
these MUs.  BC and PAK were not significant in their ratios of immigrants:residents.  
BC also had a group of 4 wolves with ambiguous posterior probabilities (<0.80 for a 
single MU), likely sharing ancestry in BC and NAK.  Both BC and NAK had few 
individuals that were likely part of the PAK cluster.  PAK formed the most clearly 
defined cluster, with only one individual likely part of both the BC and NAK 
dominated cluster.   
 
Table 9. Pairwise Pearson chi-square analysis p-values of differences in ratios of residents:immigrants.  
Significant differences are indicated by ‘*’. 

 

 

  BC NAK 
NAK 0.041*  
PAK 0.701 0.056 

BC NAK and PAK 

BC NAK PAK 
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Wolves were classified in one of five groups using the GENECLASS 2.0.h 
assignment test.  The groups were: (i) residents, i.e. those of likely origin from within 
their sampled MU.  Residents were those that were assignment only to their home 
with a probability >2 times greater than any other MU and their home probability had 
a p-value >0.05.  (ii) Extraregional migrants, i.e. those of likely origin from outside 
the sampling region.  Extraregional migrants were those that were not assigned to any 
population with a p-value >0.05, and were those excluded from the STRUCTURE 
2.2 analyses.  (iii) Intraregional migrants, i.e. those of likely origin from outside 
their sampled MU but likely from within the sampling region.  Intraregional migrants 
were those that were assigned to a non-home MU with a probability >2 times greater 
than their home and this away MU had a p-value >0.05.  (iv) Wolves likely from 2 
MUs, i.e. those of likely origin from two MUs or where two origins could not be ruled 
out.  These wolves were those that had a probability of assignment to two MUs with a 
p-value >0.05, where the larger p-value was not 2 times greater than the smaller p-
value.  The third MU was not likely assigned if it had a p-value <2 times smaller than 
the largest p-value, even if it was >0.05.  (v) Wolves where no MU was excludable.  
These wolves were those where every MU had a p-value within 2 times the largest p-
value.   
 
In the present study the breakdown of wolves from each MU to the groupings 
generally showed that BC had mostly residents and that the Alaskan MUs expressed 
higher degrees of mixed ancestry (Figure 7).  In total, 10 wolves were classed as 
extraregional migrants and these values were approximately even across all MUs.  
Clearly, the Alaskan MUs received more intraregional migrants than BC.  BC was the 
assigned source for most of these intraregional migrants, with NAK showing a clearer 
and stronger picture of this than PAK.  Mixed ancestry of wolves was also most 
prominent for the Alaskan MUs.  In all cases the MUs that were likely were BC and 
the Alaskan home.  A low proportion of NAK and PAK wolves could not be excluded 
from any of the MUs.  A breakdown of the assignment of each wolf is shown in 
appendix 6.  
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Figure 7.  GENECLASS 2.0.h assignment of wolves to the three prior nominated MUs (p>0.05) 
based on 10 000 simulations.   Shown is each wolf’s pattern of assignment by MU.  ‘*’ indicates that 
BC was the likely origin in all 9 cases.  ‘~’ indicates that the likely origin was BC 5 out of 6 times.  ‘+’ 
indicates that the likely origin was BC and NAK.  ‘#’ indicates that the likely origin was BC and PAK.   
 

GENECLASS 2.0.h, like most assignment tests, has the intrinsic bias of 
preferentially assigning towards larger sampled populations (Wasser et al., 2004).  In 
the present study, NAK was underrepresented in sampling with ~ 30% fewer samples 
than both BC and PAK.  Given this bias, we might a priori expect that many NAK 
samples would be falsely assigned to BC or PAK or a combination of these 2 MUs.  
This was not apparent in the present study.  One would also expect that the Alaskan 
MUs would be preferentially assigned to BC because the coastal Alaska has been 
highly modified by humans and with BC representing a near natural state.  Thus, the 
wolf genetic diversity present in NAK and PAK is likely to be a subset of that which 
is present in BC.  This connected history, with subsequent loss of genetic diversity 
and habitat fragmentation in Alaska, could account for the higher degree of mixed 
ancestry wolves found there.  Subsequently, the proportions of the samples with this 
mixed ancestry are very similar between NAK and PAK.  Overall, in accordance with 
the STRUCTURE 2.2 and FST results, BC and NAK showed greatest connectivity.  
Also in accordance with STRUCTURE 2.2 results, a bias towards BC as the source 
of NAK intraregional migrants can be seen.  Conflicting with STRUCTURE 2.2 is 
the greater connectivity of PAK with either NAK or BC inferred the GENECLASS 
2.0.h result.  This pattern can be explained by the differences of methods used by 
these two programs.  GENECLASS 2.0.h would preferentially assign to both the 
home Alaskan population and BC, since BC likely represents the historic variation of 
the wolves in this region.  STRUCTURE 2.2 would seem to be more sensitive to 
recent population changes, since it attempts to form clusters of individuals in HWE 
and linkage equilibrium.  Therefore, historical demographic changes would likely be 
detected as being out of HWE and in LD because of the admixture found.   
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FCA of the wolves showed moderate separation between these three MUs (Figure 8).  
The two axes represented 13.96% of the total variation in the dataset.  BC was clearly 
the most dispersed.  The clearest separation can be seen between BC and PAK 
wolves, with NAK overlapping yet clustered, between BC and PAK.  These patterns 
support the connectivity between these populations the prior analyses found.   
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Figure 8.  FCA of the wolves genotypic data arranged in 2-dimensional space (BC = red; NAK = 
green; PAK = blue).  The two axes were those that represented most of the data’s variation (Axis 1 = 
7.94%; Axis 2 = 5.33%).  BC and PAK were clearly separated, and NAK fell between.  An outlier from 
the NAK population was excluded from this plot. 
 
For each of the three MUs and the entire dataset as a whole, a positive correlation of 
genetic distance and ln(geographic distance + 1) was found (Table 9).  In each case 
the data was spread widely above and below the trendline of the data (Figure 9; 
Appendix 7).  NAK and PAK’s correlations were not significant (p>0.05).  BC and 
the entire dataset’s correlations were significant which suggests a significant 
isolation-by-distance (Table 9).  Combining these results, it appears that 
contemporary genetic variation in the region is to some degree shaped by gene flow, 
but that local conditions have led to stronger footprints of genetic drift in the Alaskan 
MUs.   
 
Table 9.  Two-matrix Mantel’s test results with significant correlation denoted by ‘*’ (p<0.05). 

 

 

 r2-value Probability 
BC 0.0114 <0.05* 
NAK 0.0029 >0.05 
PAK 0.000 >0.05 
All data 0.028 <0.05* 
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Figure 9. Genetic distance plotted against ln (geographic distance +1) for all wolf data (BC, NAK and 
PAK combined) permuted 9999 times. 
 
3.6. Migration and Hardy-Weinberg Equilibrium Assumptions 

 
34 samples were excluded with the criteria described above, including 10 from BC, 
13 from NAK and 11 from PAK, leaving a subset of samples (n=84) of the original 
dataset.  These exclusions allow us to specifically analyse the residents of the MUs.  
 
3.6.1. Quality of data 
Many fewer loci were significantly deficient in heterozygotes after putative migrants 
were excluded, and this was consistent across all MUs.  Again, no locus was 
significant across all 3 MUs (p<0.05) (Table 10).  Each locus that was significantly 
deficient in heterozygotes here was significant before the migrants were excluded.  In 
general the p-values were greater before migrant exclusions, even for those that were 
below 0.05. 
 
Table 10. Significant deficiency in observed heterozygotes for each locus by MU.  P-values are 
expressed *<0.05; **<0.01; ***<0.001.  

  BC NAK PAK 

u253    

u109    

u173    

u225 * **  

u250    

vWF   * 

PEZ12    

PEZ05    
c2088    

c2006  ***  

c2096  *  

c2079  * *** 

PEZ03       

Total 1 4 2 
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No pairs of loci were significantly linked after sequential Bonferroni correction for 
any MU when putative migrants were excluded, again compatible with these loci 
being physically unlinked.  Overall, when the SMM is assumed there were more 
alleles missing in this subset dataset (Table 11).  This can be explained by the 
reduction in sample sizes for each MU, especially since these missing alleles were 
rare in the original dataset (Appendix 2).   
 
Table 11.  Loci with missing alleles assuming SMM.  Alleles missing only when putative migrants 
were excluded represented in bold.  

Locus Minimum allele (bp) Maximum allele (bp) Missing Alleles 
u253 102 114 104, 106, 112 
u109 140 152 144, 146 
u173 103 115 105 

u225 164 170  
u250 130 142  
vWF 134 182 146, 152 
PEZ12 157 305 285, 289, 293 

PEZ05 101 113  
c2088 93 125 97, 101, 105 
c2006 187 203 199 
c2096 92 100  
c2079 264 287 280, 284 

PEZ03 118 139   
 
3.6.2. Genetic diversity 
MNA was overall lower across all MUs than prior to migrants being excluded, and 
BC was still highest followed by NAK and PAK (Table 12).  Again, BC had the 
highest HE, followed by NAK then PAK (Table 13.a.).  This difference was 
significant between BC and PAK, and marginally insignificant between BC and NAK 
after sequential Bonferroni correction.  HO for BC was near equal to that of HE which 
suggests that it was very near HWE, and it also had the highest value of HO (Table 
13.b.).  PAK had slightly greater HO than NAK again, and BC was significantly 
greater than both NAK and PAK after sequential Bonferroni adjustment.  
 
Table 12. MU’s adjusted sample size, HE, HO, MNA. 

  Sample size MNA HE HO 
BC 32 5.08 0.60 0.58 
NAK 18 3.23 0.47 0.34 
PAK 34 3.23 0.43 0.40 

 
Table 13.  Pairwise Wilcoxon’s signed-ranks tests between expected (a) and observed (b) 
heterozygosities (df=13).  Significant differences after sequential Bonferroni correction indicated by 
‘*’. 

(a) BC NAK  (b) BC NAK 
NAK 0.033   NAK 0.003*  
PAK 0.011* 0.485  PAK 0.011* 0.272 

 
 
The number of private alleles was again highest in BC and considerably lower in both 
NAK and PAK (Table 14).  Coinciding with this, BC also had by far the greatest 
number of alleles in total.  There was a reduction of 9 alleles when compared to the 
original dataset.   
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Table 14.  Total number and private allele numbers per MU and the entire dataset as a whole.  
Frequency of all private alleles by MU shown in parentheses, with a homozygote for a private allele 
scored as 2. 

  Alleles present Private alleles 
BC 66 19 (89) 
NAK 42 1 (3) 
PAK 42 1 (3) 

Total 70 21 
 
The absolute number of alleles was lower after putative migrants were excluded, with 
a range from 2 to 10 alleles with a mean of 5.39 (±2.06 alleles S.E.) (Appendix 8).  
BC had the greatest AR for 9 of the 13 loci, and this was significantly greater than 
NAK and PAK after sequential Bonferroni correction (Table 15).  NAK and PAK had 
the greatest AR for 1 locus each, and NAK had equal highest AR for 2 loci with BC. 
 
Table 15.  Pairwise Wilcoxon’s signed-ranks tests between AR (df = 13).  Significant differences after 
sequential Bonferroni correction indicated by ‘*’. 

  BC NAK 
NAK 0.006*  
PAK 0.002* 0.289 

 
3.6.3. Inbreeding 
NAK and PAK were significantly (p<0.05) globally deficient in observed 
heterozygotes compared to expected again and, unlike before migrants were excluded, 
BC was in HWE (Table 16).  No MU had an excess of observed heterozygotes.  As in 
the dataset prior to migrants being excluded, NAK had by far the greatest inbreeding 
coefficient, followed by PAK, suggesting that both these MUs had more homozygotes 
than expected under HWE.  These F-values were consistently lower than for the 
original dataset, indicating that the results from Table 16 are at least partly due to 
population structure rather than preferential inbreeding (preferentially breeding with 
close relatives). 
 
Table 16. Deficits and excesses of heterozygotes observed globally as compared to HWE expectations 
for each MU with Fisher’s exact test, and values of the inbreeding coefficient (F). 
 Inbreeding Coefficient (F) Globally Heterozygote Deficient 
BC 0.04 p = 0.09 
NAK 0.28 P < 0.001*** 
PAK 0.09 P < 0.05* 

 
3.6.5. Bottlenecks 
None of the MUs were detected to have gone through a recent genetic bottleneck 
under any of the mutation models assumed.  Even though the putative recent migrants 
were excluded, two factors may be acting here.  They are: (i) migrant-resident 
offspring may not have been excluded by the tests described above and (ii) there is an 
indication for within NAK and PAK structuring.  Migrant-resident progeny could be 
present since once migrants mate with a resident the probability that the progeny 
would be detected as a migrant is reduced by at least half.  This reduction is likely to 
be less than half since this migrant has a good chance of residing alleles common in 
the sampled MUs.  Further analyses are in place to look into the possibility of more 
distant bottlenecks using MSVAR.  
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3.6.4. Wahlund effect 
Extensive further analyses into sources of potential false positive inbreeding and false 
negative bottleneck results were conducted.  When STRUCTURE 2.2 analysis was 
conducted it was found that when K=4, above the accepted most likely number of 
clusters for our data, fine-scale structuring within NAK was detected (Figure 10).  
There seemed to be some regionalisation of.  The geographic locality of these samples 
was indicative of the biogeographical subregions proposed by (Cook et al., 2006), but 
the lack of coverage of our data limited conclusiveness.  The causes for this 
subregional structuring could have led to the Wahlund effect found in NAK, leading 
to the inbreeding coefficient values and lack of positive bottleneck results found for 
this MU. 
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Figure 10. Bar plot output from STRUCTURE 2.2 for K=4.  Posterior probability of assignment to 
each cluster was represented by the 4 different colours.  The x-axis denotations represent the sampling 
origin. 
 
 

4. DISCUSSION 

 
The coastal wolves of the region investigated have a more recent and shared 
evolutionary history than the surrounding populations (Weckworth et al., 2005; 
Muñoz-Fuentes et al., in prep; Person, in prep).  It can be clearly seen that the wolves 
of the studied parts of Alaska should be classified as two distinct MUs since there are 
significant differences in allele frequencies and distinct population structuring.  This 
coincides with the different management approaches in these MUs.  BC also had 
significantly different allele frequencies than NAK and PAK and was distinctly 
structured from Alaska, confirming its MU status.  When the connectivity of these 
MUs was compared, PAK was the most differentiated.  Structuring within NAK was 
also found.  Alaskan MUs were comparatively low in genetic diversity.  A greater 
south-to-north movement of these wolves into NAK was evident, with NAK acting as 
a wolf sink in this metapopulation.  In light of the contrasting management 
approaches that the three MUs studied here experience, with differences primarily 
involving the levels of human persecution and human-caused loss of prey items 
(Person et al., 1996; Darimont & Paquet, 2000; Darimont & Paquet, 2002; Darimont 
et al., 2004; Person, in prep), it appeared that human action is the leading cause of 
these trends.  The wolf culling regime in the Alaskan MUs is such that it does not 
reduce wolf abundance (Person, pers. comm.).  This may be due to: (i) adaptation of 
the reproductive biology of the wolves to the vacated habitat, and (ii) immigration 

BC NAK PAK 
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occurring from BC.  These Alaskan wolves experience higher levels of pup survival 
through their first winter and yearlings rise to breeding alpha adults earlier, which 
together leads to a decrease in generation time (Mech & Boitani, 2003; Person, in 
prep). Declining genetic diversity without reducing wolf abundance would fit the 
patterns produced by the culling regime that occurs in Alaska (Person, pers. comm.).  
With future plans for British Columbia to somewhat reflect the management plans of 
the southern coast of Alaska, by expanding the clearfelling industry and the associated 
road network (Darimont, pers. comm.), questions are raised as to its sustainability in 
the context of these findings.  This is especially so with the levels of immigration 
detected between BC and NAK, since, if hunting was increased in BC, a diminution 
of the source population for NAK would seem likely given the present findings.  This 
would lead to further declines in genetic diversity in Alaskan wolves and serious 
population viability concerns. 
 
4.1. Data robustness 

 
The quality of data generated from faeces is always a potential issue, because the 
DNA is generally of low quality and is therefore more prone to allelic dropout and 
false alleles.  In this study the steps described in Taberlet et al. (1996) were followed, 
which were designed to overcome these problems.  As suggested, we performed many 
replicates per individual per locus.  The scale of replication performed in the present 
study was thought to be extensive to minimise artefacts (Leonard, pers. comm.).   
 
The biogeographical history of this region is complex, particularly for carnivores 
(Talbot et al., 1996; Conroy & Cook, 2000; Small et al., 2003; Tomasik & Cook, 
2005; Cook et al., 2006), including wolves (Weckworth et al., 2005; Muñoz-Fuentes 

et al., in prep).  During the Pleistocene glaciation period no wolves were present in 
this region, and after this period the founders are thought to have colonised from the 
south (Leonard et al., 2007).  Since this founding event, the wolf metapopulation of 
this region has undergone structuring to varying degrees to what is present today.  
This results in a complex history which could result in linkage of some loci, even 
though they are not physically linked in domestic dogs (Ostrander et al., 1993; 
Shibuya et al., 1994; Francisco et al., 1996; Perkin–Elmer, Zoogen, see the FHCRC 
Dog Genome Project).  The complex demographic history of the wolves in this region 
can therefore explain the LD of loci, heterozygote deficiencies for certain loci and the 
loci evolution patterns observed.  Further investigations are planned to determine the 
patterns of allelic dropout.  Analyses of whether size of alleles, size of loci or specific 
individuals could explain the patterns of allelic dropout are going to be conducted in 
due course.   
 

4.2. Causes of Genetic Diversity Loss 

 
In the present study the Alaskan MUs generally had statistically significantly lower 
genetic diversity than those of BC.  Compared with other wolf studies, the diversity of 
BC was only slightly lower than known healthy populations of wolves (e.g. historical 
Scandinavian, Finnish and northwest Russian populations studied in Vilà et al., 2003; 
parts of northwest and north-central North American populations studied in Roy et al., 
1994, Weckworth et al., 2005). Coinciding with this, NAK and PAK had similar 
genetic diversity values to other known highly persecuted or small wolf populations 
(e.g. modern Scandinavian populations studied in Vilà et al., 2003; Italian Alpine 



 30 

populations studied in Lucchini et al., 2004; northern Spanish populations studied in 
Echegaray et al., 2005).  This strongly suggests that hunting has impacted on the 
genetic diversity of these wolves. 
 
There are various potential reasons for the differences in genetic diversity.  They 
include: (i) sampling bias, (ii) more immigration into BC, (iii) diversifying selection 
in BC, (iv) purifying selection in Alaska, or (v) the effects of high levels of hunting of 
Alaskan wolves.  A general low genetic diversity alone does not prove that a 
reduction has taken place.  It also does not indicate what caused this reduction.  
However, a study of this region allows us to disentangle these variables, since it has 
vastly differing management regimes and has close biogeographical connectivity.   
  
Since the wolves within the region of the present study share a close evolutionary 
history with high levels of gene flow, we can compare the heavily impacted Alaskan 
wolves to those of BC.  The sampling regime in practise was different between the 
MUs, but there was not great bias towards one MU.  If anything, sampling bias was in 
favour of the homogeneous Alaskan MUs, since PAK was sampled more than BC.  
When these biases were incorporated to the diversity measure allelic richness, BC was 
found to contain statistically significantly more genetic diversity.  NAK was the next 
diverse and was the least sampled.  This result was consistent with the study of 
wolves from this region by Weckworth et al. (2005) who used slightly fewer 
microsatellite markers on similar sample sizes from many locations in North America, 
including PAK and NAK.  The MU defined as NAK in the present study was 
subdivided into three populations by Weckworth et al. (2005).  It was found that PAK 
had lower allelic richness than any of the NAK populations, which further supports 
the extremely homogeneous state of PAK.  PAK is the MU which experiences the 
greatest level of hunting in this region (Person, in prep). Unlike the study performed 
by Weckworth et al. (2005), the present study compared the wolves of coastal Alaska 
with the connected coastal British Columbian wolves.  This gives a much better 
indication as to the reasons why the different genetic diversity levels were found.   
 
To account for potential migrant biases, exclusion tests were performed.  Most 
potential migrants were found in NAK.  After the putative migrants were excluded, it 
can be concluded that NAK either receives proportionally more immigration than 
either of the other two MUs or that the immigrants it receives are more diverse than 
those occurring in the other two MUs.  This latter scenario is not likely, however, 
given the homogeny of the wolf populations surrounding this coastal region 
(Weckworth et al., 2005; Muñoz-Fuentes et al., in prep).  In any case, there is no 
evidence to suggest that BC receives more immigration from a more diverse source.  
The opposite is quite likely to be the case, since the lack of vacant home ranges, due 
to lower levels of pack breakdown in BC, would not be conducive to an influx of 
large numbers of immigrants. 
 
Selection is thought not to be acting on the loci investigated in this study since they 
are assumed to be under neutral selective pressure.  If a number of these loci were 
under selection they are assumed to be unlinked with the other markers.  These 
markers are specifically aimed at detecting demographic changes and not selection. 
 
The population densities of wolves in this region are similar and are not thought to be 
declining (Darimont & Paquet, 2000; Person, pers. comm.), therefore random genetic 
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drift should be acting equally across all MUs.  If there have been reductions in the 
density of the NAK and PAK in the past, and not BC, the abundance increases of 
these Alaskan MUs would most likely be facilitated by immigration into them by BC 
dispersers.  This would lead to a rapid return of MUs to HWE.  Although, affecting 
drift is the shortening of the generation times of NAK and PAK (Person, in prep).  
This would lead to an increase in rate of random genetic drift, hence increases the 
chances of loss of rare alleles.   
 
To explain the observed loss of genetic diversity, we need to invoke the effects of 
human intervention.  It is well known that hunting of Alaskan MUs occurs at high 
levels, indeed much higher than in BC.  Although the absolute level of hunting in 
Alaska is not reducing the total population size, the outcome is a reduction of 
effective population size.  It almost seems contradictory that hunting is reducing the 
effective population size and not the actual size of the population, but this 
contradiction only occurs if one assumes that hunting is random.  Random hunting is 
when any individual in a wolf population has an equal chance of death due to this 
hunting.  This would lead to a reduction in an effective population size only if the 
actual population size was reduced as well.   
 
Hunting is likely to target, or be most lethal for, whole packs (Person, pers. comm.) 
and migrants (Person, in prep).  In populations with low levels of gene flow, 
dispersers are less likely to be genetically similar to individuals in their new home.  
There is evidence that inland British Columbia’s wolves are genetically very different 
from the coastal BC wolves investigated in the present study (Muñoz-Fuentes et al., 
in prep).  Migrants have a higher probability of mortality in the present study’s region 
(Person, in prep), and interregional migrants were found.  These factors combined are 
likely to rarely leave genetically unique individuals able to survive long enough to 
reproduce in Alaska.  This hunting regime specifically targets packs, rather than 
random individuals, therefore there is a greater probability that family members will 
be killed all at the same time.  Rare alleles are present in all populations with some 
degree of variability, and two wolves in a pack have a higher probability of sharing 
rare alleles than two random samples of a population.  Added to this, packs would 
possess more unique genetic diversity than would be found in individuals of a pack-
sized sample.  In the present study it was found that rare alleles were much less 
abundant in both Alaskan MUs.  This was exemplified by the greater presence of 
private alleles found in BC, even with the levels of intraregional migration found.  
Also, with greater pack turnover, a decline in generation time would occur, which is 
found in NAK and PAK (Person, in prep).  This would increase the effect of random 
genetic drift, which would further increase the probability of the loss of rare alleles.  
Therefore it is concluded that (i) the hunting of packs and dispersers and (ii) increased 
levels of drift are the primary causes of the reduced diversity found in NAK and PAK. 
 
To account for non-significant BOTTLENECK 1.2.0.2 results for NAK and PAK, 
it can be concluded that the reduction in effective population size found might not 
have taken place within the range of time detectable with the methods used by this 
software.  This program has been found to present false negatives in the past due to 
these factors (e.g. Beebee & Rowe, 2001; Bellinger et al., 2003).  The number of loci 
used in the present study was at the lower limit of that suggested to be used (Cornuet 
& Luikart, 1996; Cornuet et al., 1999).  Furthermore, higher levels of breeding 
immigrants would lead to false negatives in this test.  This would result because 
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immigrants would likely bring more rare or unique alleles into NAK, which would 
lead to a rise in the level of heterozygotes required for NAK to have a significant 
excess of heterozygotes.  These non-significant results were constant post migrant 
exclusions, although what were likely missed by these exclusion tests were recent 
migrant progenies.  In addition, fine scale structuring found within NAK would lead 
to a Wahlund effect.   
 
4.3. Population Connectivity 

 

8.5% of the samples collected in this study were found to be interregional immigrants 
from unidentified areas.  The only source of these migrants could be from the 
northern or eastern inland areas, since no wolves are present south of the sampled 
region (Darimont, pers. comm.).  Connectivity between this coastal region and the 
inland is thought to be low (Weckworth et al., 2005; Muñoz-Fuentes et al., in prep), 
as Muñoz-Fuentes et al. (in prep.) has found barriers to dispersal between inland and 
coastal regions when investigating mtDNA of wolves.  Other studies have also found 
similar patterns in other mammal species (e.g. carnivores: Talbot & Shields, 1996; 
Small et al., 2003; Tomasik & Cook, 2005; rodents: Conroy & Cook, 2000; review: 
Cook et al., 2006).  The extent to which these barriers are present for male wolves is 
unknown.  But the present findings support the claim that the coastal region is a 
unique biogeographical area, and that it receives low levels of immigration from 
inland British Columbia.  The likely survival success of these immigrants is 
questionable, since 7 of the 10 detected immigrants were sampled in NAK and PAK, 
and thus were shot dead.   
 
The barriers to gene flow between the MUs in this study are not likely to limit wolf 
dispersal, since tens of kms over land and less than five kms over water are not 
thought to be dispersal barriers (Darimont et al., 2003; Mech & Boitani, 2003; 
Muñoz-Fuentes et al., in prep).  Ecological barriers seem to be more significant for 
wolves (Geffen et al., 2004; Muñoz-Fuentes et al., in prep).  Any population 
differentiation between these MUs would likely be subtle at most.  The greatest 
population differentiation within our sampling region was generally found between 
the mainland MUs (NAK and BC) and the island MU PAK.  The effect islands have 
on wolf dispersal has been found to be significant over the distances that exist 
between the mainland and PAK (Darimont & Paquet, 2000; Person, 2000; Darimont 
et al., 2003).  The geographically most distant MUs, BC and PAK, were the most 
differentiated, supporting the significant isolation-by-distance and the isolation effect 
of the island.  This isolation-by-distance calculation did not give weight to the ease of 
dispersal, which would be thought to be harder over water for wolves.  This situation 
is what was expected since for a BC wolf to get to PAK, or vice versa, it would have 
to travel through NAK.  For a wolf coming from outside the sampling range it would 
be more likely to disperse to NAK, than PAK, because PAK is on the western side of 
NAK and immigrant wolves are likely to come only from the north or east.  BC would 
have less vacant home range than NAK since pack collapse is less likely in BC with 
the lower hunting pressure.   
 
NAK and PAK were found to show the genetic signs of preferential inbreeding 
(preferentially breeding with close relatives) even though wolves are renowned for 
having strong inbreeding avoidance behaviour (Smith et al., 1997; Vilà et al., 2003; 
Bensch et al., 2007).  One of the potential outcomes of prolonged inbreeding is the 
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accumulation of deleterious alleles.  This accumulation occurs due to insufficient 
variation being present for natural selection to act.  This would also be the outcome in 
a MU that had relatively low genetic diversity since no matter how well they avoided 
close relatives they would still end up mating with closer kin than members of a more 
genetically diverse MU would (Unavoidable inbreeding).  In this case the MU would 
remain in HWE but lose genetic variation.  This leads to the deterioration of 
phenotype trait variation, and the presence of some deleterious phenotypes.  The 
outcome of this process is inbreeding depression.  This is often associated with 
reduced fitness, thus of conservation concern in populations threatened by extinction 
(Crnokrak & Roff, 1999; Hedrick & Kalinowski, 2000; Waller, 2002; Liberg et al., 
2005).  Exceptions are present, but both wild and theoretical examples suggest 
inbreeding is not beneficial for populations (see review Keller & Waller, 2002).  In 
extreme cases, when a wild population has passed through a genetic bottleneck or the 
effective population size is very small, inbreeding depression has been found to be a 
major limiting factor to fitness (e.g. Saccheri et al., 1998; Madsen et al., 1999; Liberg 

et al., 2005).  Inbreeding depression has been reported in carnivore populations, some 
of which include harbour seals (Coltman et al., 1998), lions (Packer & Pusey, 1993) 
and wolves (Vilà et al., 2003; Liberg et al., 2005). Ways in which organisms avoid 
inbreeding depression are numerous, and can include dispersal, extra-group breeding 
and recognition of kin (Pusey, 1996).  In this case, we do not expect to see 
preferential inbreeding to a high degree since wolves practise strong inbreeding 
avoidance (Pusey, 1996; Smith et al., 1997; Bensch et al., 2006).  We therefore have a 
scenario where other factors are most likely to be driving this apparent deficiency of 
heterozygotes, such as the Wahlund effect. 
 
Some fine scale structuring was detected within NAK with STRUCTURE 2.2 
analysis with K=4 (Figure 10).  Measures of preferential inbreeding assume the 
meeting of HWE assumptions, one of which includes the absence of migration (Hartl 
& Clark, 1997).  The sampling methods of Alaska involved taking tissue from culled 
individuals.  It is known that dispersing and migrating wolves in this region are more 
likely to die due to many factors, of which hunting is only one (Mech & Boitani, 
2003; Person, in prep).  Therefore, there might be overrepresentation of dispersing 
individuals in our Alaskan dataset.  There are likely to be disperser’s progeny in these 
populations as well.  Potential migrants were detected from between the MUs studied 
here and from outside our sampling range (Figure 6.a; Figure 7).  These individuals 
were screened for, and excluded from, subsequent analyses if they met any of the 
criteria described above.  After these exclusions, all populations moved closer to 
being in HWE and had less variation in genetic diversity, with the strongest alteration 
seen in NAK.  BC had near-identical HE and HO, suggesting it was in HWE.   
 
These relative increases of HO compared with HE indicate that gene flow in the form 
of migrants or dispersers was affecting the reliability of our data to detect preferential 
inbreeding within the MUs.  NAK showed the greatest decline in inbreeding 
coefficient post migrant exclusions which is what would be expected based on its 
connectivity and population status.  NAK is not on an island, like that of PAK which 
has a water barrier of at least eight kms from any part of the Alaskan mainland, or five 
kms over multiple islands.  Barriers of this nature limit dispersal of wolves (Darimont 
& Paquet, 2002; Darimont et al., 2004).  PAK is also on the seaward side of NAK, so, 
for a wolf to get to PAK it must cross through NAK habitat.  When compared with 
BC, NAK experiences far greater amounts of hunting (~ 2% in BC; ~ 30%-40% in the 
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southern coast of Alaska) (Darimont & Paquet, 2000; Person, in prep).  The levels of 
hunting in NAK would lead to the collapse of many wolf packs.  This is so since 
alpha members of packs would be culled without replacement (Smith et al., 1997; 
Mech & Boitani, 2003), or entire packs would be eliminated (Person, pers. comm.).  
When a pack breaks up, or home ranges are reduced, the vacated habitat is likely to be 
quickly filled by a dispersing wolf starting a new pack (Meier et al., 1995; Haight et 

al., 1998).  It would be expected that fewer of these dispersing wolves would have a 
chance to mate before they were killed due to their dispersal.  But, having said this, it 
would also be more likely that a dispersing wolf would be successful in NAK than the 
other MUs for the reasons above.  This would result in disperser’s progeny potentially 
being undetected by our migrant exclusion tests.  Based on the aforementioned likely 
gene flow into NAK, and the detected structuring within NAK, any estimates of 
preferential inbreeding would have a good chance of being caused by the Wahlund 
effect.  NAK, and especially PAK, both had relatively lower genetic diversity than 
BC.  This would leave wolves of NAK and PAK little chance of avoiding breeding 
with close kin since all wolves in these MUs are relatively close kin suggesting that 
unavoidable inbreeding (due to a genetically homogeneous MU) is occurring in these 
MUs.   
 
4.4. BC Source for NAK Sink  

 
Source-sink dynamics have been shown to occur in hunted wild populations of 
mammals (Novaro et al., 2000) including, of interest here, canids (Novaro et al., 
2005).  It has been suggested for many years that the area of British Columbia studied 
is a source for the highly hunted NAK (e.g. Darimont & Paquet, 2000), but little 
evidence has been collected about the nature or extent of this.  It was suggested by 
Darimont & Paquet (2000) that BC is a source for the wolves of the southern coast of 
Alaska because: (i) hunting occurs in Alaska at such high levels and (ii) wolves could 
easily disperse the distances required to fill the emptied habitat.  Also, the wolves of 
this coastal region are relatively isolated from other inland populations (Weckworth et 

al., 2005; Muñoz-Fuentes et al., in prep), so immigration into coastal Alaska would be 
most likely from British Columbia.  The findings in the present study indicate 
directional movements between the regions more conclusively.  Statistically 
significantly more intraregional migrants were detected into NAK with 80% of these 
likely being migrants from BC.  The MUs of coastal Alaska have adapted to their 
reduced abundances by increasing their reproductive output, but this appears not to be 
sufficient to maintain a steady wolf population due to the high levels of south-to-north 
migration found.  To confirm this pattern, replicated releases of the hunting pressures 
in parts of Alaska would be required, with subsequent monitoring of the wolf 
abundance changes that occur (Novaro et al., 2005).  
 
4.5. Conservation Imperatives 

 
The world-wide genetically distinct wolves of the coastal rainforest of North America 
face a bleak future unless urgent action is taken.  Management action should be 
directed independently at these functionally unique and confirmed MUs.  At present, 
the Alaskan MUs lack genetic diversity compared to the biogeographically linked BC.  
Indeed, there are predictions that BC may be facing an uncertain future as well.  If BC 
were to be exploited at a similar level to the Alaskan MUs, there would be depletion 
of one of the main sources of genetic diversity and abundance into NAK.  On top of 
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these effects, hybridisation with domestic dogs and the disease risks that these dogs 
present provide additional reasons for active conservation management of these 
wolves in both Alaska and British Columbia. 
  
During analysis it was discovered that one of our BC samples was actually of 
domestic dog origin.  The faecal samples are investigated by the sampler to screen out 
other potential sources, but apparently in this case the similarity was too great.  It had 
a unique genotype, with multiple private alleles, and was detected as a far outlier upon 
FCA (unsubmitted data).  When it was detected as such an outlier, investigation was 
undertaken as to its origin.  Fortunately, within this department sequencing of this 
wolf’s mtDNA control region had been performed and it was found to align within the 
domestic dogs with high confidence (Leonard, pers. comm.).  Of most interest was the 
location of the dog faeces, as it was far from human settlements in a very isolated area 
not thought to be frequented by domestic dogs (Leonard, pers. comm.).  Also of 
interest was the similarity this domestic dog had with the NAK outlier in the FCA plot 
(unsubmitted data).  When the dog and the NAK outlier were part of the FCA plot the 
NAK outlier was approximately halfway between the main wolf cluster and the 
domestic dog, suggesting a potential hybrid.  But, this NAK individual had a known 
wolf mtDNA haplotype and there is great variation in domestic dog microsatellite 
alleles, not just those found here (Paquet, pers. comm.).  Therefore, the similarity 
between the two genotypes could be due to chance, but further analyses utilising 
biparently inherited molecular markers are required.  The conservation concern 
regarding domestic dogs in remote British Columbian areas is that they provide a 
potential to hybridise, even if the probability of this is low (Verardi et al., 2006).  Of 
greater importance may be the disease risk that domestic dogs pose, which may 
include parasites, such as mange mites and nematodes, and viruses, such as canine 
distemper and parvovirus (Breed, pers. comm.). 
 
In the present study, the indication that BC is a source for the Alaskan wolves’ genetic 
diversity and abundance warns against further destruction to the BC habitat.  If there 
is expansion of clearfelling and road building in BC, as is predicted (Darimont & 
Paquet, 2000), in effect mirroring that of the NAK and PAK, then it can be reasonably 
predicted that the wolves of this region would experience similar reductions in 
effective population size.  Additionally, this would reduce their role as a source for 
NAK.  Clearfelling is well known to reduce deer carrying capacity, and deer are the 
primary prey item of the wolves of this region (Person, in prep.).  The roads and 
humans associated with logging are known to facilitate heavy culling of wolves 
(Fuller, 1989; Person et al., 1996; Person, 2000; Person, in prep).  As well as this, 
salmon stocks in BC have already been reduced considerably due to spawning habitat 
conversion and human over-harvesting (Council, 1996).  Brought together, these 
rather grim evidential signs of the future state of the British Columbian wolves 
suggest a review of management is urgently required.  In particular, what seems to be 
necessary is cross-jurisdictional cooperative management to assist the natural 
evolutionary processes in this region.  This approach raises a whole array of known 
managerial difficulties (Musiani & Paquet, 2004), though the U.S. Endangered 
Species Act 1973, as amended 1978, does acknowledge the requirement for 
maintenance of natural evolutionary processes of evolutionarily significant units 
(Crandall et al., 2000).  Likewise, the Canadian Species at Risk Act 2002 requires the 
consideration of “designatable units” of species (similar to MUs) (Green, 2005), of 
which BC would be. 
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The findings of this study add to the weight of evidence that the mammals, at least, of 
this complex biogeographical region have a unique and shared evolutionary history 
(Cook et al., 2006).  The wolves inhabiting this region are genetically distinct from 
any other.  As well as this, there are complex population structures present within this 
region, with unique yet shared pasts and, hopefully, futures.  For these wolves to 
achieve near-natural evolutionary processes in the future, acknowledgement must be 
given to the unique nature of the diversity within this region.  It is known that wolves 
are resilient to a degree of human perturbations (Mech, 1995), but as we have seen the 
genetic diversity of NAK and PAK is not up to this challenge.  Wolves with lowered 
genetic diversity are known to experience reduced fitness (Liberg et al., 2005).  The 
primary reason for the reduction in the effective population size here was culling of 
packs.  It is therefore argued that the methods of hunting in Alaska must be changed 
to incorporate the levels of genetic diversity found there.  NAK and PAK may well be 
experiencing reduced levels of fitness now, if not in the future, and the detrimental 
effects that homogeneity can have on future adaptive capability of populations is well 
known (Keller & Waller, 2002).  
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Appendices 
 
Appendix 1. Pooling and multiplexing scheme for the 13 canid specific microsatellite loci.  For each 
individual’s PCR run, each multiplex of loci had a separate tube. These runs were pooled for 
electrophoresis.  Also shown are the repeat units for each marker. 

Pool Multiplex Loci Phosphoramidite Microsatellite Repeat Unit 
A 1 u253 HEX Di 
     
 2 u109 FAM Di 
  u173 TET Di 
  u225 HEX Di 
     

B 1 u250 TET Di 
  vWF HEX Hexa 
     
 2 PEZ12 TET Tetra 
     
 3 PEZ05 FAM Tetra 
     

C 1 c2088 HEX Tetra 
     
 2 c2006 FAM Tetra 
     

D 1 c2096 FAM Tetra 
     
 2 c2079 TET Tetra 
  PEZ03 HEX Tri 
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Appendix 2.  Allelic frequencies for each locus and MU. Sample size per is given in brackets. Alleles, 
shown in italics, are presented by their size (bp). Private alleles (present only in one MU) are 
underlined.  
  BC NAK PAK 
u253 (42) (31) (45) 
102 0.0833 0.0645 0.1222 
108 0.6429 0.1452 0.1444 
110 0.2500 0.7903 0.7333 
114 0.0238 0.0000 0.0000 
    
u109 (42) (31) (45) 
140 0.0357 0.0000 0.0000 
142 0.3810 0.4355 0.4333 
146 0.0119 0.0161 0.0000 
148 0.1190 0.0161 0.0444 
150 0.4405 0.5323 0.5222 
152 0.0119 0.0000 0.0000 
    
u173 (42) (31) (45) 
103 0.1548 0.0000 0.0000 
105 0.0000 0.0161 0.0000 
107 0.2619 0.3710 0.4000 
109 0.0595 0.0806 0.0111 
111 0.2500 0.4355 0.4333 
113 0.2738 0.0806 0.1556 
115 0.0000 0.0161 0.0000 
    
u225 (42) (31) (45) 
164 0.6310 0.3871 0.4556 
166 0.1548 0.4516 0.3111 
168 0.1667 0.1613 0.2333 
170 0.0476 0.0000 0.0000 
    
u250 (40) (31) (45) 
130 0.0250 0.0645 0.0000 
132 0.0875 0.0323 0.0444 
134 0.0375 0.0323 0.1444 
136 0.6750 0.5323 0.5000 
138 0.0750 0.1290 0.2667 
140 0.0875 0.2097 0.0444 
142 0.0125 0.0000 0.0000 
    
vWF (42) (31) (45) 
134 0.0476 0.0806 0.3111 
140 0.0238 0.0000 0.0000 
158 0.2024 0.1129 0.0444 
164 0.1548 0.0968 0.1000 
170 0.3452 0.4355 0.2556 
176 0.1786 0.2742 0.1000 
182 0.0476 0.0000 0.1889 
    
PEZ12 (42) (31) (45) 
257 0.0119 0.0484 0.0111 
261 0.2738 0.0000 0.0000 
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265 0.2381 0.4516 0.6111 
269 0.0952 0.1613 0.0111 
273 0.0119 0.0323 0.0889 
277 0.0595 0.0645 0.0667 
281 0.0595 0.0000 0.0000 
285 0.0000 0.0000 0.0111 
289 0.0000 0.0323 0.0000 
293 0.0119 0.0000 0.0000 
297 0.0595 0.2097 0.2000 
301 0.0357 0.0000 0.0000 
305 0.1429 0.0000 0.0000 
    
PEZ05 (42) (31) (45) 
101 0.3333 0.0323 0.0333 
105 0.3095 0.0484 0.0000 
109 0.2500 0.5323 0.7889 
113 0.1071 0.3871 0.1778 
    
c2088 (41) (31) (45) 
93 0.0244 0.0000 0.0000 
109 0.0732 0.0000 0.0111 
113 0.0122 0.0000 0.0000 
117 0.4146 0.6129 0.6556 
121 0.0610 0.0806 0.0111 
125 0.4146 0.3065 0.3222 
    
c2006 (42) (31) (45) 
187 0.3452 0.0645 0.9000 
191 0.5714 0.8871 0.0444 
195 0.0595 0.0161 0.0000 
203 0.0238 0.0323 0.0556 
    
c2096 (42) (31) (45) 
92 0.0119 0.0000 0.0000 
96 0.2857 0.2903 0.0889 
100 0.7024 0.7097 0.9111 
    
c2079 (41) (31) (45) 
264 0.0976 0.0806 0.0000 
268 0.0000 0.1290 0.0556 
272 0.0122 0.0000 0.0000 
276 0.8780 0.7903 0.9333 
280 0.0000 0.0000 0.0111 
287 0.0122 0.0000 0.0000 
    
PEZ03 (41) (31) (45) 
118 0.0000 0.0484 0.0000 
121 0.0976 0.0645 0.0000 
124 0.1098 0.0968 0.2444 
127 0.0610 0.0000 0.0111 
130 0.0854 0.0323 0.0000 
133 0.0732 0.2903 0.5111 
136 0.1829 0.1129 0.0000 
139 0.3902 0.3548 0.2333 
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Appendix 3.  Samples with genotype matching greater than 85%.  
Sample 1 Sample 2 Match % No. Alleles No. Matched 
BC4855 BC4844 100 26 26 
BC3650 BC4882 100 26 26 

PAK4184 PAK4258 92 26 24 
PAK4187 PAK4224 92 26 24 
NAK4183 NAK4190 89 26 23 
NAK4183 NAK4232 89 26 23 
NAK4195 NAK4232 89 26 23 
NAK4220 NAK4221 89 26 23 
PAK4201 PAK4207 89 26 23 
PAK4210 PAK4217 89 26 23 
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Appendix 4.  The mutation patterns of the loci used in this study, with the frequency of each allele on 
the X-axis and the allele size on the Y-axis. 
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Appendix 5. Absolute number of alleles for the 13 loci.  Allelic richness (AR) of each loci for each 
MU, and the mean for each locus based on the lowest MU sample size which was nNAK = 31.  ‘*’ 
indicates the MU with the highest AR for each locus.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Locus No. Alleles ARBC ARNAK ARPAK ARmean 

u253 4 3.9* 3.0 3.0 3.5 

u109 6 5.5* 4.0 3.0 4.7 

u173 7 5.0 6.0* 3.7 5.5 

u225 4 4.0* 3.0 3.0 3.7 

u250 7 6.7* 6.0 5.0 6.1 

vWF 7 6.9* 5.0 6.0 6.5 

PEZ12 13 10.2* 7.0 6.1 10.1 

PEZ05 4 4.0* 4.0* 3.0 4.0 

c2088 6 5.7* 3.0 3.4 4.6 

c2006 4 3.9 4.0* 3.0 3.8 

c2096 3 2.7* 2.0 2.0 2.3 

c2079 6 3.5* 3.0 2.7 3.8 

PEZ03 8 7.0* 7.0* 3.7 7.4 

Mean 6.2 ± 2.6 5.3 ± 2.0 4.4 ± 1.7 3.6 ± 1.3 5.0 ± 2.1 
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Appendix 6.  GENECLASS 2.0.h assignment test class frequencies.  Classification process 
described in methods. 

  Sample Size Resident Extraregional migrant 
BC 42 39 3 
NAK 31 10 3 
PAK 45 22 4 

 
 

  
Intraregional 

migrant Likely from 2 MUs 
No management 

locality excludable 
BC 0 0 0 
NAK 9 (all to BC) 8 (all BC-NAK) 1 
PAK 6 (5 to BC) 10 (all BC-PAK) 3 
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Appendix 7. Genetic distance plotted against ln (geographic distance +1) for BC, NAK and PAK 
permuted 9999 times 
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Appendix 8.  Absolute number of alleles for the 13 loci.  AR of each loci for each MU, and the mean 
for each locus based on the lowest MU sample size which was nNAK = 18.  ‘*’ indicates the MU with 
the highest AR for each locus.  

Locus No. Alleles ARBC ARNAK ARPAK 
u253 4 3.80* 3.00 2.96 
u109 5 4.37* 2.00 2.90 
u173 5 4.99* 2.00 3.00 
u225 4 3.92* 3.00 3.00 
u250 6 5.67 6.00* 4.74 
vWF 7 5.53 4.00 5.77* 
PEZ12 10 8.97* 4.00 3.78 
PEZ05 4 4.00* 4.00* 2.53 
c2088 6 5.13* 3.00 2.53 
c2006 4 2.97* 2.00 1.90 
c2096 2 2.00* 2.00* 1.98 
c2079 5 3.13* 3.00 1.53 
PEZ03 8 6.85* 4.00 3.00 

Mean 5.39 ± 2.06 4.72 ± 1.81 3.23 ± 1.16 3.05 ± 1.16 
 
 


