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Within the North Pacific, gray whales (Eschrichtius robustus) are recognized as distinct 

eastern and western populations. Although both populations were severely reduced by 

whaling, the eastern population is generally considered to have recovered while the 

western population has remained highly depleted. This study expanded on previous work 

supporting differentiation between eastern and western populations using mtDNA and 

utilized a panel of 13 microsatellite loci to provide additional insight into the population 

structure of gray whales. Comparison of microsatellite allele frequencies indicated that 

 xix



 

 xx

eastern and western populations are genetically distinct. Although highly statistically 

significant, the level of nuclear differentiation between the two populations was relatively 

low, and the results of sex-specific analyses and assignment testing suggested that some 

degree of male-biased dispersal may occur between populations. Within the set of 

samples collected from animals on the primary western feeding ground, relatedness 

analyses revealed that, consistent with field observations, the fidelity of females and their 

offspring to this area have been important in shaping the structure of the population. 

Furthermore, analysis of the paternity of animals first identified as calves, with known 

and sampled mothers, in the western population between 1995 and 2007 identified 18 

males as putative fathers, providing evidence that many of the animals identified on the 

Sakhalin feeding ground interbreed with each other, presumably while sharing a common 

migratory route. However, the success of the paternity assignment was lower than 

expected given the high proportion of sampled animals in this population, suggesting that 

some males which are contributing to reproduction may not use the primary western 

feeding ground on a regular basis. The combination of these results suggests that the 

population structure of gray whales in the North Pacific is more complex than previously 

thought, and that some movements between the eastern and western populations may take 

place. However, the maintenance of genetic differences between the two populations 

supports their recognition as separate eastern and western populations. Future efforts 

should focus on elucidating the nature and extent of any dispersal which is occurring in 

order to better understand factors potentially influencing the recovery of the small 

western population. 



 

I. INTRODUCTION 

 
 

 1
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The overall objective of this dissertation is to utilize molecular approaches to 

elucidate factors shaping the population structure of gray whales (Eschrichtius robustus) 

in the North Pacific. Any genetic patterns that may be delineated, however, must be put 

into the context of what is known about the distribution, history of exploitation, and 

current status of the gray whales on both sides of the North Pacific. As such, a general 

review of the current understanding of these topics, as well as a summary of findings 

from previous genetic studies, is provided below. Following this review, the rationale 

behind the current study is described in more detail and the specific objectives of each 

chapter are outlined. 

 

Distribution 

Although gray whales were first described based on subfossil remains from the 

coasts of England and Sweden (Lilljeborg 1861, 1867; Gray 1865), the population in that 

ocean basin is thought to have gone extinct by the early 18th century (Mead and Mitchell 

1984). The current distribution of the species is limited to the eastern and western 

margins of the North Pacific (Figure 1-1), where two populations are recognized. 

 

Eastern population  

The population in the eastern North Pacific spends its summers feeding in the 

northern Bering and southern Chukchi Seas (Moore and Ljungblad 1984), although 

sightings in the eastern Beaufort Sea (Rugh and Fraker 1981) and as far west as the East 

Siberian Sea (Miller et al. 1985) have been recorded. In addition, a small number of 

animals, referred to as the Pacific Coast Feeding Aggregation (PCFA) of gray whales, 
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show fidelity to more southern feeding grounds located in the coastal waters between 

northern California and southeastern Alaska (Gilmore 1960, Pike 1962, Hatler and 

Darling 1974, Patten and Samaras 1977, Darling 1984, Calambokidis et al. 2002). 

Starting in November (Rugh 1984), animals migrate south along the west coast of North 

America. The primary wintering grounds for this population are located in the lagoons 

and coastal waters of Baja Mexico (Gilmore 1960, Swartz 1986, Urban et al. 2003), with 

some animals sighted in the Gulf of California (Findley and Vidal 2002). Animals return 

to the Arctic feeding grounds between May and June. 

 

Western population 

Although whaling logbook records indicate that gray whales once had a fairly 

extensive summer distribution within the Okhotsk Sea (Reeves et al. 2008), the majority 

of recent sightings of gray whales in the western Pacific during summer months have 

been confined to waters off the northeastern coast of Sakhalin Island, Russia (Weller et 

al. 1999, 2008). The primary feeding ground for the population is located in the shallow 

waters (<20 m depth) adjacent to the channel connecting Piltun Lagoon to the Okhotsk 

Sea (Figure 1-2; Weller et al. 1999, 2008). Animals have also been documented feeding 

in an area further offshore during some years (Miyashita et al. 2001, Burdin et al. 2002), 

and sporadic sightings of western gray whales have been made in other areas of the 

Okhotsk Sea and western Bering Sea (Weller et al. 2002, 2003). More recently, the 

occurrence of gray whales, some of which are known to have utilized the primary feeding 

ground off Sakhalin, has also been documented off the southeastern coast of Kamchatka 

(Tyurneva et al. 2009).  



 4

Understanding of the current distribution of western gray whales outside of their 

summertime range is limited. Some records of sightings, strandings, and entrapments of 

gray whales off Japan exist (Kato et al. 2007), suggesting that these regions may be used 

by migrating whales. The majority of these records are derived from the Pacific coast, 

although a few (n=4) have been recorded from the Sea of Japan coast (Kato et al. 2007). 

At least one of the whales entrapped off the Pacific coast of Japan has been matched 

photographically to an animal known to utilize the primary Sakhalin feeding ground 

(Weller et al. 2008b), providing a link between these two areas. Although no gray whales 

have been sighted off Korea since 1968 (Brownell and Chun 1977), peaks in the whaling 

catch records indicate that Korean waters were utilized by gray whales as part of both 

their northbound and southbound migratory routes (Kato and Kasuya 2002). The 

wintering grounds for this population have yet to be confirmed, but a limited number of 

sightings, strandings, and catches between 1933 and 1996 have suggested that western 

gray whales may overwinter in the coastal waters of southern China, including around 

Hainan Island (Wang 1984, Henderson 1990, Zhu 1998).  

 

Temporal Changes 

Although the distribution of the eastern and western populations are generally 

considered to be geographically separate, past Arctic environmental changes may have 

played a role in influencing patterns of mixing and separation between eastern and 

western animals, as has been proposed for bowheads in the Canadian Arctic (Dyke et al. 

1996, SaVelle et al. 2000). Sea ice expansion during the Neoglacial (~4700 to 2500 years 

ago) may have limited access to parts of the Bering Sea and has been hypothesized to 
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have altered the distribution of North Pacific pinnipeds and cetaceans (Crockford and 

Frederick 2007). Most recently, the “Little Ice Age” (~400 – 750 years ago), which 

caused Arctic-wide cooling and widespread glaciation (Overpeck et al. 1997), may have 

shifted the distribution of sea ice further south and potentially facilitated mixing between 

the two populations during that time. It is also possible, however, that increases in sea ice 

cover could have led to population declines by limiting the extent of shallow water 

habitat available for feeding.  

There are several indications that the distribution and habitat use patterns of 

eastern gray whales may have changed over the last few decades as a result of the 

increasing size of the population and/or habitat alterations associated with sea ice 

reduction and warming in the Arctic. Limited surveys conducted in 2002 found that the 

density of whales utilizing the Chirikov Basin, once considered a primary foraging 

habitat, was markedly lower than the densities recorded in the early to mid-1980s (Moore 

et al. 2003). Declines in abundance of ampeliscid amphipods, generally considered a 

preferred prey species for gray whales, were also documented within this region over that 

time period (Coyle et al. 2007). Given that the reduced density of whales utilizing the 

Chirikov Basin occurred while the eastern population was still growing, it is likely that 

these changes were reflected in an expanded foraging range for the population (Moore et 

al. 2003). Several other observations further suggest that some combination of 

environmental changes and the increased abundance of whales may be influencing 

foraging patterns of eastern gray whales. These observations (reviewed in Moore et al. 

2008) include 1) median migration dates of southbound whales are approximately one 

week later than those observed prior to 1980, suggesting a potential redistribution of 
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whales on the feeding grounds (Rugh et al. 2001), 2) the number of calves born north of 

Mexico has increased over the last several decades (Sheldon et al. 2004), and 3) a 

positive correlation has been found between reproduction in the eastern population and 

the amount of time primary feeding areas are free of ice in the preceding year (Perryman 

et al. 2002). In addition, although similar behaviors may have been difficult to detect in 

the past when the population size was smaller and research efforts were more limited, 

gray whales have been observed foraging on atypical prey (cumaceans) off Kodiak 

Island, an area formerly considered part of the migratory route, since 1999 (Moore et al. 

2007), and some gray whales are known to have remained at high latitudes in the western 

Beaufort Sea during winter months in 2003-2004 (Stafford et al. 2007).  

These observations suggest that in the face of population recovery and a changing 

environment, gray whales may respond by shifting patterns of habitat use on their feeding 

grounds. Such shifts could be reflected in increased opportunities for mixing between the 

eastern and western populations. Importantly, however, mixing on the feeding ground 

does not necessarily denote gene flow. Studies of eastern gray whales have indicated that 

breeding occurs primarily while animals are on the migratory route, with females coming 

into estrous during a three week period extending from late November to early 

December, which coincides with the initiation of the southward migration from summer 

feeding areas (Rice and Wolman 1971). Females which fail to conceive during this first 

phase of mating may experience a second estrous approximately 40 days later, when 

whales would be at or near the wintering areas. 
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History of exploitation 

Eastern population 

Aboriginal harvesting of gray whales in the eastern Pacific has been occurring 

since at least the 16th century (Krupnik 1984). Commercial hunts for eastern gray whales 

on the population’s wintering grounds, which began in 1845, peaked between the 

1854/1855 and the 1864/1865 seasons, with an average of 486 whales taken per year 

(Henderson 1984). The number of whales killed per year declined over the next decade, 

averaging 214 per year until 1873/1874, after which whaling in lagoons largely ended 

due to the low number of remaining whales (Henderson 1984).These hunts were 

particularly devastating to the population due to the large number of females killed in 

lagoons, which greatly reduced the reproductive potential of the population. During the 

latter half of the 19th century, gray whales were also being taken via shore whaling from 

stations along the coast of California (Sayers 1984). By the turn of the century, the small 

number of remaining whales had made whaling no longer commercially viable 

(Henderson 1984).  

Modern “industrialized” whaling for eastern gray whales was limited to a 

relatively short time period between 1914 and 1946, during which a total of 940 takes 

were recorded (Reeves 1984). The signing of the International Agreement for the 

Regulation of Whaling in 1937 provided protection of gray whales from commercial 

takes by at least some countries. In 1946, the International Convention for the Regulation 

of Whaling was established and banned commercial whaling by nations which were 

members of the International Whaling Commission (IWC). Since Russia (then the USSR) 

was a member of the IWC, eastern gray whales then received protection from commercial 
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whaling throughout their range. However, aboriginal subsistence whaling of eastern gray 

whales by the native people of Chukotka (Russia) and Washington State is allowed under 

the agreement. The current aboriginal catch limits allow for the take of 620 whales 

between 2008 and 2012, with a maximum of 140 permitted in a given year 

(www.iwcoffice.org). 

 

Western population 

Aboriginal whaling in the western North Pacific, which was active during the 18th 

century and probably began much earlier, was conducted by Koryak natives in the 

northern Okhotsk Sea and likely took some gray whales in that area (Krupnik 1984). 

Although the species taken were not well-documented, gray whales may also have been 

taken via hand harpoon by the Japanese as early as the 16th century (Omura 1984). By at 

least the late 17th century, gray whales were being taken by Japanese net whaling, which 

continued through the late 19th centuries (Omura 1984). Yankee-type whaling by 

American and European fleets in the Okhotsk Sea took gray whales from the late 1840s 

through at least the 1880s; the number of whales taken was estimated to be similar to 

those recorded for the Bering Sea and the Arctic, which numbered in the several 

hundreds (Henderson 1984).  

Japanese net whaling continued to take some gray whales between 1890 and 1899 

(Park 1987, Kato and Kasuya 2002), and modern-type commercial whaling for gray 

whales, most of which occurred off the Korean Peninsula, began in 1891 (Kato and 

Kasuya 2002). Although large numbers of gray whales were taken as early as 1907, 

catches peaked between 1911 and 1919, when up to 193 whales were taken in a single 

http://www.iwcoffice.org/
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year (Kato and Kasuya 2002). The mean annual catch dropped to 29 whales/year in the 

1920s, and only 48 whales were taken between 1930 and 1933 (Kato and Kasuya 2002). 

The lack of recorded takes between the mid- to late-1930s indicates that the population 

had reached commercial extinction, and it was considered by some to have been 

extirpated by that time (Mizue 1951, Bowen 1974). However, the probable existence of 

the population was later described based on records of additional catches off the Korean 

coast between 1948 and 1966 (Brownell and Chun 1977), as well as the sighting of a 

small number of gray whales in the western Okhotsk Sea in 1967 (Berzin 1974, described 

in Brownell and Chun 1977) and a mother-calf pair in Korean waters in 1968 (Brownell 

and Chun 1977). The estimated total catch of western gray whales between 1890 and 

1966, including both net whaling and modern-type whaling, was 1800-2000 animals 

(Kato and Kasuya 2002).  

As aforementioned, gray whales first received protection from commercial 

whaling in 1937; however, none of the countries which border the western population’s 

range were signatories to that agreement, resulting in much more recent exploitation of 

gray whales in the western North Pacific compared with that of whales in the eastern 

North Pacific. Some protection was afforded the western population in 1946, as Russia 

was a member of the IWC at that time. Japan joined the IWC in 1951, although South 

Korea and China did not join the IWC until 1978 and 1980, respectively. North Korea is 

not currently a member.  
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Abundance, current status, and potential threats 

Eastern population 

Shore-based counts of the eastern North Pacific population of gray whales have 

been conducted by the National Marine Fisheries Service since 1967/1968. Based on the 

population’s abundance and trends in the population growth rate (Buckland et al. 1993), 

the eastern North Pacific stock of gray whales was removed from the List of Endangered 

and Threatened Wildlife and Plants in 1994. As required under the Endangered Species 

Act, the population was monitored over the next five years, after which a comprehensive 

status review was conducted (Rugh et al. 1999). Based on the population’s continued 

growth and the lack of evidence indicating that eastern North Pacific gray whales were 

facing imminent threats, this review supported the continued classification of eastern 

North Pacific gray whales as non-threatened, although continued monitoring of the 

population’s abundance was recommended (Rugh et al. 1999). The current size of the 

population is estimated at approximately 22,000 animals (Rugh et al. 2008, Wade and 

Punt 2010). 

In 1999 and 2000, however, the eastern North Pacific population of gray whales 

experienced an “unusual mortality event”, during which the number of animals stranding 

in each of those years (n = 283 and n = 368, respectively) was greater by an order of 

magnitude than those recorded in previous years (mean = 41 strandings/year between 

1995 and 1998; Gulland et al. 2005). Although the cause of this mortality event remains 

in question, the emaciated condition of many of the stranded whales suggested that 

starvation may have been a contributing factor (LeBouef et al. 2000, Gulland et al. 2005) 

and led to speculation that the eastern North Pacific gray whale population may have 
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reached carrying capacity (Moore et al. 2001). However, several factors have indicated 

that the high mortality rate observed during these two years represented a short-term, 

acute event rather than a chronic trend (Rugh et al. 2005), including the return of 

stranding rates to levels observed prior to the event (Gulland et al. 2005) and calf counts 

which, a year after the event ended, were similar to the averages for previous years 

(Perryman et al. 2004).  

Debate over the delisted status of the eastern population has also been derived 

from recent molecular estimates of historic abundance, which suggested that prior to 

exploitation gray whales in the North Pacific numbered ~96,000 animals (Alter et al. 

2007). Given that the current abundance is approximately 20% of the genetically derived 

estimate, the authors recommended that the eastern gray whale population should be 

listed as “depleted” under the Marine Mammal Protection Act. Considerable debate over 

the interpretation of genetic estimates of historic abundance exists (e.g., Palsboll et al. 

2007). In addition, given that the contemporary carrying capacity of the environment may 

not be representative of the carrying capacity during the time period(s) for which these 

historic estimates are valid, the relevance of using such genetic estimates in determining 

the current status of populations has been questioned (Angliss and Allen 2008).  

In part because of their largely coastal distribution, eastern gray whales may be 

subject to a variety of threats, including but not limited to vessel collisions, entanglement 

in fishing gear, habitat degradation, disturbance from anthropogenic noise, and 

disturbance from whale-watching (Angliss and Allen 2008). As well, in recent years 

Chukotkan subsistence hunters have noted that some whales (i.e., “stinky whales”) have a 

strong medicinal odor. The cause of this phenomenon is not well understood, although it 
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has been hypothesized that changes in the whales’ metabolism (potentially correlated 

with changes in prey) or contamination by bacteria, fungi, or biotoxins may be 

responsible (Rowles and Ilyashenko 2007, Rosa et al. 2009). 

 

Western Population 

The western population of gray whales was likely never as large as its eastern 

counterpart. Although reliable estimates of pre-exploitation size of the population are not 

available, back-calculation of population size using whaling catch records suggest that by 

1900, after the population may have already been reduced by centuries of pre-modern 

whaling, approximately 1000-1200 individuals remained (Bradford 2003). Mark-

recapture models have estimated that the population’s abundance in 2003 was 99 animals 

(95% CI = 90-109), and population assessment using an individual-based model and data 

collected through 2007 predicted that the median non-calf population size in 2008 would 

be 130 animals (confidence limits 120-142; Cooke et al. 2008). These estimates indicate 

that the current size of the population is approximately 10% of that at the turn of the 

century. The population is currently listed as Endangered under the Endangered Species 

Act and Depleted under the Marine Mammal Protection Act. Internationally, it is listed as 

Critically Endangered by the International Union for Conservation of Nature (IUCN, 

Hilton-Taylor 2000, Baillie et al. 2004). 

The small size of the western gray whale population leaves it vulnerable to 

numerous threats. Of particular concern for this population is the low number of 

reproductive females which have been documented (n=24 between 1995 and 2007, 

Weller et al. 2008a), some of which appeared to be experiencing longer-than-normal 
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intervals between successive calvings, particularly during the early years of the study 

(Weller et al. 2009). A male-biased sex ratio has also been identified among animals 

sampled on the western feeding ground (58.5% males) in the population; this sex-ratio is 

particularly pronounced among calves, approximately 66% of which are male (Weller et 

al. 2009). Given that the growth of the population is restricted by the rate at which calves 

are produced by females, this male-biased sex ratio could be a limiting factor in the 

population’s recovery.  

The onset of large-scale oil and gas development in waters proximate to the 

primary feeding ground in the mid-1990s has raised concern for the western gray whale 

population’s survival (Weller et al. 2002, Reeves et al. 2005, IISG 2006). Activities 

associated with this development put western gray whales at risk for behavioral 

disturbance due to noise, ship strikes or collisions due to increased boat traffic in the area, 

disturbance to the benthic environment, and exposure to oil and other chemicals 

(reviewed in Reeves et al. 2005, IISG 2006).  

Incidental catches in coastal net fisheries along the whales’ migratory routes pose 

another significant threat to the population’s survival (Weller et al. 2002; Brownell et al. 

2007, Weller et al. 2008). This threat was highlighted by the loss of four whales, all 

females, to entrapment in nets off Japan between 2005 and 2007 (Brownell et al. 2007, 

Kato et al. 2007, Weller et al. 2008). Recent population assessment models have shown 

that if this rate of mortality continues, the population has a high probability of becoming 

extinct (Cooke et al. 2008). Photographic examination of scarring patterns indicate that at 

least 18.7% of whales identified between 1995 and 2005 showed scars consistent with 
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entanglement in fishing gear (Bradford et al. 2009), emphasizing the risk this threat poses 

to the population. 

The limited information available on the areas used as migratory routes or 

wintering areas for western gray whales restricts understanding of the threats western 

gray whales face on other parts of their range. However, it is likely that whales are 

exposed to hazards associated with nearshore industrialization, shipping congestion, and 

pollution in these areas (Weller et al. 2002).  

 

Previous genetic work 

Most of the genetic work that has been conducted thus far on gray whales has 

focused on examining the potential for sub-structuring within the eastern gray whale 

population. These studies have indicated that fidelity to natal lagoons may create some 

degree of structuring within the eastern population, with small but significant mtDNA 

differentiation detected between cows (mothers with calves) utilizing two of the primary 

calving lagoons and females sampled in other areas (Goerlitz et al. 2003). An additional 

study, utilizing both mtDNA and microsatellites with samples collected from all three of 

the primary calving lagoons, also identified small but significant departure from panmixia 

between two of the lagoons using the nuclear data, although no significant differences 

were identified using mtDNA (Alter et al. 2009).  

Sub-structuring within the eastern population could also be generated by fidelity 

of whales to particular feeding regions. Feeding ground fidelity has been observed in 

individuals belonging to the PCFA, which utilize coastal waters between northern 

California and southeast Alaska to feed during summer months (Darling 1984, 
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Calambokidis et al. 2002). Within these waters, photo-identification research, which 

commenced in the early 1970s, has identified some whales which demonstrate annual 

return to specific areas within this larger region, although movements between areas 

within the region also occur regularly (Hatler and Darling 1974, Darling 1984, 

Calambokidis et al. 2002, 2004). Recent estimates of the annual abundance of animals 

utilizing this region range from ~250 to ~300 animals (Calambokidis et al. 2004, 

Calambokidis 2007). Concern for this group of animals has stemmed in part from the 

resumption of subsistence whaling by the Makah tribe in northern Washington, an area 

used by both migrating and feeding whales. Genetic studies of the PCFA whales have 

focused on determining whether fidelity to this area is derived matrilineally, as internal 

recruitment of animals into this aggregation would require separate management to 

ensure that local extirpation would not result in a loss of part of the natural range. Initial 

work utilizing a simulations-based approach indicated that if the PCFA of whales was 

derived from a single colonization event in the past 40 to 100 years, detectable mtDNA 

genetic differentiation would be generated (Ramakrishnan and Taylor 2000). Subsequent 

empirical analysis, however, failed to detect such a signal when comparing 16 samples 

collected from known residents utilizing Clayoquot Sound, British Columbia, with 

samples (n=41) collected from animals presumably feeding in more northern areas 

(Steeves et al. 2001). Additional genetic analysis utilizing an extended set of samples 

(n=45) collected from whales within the range of the PCFA indicated that the level of 

genetic diversity and the number of mtDNA haplotypes identified were inconsistent with 

measures which would be expected if the aggregation was an exclusive maternal isolate 

(Ramakrishnan et al. 2001). However, both studies focused on evaluating only the 
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hypothesis of founding by a single colonization event and recognized that alternative 

scenarios, such as limited dispersal of whales from other areas into the PCFA, could also 

require separate management (Ramakrishnan and Taylor 2000, Ramakrishnan et al. 

2001). 

In addition, differentiation between the eastern and western populations has been 

explored using mtDNA (LeDuc et al. 2002). This study utilized 45 biopsy samples 

collected between 1995 and 1999 from animals utilizing the primary western feeding 

ground located in the coastal waters of northeastern Sakhalin Island, Russia, as well as 

120 samples collected primarily from animals which stranded along migratory routes in 

the eastern Pacific. Significant differences in mtDNA nucleotide diversities and 

haplotype frequencies were identified (φst = 0.117, p < 0.001; Fst = 0.087, p < 0.001), 

supporting recognition of the eastern and western populations as separate stocks. MtDNA 

haplotype diversity was substantially reduced in the western population (h=0.70) when 

compared to the eastern population (h=0.95). This reduction was derived from 

differences in the distribution of haplotypes between the two populations. While the 33 

haplotypes identified in the eastern population were distributed relatively evenly, the 

distribution of haplotypes in the western population was highly skewed, with two 

haplotypes found in very high frequencies (44.4% and 33.3%) and the eight remaining 

haplotypes found in only one or two individuals.  

The number of mtDNA haplotypes (n=10) found among western gray whales was 

surprisingly high given what is known about this population’s small size and history of 

exploitation. This finding was inconsistent with a scenario in which the western gray 

whale population, then estimated to contain approximately 100 individuals, had been 
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growing at the expected rate over the past 30+ years, and raised the possibility that little 

to no growth occurred in the population between the end of whaling in 1966 and the time 

of the study (LeDuc et al. 2002). However, the occurrence of some degree of male-biased 

dispersal could also explain the high number of haplotypes found in the western 

population (LeDuc et al. 2002). Given the maternal inheritance patterns of mtDNA, such 

dispersal could occur without having a substantial impact on the extent of mitochondrial 

genetic differentiation observed. Some support for this possibility was derived from 

examination of the distribution of mtDNA haplotypes among the sexes. Of the eight 

western haplotypes which were found in only one or two individuals, six were found only 

in males. Given the greater number and diversity of haplotypes found in the eastern 

population, any animals dispersing from the east into the western population would be 

likely to carry a haplotype not previously found in the west, suggesting that some of those 

males which carry haplotypes found in only low frequencies in the western population 

could represent possible dispersers between the two populations (LeDuc et al. 2002).  

 

Objectives 

The overall objective of this study is to utilize information from genetic markers 

to add to our understanding of factors shaping the structure of gray whale populations in 

the North Pacific. Although the previous genetic study identified significant levels of 

genetic differentiation between eastern and western gray whale populations, it also raised 

questions about potential movements of some males between the two populations (LeDuc 

et al. 2002). Additional insight into these questions may be provided by integrating 

information obtained from nuclear bi-parentally inherited markers with that provided by 
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mtDNA. In Chapter Two, a panel of 13 microsatellite markers is used to determine if 

significant nuclear genetic differentiation can be detected between the eastern and 

western populations. Sex-specific comparisons are used to specifically address the 

possibility that some male-biased dispersal is occurring. This chapter also compares 

levels of genetic diversity that have been maintained in the two populations, to determine 

if a substantial amount of genetic diversity has been lost in the much smaller western 

population. 

The use of microsatellites has the additional advantage of facilitating genetic 

discrimination between individuals, allowing patterns of relatedness between individuals 

to be assessed. In the third chapter, the microsatellite data are used to conduct a paternity 

analysis for animals first identified as calves on the western feeding ground. The results 

of this analysis are used to determine the number of males contributing to reproduction in 

the western population, as well as to assess the distribution of reproductive success 

among those males. Given that this is the first study examining patterns of male 

reproductive success among gray whales, the results are evaluated in terms of our overall 

understanding of the mating system of mysticetes. The patterns identified are also 

discussed in light of their implications for the size and the extent of isolation of the 

western population.  

The goal of the fourth chapter is to assess the role that intermixing between 

eastern and western populations may play in creating genetic heterogeneity among 

animals sampled on the western feeding ground. The potential for within population 

processes, such as differential reproductive success among females, to create 

substructuring within the feeding ground is also explored.  
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The fifth chapter discusses the incidental identification of two pairs of samples 

which are genetically identical using the markers utilized in this study. In both cases, one 

sample of each pair was collected in the eastern Pacific while the other sample was 

collected in the western Pacific, suggesting the potential for genetic detection of 

movements of individuals between the two populations. The caveats of using such 

methods to identify movements are discussed, as well as the implications for population 

connectivity that might be derived from assuming such movements are real. 
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Figure 1-1. The range of the gray whale. Reproduced from Swartz et al. 2006 
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Figure 1-2. Map of the Piltun study area. Inset shows relative location of 

Sakhalin Island in the Okhotsk Sea. 
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ABSTRACT 

Within the North Pacific, gray whales (Eschrichtius robustus) are recognized as 

distinct eastern and western populations. Although both populations were severely 

reduced by whaling, the eastern population is generally considered to have recovered 

while the western population has remained highly depleted. Previous studies have 

documented genetic differentiation between the two populations on the basis of mtDNA 

haplotype frequencies. Since mtDNA represents only maternal inheritance patterns, the 

present study used bi-parentally inherited microsatellite markers (n=13) to measure 

differentiation between populations as well as to compare levels of nuclear genetic 

diversity retained in each. Mean levels of genetic diversity, as measured by the 

microsatellites, were similar between the eastern and western populations, indicating that 

the western population has retained relatively high levels of nuclear genetic diversity 

despite its small size. Comparison of microsatellite allele frequencies confirmed that 

eastern and western populations are genetically distinct. Although highly statistically 

significant, the level of differentiation between the two populations is relatively low, and 

sex-specific analyses suggest that some amount of male-biased dispersal may occur 

between populations. While these results suggest some movements between the eastern 

and western populations may take place, the maintenance of genetic differences between 

the two populations supports their recognition as separate eastern and western 

populations. Future efforts should focus on elucidating the nature and extent of any 

dispersal which is occurring in order to better understand factors potentially influencing 

the recovery of the small western population.  
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INTRODUCTION 

Although gray whales (Eschrichtius robustus) once inhabited the North Atlantic 

Ocean (Mead and Mitchell 1984), the current distribution of the species is limited to the 

eastern and western margins of the North Pacific (Rice and Wolman 1971). Within this 

region, gray whales are recognized as having distinct eastern and western populations. 

Eastern gray whales winter in the lagoons and adjacent waters of Baja California, Mexico 

and then migrate north along the west coast of North America to feed in the Bering and 

Chukchi Seas during summer (Rice and Wolman 1971), with small numbers remaining in 

more southern waters between northern California and southeastern Alaska during 

summer months (Darling 1984, Calambokidis et al. 2002). For western gray whales, the 

primary feeding ground is in the coastal waters off northeastern Sakhalin Island, Russia 

(Weller et al. 1999, 2002). The location of the wintering ground(s) for this population 

remains unknown, but limited information from sightings, strandings, and catches shows 

that some animals winter in the coastal waters of southern China (Wang 1984, Henderson 

1990, Zhu 1998).  

 Both gray whale populations were greatly reduced by intensive commercial 

whaling during parts of the 19th and 20th centuries, but the two populations have exhibited 

different trajectories in abundance following exploitation. Commercial whaling for 

eastern gray whales ceased in 1936 (Brownell and Swartz 2006), and the population’s 

size has increased since that time (Rugh et al. 2005). Eastern gray whales were removed 

from the U.S. List of Endangered and Threatened Wildlife and Plants in 1994, and recent 

abundance estimates indicate that the population contains approximately 22,000 animals 

(Rugh et al. 2008, Punt and Wade 2010). In the western population, however, hunting 



 32

continued through at least 1966 (Brownell and Chun 1977). Although likely never as 

large as its eastern counterpart, this population was reduced to a much smaller size than 

the eastern population and was considered by some to be extinct as recently as the 1970s 

(Bowen 1974). Today western gray whales exist only as a small remnant population. 

Recent population assessment utilizing a Bayesian individually-based stage-structure 

model and photo-identification data collected between 1994 and 2007 projected a median 

non-calf population size of 130 individuals in 2008, assuming current demographic and 

population trends continue (Cooke et al. 2008). This population was listed as Critically 

Endangered by the IUCN in 2000 (Weller et al. 2002, Baillie et al. 2004), and its 

continued survival is jeopardized by problems associated with small population size 

(reviewed in Clapham et al. 1999), as well as by a wide range of potential anthropogenic 

threats, including the rapid expansion of oil and gas development on its summer feeding 

ground off Sakhalin Island, Russia (Weller et al. 2002, Reeves et al. 2005, IISG 2006) 

and mortality due to net entrapment while on the migratory route off Japan (Brownell et 

al. 2007, Weller et al. 2008b). 

Concern for the conservation status of the western population led to the initiation 

of a joint Russia-U.S. research program in 1995. This program is based on the summer 

feeding ground off Sakhalin Island, Russia and has incorporated both photo-identification 

studies and biopsy sampling (Weller et al. 1999, 2002). Photo-identification research has 

shown that most whales demonstrate high rates of annual return and pronounced seasonal 

site fidelity to the Sakhalin feeding ground (Weller et al. 1999, 2002). The majority (83% 

of identified whales (n=169) have also been genetically sampled, allowing a male bias 

(58% males) to be documented among sampled individuals (Weller et al. 2002, 2008). 
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This male bias is particularly pronounced in individuals first identified as calves, of 

which 66% are males (Weller et al. 2008).  

Biopsy samples collected between 1995 and 1999 have been used to show that the 

eastern and western populations are genetically distinct based on mitochondrial DNA 

(mtDNA) haplotype frequencies (LeDuc et al. 2002). This study found that western gray 

whales have retained a relatively high number of mtDNA haplotypes for such a small 

population. Genetic differentiation between the eastern and western populations was 

based on differences in the frequency distributions of haplotypes within each population. 

While haplotypes were apportioned relatively evenly among the eastern gray whale 

samples, the haplotype distribution found within the western gray whale samples was 

highly skewed, with two haplotypes found in very high frequencies and the remaining 

haplotypes identified in only one or two individuals (LeDuc et al. 2002).  

The work presented here used thirteen microsatellite markers to further examine 

population structure of gray whales. Unlike mtDNA, which is maternally inherited and 

provides information about historic gene flow of females only, microsatellites are nuclear 

bi-parentally inherited markers and reflect gene flow of both males and females. The 

primary goal of this study was to examine genetic differentiation between eastern and 

western populations using microsatellites, as well as to assess factors which might 

contribute to that differentiation. Secondarily, levels of nuclear genetic diversity were 

compared between the two populations to determine if substantial genetic variability has 

been lost in the much smaller western population and could thus be affecting its ability to 

recover. Finally, since additional western gray whale samples have been collected since 
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the LeDuc et al. (2002) study, further analysis of population structure and genetic 

diversity using mtDNA was also conducted. 

 

METHODS 

Sample collection and DNA extraction  

One hundred forty-two western gray whale samples were collected between 1995 

and 2007 via biopsy darting of free-ranging whales on the population’s feeding ground 

off Sakhalin Island, Russia. All except for one of the western gray whale samples are 

linked to a photographically identified animal, and this sample set represents 83.4% of all 

animals (n=169) identified on the western feeding ground through 2007. One hundred 

thirty-seven eastern gray whale samples obtained from the archive at the Southwest 

Fisheries Science Center were used for comparison to the western population. These 

samples were taken primarily from stranded animals (n=105), with some samples 

obtained from directed subsistence takes (n=12), fisheries bycatch (n=3), and biopsies 

(n=17) from free ranging whales. Collection locations ranged from southern California 

north to the Chukotka Peninsula in Russia. 

DNA had been previously extracted for 120 of the eastern gray whale samples 

and 45 of the 142 western gray whale samples (those collected between 1995 and 1999) 

for use in an earlier study (LeDuc et al. 2002). For the remaining samples, whole 

genomic DNA was extracted using either the QIAGEN DNeasy™ tissue kit or the 

Corbett Robotics X-tractor Gene robot with the recommended protocols. 
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Molecular sexing and mtDNA control region sequencing 

For those samples (n=114) not analyzed in the prior study by LeDuc et al. (2002), 

molecular sexing and mtDNA control region sequencing were conducted. For all of the 

eastern gray whale samples as well as the western gray whale samples which were 

collected prior to the 2006 season (n=94), a polymerase chain reaction (PCR) was used to 

determine sex utilizing primers described in Fain and Lemay (1995) and following the 

methods described in Gilson et al. (1998). For western gray whale samples collected in 

2006 and 2007 (n=20), the protocol described in Morin et al. (2005) was used to 

determine the sex of individuals. 

PCR was used to amplify a 523-base-pair fragment from the mtDNA control 

region using the primers 5’-TACCAAATGTATGAAACCTCAG-3’ (H00034, Rosel et 

al. 1995) and 5’-CCTCCCTAAGACTCAAGGAAG-3’ (L15812, Escorza-Trevino et al. 

2005). Amplification products were cleaned through purification columns (QIAquick, 

Qiagen) and then sequenced using standard protocols with ABI-PRISM® Dye-

DeoxyTerminator Big Dye™ v3.1 (Applied Biosystems) and the same primers. 

Following ethanol precipitation, sequenced products were run on an ABI 3100 or 

ABI3130 capillary sequencer. Consensus sequences for both strands were generated 

using ABI SEQSCAPE v2.5 software.  

 

Microsatellite genotyping 

Thirteen microsatellite loci isolated from other cetacean species were used to 

genotype the samples (Table 2-1). Reactions were performed in 25-uL volumes 

containing approximately 100 ng of genomic DNA and 2.5 uL of 2.0 mM MgCl2 buffer, 
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1.5 uL of 10 mM dNTPs, 0.75 uL of each primer (at 10uM concentrations, with the 

forward primer of each pair fluorescently labeled), and 0.25 uL Taq. The thermal cycling 

profile included an initial hot start of 94C for 2 min followed by 35 cycles of 94C for 

45 s, 1 min at the annealing temperature (see Table 2-1), and 1.5 min at 72C, with a final 

5-min extension at 72C. Amplified products were mixed with a size standard and loaded 

onto an ABI 3100 or ABI 3130 sequencer. Sizing and binning of allele fragments using 

ABI GENESCAN and GENOTYPER analysis software were automated and relied on the 

use of internal lane standards, with subsequent manual evaluation of all labeled peaks. 

 

Microsatellite scoring errors and identification of replicate samples 

 Prior to inclusion in this study, photo-identification data collected during biopsy 

sampling were used to identify and remove any duplicate samples (i.e., samples taken 

from the same individual) from the western population sample set. Genotypic data were 

used to search for duplicates within the eastern gray whale sample set using MS Excel 

Toolkit v3.1 (Park 2001); one duplicate was identified and removed prior to analyses, 

leaving a total of 136 eastern gray whale samples. Microsatellite data were also examined 

for signs of large-allele dropout and null alleles using MICRO-CHECKER v2.2.1 (van 

Oosterhout et al. 2004).  

 

Genetic variability within populations 

ARLEQUIN v3.01 (Excoffier et al. 2005) was used with the mitochondrial 

control region data to calculate standard indices of genetic variation (nucleotide 

diversity,, and haplotype diversity, h; Nei 1987) for each population. Genetic diversity 
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at the nuclear level was characterized by generating the number of alleles, observed 

heterozygosity, and expected heterozygosity for each microsatellite locus in each 

population using ARLEQUIN. Within each sample set, a Markov-chain approximation of 

an exact test, as implemented in GENEPOP v3.4 (Raymond and Rousset 1995a), was 

used to test for departures from Hardy Weinberg expectations and for linkage 

disequilibrium between all pairs of loci.  

 

Bottleneck analyses 

Populations which have undergone recent bottlenecks are expected to exhibit 

genetic signatures characteristic of a reduction in effective population size (Cornuet and 

Luikart 1996, Luikart and Cornuet 1998, Luikart et al. 1998, Garza and Williamson 

2001). One such signature is a transient excess of heterozygosity (He) relative to that 

expected in a population of constant size, which results from the rapid loss of rare alleles 

contributing little to overall heterozygosity (Cornuet and Luikart 1996). Here we utilized 

the program BOTTLENECK v1.2 (Piry et al. 1999) to determine if the gray whale 

microsatellite data demonstrated evidence of population bottlenecks. As recommended 

(Piry et al. 1999), a two-phase model assuming 95% single-step mutations and 5% 

multiple-step mutations was employed, with the variance among multiple steps set to 12. 

The distribution of gene diversity at equilibrium was estimated using a coalescent process 

with 10,000 simulations, and a one-tailed Wilcoxon test was used to determine if an 

excess of heterozygosity, relative to that expected in populations at equilibrium, was 

present (Cornuet and Luikart 1996).  
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The loss of rare alleles during a population bottleneck may also result in gaps in 

the size distribution of microsatellite alleles. This can be measured as the mean ratio (M) 

of the number of alleles to the allele size range across all loci (Garza and Williamson 

2001); bottlenecked populations demonstrate reduced M values. Here we used 

ARLEQUIN to calculate M for both gray whale populations and then compared our 

values to those reported for reduced and stable populations by Garza and Williamson 

(2001). 

 

Genetic differentiation among populations 

Two approaches were used to assess the degree of genetic differentiation between 

the two sampling regions. In the first approach, samples were divided a priori into 

populations based on the geographic location in which they were collected. The extent of 

genetic differentiation between populations was then examined using both mtDNA 

sequences and microsatellite data. For mtDNA data, an analysis of molecular variance 

(AMOVA, Weir and Cockerham 1984, Excoffier et al. 1992) was used to generate 

frequency-based (FST) estimates of differentiation using the program ARLEQUIN 

(20,000 permutations were used to test for significance). For microsatellite loci, genetic 

differentiation was examined using an AMOVA (ARLEQUIN) and allelic frequencies 

(with 20,000 permutations to test for significance) to generate FST values (Weir and 

Cockerham 1984). Modified exact tests based on genotype counts, as implemented in 

GENEPOP v3.4 (Raymond and Rousset 1995b), were also utilized to measure levels of 

differentiation. Significance was tested using 10,000 permutations. Since the western 

gray whale sample set included 57 mother-calf pairings, analyses of genetic 
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differentiation were repeated after removal of the sample representing the calf in each 

pair, in order to avoid biasing the results by including known first-degree relatives.  

As an alternative to a priori stratification of samples by geographic location, 

population structure was also explored using a Bayesian model-based clustering approach 

(STRUCTURE v2.2, Pritchard et al. 2000) with the microsatellite data. STRUCTURE 

assumes that within a set of samples there are K populations, each of which is 

characterized by allele frequencies at each locus. The program then divides all samples 

into K genetically distinct clusters by assigning individuals to putative populations such 

that deviations from Hardy-Weinberg and linkage equilibrium are minimized within each 

group. Five independent runs of K=1-5 were performed with a burn-in period of 50,000 

iterations followed by 100,000 Markov-chain Monte Carlo repetitions, using a model 

based on admixture with correlated allele frequencies (Falush et al. 2003). After 

averaging across runs, the log probability of the data given K (Ln P(X|K) was used as the 

criterion to infer the number of clusters (K) most compatible with the our data.  

 

Detection of sex-biased dispersal  

The potential for sex-biased dispersal between populations was investigated using 

the microsatellite data with the methods described by Goudet et al. (2002) and 

implemented in FSTAT v2.9 (Goudet 2001). Since the signal of sex-biased dispersal 

disappears with mating (Goudet et al. 2002), animals first sampled as calves in the 

western population were omitted prior to analysis. This program generates a number of 

statistics aimed at identifying patterns of sex-biased dispersal. The statistics utilized here 

were 1) Fst, the proportion of genetic variation among populations; 2) the mean corrected 
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assignment index (mAIc) and 3) the variance around the assignment index (vAIc) (Favre 

et al. 1997, Mossman and Waser 1999). The p values were estimated using 10,000 

randomizations, and a one-tailed test was utilized based on the expectation that, as in 

most mammals, dispersal is biased toward males. Fst and mAIc are expected to be higher 

in the more philopatric sex, while vAIc should be lower (Goudet et al. 2002).  

To further explore the potential for sex-biased dispersal between populations, sex-

specific estimates of genetic differentiation were generated using the methods outlined 

above with both the mtDNA and microsatellite data. In addition, values of cluster 

membership (Q) produced by the STRUCTURE model assuming K=2 clusters were 

compared between males and females. 

 

RESULTS 

Genetic diversity  

 Forty haplotypes defined by 39 variable sites were identified from the 278 gray 

whale samples. Thirty-five haplotypes were found among the eastern gray whale 

samples, while 22 haplotypes were found in the western gray whale sample set. 

Seventeen haplotypes were shared between the two populations. The frequency of 

haplotypes in each population is shown in Table 2-2. When all samples were combined, 

nucleotide diversity () was 0.018 (SD=0.0092), while haplotypic diversity (h) was 0.89 

(SD=0.012). When subdivided by population, nucleotide diversity was relatively similar 

in both populations (=0.016 ±0.0081SD, eastern population; =0.018 ±0.0093SD, 

western population), while measures of haplotype diversity were higher in the eastern 

(h=0.95 ±0.006SD) than the western (h=0.77±0.025SD) population (Table 2-3). Sex-
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specific diversity measures indicated that although haplotypic diversity was similar 

between the male (h=0.96) and female (h=0.95) subsets of the eastern population, lower 

levels of haplotype diversity were found among the western female subset (h=0.77) when 

compared to the western male subset (h=0.83). 

No signal of large-allele dropout or null alleles was identified by 

MICROCHECKER for any locus in either of the two populations. No deviation from 

Hardy-Weinberg Equilibrium was detected in either population after controlling for the 

False Discovery Rate (FDR, Benjamini and Hochberg 1995). After correcting for the 

FDR, only one loci combination was found to be in significant linkage disequilibrium in 

the eastern population. However, significant linkage disequilibrium was detected for 

eight loci combinations in the western population. Given that the same loci pairs were not 

in disequilibrium in both populations, it is unlikely that this result was derived from 

physical linkage. Linkage disequilibrium can result from inclusion of related individuals 

within a sample set. Therefore, known relatives were removed and the tests were rerun on 

the remaining genotypes. Six loci combinations remained in linkage disequilibrium after 

controlling for the FDR.  

After averaging across loci, measures of microsatellite diversity were higher in 

the eastern population (Ho=0.74, He=0.74, K=9.8) than in the western population 

(Ho=0.71; He=0.70, A=8.8); however, these differences were relatively small (Table 2-4). 

A total of 18 private alleles were observed in the eastern population, while only 5 private 

alleles were found in the western population.  

Statistical analysis of the microsatellite allele frequency data using the program 

BOTTLENECK did not detect evidence of a recent (2-4Ne generations) bottleneck in 
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either population. Under the model utilized, heterozygosity excess was not observed in 

the eastern (Wilcoxon test, P=0.989) or the western population (Wilcoxon test, P=0.999). 

In addition, the calculated M values (0.823±0.15and 0.808±0.17) in the eastern and 

western populations, respectively) were more consistent with those described for stable 

populations and were considerably higher than the upper bound (0.70) that Garza and 

Williamson (2001) derived for reduced populations.  

 

Genetic differentiation among populations 

Significant genetic structuring between eastern and western populations on the 

basis of both mtDNA haplotypes and microsatellite allele frequencies was observed 

(Table 2-5). Similar results were also observed for the microsatellite data when genetic 

differentiation was assessed using the exact test; the overall results were significant (p ≤ 

0.001), with 11 of the 13 loci showing significant differences when analyzed 

independently (data not shown). These comparisons remained significant (P ≤ 0.001) 

after known relatives (n = 57 calves which had sampled mothers) were removed from the 

analysis (Table 2-5); however, only three of the thirteen loci showed significant 

differences when analyzed independently.  

 STRUCTURE analyses (Pritchard et al. 2000, Falush et al. 2003) supported the 

presence of two populations (P ~1.0), with a clear increase in the log-likelihood of the 

data for K = 2 when compared to that for other numbers of clusters (Table 2-6). The 

probability that the data contained only one cluster was < 0.001, suggesting that eastern 

and western populations are not panmictic. When Q values, which represent the 

proportion of each individual’s genotype that can be attributed to each of the clusters, 
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were used to assign individuals into clusters, 80% (n = 109 of 136) of animals sampled in 

the east were grouped into the same cluster while 65% (n = 92 of 142) of animals 

sampled in the west were grouped into a cluster (Figure 1). However, average source 

population Q values were relatively low for both populations; they averaged 0.69 (± 

0.209SD) for animals sampled in the east and 0.60 (± 0.296SD) for animals sampled in 

the west. 

 

Sex-specific comparisons 

 Sex-specific estimates of differentiation were much more marked among females 

than among males. Using mtDNA haplotype frequencies (Table 2-5), both the male and 

female comparisons were highly significant, although the Fst value estimated for females 

(Fst = 0.078) was more than twice as high as that estimated for males (Fst = 0.033). 

Interestingly, while the male-specific comparisons remained significant (P = 0.029) in the 

microsatellite exact test, Fst estimates based on microsatellite allele frequencies suggested 

no significant differences between eastern and western males. The sex-biased dispersal 

tests in FSTAT also supported greater philopatry among females when compared to 

males. While difference in males and females were not significant for the mean 

assignment index (P = 0.365) or the variance in the mean assignment index (P = 0.9262), 

females demonstrated significantly higher Fst values (P = 0.0176).  

Results of the STRUCTURE analysis provided further evidence that male-biased 

dispersal may be occurring. After removing animals first identified as calves, average Q 

values were similar between eastern males (QEM = 0.70 ± 0.211SD) and females (QEF = 

0.67 ± 0.208SD, P = 0.26, t-test); 80% and 87% of males and females were assigned to 
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their source population. In contrast, average Q values were lower for western males (QWM 

= 0.47 ± 0.339SD) than for western females (QWF = 0.63 ± 0.250; P = 0.010, t-test). Only 

40% of western males had Q ≥ 0.50 for the cluster representing the western population, in 

contrast to 75% of western females. 

 

DISCUSSION 

Genetic variability 

 Populations reduced to small sizes can suffer from a loss of genetic diversity, 

which in turn may compromise their ability to respond to changing environmental 

conditions (Willi et al. 2006) and negatively influence long-term viability (Spielman et 

al. 2004, Frankham 2005). Although little is known about the level of genetic diversity 

maintained in the western gray whale population prior to its depletion by commercial 

whaling, comparison of the levels of diversity found in this small population with those 

maintained in the much larger population in the eastern Pacific can provide some insight 

into whether reduced genetic diversity may influence its recovery. Previous studies 

utilizing mtDNA indicated that although the western gray whale population had retained 

a relatively high number of mtDNA haplotypes and levels of nucleotide diversity which 

were similar to those found in the eastern population, the population had reduced 

haplotype diversity when compared to its eastern counterpart (LeDuc et al. 2002). Our 

results, using an extended sample set that included ~83% of photographically identified 

western gray whales, support these earlier findings. As previously noted, the reduced 

haplotype diversity found in the western population was not a reflection of the number of 

haplotypes present but rather of the skewed distribution of those haplotypes (LeDuc et al. 
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2002). This skew was even more marked with the added samples. While the frequencies 

of the two most common haplotypes changed little, new low frequency haplotypes were 

added, with 14 of the 22 western gray whale haplotypes being found in only one or two 

animals.  

While approximately half (49%) of the mtDNA haplotypes identified in the 

eastern population were shared with animals sampled in the western North Pacific, a 

much larger proportion (77%) of the mtDNA haplotypes found in the western population 

were also identified in eastern animals. Given the relatively thorough sampling of 

animals on the western feeding ground, it is likely that most if not all haplotypes present 

in that area have been identified, indicating that the mtDNA haplotypes found only in the 

eastern Pacific are likely to be unique to that population. In contrast, the low proportion 

of animals sampled in the eastern population suggests that those haplotypes currently 

identified only among western animals (n=5) might also be discovered in the eastern 

population with additional sampling.  

 Although the relationship between population size and mtDNA diversity is not 

straightforward (Bazin et al. 2006; Nabholz et al. 2008), the number of haplotypes (n=22) 

found in the western gray whale population is surprising given its small size and history 

of exploitation. In a similar study of endangered North Atlantic right whales (Eubalaena 

glacialis), which are thought to number approximately 400 individuals, only five 

haplotypes have been documented (n = 180 samples, Malik et al. 2000). While sampling 

in other populations has been less comprehensive, similar patterns have been found in 

other small mysticete populations, including the Okhotsk Sea bowhead whale population 

(Balaena mysticetus), in which only four different haplotypes were found (n = 25 
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samples, LeDuc et al. 2005), as well as the Sea of Cortez fin whales (Balaenoptera 

physalus), in which three haplotypes have been identified (n = 56 samples, Berube et al. 

2002).  

 Although the number of haplotypes currently found in the western population is 

higher than might be expected, this pattern may not persist into the future. Eleven of the 

14 haplotypes found in low frequencies have been identified only in a single male. 

Although little specific information is available on gray whale longevity, they are 

generally thought to live for approximately 40 to 60 years. It is possible that some of 

these “rare haplotype” males could be animals that escaped being killed by whalers 

which hunted gray whales until at least 1966. Given the maternal inheritance pattern of 

mtDNA, and assuming that these males are indeed the only animals in the population 

with these haplotypes, the eventual loss of these individuals has the potential to 

substantially decrease levels of mtDNA diversity in the future.  

The level of nuclear genetic diversity found in the western population was slightly 

lower than, but similar to, that found in the much larger eastern population. The number 

of microsatellite alleles found exclusively in the eastern population, however, was 

markedly higher than the number found in the western population. Given that the western 

population has been relatively thoroughly sampled, these results suggest that the western 

population’s depletion and continued small size may have resulted in the loss of rare 

alleles from the population. No genetic signature of a bottleneck was detected in the 

western population using the microsatellite data. However, simulations have shown that 

detection of bottlenecks using genetic methods is dependent on a wide range of 

conditions, including duration of the bottleneck, mutation rate, pre-bottleneck size, and 
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post-bottleneck recovery (Williamson-Natesan 2005), and many studies have failed to 

detect the genetic signature of a bottleneck even when demographic data indicate 

population size collapse (e.g., Queney et al. 2000, Spong and Hellborg 2002). 

 Overall, the western population appears to have retained relatively high genetic 

diversity despite its history of exploitation and continued small population size. In other 

populations, the maintenance of genetic diversity in the face of population decline has 

been attributed to long generation times (Dinerstein and McCracken 1990, Hailer et al. 

2006, Lippe et al. 2006), which are characteristic of baleen whales and may have 

buffered the population against the rapid loss of variation. However, the relatively high 

level of genetic diversity that appears to have been maintained in the western population 

could also be the result of dispersal of eastern animals onto the western feeding ground. 

Even at low levels, dispersal has been shown to obscure bottleneck signatures (e.g., 

Kellar et al. 2001, Busch et al. 2007) and genetically “rescue” populations from the loss 

of genetic diversity (Vila et al. 2003). Further exploration of this possibility is detailed 

below. 

 

Population structure 

 The inclusion of additional samples to analyses employing mtDNA supported the 

previous conclusion that the two populations are genetically distinct (LeDuc et al. 2002). 

Nuclear differentiation estimates further confirm differences between the two populations 

and indicate that genetic separation between populations is not derived solely from 

female philopatry. These measures of differentiation remained significant after known 

first degree relatives (i.e., the calf from sampled mother-calf pairs) were removed from 
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the dataset, suggesting that such differences are not solely an artifact of the inclusion of 

highly related individuals in the analysis.  

 Although highly significant, the degree of nuclear differentiation, as measured by 

FST values, between the two populations is relatively small. This pattern of differentiation 

is similar to that found in North Pacific bowhead whale populations, which also 

demonstrate a significant but small degree of differentiation between a smaller western 

population inhabiting the Okhotsk Sea and a much larger eastern population in the 

Bering-Chukchi-Beaufort Seas (LeDuc et al. 2005). The relatively small but highly 

significant genetic differences observed in gray whales, particularly when combined with 

the similar pattern observed in North Pacific bowhead populations, suggests that past 

Arctic environmental changes may have played a role in influencing patterns of historic 

mixing and separation of eastern and western animals. Both stranding records and radio-

carbon dating of remains have indicated that changes in sea ice distribution may have 

mediated bowhead whale distribution in the Canadian Arctic (Dyke et al. 1996, SaVelle 

et al. 2000). Within the North Pacific, Arctic-wide cooling and glaciation brought on by 

the “Little Ice Age” (~400-750 years ago) may have resulted in a southern shift in sea ice 

distribution and reduced sea level (Overpeck et al. 1997), potentially facilitating mixing 

between eastern and western whales. Sea ice expansion during the Neoglacial (~4700 to 

2500 years ago) may also have limited access to parts of the Bering Sea and has been 

hypothesized to have altered the distribution of North Pacific pinnipeds and cetaceans 

(Crockford and Frederick 2007).  

A second explanation for the low level of differentiation is that some limited gene 

flow could be occurring between the two populations. At equilibrium, the amount of 
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neutral genetic divergence, as measured by Fst, maintained between populations is 

dependent on the absolute number of migrants exchanged between populations, a 

measure which is the product of the effective size of the populations and the migration 

rate (Nem, Wright 1931). Thus the amount of differentiation maintained between two 

populations is a balance between the differences generated by genetic drift and the 

homogenizing effects of migration; given the small size of the western population, 

genetic drift could be acting to counteract some degree of genetic interchange between 

the two populations.  

A third scenario which might also explain our results involves dispersal of whales 

between feeding areas without genetic exchange. Since breeding in gray whales is 

thought to primarily occur along migratory corridors (Rice and Wolman 1971), 

movement between feeding regions does not necessarily imply gene flow between the 

populations. Given that all of the western gray whale samples were obtained on the 

feeding ground, low differentiation levels could potentially be generated by a small 

number of eastern gray whales traveling to the western gray whale feeding ground during 

summer months and consequently being sampled while mixed with members of the 

western population. If these eastern dispersers visit the western feeding ground but return 

to the eastern Pacific to breed, such extralimital movements would act to reduce 

measured levels of genetic differentiation between populations in the absence of 

significant gene flow.  

Some support for a limited degree of dispersal and/or gene flow between 

populations can be derived from the results of the sex-specific comparisons. If the 

observed low level of differentiation were due to recent divergence, similar patterns of 
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differences should be observed for males and females. Contrary to this expectation, all 

measures of differentiation were at least twice as high for female-only versus male-only 

comparisons. In addition, although comparisons between males remained significant for 

mtDNA, the Fst-based comparison of microsatellite allele frequencies did not identify 

significant differences among males, suggesting that some degree of male-biased 

dispersal may be occurring between populations. Such a pattern could also provide an 

explanation for the large proportion of mtDNA haplotypes (11 of 22) in the western 

population which are represented only by a single male. Given the higher diversity and 

number of mtDNA haplotypes found in the eastern population, any dispersers from the 

east would have a relatively high probability of carrying haplotypes considered “rare’ in 

the west (LeDuc et al. 2002). Eight of the eleven haplotypes carried by only a single male 

in the west were also found in the east; given the low proportion of sampled animals in 

the east, it is plausible that the other three haplotypes would also be identified among 

eastern animals with additional sampling. 

Although the analyses summarized here are not able to discriminate between gene 

flow and feeding ground dispersal, a combination of genetic assignment tests and 

parentage analysis in the future may be useful to distinguish between these two 

possibilities. In addition, simulation modeling could be utilized in the future to determine 

the degree of gene flow or feeding-ground dispersal which could occur under non-

equilibrium conditions while still allowing the two populations to maintain genetic 

distinctiveness. 
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Conclusions and conservation implications 

The results presented here support past work indicating that eastern and western 

populations are genetically distinct, further highlighting the need for continued 

conservation and expanded protection of the critically endangered western gray whale 

population. Although highly statistically significant, the level of differentiation between 

the two populations is relatively low, which may reflect recent divergence of the two 

populations, perhaps mitigated by past environmental changes, but could also suggest 

that some limited degree of dispersal and/or gene flow may occur between the two 

populations. Discrimination between these proposed explanations is important, given that 

each scenario could have different effects on the recovery of the critically endangered 

western population. If a restricted amount of gene flow is taking place, that interchange 

could be important in providing “genetic rescue” for the western population, helping to 

maintain relatively high levels of genetic diversity in a small population which would 

otherwise likely suffer from inbreeding and a subsequent loss of fitness. However, if 

dispersal between feeding grounds without any gene flow is occurring, then any eastern 

dispersers are not contributing to the gene pool but could be artificially inflating our 

estimates of both genetic diversity and population size, which would suggest that the 

western population is even more vulnerable than currently thought. Given the wide range 

of threats, including entrapment in fishing nets as well as expanding oil and gas 

development, which challenge the recovery of the western gray whale population, further 

exploration of possible mechanisms of intermixing is needed to better understand the 

dynamics of this critically endangered population.  
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The material found in Chapter Two will be submitted for publication. I was the primary 

researcher. The co-authors D. Weller and A. Burdin supervised the field effort through 

which the genetic samples were collected. The co-authors D. Weller, R. LeDuc, and R. L. 

Brownell, Jr. supervised the research. 
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Table 2-1. Microsatellite loci used in the study. Includes the species for which primers 

were initially designed, size of repeats, annealing temperature (Ta), size range, and 

reference listing primer sequences. 

Repeat   Size  
Size  Ta Range 

Locus Source Species (bp) 
 

(°C)  (bp) Reference 
DlrFCB17t* Delphinaptera leuca 2 54 183-213 Buchanan et al. 1996 

EV14t* Megaptera novaeangliae 2 55 138-156 
Valsecchi and Amos 

1996 

EV37 Megaptera novaeangliae 2 55 183-231 
Valsecchi and Amos 

1996 

EV94t* Megaptera novaeangliae 2 52 209-237 
Valsecchi and Amos 

1996 
Gata028 Megaptera novaeangliae 4 54 159-187 Palsboll et al. 1997 
Gata098 Megaptera novaeangliae 4 54 67-103 Palsboll et al. 1997 
Gata417 Megaptera novaeangliae 4 54 198-222 Palsboll et al. 1997 

Gt023 Megaptera novaeangliae 2 54 94-116 Palsboll et al. 1997 
RW31 Eubalaena glacialis 2 54 114-136 Waldick et al. 1999 
RW48 Eubalaena glacialis 2 55 112-124 Waldick et al. 1999 

SW10t* Physeter macrocephalus 2 55 119-151 Richard et al. 1996 
SW13t* Physeter macrocephalus 2 55 168-196 Richard et al. 1996 
SW19t* Physeter macrocephalus 2 55 122-142 Richard et al. 1996 

  

* The sequence has been modified from the original design by placing the sequence 
GTTTCTT on the 5’ end of the reverse primer (Brownstein et al. 1996) 
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Table 2-2. Frequency of mtDNA haplotypes in each population. 

  # of Individuals 
Haplotype East West 

A 15 51 
B 10 44 
C 13 9 
D 7 5 
E 4 3 
F  1 
G 9 2 
H 1 2 
I  1 
J  1 
K 5  
L 6 1 
M 6 2 
N 5 1 
O 1  
P 2  
Q 1 1 
R 7  
S 1  
T 7 1 
U 3  
V 3 1 
W 1  
X 6  
Y 3 1 
Z 2 1 
27 2  
28 2 3 
29 2  
30 3  
31 1  
32 1  
33 1 1 
34 1  
35  7 
36 2  
37 1  
38  3 
41 1  
42 1   
Total 136 142 
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Table 2-3. Genetic diversity estimates based on mtDNA control region sequences. 

Includes number of individuals (n), number of haplotypes (k), haplotype diversity (h) and 

percent nucleotide diversity (). For haplotype diversity and nucleotide diversity, 

standard deviations are included in parentheses.  

Population n k h  (%) 
East All 136 35 0.95 (±0.006) 1.57(±0.810) 
     Females 49 23 0.95 (±0.014) 1.41 (±0.744) 
     Males 87 30 0.96 (±0.008) 1.66 (±0.856) 
      
West All 142 22 0.77 (±0.025) 1.82 (±0.932) 

 
No known 

relatives 84 22 0.82 (±0.030) 1.83(±0.937) 
     Females* 36 10 0.77 (±0.050) 1.89 (±0.984) 
     Males* 42 15 0.83 (±0.041) 1.82 (±0.944) 
Both   278 40 0.89 (±0.012) 1.81 (±0.922) 

 

* Excludes animals first identified as calves 
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Table 2-4. Microsatellite data for gray whales. Includes number of alleles per loci (k), 

expected heterozygosities (He), observed heterozygosities (Ho), and number of private 

alleles (Kp). The overall results include averaged values over all loci for k, He, and Ho, 

and the sum of all private alleles for Kp.  

  East   West 

Locus K He Ho Kp  K He Ho Kp 

D17t 15 0.89 0.90 1  15 0.88 0.85 1 

EV14t 9 0.81 0.78 1  9 0.76 0.74 1 

EV37 17 0.88 0.89 1  17 0.85 0.91 1 

EV94t 11 0.79 0.74 2  9 0.75 0.75 0 

Gata028 8 0.78 0.82 3  5 0.75 0.78 0 

Gata098 10 0.65 0.65 3  7 0.63 0.61 0 

Gata417 7 0.71 0.71 0  7 0.63 0.65 0 

Gt023 9 0.72 0.76 1  8 0.68 0.68 0 

RW31 10 0.82 0.83 1  9 0.82 0.85 0 

RW48 5 0.40 0.42 0  5 0.36 0.34 0 

SW10t 9 0.77 0.76 1  9 0.75 0.77 1 

SW13t 8 0.63 0.67 1  8 0.67 0.68 1 

SW19t 10 0.71 0.67 3  7 0.64 0.67 0 

Overall 9.8 0.74 0.74 18†   8.8 0.70 0.71 5† 
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Table 2-5. Analysis of molecular variance (AMOVA) and pairwise comparisons among 

gray whale populations from microsatellites and mtDNA control region sequences. 

Significant P values (<0.05) are shown in bold. Comparisons using only females and only 

males did not include known relatives. 

Comparison Microsatellites mtDNA 
  Genotype frequency Haplotype frequency 
 FST FST 

probability 
Exact test 
probability 

FST FST 
probability 

All individuals 0.009 ≤ 0.001 ≤ 0.001 0.068 ≤ 0.001
No known 

relatives 
0.005 ≤ 0.001 ≤ 0.001 0.045 ≤ 0.001

Females  0.013 ≤ 0.001 ≤ 0.001 0.078 ≤ 0.001
Males 0.002 0.117 0.039 0.033 ≤ 0.001
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Table 2-6. Results of STRUCTURE analyis using a model incorporating admixture with 

correlated allele frequencies. Includes the inferred number of genetic clusters (K), the 

estimated log likelihood value (after averaging across runs) for the data given K (Ln 

P(X|K)), and the posterior probability of K (Pr (K|X)). The value of K with the highest 

posterior probability is shown in bold. Details about the parameters incorporated in each 

model are described in the text.  

K Ln P (X|K) Pr (K|X) 

1 -11612.18 ~0
2 -11469.22 ~1
3 -11682.32 ~0
4 -11808.74 ~0
5 -12214.70 ~0
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Figure 2-1. STRUCTURE barplot for K=2 using a model based on admixture with 

correlated allele frequencies. Individuals are represented by vertical bars, and the 

different colors of the bars represent the proportion of admixture (Q), or ancestry, from a 

each inferred genetic cluster. Individuals are grouped according to the population in 

which they were sampled, and the black line denotes the boundary between animals 

sampled in the eastern and western Pacific. 
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ABSTRACT 

Monitoring of the critically endangered western gray whale population on its 

primary feeding ground off Sakhalin Island, Russia, has led to the collection of genetic 

samples from 83% of animals photographically identified from this area. The high 

proportion of sampled animals provides a rare opportunity to learn more about the mating 

system of a baleen whale species as well as to identify factors potentially influencing this 

small population’s recovery. Utilizing a panel of 13 microsatellite loci, paternity analysis 

was conducted to identify breeding males and assess the distribution of male reproductive 

success. Using biopsy samples from 57 mother-calf pairs and 42 candidate males, 

putative fathers were identified for 46 to 53% of calves sampled in the population 

between 1995 and 2007. Although most males were assigned paternity of only one calf, a 

mild skew in the distribution of reproductive success was identified, with some males 

siring three to four calves over the 12 seasons of the study. Eighteen putative fathers were 

identified, and analysis of relatedness patterns among those calves which were not 

assigned a father suggested that an additional 15 males may be contributing to 

reproduction in the population. The relatively low success rate of the paternity analysis, 

in comparison to expectations derived from the percentage of photographically identified 

animals which have been sampled, indicates that some reproductive males may not use 

the Sakhalin feeding area on a regular basis. While the high percentage of “missing 

fathers” in this small population is puzzling, these results provide evidence that many of 

the animals identified on the Sakhalin feeding ground interbreed, presumably while 

sharing a common migratory route. 
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INTRODUCTION 

Little is known about the mating systems of most species of baleen whales. 

Differences in the reproductive cycles of males and females suggest that mysticetes, like 

the majority of mammals, are polygynous (Clutton-Brock 1989, Mesnick and Ralls 

2009). In most baleen whale species, females are restricted to producing a calf every two 

to three years due to the energetic constraints imposed by gestation and lactation, while 

males have potential reproductive rates that are much higher. These differences result in a 

skew in the number of reproductively available females relative to reproductively active 

males (i.e., the operational sex ratio), increasing the extent to which males must compete 

for females and permitting variance in male reproductive success to develop. As has been 

proposed for aquatically mating pinnipeds (Bartholomew 1970), however, the degree of 

polygyny which can be established in baleen whales is likely limited by the marine 

environment in which they breed, as females are highly mobile and resources are difficult 

to defend.  

Much of the information available on mysticete mating systems has been derived 

from behavioral observations and the collection of physiological data. In humpback 

whales (Megaptera novaeangliae), the use of alternative mating tactics by males, 

including physical competition for access to females as well as “escorting” of females 

(Pack et al. 1998, Clapham 1996), has been documented and suggests a mechanism by 

which differential reproductive success might be generated in this species. In North 

Atlantic right whales (Eubalaena glacialis), males aggregate in large active groups and 

appear to compete for access to a female (Kraus and Hatch 2001). In addition, right 

whales, along with bowhead and gray whales, have high testes-to-body weight ratios, 
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indicating that sperm competition is an important strategy utilized by males (Brownell 

and Ralls 1986). The existence of both pre- and post-copulatory competition for 

fertilization in this species suggest that male reproductive success may not be evenly 

distributed across individuals.  

While these studies have proven valuable in elucidating male mating strategies, 

they do not provide information on which males in a population successfully breed or 

how male reproductive success is allocated among individuals, which can have important 

implications for the maintenance of genetic diversity in small populations. The effective 

size of a population is determined not only by the number of animals contributing to 

successive generations, but also by the distribution of reproductive success among those 

individuals. High variance in reproductive success acts to decrease the effective size of 

the population (Hedrick 2005), thereby increasing the rate at which genetic diversity is 

lost. In addition, identifying reproductive pairs within populations can increase our 

understanding of the role that mate choice may play in inbreeding avoidance (e.g., Archie 

et al. 2007) as well as of the relationship between offspring fitness and parental 

relatedness (e.g., Amos et al. 2001).  

Genetic analysis of paternity has the potential to provide detailed information on 

the reproductive success of individual males. In baleen whales, these analyses have thus 

far been limited to humpback (Clapham and Palsboll 1997, Nielsen et al. 2001, Cerchio 

et al. 2005) and North Atlantic right whales (Frasier et al. 2007). In studies of both 

species, the genetic results contributed valuable insight into patterns of reproduction 

which were not readily apparent based on previous studies. In humpback whales, the 

distribution of male reproductive success deviated from that predicted under random 
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mating, but the variation was lower than expected given the apparent skew in the 

operational sex ratio and the degree of male competition observed (Cerchio et al. 2005). 

In North Atlantic right whales, males demonstrated high variance in reproductive success 

when compared to other aquatically-mating marine mammals, although the variance was 

low relative to those breeding terrestrially (Frasier et al. 2007). These results support the 

idea that sperm competition creates differential reproductive success among males, but 

that the lack of control over resources and mates in the aquatic environment limits the 

degree of polygyny which could develop (Frasier et al. 2007). Results from this study 

also suggested that the low level of genetic variability in this species may be influencing 

reproductive success. Calves for which both parents were identified had significantly 

higher levels of genetic diversity, as measured by microsatellite markers, than expected 

under random mating, indicating that successful mating only occurs between individuals 

that are genetically dissimilar (Frasier 2005).  

In gray whales, behavioral observations of multiple males mating with a female 

suggest a polygynous or promiscuous mating system (Jones and Swartz 1984). While 

mating behavior has been observed in all seasons, fertilization is thought to primarily 

occur during the southbound migration (Rice and Wolman 1971). Information from fetal 

growth rates suggests that females come into estrus during an approximately three-week 

period extending from late November to early December at the start of the southbound 

migration. Most females are thought to conceive during this period, although some 

females may ovulate approximately 40 days later when on or near the wintering grounds. 

Increased testes weight and the larger seminiferous tubules of males on the southbound 
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migration, as compared to those of northbound and summer feeding males, also support a 

peak in spermatogenic activity in late autumn to early winter (Rice and Wolman 1971).  

As aforementioned, the high testes weight to body weight ratios found in gray 

whales suggest that this species utilizes sperm competition as a strategy for males to 

obtain successful fertilizations (Brownell and Ralls 1986), raising the possibility that, like 

North Atlantic right whales, some variance in male reproductive success may exist. 

Genetic paternity analysis would provide information valuable in assessing this 

possibility. Such a study would be difficult to conduct in the eastern gray whale 

population, given its large size and the relatively small proportion of animals which have 

been sampled. However, the population of gray whales found in the western North 

Pacific, which is both small and well-sampled, presents a valuable opportunity to conduct 

such an analysis. This population of whales was nearly extirpated by commercial 

whaling, which continued through at least 1966 (Brownell and Chun 1977, Weller et al. 

2002). Unlike its eastern counterpart, which currently numbers approximately 20,000 to 

22,000 animals (Rugh et al. 2008, Punt and Wade 2010), the western population has 

remained severely depleted and is estimated to contain approximately 130 individuals of 

one year or older (Cooke et al. 2008). Western gray whales are listed as Critically 

Endangered by the IUCN (Baillie et al. 2004). Anthropogenic threats potentially 

jeopardizing the population’s recovery include extensive oil and gas development on the 

population’s primary feeding area (Weller et al. 2002, Reeves et al. 2005) and mortality 

of whales associated with entrapment in fishing gear during their migration past Japan 

(Brownell et al. 2007). 
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Much of what is known about this small population of whales has been derived 

from long-term studies on their primary feeding ground located in the coastal waters of 

northeastern Sakhalin Island, Russia. Following a pilot study in the summer of 1995, a 

monitoring program was initiated in 1997 and continues to date. Extensive photo-

identification records collected as part of this effort have shown that western gray whales 

exhibit a high degree of seasonal site fidelity to the Sakhalin feeding area (Weller et al. 

1999, 2008a). This site fidelity, in combination with the population’s small size, has 

facilitated the collection of genetic samples from a high percentage (~83%) of animals 

identified on the feeding ground. Analysis of these samples using both mitochondrial 

DNA (mtDNA) and a panel of microsatellite markers has shown that the western 

population is genetically distinct from the much larger eastern gray whale population 

(LeDuc et al. 2002, Chapter Two).  

Given the high percentage of sampled animals and the availability of extensive 

sighting records for most individuals, genetic analysis of paternity in the western gray 

whale population will not only contribute to our understanding of mysticete mating 

systems but may also provide information important in assessing factors influencing the 

population’s recovery. The low number of known reproductive females (n=24 between 

1995 and 2007) has raised concern for the population’s capacity for growth and recovery 

(Weller et al. 2002, 2008a). Little is known, however, about the number of breeding 

males in the population, or how reproductive success is distributed among these animals. 

Although previous studies have suggested that the western gray whale population has 

retained relatively high levels of genetic diversity (Chapter Two), information about 



 74

factors potentially influencing the effective size of the population may provide insight 

into the past and future maintenance of genetic diversity in this population.  

In addition, limited information is available about the movements of western gray 

whales outside of their feeding range. The wintering ground(s) for this population is 

suspected to be off the southern coast of China, but the location has yet to be confirmed. 

Sightings, strandings, and entrapments suggest that gray whales migrate along both the 

eastern and western coasts of Japan, as well as along mainland Asia (Brownell et al. 

2008). Although photo-identification records have identified one of the animals 

entrapped off the Pacific coast of Japan as an animal known to utilize the Sakhalin 

feeding ground (Weller et al. 2008b), thus far this is the only established link between a 

feeding area and a migratory pathway. Given that mating is thought to occur primarily 

while on migratory routes, the use of paternity analysis to identify pairs of interbreeding 

animals will provide information on which animals have utilized the same areas for 

migration and potentially overwintering.  

Finally, questions have been raised about the isolation of this small population. 

Although the eastern and western populations have traditionally been considered 

geographically separate, in recent years gray whales have been sighted in feeding areas 

located off the eastern coast of Kamchatka. Some of these whales are known to have 

visited the Sakhalin feeding area, while others are of unknown origin (Tyurneva et al. 

2009). These sightings have raised speculation about possible overlap among feeding 

regions for the eastern and western populations. In addition, although genetic studies 

have confirmed that eastern and western gray whale populations are distinct, the level of 

nuclear differentiation between the two populations is relatively low, suggesting that 
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some intermixing of eastern and western animals could be occurring (Chapter Two). 

Such intermixing could entail the use of the Sakhalin feeding area by eastern whales 

which then return to the eastern Pacific, or it might include some limited amount of 

interbreeding between the two populations. Although the lack of extensive sampling of 

the eastern population limits comparisons across populations, the proportion of 

reproduction that can be attributed to animals sampled off Sakhalin will provide some 

insight into the extent and nature of any interbreeding which may be occurring.  

Between 1995 and 2007, 57 mother-calf pairs and 42 males of unknown age were 

sampled on the feeding ground off Sakhalin. These samples represent 90% of identified 

mother-calf pairs, and 83% (n=142) of all animals identified on the Sakhalin feeding 

ground during the study period. Using these samples and a suite of 13 microsatellite 

markers, a genetic paternity assessment was conducted for this population. The primary 

objectives of this work were to identify the number of males contributing to reproduction 

in the western population and to evaluate the distribution of reproductive success among 

these males. The results of the assessment not only expand our knowledge of mating 

systems of baleen whales, but also increase our understanding of factors potentially 

affecting the recovery of the western gray whale. 

 

METHODS 

Sample collection 

 Following a Russian-American pilot effort in 1995, a collaborative Russia-U.S. 

research program was established in 1997 which focuses on individual monitoring of 

western gray whales using photo-identification and genetic sampling (Weller et al., 1999, 
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2002). Field studies are carried out annually during summer months on the primary 

feeding ground off the northeastern coast of Sakhalin Island, Russia. Surveys (n=337) of 

this area have led to the photographic identification of 169 whales; genetic samples for 

141 (83.4%) of the identified whales have been collected through biopsy-darting (Weller 

et al. 2008).  

The genetic sample set includes samples collected from 57 animals which were 

first identified as calves (approximately 6-8 months of age) on the feeding ground and 

which are linked to known and genetically sampled mothers. Animals were identified as 

calves based on their small body size (approximately one third that of an adult), and, in 

most cases, their constant affiliation with a particular adult whale (Weller et al. 1999). 

For 54 of the calves, identification of the mother was first established via behavioral 

observations and confirmed by genetic analysis. Three calves were already separated 

from their mothers when first identified; in these cases the mother was identified using 

genetic parentage analysis alone.  

The sex of all animals was determined using molecular methods (detailed in 

Chapter Two). Forty-two animals were identified as males of unknown age and were 

included as candidate fathers in the analysis. Males first identified as calves which may 

have reached sexual maturity during the study period were also included as potential 

candidate males. Although it is not known at what age male western gray whales first 

reproduce, the earliest estimates of age at sexual maturity in eastern gray whales is five 

years (IWC, 1993). Therefore, male calves were included as potential candidates for 

those years in which they would have been at least five years of age and potentially 

capable of reproduction in the preceding season when fertilization would have occurred. 
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To incorporate the changing number of candidates as calves from earlier years of the 

study became potentially sexually mature, paternity analysis was run separately for each 

year of the study.  

 

Analysis 

 Samples utilized in the study had been genotyped at 13 microsatellite loci for use 

in the previous study; the protocols used to produce this data are detailed in Chapter Two. 

Paternity was assessed using the likelihood-based approach as implemented in CERVUS 

v3.0 (Marshall et al. 1998, Kalinowski et al. 2007). The objective of this analysis was to 

identify the candidate father which was statistically the most likely to be the true parent 

of the calf. The likelihood for each candidate was calculated using information on the 

allele frequencies in the population, such that a candidate male which shared a rare allele 

at a given locus with the calf was considered to be more likely to be the true father than a 

candidate sharing a common allele with the calf. The number of mismatches between the 

genotype of the father and the genotype of the calf (after removal of the maternal 

contribution to the calf’s genotype) was also utilized in the likelihood analysis.  

Simulations were used to generate critical values allowing confidence in the 

assignments to be evaluated. These simulations used the allele frequency data from the 

population being analyzed to generate simulated genotypes for parent-offspring pairs and 

unrelated individuals. The simulated data were then used to calculate the likelihood of 

parentage for the true parent as well as for each of the unrelated candidate parents for the 

simulated offspring. For each candidate identified as the most likely parent (whether or 

not it represented the true parent), the difference in likelihood scores between that 
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individual and the next most likely individual, referred to as Δ , was recorded. The 

distribution of Δ scores where the identified parent was the true parent with the 

distribution of scores where the identified parent was an unrelated individual was then 

compared to determine a critical value, such that the identified Δ was sufficiently large to 

distinguish true parents from unrelated parents at a specified (e.g. 95%) level of 

confidence.  

One of the strengths of the CERVUS analysis is that it is able to account for 

potential errors in the dataset. Genotyping errors, mutations, or null alleles may create 

mismatches between the genotypes of candidate fathers and offspring, such that the true 

father might be falsely excluded when such factors are not taken into account. By 

incorporating an estimated error rate into the simulations run by CERVUS, the potential 

for such false exclusions is reduced. Here we ran the CERVUS analysis utilizing two 

different error rates. The first analysis assumed that no errors were present in the dataset, 

but this differs from a strict exclusionary approach in that likelihood scores were used to 

differentiate between candidate parents when more than one male had genotypes which 

matched that of the mother-calf dyad at all loci. The second analysis utilized an error rate 

of 0.01, allowing candidates to be assigned as putative fathers which had genotypes 

mismatching that of the mother-calf dyad at up to two loci. Additional parameters used in 

the simulations included 1) the number of simulated genotypes = 10,000, 2) proportion of 

loci typed = 0.99 (the true proportion), 3) minimum number of loci typed = 12, and 4) 

proportion of candidate males sampled=0.50. Given that the error rate and the proportion 

of sampled males are not known, additional simulations to explore the effects that these 

parameters may have had on the results are described in the Supplementary Information. 
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Results were evaluated at both the strict (95%) and relaxed (80%) levels of statistical 

confidence. The allele frequencies utilized for the likelihood calculations and simulations 

incorporated only the genotypes of non-calves, to avoid skewing the allele frequency 

distribution by inclusion of known relatives.  

The pool of candidate males changed during some years of the study, as males 

first identified as calves and known to be ≥ 5 years of age became incorporated in the 

analysis. As such, the simulations used to calculate critical values were run separately for 

years with different pools of candidate males, such that while the proportion of candidate 

males sampled (0.50) was held constant throughout the study, the number of candidates 

was updated to reflect the changing number of sampled males. The total number of 

candidate males used in the CERVUS simulation was set by multiplying the number of 

sampled males by two in accordance with the assumption that 50% of candidates had 

been sampled. 

To provide insight into the reproductive success of unsampled males, the program 

DADSHARE (http://www.zoo.cam.ac.uk/zoostaff/amos, see Hoffman et al. 2003) was 

used to estimate the number of putative sires for the calves for which all sampled 

candidates were excluded. This program inferred paternal sibships by calculating 

pairwise paternal relatedness coefficients among unassigned offspring using the 

relatedness coefficient of Queller and Goodnight (1989). A clustering algorithm 

(UPGMA) was then used to produce a dendrogram linking the most closely related 

individuals and sorting offspring into groups compatible with having a single father (e.g. 

paternal half-siblings). In addition, Monte Carlo simulations were used to explore the 

pattern which would be produced if 1 to K fathers sired the offspring, with K representing 

http://www.zoo.cam.ac.uk/zoostaff/amos
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the total number of offspring being assigned (e.g., the pattern produced if each offspring 

had a different father). The average r-values and standard deviations generated in the 

simulated scenarios were compared with the observed average r-values presented in the 

dendrogram. In order to evaluate how this method compares with direct parentage 

assignment, DADSHARE was run both with a dataset containing only those calves which 

were not assigned a putative father by the paternity assessment analysis as well as with a 

dataset including only those calves which were assigned putative fathers in the previous 

analyses. 

A simulation-based approach, similar to that employed in previous parentage 

analyses conducted for mysticetes (Cerchio et al. 2005, Frasier et al. 2007), was used to 

evaluate how the observed patterns of male reproductive success compared with those 

expected if all candidate males had an equal probability of fathering calves within a year 

(e.g., if mating were random). To make the results of the simulation comparable to those 

generated in the CERVUS analysis, simulations were based on the number of sampled 

candidate males included in each year of the analysis as well as the number of paternities 

which were assigned for those years. For each year of the analysis, candidate males were 

randomized, and then fathers were selected with replacement for the number of calves 

which were assigned paternity in that year. This process was repeated for each year of the 

study, and the number of calves fathered by each male was summed across years to 

generate the expected distribution of reproductive success for the study period under the 

expectation of random mating. This process was repeated 1000 times to generate the 

mean expected number of sampled males which were assigned paternity of zero, one, 

two, three, four or more calves under random mating. 
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To facilitate comparisons of male reproductive success with other species, the 

standardized variance (SV = variance/mean) in reproductive success was calculated as 

implemented in previous studies (e.g., Coltman et al. 1998, Frasier et al. 2007) and using 

both the results of the paternity analysis and results from the simulations based on 

random mating. This measure was based only on the reproductive success of males which 

were assigned as putative fathers of at least one calf during the study. The standardized 

variance in reproductive success is considered to be zero in truly monogamous species 

and to increase with the extent of polygyny (Boness et al. 1993). 

 

Results 

Genetic profiling 

 Summary statistics for the microsatellite loci used in the study are shown in 

Table 3-1. The total exclusionary probability of the multilocus genotypes used in the 

paternity analysis, as calculated by CERVUS when one parent is known, was high at 

0.9999. The probability of identity (PID, Paetkau and Strobeck 1994) was estimated to be 

2.83x10-13, indicating that the loci utilized in the study provided high power to resolve 

relationships between individuals. The more conservative PID-sib (Evett and Weir 1998) 

was also calculated to account for the possible presence of related individuals within the 

dataset. This estimate was low (1.38x10-5), suggesting that the data would be able to 

distinguish between any full siblings included as candidates. Rechecking of ~20% of all 

genotypes did not identify a substantial source of error. 
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Paternity assignment 

 When no mismatches were allowed between the genotype of candidate males and 

that of the mother-calf dyad (hereafter referred to as the “stringent criterion”), paternities 

were assigned for 26 (45.6%) of the 57 calves. All paternities were assigned at the 95% 

confidence level. One calf had a genotype which matched that of two candidate males; 

for the remaining 25 calves only one possible match was identified. No putative fathers 

were identified for the remaining 31 calves.  

Incorporating an error rate of 0.01 (later referred to as the “relaxed” criterion), the 

CERVUS analysis supported all of the assignments previously made and identified 

putative fathers for an additional four calves, such that paternity was resolved for 52.6% 

of calves in the study. The four additional assignments included putative fathers with one 

(n=2) to two (n=2) mismatches with the genotypes of the mother-calf dyads. All 

CERVUS assignments were supported at the 95% confidence level, with the exception of 

the one calf whose genotype matched that of two candidate males with no errors, which 

was assigned at 80% confidence. Those calves which were not assigned putative fathers 

by the CERVUS analysis mismatched all potential candidates at ≥ 2 loci; for the majority 

(79%) of these calves, mismatches for ≥ 3 loci were present with all candidates. 

The success of the paternity assignment varied greatly across the 12 years of the 

study (Table 3-2). Excluding years in which only one calf was sampled, the proportion of 

paternities assigned per year ranged from one year in which no paternities were assigned 

to years (n=3 using the relaxed criterion) in which putative fathers were assigned to two 

thirds of sampled calves. 



 83

The paternity assignment also varied greatly across the reproductive females 

included in the study (Table 3-3). Excluding females which only had one offspring during 

the study, the average proportion of calves with assigned fathers per female was 0.54 

(relaxed criterion) and assignment success ranged from having no calves assigned 

putative fathers (n=3 females) to having all calves born during the study assigned 

putative fathers (n=5 females).  

 

Male reproductive success 

 When no errors were allowed, 17 males were assigned paternity of the 26 calves, 

for an average of 1.5 (±0.72SD) calves per male (Table 3-4). Average reproductive 

success was slightly higher when calculated from analysis incorporating error, with 18 

males assigned paternity for 30 calves and an average of 1.7 (±0.91SD) calves per male. 

In both cases, the majority of males (59% and 65% of assigned males for the stringent 

and relaxed analyses, respectively) were assigned paternity of only one calf each, 

although a small number of males were assigned paternity of 3-4 calves during the 12 

seasons of the study.  

These estimates of reproductive success do not incorporate males which were not 

assigned paternity of any calves. Although the number of candidate males varied across 

years of the study, 57-69% of candidate males were not assigned paternity of any calves 

over the twelve years of the study. Inclusion of these males would reduce estimates of 

average reproductive success to 0.47-0.71 calves per male.  

As expected, none of the 13 males of known age (i.e., first identified as calves, 

ranging from 5 to 11 years old during the season of fertilization) were identified as 
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putative fathers during the study (Table 3-5). These males, as well as some proportion of 

the males of unknown age, were not sexually mature for all or part of the study. Of those 

males which were identified as putative fathers, all except one (only identified using the 

relaxed criterion) were identified prior to the 2000 season, and the majority (n=14, 

77.8%) had been first identified by the end of the second season of the study (Table 3-6. 

All except two of the males were sighted at least once for six or more years of the study, 

with 14 males sighted for at least 8 of the 12 years of the study (Table 3-6). For the 

majority of assigned paternities (n=26 between 1999 and 2007), the putative father was 

identified on the feeding ground in the season prior to conception (77% of paternities) 

and/or the season following conception (73% of paternities).  

Only one male was assigned paternity of 2 calves in any one season. Excluding 

this case, the average interval between successful reproductions was 2.8 years (relaxed 

criterion) to 3.75 years (stringent criterion). Although the maximum interval between 

assignments was six years, there were three males which were assigned as putative 

fathers early in the study and which were not assigned any additional calves for the 

following 8 to 11 seasons. Although some calves may have been lost before reaching the 

feeding ground, this finding suggested that intervals between successful mating may be 

even longer than illustrated with our dataset. The longest time span over which a male in 

the study was considered reproductively active was nine years, during which the male 

was assigned as the putative father of three calves.  

In the seven to nine cases (stringent and relaxed criteria, respectively) in which a 

reproductive female had multiple calves which were assigned putative fathers, there was 

only one case in which the same male was assigned as the putative father of more than 
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one calf of the same female. Female Q had three calves during the study, and all three 

calves were assigned to the same male (I) under the relaxed criterion. One of these calves 

mismatched the assigned father at two of the 13 loci and was only assigned to the male in 

the relaxed analysis. One of the other two assignments for calves of this female was the 

case where the genotype of the calf matched that of two different putative fathers with no 

errors. Although male I was assigned as the most likely father, relatedness analysis (data 

not shown) suggests that the two putative fathers may represent a parent-offspring pair. 

Given that this was the only case in which more than one putative father had a genotype 

which matched that of a calf at all loci, the paternity analysis seemed to generally 

perform well at discriminating between relatives. However, it is possible that in at least 

this case the candidate male with the highest likelihood of being the true father shared a 

different relationship to the calf.  

DADSHARE estimated that 15 males were likely to account for the 27 calves not 

assigned fathers in the CERVUS analysis. Average reproductive success among these 15 

males was 1.8 calves per male. Relative to the paternity analyses, a larger proportion of 

these unsampled males (53%) were assigned paternity for two calves each during the 

study (Graph 2-1), suggesting these males may have greater reproductive success on 

average than those males which were sampled. When the DADSHARE analysis was run 

using only those calves which were assigned to putative fathers, 18 putative fathers were 

needed to account for the 30 calves, which corresponds exactly with the number of 

putative fathers identified in the “relaxed” CERVUS analysis. Similar to the results for 

the unassigned calves, however, the distribution of reproductive success among these 18 

males was somewhat different than the observed pattern, with more males assigned as the 
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putative father of two calves during the study. Differences in reproductive success 

between the sampled and unsampled males may be an artifact of differences in the 

resolution of the two methods. 

At least some of these unsampled males may be accounted for among the 28 

animals which have been photographically identified on the Sakhalin feeding ground but 

which have yet to be genetically sampled. One of these is presumed to be a female based 

on its close and prolonged affiliation with a calf during the one season it was sighted, and 

nine are animals first identified as calves (≤ 9 years of age at the end of the study) and 

may not have been reproductively mature for much, if any, of the study period. This 

leaves at least 18 animals of unknown sex or age which have been identified on the 

feeding ground but are not represented in the sample set. Although some proportion of 

these animals may be males contributing to reproduction in the population, based on the 

overall sex ratio of the population (58% male, Weller et al. 2008a), it is unlikely that all 

of the missing males are included in this group of animals. However, obtaining samples 

from these animals could potentially increase the success of the paternity assessment.  

When the observed results were compared with those generated via the simulation 

of random mating (Graph 3-2, Graph 3-3), the average number of calves per father was 

significantly higher in both the relaxed (p ≤ 0.014) and the stringent (p ≤ 0.037) analysis. 

These results were due to significantly fewer than expected candidate males which were 

assigned only one offspring in the analysis (p ≤ 0.036, stringent criterion; p ≤ 0.039, 

relaxed criterion). The average numbers of males assigned paternity of two calves were 

similar between the simulated and observed results, while the average number of males 

assigned three calves over the study period was higher in the observed than the simulated 
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results, although the differences were not significant. In addition, the number of males 

which were not assigned the paternity of any calves during the study was significantly 

higher than would be expected under random mating for both the stringent- and relaxed- 

criterion analyses (p ≤ 0.037 and p ≤ 0.007, respectively). 

The standardized variance calculated from the results of the paternity analysis 

(SVobs=0.42) was higher than that calculated from the data simulated under expectations 

of random mating (SVexp=0.27). When compared to other mysticete studies, the SVobs 

was most similar to the value calculated in the study of paternity in North Atlantic right 

whales (SVRW=0.35; Frasier et al. 2007) and was higher than that calculated for the 

humpback whale population (SVHW= 0.23; Cerchio et al. 2005). 

 

DISCUSSION 

Paternity assessment 

Approximately half (46-53%) of the calves sampled on the Sakhalin feeding 

ground were assigned putative fathers which had been identified and sampled in the same 

area. Using the stringent criterion, all assignments were supported at the 95% confidence 

level, and the panel of loci utilized in this study provided sufficient resolution to 

discriminate between all possible candidates using a simple exclusion approach in all 

except for one case. Even when the more relaxed criterion was applied, all except one of 

the assignments was supported with high confidence (95%), and only four additional 

paternities were assigned. Assignment success was in relatively close agreement for both 

criteria, and it is likely that the true patterns of paternity are encompassed within this 

range of estimates. 
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Similar paternity assignment success rates have been generated in other studies of 

mysticete mating systems, including those conducted for humpback whales in the 

Mexican Pacific (32.5 to 49.6 %, Cerchio et al. 2005) and for North Atlantic right whales 

(41.4 to 62.1%, Frasier et al. 2007). Although sampling in the humpback whale 

population was not as complete, it is notable that in both our study and the North Atlantic 

right whale study, a very high proportion of photographically identified individuals had 

been sampled. As such, the success rates of the paternity assignments were somewhat 

less than might be expected given the overall pattern of sampling. As discussed below, 

this pattern may have implications for our understanding of the population’s status.  

 

Distribution of male reproductive success 

A mild skew in male reproductive success was detected over the 12 seasons 

covered by the study. Although most (56-59%) of the putative fathers identified were 

assigned paternity of only one calf each, this proportion was lower than that predicted in 

the simulations based on random mating. While not statistically significant, more males 

than expected were assigned paternity of three to four calves during the study, suggesting 

that some males achieved higher reproductive success than others. These results are 

consistent with those observed in both humpback whales and right whales, both of which 

demonstrated mild skews compared to random mating expectations (Frasier et al. 2007, 

Cerchio et al. 2005). However, in all cases the skew was slight, with most males siring 

only one calf during each of these studies. While the differences in reproductive success 

among males were relatively small over the course of the study, continuation of this 

pattern over the lifespan of these individual males would result in a substantially higher 
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reproductive advantage for some males. However, if male reproductive success varied 

with age, the advantage gained by individuals during the study period would level out 

over time.  

  Based on testes to body size ratios, both gray and right whales are thought to 

utilize sperm competition (Brownell and Ralls 1986). The standardized variance of 

reproductive success, a measure often used for comparisons across species, was found to 

be high in North Atlantic right whales relative to values found in other aquatically mating 

species (Frasier et al. 2007), including a population of humpback whales (Cerchio et al. 

2005). These results suggested that sperm competition may result in higher variance in 

reproductive success when compared to tactics employed by some other marine 

mammals (Frasier et al. 2007). The standardized variance estimated for western gray 

whales was comparable to that found in North Atlantic right whales, providing further 

support for the role of sperm competition in generating variance in reproductive success 

among males. 

A high proportion of sampled males were not assigned any offspring during the 

12 seasons of the study. These findings may suggest that many of the animals of 

unknown age were too young to successfully compete for mating opportunities. Rice and 

Wolman (1971) found that 24% of the animals from their sample were sexually immature 

and estimated that the total proportion of immature animals in the eastern gray whale 

population was approximately 44-61%. If the results of the paternity analysis are 

combined with the results of the DADSHARE analysis, the proportion of males (53-54%) 

that are potentially too young to reproduce falls within the range estimated by Rice and 

Wolman (1971). It is important to note, however, that successful fertilization not only 
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necessitates that males are sexually mature but also that they are able to successfully 

compete for fertilization opportunities. Therefore, estimates derived from the paternity 

analysis are not necessarily representative of the proportion of animals which have not 

reached sexual maturity. In addition, this estimate assumes that the unsampled males are 

only those which are contributing to reproduction; if some proportion of non-breeding 

males has also not been sampled off Sakhalin, this percentage would be lower.  

The results suggest a lack of mate fidelity among breeding pairs, with only one 

female with more than one calf assigned to the same male. These findings agree with 

expectations based on morphology and behavior. Similar results have been found in 

paternity analyses in humpback whales (Clapham and Palsboll 1997) and right whales 

(Frasier et al. 2007).  

 

Identification of reproductive males 

The paternity assignment identified 17 to 18 males as putative fathers, and 

analysis of relatedness patterns among the calves with unassigned paternities suggested 

that approximately 15 additional reproductive males have yet to be sampled. Twenty-four 

females were determined to be the mother of at least one calf in the western population 

between 1995 and 2007 (Weller et al. 2008a). Combining this information suggests that 

approximately 57 animals are capable of reproduction. These numbers are slightly higher 

than previous estimates (Weller et al. 2002), which indicated that the number of mature 

individuals was approximately 39-49 animals if the population was growing and 55 

animals if the population was stable. These estimates were based on parameters (e.g., 

percent of immature animals) derived from the eastern gray whale population and on the 
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western population’s size in 1999. Integrating information on the number of putative 

fathers with the number of females known to reproduce provides a more direct 

assessment of the number of animals contributing to reproduction in the population, 

including those which may not be regularly sighted on the primary feeding ground. 

Although slightly higher than previous estimates of the number of mature animals, the 

estimate incorporating the results of the paternity analysis supports the need for continued 

concern over the small size of the population. In particular, the low number of 

reproductive females may contribute to the low population growth and recovery (Weller 

et al. 2008a).   

Although one of the putative fathers was not identified until the last year of the 

study, all other males identified as putative fathers were identified early in the study. 

These animals demonstrated a high degree of seasonal site fidelity to the primary feeding 

area, indicating that at least this subset of reproductive males are regular visitors to the 

Sakhalin area. Although some of the unsampled males may be represented among those 

animals which have been sighted on the feeding ground but not yet sampled, it seems 

likely that at least some of the “missing fathers” are animals which do not utilize the 

Sakhalin feeding ground on a regular basis. 

The majority of the putative fathers had four of the five most common mtDNA 

haplotypes found in the western population. Only two (one of which was identified only 

in the relaxed analysis) of the nine males which have haplotypes considered to be rare in 

the western population were identified as putative fathers. These “rare haplotype males” 

have been hypothesized to represent possible dispersers from the eastern population 

(Chapter Two), although additional analyses evaluating this hypothesis have yet to be 
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conducted. However, these results suggest that the majority of these “rare haplotype 

males” may not be currently contributing to reproduction in the population. 

No males of known age were identified as putative fathers during the study; 

therefore, no conclusions about the minimum age at which males attain reproductive 

success can be derived from these results. However, the lack of assigned fathers among 

the known-age males suggests that the age of first reproduction in males may be later 

than in females. Despite similar limitations in sample size, two females of known age 

(seven and eleven), out of 17 possible through the 2009 season, have been identified with 

calves (Bradford et al., submitted). In right whales, paternity analysis suggested that most 

males do not attain their first successful mating until they were almost twice as old as the 

average age of fertilization for females (~15 years in males as compared to ~8 years for 

females; Frasier et al. 2007). Although no direct evidence was provided in this study, the 

lack of paternities assigned to males of known age (≤ 11 yrs) suggests that a similar 

pattern may be true in western gray whales. 

 

Conservation implications 

Despite the high proportion of sampled individuals, the paternity analysis was 

only able to identify putative fathers for about half of the animals first sighted as calves 

on the Sakhalin feeding ground. Some of the “missing fathers” may be accounted for by 

the animals which have been sighted off Sakhalin but not genetically sampled. However, 

these results suggest that many of the males which are contributing to reproduction in the 

population may not be regular visitors to the Sakhalin feeding ground, raising questions 

about the identity and habitat use patterns of these individuals. 
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A potential explanation for the high proportion of unassigned paternities in the 

western gray whale population is that some gene flow with the eastern gray whale 

population may be occurring. Previous work has demonstrated that the eastern and 

western populations are genetically distinct (LeDuc et al. 2002, Chapter Two); however, 

the low level of nuclear differentiation identified between the two populations raised the 

possibility that some limited degree of interchange may occur (Chapter Two). Such 

interchange might be characterized by mixing of animals from the two populations on the 

feeding ground, or might involve some degree of interbreeding. If gene flow between 

eastern and western populations occurs on a regular basis, then the percentage of 

candidate fathers that have been genetically sampled would be greatly reduced and a 

lower assignment success would be expected. Running the paternity analysis with the 

eastern males included did not identify any additional paternities (see Supplementary 

Information), but given the very small percentage (<1%) of the eastern population that 

has been sampled, this result is not very meaningful. However, although genetic drift acts 

strongly to maintain distinctiveness in small populations, the degree of interbreeding 

needed to account for the unassigned paternities (~50% of the reproduction in the 

population) would be likely to dissolve differentiation between the two populations.  

If we assume that mating occurs primarily while on migratory routes as has been 

described in eastern gray whales, two other considerations are important. First of all, if 

any of the males identified off Sakhalin are animals which originated from the eastern 

Pacific, then they have a high probability of already being sampled. Therefore, 

interpopulation breeding between animals of eastern origin and females sampled off 

Sakhalin can only be used as an explanation for the “missing fathers” if the eastern males 
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demonstrate lower levels of fidelity to the Sakhalin feeding ground and/or utilize other 

feeding areas but migrate along routes commonly used by Sakhalin animals. Secondly, 

interbreeding with the eastern population could occur if reproductive females which 

utilize the Sakhalin feeding area then return to the eastern Pacific to overwinter. Given 

the increased energetic demands of pregnancy and lactation, females are generally 

considered to be less likely candidates for dispersal than are males. In addition, of the 18 

females which had multiple calves during the study period, the majority (83%, n=15) had 

at least one calf which was assigned a putative father among the animals sampled off 

Sakhalin, linking these breeding pairs to the use of common migratory routes during at 

least some seasons of the study.  

An alternate explanation for the unassigned paternities, however, is that many of 

the males which are contributing to reproduction in the western population utilize other 

areas in the western Pacific to feed and are rarely found in the waters off Sakhalin. 

Similar reasoning was invoked to explain the relatively low paternity assignment success 

observed in North Atlantic right whales, in which only 51% of fathers were identified 

despite presumed high rates of sampling (69% of identified males; Fraser et al. 2007). 

The discrepancy between the number of assigned paternities and the proportion of whales 

which were thought to be sampled led the authors to conclude that the size of the North 

Atlantic right whale population is slightly larger than previously estimated. In addition, 

information from paternity analysis, in combination with photo-identification records 

suggesting that as many as one-third of the identified animals were “missing” during a 

given season (i.e., could not be accounted for within areas known to be utilized by this 
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species), supported the existence of additional habitat(s) utilized by North Atlantic right 

whales but not yet located by researchers.  

The results of the paternity analysis in the western gray whale population may 

suggest a similar pattern. Although it is possible to account for the “missing fathers” 

among animals identified but not sampled while on the Sakhalin feeding ground, it is 

unlikely that such a high proportion of the unsampled animals are reproductive males. 

However, sightings of animals identified as western gray whales have been made in other 

areas of the Okhotsk Sea (Weller et al. 2002), as well as the southwestern Bering Sea 

(Weller et al. 2003) and southeastern Kamchatka (Tyurneva et al. 2009). In addition, a 

relatively high proportion (n=39 of 78; 50%) of the whales sighted off southeastern 

Kamchatka have not been sighted on the Sakhalin feeding ground (Tyurneva et al. 2009). 

Although these individuals may be of eastern origin, they may also represent western 

gray whales which use the Sakhalin area infrequently or not at all. These observations 

suggest that at least some animals in the western population may range more widely 

during summer and may not have been identified on the Sakhalin feeding ground.  

Patterns of relatedness among the unassigned calves suggest that the “missing 

fathers” may number approximately 15 different animals. Current population assessment 

models, which indicate that the population contains approximately 130 animals, assume 

that all western gray whales are sighted off Sakhalin, although not necessarily in all 

seasons (Cooke et al. 2008). The results of the paternity analysis suggest that this 

assumption may be violated, although the relatively small number of “missing fathers”, 

some of which may be accounted for by photographically identified but not sampled 

individuals, likely wouldn’t change estimates of the population’s size or trajectory 
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dramatically. However, these results raise questions about the proportion of animals of 

other classes which may also not be accounted for in current estimates. Although little is 

known about the sex of most animals sighted in other parts of the Okhotsk Sea and 

eastern Kamchatka, sightings of mother-calf pairs thus far have been largely confined to 

the waters of the primary feeding ground off Sakhalin, with only one sighting of a female 

with a calf in other parts of the range (Tyurneva et al. 2009). This female had previously 

been identified with a calf while utilizing the Sakhalin feeding ground. Thus, although 

females may range more widely during some seasons, they appear to exhibit particularly 

strong fidelity to the primary feeding ground in years when they have produced a calf. As 

such, the proportion of sampled to unsampled reproductive females is likely to be higher 

than the ratio suggested for males. Interestingly, a male bias has already been 

documented to exist among those western gray whales which have been sampled, such 

that approximately 60% of animals first identified (and sampled) as adults or subadults 

on the Sakhalin feeding ground are males. Results of the paternity analysis suggest that 

this male bias could be more pronounced than previously estimated. 

 

Conclusions 

Much of our understanding of the role that males play in the mating system of 

baleen whales is based on general patterns derived from behavioral and physiological 

data as well as predictions based on known differences in the reproductive cycles of 

males and females. While genetic analyses can provide valuable information on the 

distribution of reproductive success among males, in many species such studies are 

limited by the difficulty of collecting a sample set that is representative of population 
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patterns. Due in large part to its small size and the high degree of site fidelity 

demonstrated by individuals, the western gray whale population is one of the most 

thoroughly sampled of all mysticete populations, providing a rare opportunity to learn 

more about the mating system of baleen whales. The findings presented here indicate that 

the distribution of reproductive success in this small population is similar to that 

described in North Atlantic right whales. Such comparisons suggest that sperm 

competition may create differential reproductive success among males, but that the 

degree of skew is mild in comparison to terrestrially mating mammals. Longer-term 

studies are needed, however, to determine how differential reproductive success over the 

relatively short time span of this study compares with patterns produced over the lifespan 

of individuals. 

The lower-than-expected success rate in the paternity assignment for western gray 

whales raises many questions and suggests that the structure of this population may be 

more complicated than previously thought. In particular, the results presented here 

suggest that some animals which are part of the western population may not routinely 

visit the Sakhalin feeding area. Although this group of “missing fathers” may be small in 

number, they play a significant role in the reproduction of the population. As such, 

increasing our understanding of the habitat use and behavior of these animals is 

important. Genetic sampling of animals identified in other areas of the western Pacific, 

particularly those which have been sighted off Kamchatka but have not been identified as 

animals utilizing the Sakhalin feeding area, is one avenue that may elucidate habitat use 

of animals outside of the primary feeding area. Genetic analysis could be used to 

determine if these animals are any of the “missing fathers”, and genetic assignment tests 
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could be used to better understand if these animals originated from the eastern or western 

populations. 

Although the relatively high proportion of calves which could not be assigned 

fathers is puzzling, assignment of putative fathers for approximately 50% of sampled 

calves provides strong evidence for intrapopulation breeding among animals 

demonstrating fidelity to the western feeding ground. Most females had at least one calf 

which was assigned a putative father from among the animals sampled off Sakhalin, 

suggesting the use of common migratory routes among these animals and the putative 

fathers which were identified. In the future, combining the results of the paternity 

analysis with genetic assignment tests may provide additional information on the extent 

and nature of any dispersal which may be occurring between the eastern and western 

populations.  

 

The material found in Chapter Three will be submitted for publication. I was the primary 

researcher. The co-authors D. Weller and A. Burdin supervised the field effort through 

which the genetic samples were collected. The co-authors D. Weller, R. LeDuc, and R. L. 

Brownell, Jr. supervised the research. 

 

 



 99

Table 3-1. Diversity of the microsatellite loci utilized in the parentage analysis as 

calculated in CERVUS. The number of alleles (k), observed (Hobs) and expected (Hexp) 

heterozygosities, and polymorphic information content for each locus are shown. No loci 

were found to be out of Hardy-Weinberg equilibrium. The probability for non-exclusion 

of a parent pair, the probability of identity (assuming Hardy-Weinberg equilibrium), and 

the probability of identity assuming full siblings are represented in the data area are also 

shown.  

Locus k HObs HExp PIC 

D17t 14 0.846 0.896 0.881 

EV14t 8 0.701 0.752 0.71 

EV37 16 0.923 0.856 0.835 

EV94t 9 0.782 0.754 0.708 

Gata028 5 0.795 0.751 0.702 

Gata098 6 0.615 0.604 0.562 

Gata417 7 0.688 0.641 0.569 

Gt023 7 0.654 0.685 0.632 

RW31 9 0.859 0.832 0.805 

RW48 5 0.39 0.414 0.386 

SW10t 9 0.808 0.783 0.748 

SW13t 8 0.649 0.648 0.58 

SW19t 7 0.744 0.648 0.595 

Overall 8.5 0.73 0.71 0.67 

     

Non-exclusion probability (parent pair): 7.00 x 10-8 

Probability of identity: 2.83 x 10-13 

Probability of identity (sibling): 1.38 x 10-5 
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Table 3-2. Paternities assigned for western gray whale calves in each season of the study, 

including the year in which the calves were born, the number of sampled males included 

as candidates for each year, the number of sampled mother-calf (M-C) pairs, and the 

number and percentages of paternities assigned under the stringent and relaxed criteria. 

Unless otherwise noted, all paternities were assigned at 95% confidence. 

Paternities Assigned 

Stringent  Relaxed 

Year 

No. of 

sampled 

males 

No. of 

sampled 

M-C 

pairs 

No. 

Assigned %  

No. 

Assigned % 

1995 42 3 1 33 1 33 
1997 42 1 1 100 1 100 
1998 42 5 1 20 2 40 
1999 42 1 1 100 1 100 
2000 42 2 0 0 0 0 
2001 44 6 3 50 3† 50 
2002 44 6 3 50 4 67 
2003 46 10 5 50 5 50 
2004 49 6 4 67 4 67 
2005 50 5 1 20 2 40 
2006 53 3 1 33 1 33 
2007 55 9 5 56 6 67 
Total 55 57 26 46  30 53 

 

†One paternity resolved at 80% confidence 
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Table 3-3. Paternities assigned for calves of each reproductive female, including the 

number of sampled offspring for each reproductive female, and the number and 

percentage of offspring which were assigned a putative father in the analysis under both 

the stringent and relaxed criteria. Unless otherwise noted, all paternities were assigned at 

95% confidence.  

Stringent  Relaxed 

Mother's 

ID 

No. of 

sampled 

offspring

No. 

Assigned %  

No. 

Assigned % 

A 1 0 0  0 0 
B 4 1 25  2 50 
C 3 1 33  1 33 
D 4 3 75  3 75 
E 2 1 50  2 100 
F 3 0 0  0 0 
G 5 1 20  1 20 
H 5 3 60  3 60 
I 2 2 100  2 100 
J 2 2 100  2 100 
K 1 0 0  0 0 
L 2 0 0  0 0 
M 2 1 50  1 50 
N 4 2 50  2 50 
O 1 1 100  1 100 
P 2 1 50  1 50 
Q 3 2 67  3 100 
R 3 1 33  1 33 
S 3 3 100  3 100 
T 2 0 0  0 0 
U 2 1 50  1 50 
V 1 0 0  1 100 
Total 57 26 0  30 0.53 

 

      †One paternity resolved at 80% confidence 
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Table 3-4. Distribution of reproductive success among the putative fathers identified in 

the paternity analysis. Included are the candidate father’s ID, his mtDNA haplotype, the 

year in which he was first photographically identified, and the number and birth year of 

the offspring he was assigned under the stringent and relaxed criteria analyses. Mean 

reproductive success for all fathers, along with the standard deviation, is shown at the 

bottom of the table. 

Stringent Relaxed 

Father 

 ID 

Year 

Identified 

Father's 

Haplotype 

No. of 

Offspring 

No. of 

Offspring Year(s) 

A 1994 A 2 2 2002, 2004 
B 1995 B 1 1 2004 
C 1997 A 1 1 2007 
D 1995 D 1 1 1999 
E 1997 A 3 3 1997, 2002, 2006 
F 1995 B 1 1 2007 
G 1997 B 1 1 2003 
H 1997 D 1 1 2003 
I 1995 A 2 4 1998, 2001, 2002, 2003 
J 1995 C 1 1 2003 
K 1997 A 3 3 2002 & 2007 (2) 
L 1998 J 1 1 1998 
M 1995 B 1 1 1995 
N 1994 D 2 2 2004 & 2005 
O 1999 B 2 2 2001 & 2003 
P 1999 B 2 2 2001 & 2007 
Q 1995 A 1 2 2004, 2005 
R 2007 Q   1 2007 
Average:    1.5 1.7  
SD:     0.72 0.9   
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 Graph 3-1. Comparison of the number of males which were assigned one, two, three, 

and four offspring in the stringent CERVUS analysis (shown in black), the relaxed 

CERVUS analysis (shown in gray), and the DADSHARE analysis using only those 

calves which were assigned putative fathers in the relaxed analysis (shown in white), and 

the DADSHARE analysis using only those calves which were not assigned putative 

fathers in the relaxed analysis (black and white pattern).  
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Table 3-5. Number of known age males for each year of the study. Included are the year 

of each study, the number of mother calf (M-C) pairs sampled in each year, the number 

of paternities assigned, the number of males in each age category (5 to 11) for each year, 

and the total number of known age males included in the paternity analysis for each year. 

Age categories refer to the approximate age of the male in the season during which 

fertilization would have occurred. 

 

Approximate age of males 

during reproduction 

(Year -1) 

Year No. of 

M-C 

pairs  

No. of 

assigned 

paternities 

5 6 7 8 9 10 11 

No. of 

known 

age 

males 

2001 6 3 2  2

2002 6 3 2  2

2003 10 5 2 2  4

2004 6 4 3 2 2  7

2005 5 1 1 3 2 2  8

2006 3 1 3 1 3 2 2  11

2007 9 5 2 3 1 3 2 2 13
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Table 3-6. Sighting patterns of males identified as putative fathers in the paternity 

analysis. Included are the father’s ID number and the date on which he was first 

photographically identified. Years in which the male was sighted at least one are shaded 

in gray; numbers in each cell refer to the number of calves identified in each season 

which were assigned to that father. The * symbol is used to denote offspring only 

assigned under the relaxed criteria. The percentage of years that each candidate male was 

sighted on the Sakhalin feeding ground of all years of the study following his initial 

identification is also shown.  
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 % of 
years 
sighted 

A             1   1       100% 
B                1       92% 
C                     1 82% 
D      1               67% 
E  1         1       1   100% 
F                     1 83% 
G             1        73% 
H             1         91% 
I     1     1* 1* 1         100% 
J              1        83% 
K           1        2 73% 
L   1                 80% 
M 1                    75% 
N             1 1     69% 
O       1   1       44% 
P        1          1 67% 
Q             1 1*    58% 
R                       1* 100% 
Total 1 1 2 1   3 4 5 4 2 1 6 30 
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Graph 3-2. Comparison of the expected distribution of paternities based on simulations 

of random mating with the observed results for the stringent criterion analysis. Expected 

values, with error bars representing standard deviations, are shown with black diamonds, 

while the observed values are displayed with an X.  
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Graph 3-3. Comparison of the expected distribution of paternities based on simulations 

of random mating with the observed results for the relaxed criterion analysis. Expected 

values, with error bars representing standard deviations, are shown with black diamonds, 

while the observed values are displayed with an X.  
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 SUPPLEMENTAL INFORMATION 
 

A. Additional CERVUS simulations 

A series of simulations were run in the program CERVUS to evaluate the effect of 

incorporating different values for some of the parameters which are required as input into 

the analysis. For all of the following analyses, only males of known age (n=42) were 

included in the paternity assessment; animals first identified as calves which may have 

matured over the study period were not incorporated. Unless otherwise noted, the 

parameters incorporated in the simulation were consistent with those used in the above 

analyses and incorporated an error rate of 0.01. 

 

1) Proportion of candidate males sampled: Since the proportion of candidate males 

sampled was unknown for this study, the simulations employed by CERVUS were used 

to explore the effect of varying this parameter on the paternity results. The proportion of 

sampled males was varied between 0.20 (considered to be much lower than expected 

given the photo-identification results), 0.50 (as used in the analysis above), and 0.80 

(consistent with the results of photo-identification studies). The total number of 

candidates was adjusted accordingly, such that when the simulation was based on 50% of 

candidate males being sampled, the number of candidate males was assumed to be 84.  

 

Results: Results are shown in Table S3-1. Varying the proportion of candidate males 

sampled in the study did not change the number of assigned paternities or the identity of 

assigned fathers. As compared to the assumption used in the analysis (e.g. the proportion 
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of candidate parents sampled is 0.50), reducing the proportion sampled (e.g. p=0.20) 

acted to increase the critical delta value, making the paternity assessment more stringent. 

As such, one of the assignments previously made at the 95% confidence level was only 

supported at the 80% confidence level. Assuming the proportion of candidate males was 

high (0.80) had the reverse effect, reducing the critical delta value and thus the stringency 

of the test. As such, the assignment previously made at 80% confidence in the original 

(e.g., p=0.50) assessment was supported at 95% confidence using these parameters. Of 

note, the expected and observed results were very similar when the simulations assumed 

that the proportion of candidate males sampled was 50%, but were quite disparate for the 

other simulations. 

 

2) Possible effects of increased error rates: Simulations were conducted in CERVUS to 

examine the effect that potential errors in the genotype data might have on the paternity 

assignment success rate. Error rates were allowed to vary between 0.00, 0.01, and 0.10.  

 

Results: Results are shown in Table S3-2. As expected, when the error rate was high 

(10%) the number of assigned paternities at the 80% confidence level increased to 61% 

(n=35). However, allowing for an increased error rate also raised the critical value of 

delta, resulting in fewer assigned paternities at the 95% confidence level. Allowing the 

error rate to increase to 10% also allowed for up to 4 mismatches between the mother-

calf dyad and the putative father. Thus even if a significant source of genotyping error is 

present in the data, the number of calves for which paternity could not be assigned is still 
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larger than would be expected given that ~80% of photographically identified animals 

have been sampled.  

 

3) Possible effects of relatedness: Given the small size of the western gray whale 

population, it is likely that some proportion of the animals included in the study may be 

related to other included individuals. The presence of such relatives might provide a high 

rate of false positive assignments in the study, such that a male might be assigned as the 

true father which shares a different relationship with the calf. However, pending 

relatedness analysis, the proportion of related animals in the population is currently 

unknown. To further explore potential biases caused by incorporating related individuals, 

simulations were run in CERVUS which allowed some proportion of the animals to be 

related. Based on the results presented below, and the fact that baleen whales are not 

expected to be monogamous, the presence of full siblings, which are the most likely to be 

confused with parent-offspring relationships, is unlikely. As such, the two scenarios 

explored were: 1.) some proportion (ranging from 0.20 to 0.50) of candidate males are 

related at the level of half siblings (r=0.25) with other candidate males; 2.) some 

proportion (ranging from 0.20 to 0.50) of candidate males are related to the mother of the 

calf; 3.) some proportion (ranging from 0.20 to 0.50) of candidate males are half siblings 

(r=0.25) with the calves being analyzed in the study.  

 

Results: Assuming that some proportion of the candidate males are related either to each 

other or to the calves being analyzed acts to increase the critical delta values considerably 

(see Table S3-3) over those in the standard analysis. As would be expected, the minimum 
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number of paternities (n=24 calves with assigned fathers) were assigned when assuming 

the highest proportion of animals were related; however, this minimum value is very 

similar to that generated by the analysis with stringent criteria (n=26), suggesting that 

even if relatives are included the analyses presented above are within the range of 

expected results. The type of relationship presumed (i.e. whether the candidate males 

were related to each other or were related to the offspring) did not make a large 

difference in the number of assigned paternities and only made a slight difference in the 

number of paternities expected to be assigned. In all cases the identity of the assigned 

father remained the same. 

Assuming a high proportion of related individuals, irregardless of the type of 

relationship, reduced confidence in the assignments, such that in two cases father-

offspring assignments were no longer supported. Of the four father-offspring assignments 

that included mismatches between the genotypes of the calf and the assigned male, one 

was no longer significant and two others were supported at the 80% confidence level. 

Assuming only 20% of individuals were related also reduced confidence in all except one 

of the father-offspring assignments that included mismatches.  

The stringency of the analysis did not change appreciably when simulations were 

run assuming that some proportion of the candidate males were related to the mothers of 

the calves. Further evidence that the assigned fathers were not related to the mother of the 

calf being assigned can be derived from comparing the mtDNA haplotypes of the mother-

calf dyad to that of the assigned father. Only 8 of the assigned paternities shared mtDNA 

haplotypes with the mother-calf dyad to which they were assigned, supporting that 
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approximately two-thirds of the assigned fathers could be definitively ruled out as sharing 

a maternal half-sibling relationship with the calf or with the mother. 

 

B. Paternity analysis incorporating males sampled in the eastern North Pacific: 

 

To further evaluate the ability of our data to resolve father-offspring relationships, 

the paternity analysis was rerun after incorporation of samples collected from gray 

whales on feeding grounds or migratory routes in the eastern North Pacific (for details 

see Chapter Two). Those eastern animals determined via molecular methods to be males 

(n=87) were included with the candidates from the western population in the pool of 

candidate males. Because differences in the sampling strategies between the two 

populations made estimation of input parameters (e.g. proportion of candidate males 

sampled) complicated, a simple exclusionary approach was utilized for this analysis, such 

that no mismatches were allowed between the genotype of the calf and the putative 

father. 

 

Results: The inclusion of males sampled as part of the eastern population into the 

paternity analysis did not result in any additional paternity assignments being identified.  

 

C. Paternity analysis for calves with unknown mothers: 

An additional four animals were first identified as calves on the study area but had 

already separated from their mother when they were first identified and could not be 

genetically linked to any sampled females. As well, one calf was behaviorally linked to 
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an identified female from which no genetic sample was obtained, and two calves were 

linked behaviorally to adult females but the affiliation was not supported by genetic 

analysis. Confidence in parentage assignments is greatly reduced when one known parent 

is not included, so these seven animals were not included in the primary parentage 

analysis but were run separately to evaluate the possibility of identifying additional 

reproductive males contributing to the population.  

 

Results: No fathers were assigned to the calves without identified mothers.  
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Table S3-1. Comparison of the observed and expected number of paternities assigned 

when the proportion of candidate males assumed to have been sampled is allowed to vary 

from 0.20 to 0.80.  

 

Number of paternities 

assigned 

Observed (Expected) 

Proportion of 

candidate 

males sampled 

Critical 

Delta* 95% 80% 

0.2 3.77 (0.50) 28 (12) 30 (14) 

0.5 1.00 (0.00) 29 (29) 30 (30) 

0.8 0.00 (0.00) 30 (47) 30 (47) 

 

            * Denotes critical delta value at the 80% confidence level 
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Table S3-2. Comparison of the observed and expected number of paternities assigned 

when the error rate is allowed to vary from 0 – 0.10. 

 

Number of paternities 

assigned 

Observed (Expected) 

Proportion of 

candidate 

males sampled

Critical 

Delta* 95% 80% 

0.00 0.00 (0.00) 26 (29) 26 (29) 

0.01 1.00 (0.00) 29 (29) 30 (30) 

0.10 3.91 (1.66) 27 (22) 35 (31) 

 

           * Denotes critical delta value at the 80% confidence level 

 



 120

 Table S3-3. Comparison of the observed and expected number of paternities assigned 

when related individuals are included in the analysis. The proportion related refers to the 

average proportion of all candidate parents which are related. In all cases except that 

were no relatives are incorporated into the analysis, all relationships refer to that of half-

siblings (e.g., r=0.25). 

 

Number of 

paternities assigned 

Observed (Expected) 

Candidate 

male related 

to:  

Proportion 

related: 

Critical 

Delta* 95% 80% 

Calf: 0.20 6.48 (1.79) 26 (25) 28 (34) 

 0.50 8.17 (3.70) 24 (18) 28 (32) 

True father: 0.20 5.54 (1.06) 26 (27) 29 (35) 

 0.50 7.77 (2.85) 24 (20) 28 (34) 

True mother: 0.20 1.06 (0.00) 29 (30) 30 (31) 

 0.50 1.13 (0.00) 29 (30) 30 (31) 

No relatives: 0.00 1.00 (0.00) 29 (29) 30 (30) 

 

         * Denotes critical delta value at the 80% confidence level 



 

IV. CHAPTER FOUR 

 

Exploring patterns of genetic heterogeneity among gray whales (Eschrichtius robustus) 

sampled on a feeding ground in the western North Pacific 
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ABSTRACT 

Much of what is known about western gray whales is derived from studies based 

on the population’s feeding ground off Sakhalin Island, Russia. Although genetic studies 

have supported the differentiation of this critically endangered population from the much 

larger eastern North Pacific population, previous analyses have suggested that some 

degree of male-biased dispersal may occur, raising the possibility that some of the 

animals identified on the feeding ground may be of eastern origin. In this chapter, a suite 

of different genetic analyses were used to assess whether genetic heterogeneity exists 

among animals sampled on the Sakhalin feeding ground and to explore potential 

processes creating such heterogeneity. Patterns of substructure were identified, with two 

genetic clusters detected within the feeding ground samples. The similarity of one of the 

clusters to the eastern population suggests that dispersal influenced the clustering pattern. 

Both the results of a genetic assignment test, designed to identify putative first- 

generation migrants between populations, and the significant differentiation detected 

between males and females (as well as between males and animals first identified as 

calves), suggest that such dispersal is largely driven by, although not exclusive to, males. 

However, when relatedness analysis was used to identify putative mother/offspring 

relationships between animals first identified as non-calves, the results indicated that, as 

has been illustrated by field observations, the fidelity demonstrated by some females and 

their offspring has been important in shaping the structure of the population. Although 

further studies are needed to elucidate the extent and nature of possible dispersal of 

eastern animals onto the western feeding ground, these results suggest that not all animals 
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identified on the western feeding ground may be western gray whales, which has 

potential consequences for assessment of this small population’s status. 

 

INTRODUCTION 

The population of gray whales found in the western North Pacific was greatly 

depleted by commercial whaling, which continued through at least 1966 (Brownell and 

Chun 1977, Kato and Kasuya 2002). Today the population survives as a small remnant 

and is considered one of the most critically endangered baleen whale populations 

(Clapham et al. 1999, Baillie et al. 2004). The continued survival of western gray whales 

is threatened by a wide range of potential anthropogenic threats, including but not limited 

to disturbance due to oil and gas development on its feeding ground (Weller et al. 2002, 

Reeves et al. 2005, IISG 2006) and mortality due to incidental entrapment in nets while 

migrating past Japan (Brownell et al. 2007, Kato et al. 2007). 

Concern for this small population led to the initiation of a joint Russia-U.S. 

research program in 1995, which has focused on studying these animals on their primary 

feeding ground located in the coastal waters of northeastern Sakhalin Island, Russia 

(Weller et al. 1999, 2008). Monitoring of the population has incorporated both boat-

based photo-identification surveys and genetic sampling. Information from photo-

identification surveys has revealed that most of the identified animals demonstrate high 

levels of seasonal site fidelity and annual return to this feeding ground (Weller et al. 

1999, 2008). The population is estimated to contain approximately 130 individuals of age 

one or older, of which only 23 are known to be reproductive females (Cooke et al. 2008, 

Weller et al. 2008).  
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Genetic differentiation of the small western population from the much larger 

population of gray whales found in the eastern North Pacific was initially described on 

the basis of mitochondrial DNA (mtDNA) haplotype frequencies (LeDuc et al. 2002). 

Subsequent studies utilizing microsatellites provided additional support for recognition of 

the two populations as distinct units, with small but statistically significant differences in 

microsatellite allele frequencies identified between the two populations (Chapter Two). 

These studies also revealed that, although the mtDNA haplotype diversity found in the 

western population is markedly smaller than that found in the eastern population (h=0.77 

versus h=0.95; LeDuc et al. 2002, Chapter Two), the western population has maintained 

a relatively high number of mtDNA haplotypes (n=22) given its small size. The amount 

of nuclear genetic diversity found in the western population is comparable to that found 

in the eastern population, indicating that significant amounts of genetic diversity have yet 

to be lost (Chapter Two).  

Although the level of genetic differentiation between the two populations using 

microsatellites was highly significant statistically, the degree of differentiation was 

relatively low (Fst = 0.009, Chapter Two). Bayesian clustering analysis using the 

microsatellite data provided support for the presence of two populations within the 

dataset, but many of the individuals in both populations showed low or equivocal 

assignment indices to their source population. While the low level of observed 

divergence might be representative of relatively recent separation between the two 

populations, sex-specific comparisons indicated substantially higher levels of 

differentiation between females of the two populations than between males, for which, in 

the case of the microsatellite comparisons, comparisons were not statistically significant 
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(Chapter Two). Since relatively recent separation between the two populations should 

affect males and females in a similar fashion, these comparisons suggested that the low 

level of observed differentiation was more likely due to the occurrence of some degree of 

male-biased dispersal between the two populations.  

Given that current records of western gray whales outside of their feeding range 

are limited, much of our understanding of the status of this population has been derived 

from monitoring on the Sakhalin feeding ground. Many of the analyses that have been 

conducted, including estimates of abundance and measures of genetic diversity, have 

assumed that all of the animals sampled on the western feeding ground represent western 

gray whales. If, as suggested by the sex-specific analyses reported in Chapter Two, some 

of the animals identified on the western feeding ground are dispersers from the eastern 

population, these assessments may need to be re-evaluated.  

If such dispersal is occurring, a signal of genetic heterogeneity could be created 

within the western sample set. However, studies of other baleen whale populations have 

shown that intra-population processes can also generate sub-structuring within 

populations, particularly those that are out of genetic equilibrium due to recovery from 

whaling. For example, genetic heterogeneity has been found in the Bering-Chukchi-

Beaufort Seas (BCB) stock of bowhead whales (Balaena mysticetus, Givens et al. 2007, 

Jorde et al. 2007; LeDuc et al. 2007). Although much debate has centered around the 

source(s) of this heterogeneity, mtDNA differentiation between age cohorts has been 

identified (LeDuc et al. 2007), and simulation-based studies have verified that detectable 

differences could be generated between age cohorts given the stock’s history and the long 
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life span characteristic of the species (Ripley et al. 2006, Archer et al. 2007, Martien et 

al. 2007).  

Genetic heterogeneity within a population can also arise through unequal 

reproductive success among individuals. Differential reproductive success among 

matrilines has been demonstrated in humpback whales (Megaptera novaeagliae) feeding 

in the Gulf of Maine and was shown to have the potential to substantially affect the 

frequency and distribution of maternal lineages in this population over time (Rosenbaum 

et al. 2002). In addition, high reproductive success of a relatively small number of 

females over time would create cohorts of maternal half-siblings in the population, 

introducing relatedness structure into the population.  

Examination of the mtDNA haplotype distribution found in the western gray 

whale population provides some indication that either or both of these two mechanisms 

may be influencing the structure of the population. Unlike in the eastern gray whale 

population, in which haplotypes are relatively evenly distributed among individuals, the 

distribution of haplotypes in the western population is highly skewed, with two 

haplotypes found in very high frequencies (36% and 31% of all sampled animals), six in 

moderate frequencies (2 - 5% of sampled animals), and 14 in only one to two individuals 

(LeDuc et al. 2002, Chapter Two). The high frequencies of the two dominant haplotypes 

suggest that females in these matrilines may have enjoyed relatively high reproductive 

success over the past several decades. Among those haplotypes found in only one or two 

individuals, eleven are found in only a single male. Although two of these males were 

first identified as calves (either without an identified mother or with a mother who was 

not sampled) during the field study, the remaining nine were identified as non-calves. 
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These nine males (referred to as the “rare haplotype” males) have been hypothesized to 

represent possible dispersers from the eastern population (LeDuc et al. 2002, Chapter 

Two). Since whaling on this population continued through at least 1966 (Brownell and 

Chun 1977), an alternative explanation is that some of these males might represent 

animals which survived extirpation. Given that males cannot pass down their mtDNA, the 

haplotypes found in these animals could represent remnant haplotypes which were 

present (although likely not common) in the population prior to the end of exploitation 

and which will be lost when these males die.  

Although these findings suggest the potential for both intra- and inter-population 

processes to be creating genetic heterogeneity within the western gray whale population, 

additional analysis may be able to better assess the influence of these factors on the 

genetic structure of the population. To evaluate whether a signature of genetic 

heterogeneity can be identified within the samples collected on the western feeding 

ground, Bayesian clustering analysis, incorporating a model designed to detect subtle 

patterns of structure, is used here to identify the number of genetic clusters found among 

the gray whale data. The sample set is also stratified according to various criteria and 

analyzed to determine whether differences between these strata can be detected. Finally, 

relatedness analysis and a genetic assignment test are used to better assess whether 

differential reproductive success of females and/or putative dispersal between 

populations, respectively, may be factors influencing the genetic structure of the 

population.  
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METHODS 

Details on sample collection are included in Chapter Two. Most of the analyses 

described below utilized only samples collected in the western North Pacific (n=142), 

although samples (n=136) collected in the eastern North Pacific were included for 

comparative purposes for some analyses. When appropriate, samples collected from 

animals which were first identified as calves (n=64) on the western feeding ground were 

excluded from analysis. The analyses described below were conducted using information 

on the sex, mtDNA sequence, and microsatellite genotype (n=13 loci) generated from 

each sample as described in Chapter Two.  

 

Clustering analysis 

A Bayesian model-based clustering approach (STRUCTURE v2.3.2, Pritchard et 

al. 2000, Falush et al. 2003) was used with the microsatellite data to evaluate how many 

genetic clusters were present in the eastern and western gray whale sample sets. Unlike 

the approach taken in Chapter Two, information on the location in which individuals 

were sampled (eastern Pacific versus western Pacific) was incorporated into the model 

using the LOCPRIOR option and assuming admixture with correlated allele frequencies. 

Like the USE POPINFO option in STRUCTURE, the LOCPRIOR option makes use of 

information on the location in which individuals were sampled. However, unlike the 

former option, which assumes that the information on sampling location is usually correct 

and that population structure is relatively strong, the LOCPRIOR option was designed to 

be most useful in scenarios where only weak structure has been observed (Hubisz et al. 

2009). Although information on sampling locations is assumed to be informative, this 
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option allows such a priori information to be ignored for individuals whose ancestry 

appears uncorrelated. As in previous analyses, five independent runs of K=1-5 were 

performed with a burn-in period of 50,000 iterations followed by 100,000 Markov-chain 

Monte Carlo repetitions. After averaging across runs, the number of clusters (K) most 

compatible with the data was identified as the value of K with the highest log probability 

(Ln P(X|K).  

To further investigate sub-structuring within the western population, the 

STRUCTURE analysis was rerun using only those samples collected from animals in the 

western Pacific. A model of admixture with correlated allele frequencies was used; 

additional input parameters for the analysis were identical to those outlined in Chapter 

Two.  

 

Genetic differentiation 

The sample sets were stratified using two approaches to evaluate factors 

potentially contributing to genetic heterogeneity among animals sampled on the primary 

western feeding ground. First, samples collected on the western feeding ground were 

stratified by their status as having been first identified as a calf or non-calf. Animals 

initially identified as non-calves were then further stratified by sex. The eastern sample 

set was also stratified by sex. For both the mtDNA and microsatellite data, frequency-

based (FST) estimates of differentiation (Weir and Cockerham 1984) among these five 

strata were generated using ARLEQUIN v3.0.1 (Excoffier et al. 2005). Significance was 

assessed using 20,000 permutations, and the false discovery rate procedure of Benjamani 

& Hochberg (1995) was used to correct for multiple comparisons.  
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In addition, the results of the STRUCTURE analysis, when run utilizing only 

those animals sampled on the western feeding ground and assuming K=2, were used to 

assign individuals into strata based on Q values. Using the same methods as stated above, 

these clusters were compared both to each other and to the eastern sample set. In 

addition, a Markov-chain approximation of an exact test, as implemented in GENEPOP 

v3.4 (Raymond and Rousset 1995) was used to test for departures from Hardy-Weinberg 

expectations and for linkage disequilibrium between all pairs of loci within each cluster.  

 

Identification of putative mother/offspring pairs 

Relatedness analysis was conducted to identify individuals that shared a potential 

mother/offspring relationship with another animal sampled in the population. Given that 

parent-offspring relationships for those animals first identified as calves were presented 

in Chapter Three, only sampled animals which were first identified as non-calves were 

assessed here. For these animals (n=78), putative mother/offspring pairs were identified 

as those pairs of individuals which shared at least one allele at each microsatellite locus 

and had the same mtDNA haplotype. Because determining the directionality (i.e., which 

animal was the putative mother and which the possible offspring) was complicated due to 

the lack of information or proxy for age, animals were not identified as either the mother 

or the offspring but were simply labeled as pairs. 

Note that this analysis differs in several ways from the paternity analysis 

presented in Chapter Three. First, in the paternity analysis, the maternal contribution to 

the calf’s genotype is removed prior to attempting to identify a putative father, requiring 

in most cases (unless the genotype of the calf and the mother match at both alleles for a 
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given locus) that the putative father’s genotype have one specific allele at each locus in 

order to match the genotype of the calf. In identifying putative mother/offspring 

relationships among animals first identified as non-calves, however, no parental 

contribution can be removed from the animal’s genotype; thus for loci that are 

heterozygous, putative matches can be made at either of the two alleles, making the 

matching criteria less stringent than used in the paternity analysis. Secondly, the criterion 

used for assessing confidence in assignments in the paternity analysis was based on the 

difference between the most likely candidate parent and the second- most- likely 

candidate parent (Δ). Use of this criterion was possible because the directionality of the 

relationship was known and only one animal could represent the true father. However, in 

the identification of mother/offspring pairs among non-calves, directionality of the 

relationship could not be reliably determined; if successive offspring of the same female 

were included in the sample set, that female would share a mother/offspring relationship 

with more than one of the other sampled animals. Therefore, comparing likelihood scores 

between possible candidates was not a viable approach, and the criterion used to assess 

confidence in the paternity analysis could not be implemented here. Given these 

differences, the identification of putative mother/offspring pairs among animals first 

identified as non-calves should be considered less stringent than the method used to 

identify putative fathers for calves with known mothers. This lower level of stringency 

may have been counter-balanced to a small extent by the requirement that 

mother/offspring pairs share the same mtDNA haplotype and that the genotypes of 

putative mother/offspring pairs had at least one matching allele at all loci. The latter 
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criterion may have resulted in the elimination of some true mother/offspring pairs due to 

genotyping errors or null alleles. 

 

Assignment test 

The “detection of first-generation migrants” function, as implemented in 

GENECLASS 2.0 (Piry et al. 2004, Paetkau et al. 2004), was used with the microsatellite 

data to identify putative dispersers between the eastern and western populations. Putative 

dispersers are defined as animals born in a population other than that in which they were 

sampled; therefore, animals first identified as calves on the western feeding ground were 

excluded from this analysis. The test statistic Lhome/Lmax, which represents the ratio of the 

likelihood of an individual’s genotype in its source population (Lhome) to the highest 

likelihood of that individual’s genotype in either of the two possible source populations 

(Lmax), was computed using the Bayesian criterion of Rannala and Mountain (1997). This 

test statistic is the most powerful of the options provided in GENECLASS and is 

considered appropriate in scenarios where all source populations are thought to be 

sampled (Piry et al. 2004, Paetkeau et al. 2004). The probability that each individual was 

not a first- generation migrant was then computed using the re-sampling algorithm of 

Paetkau et al. (2004) to create 10,000 simulated individuals. For the “conservative” 

analysis, the type- I error rate (denoting the false classification of a resident as a 

disperser) was set to 0.01, which is thought to represent the appropriate balance between 

stringency and power (Paetkau et al. 2004). The results were also evaluated using a more 

relaxed error rate of 0.05. 
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RESULTS 

Clustering analysis 

Using a model based on admixture with correlated allele frequencies and which 

incorporated information on the sampling location of individuals (via the LOCPRIOR 

option described in Hubisz et al. 2009), the highest likelihood was observed for K=3 

clusters being represented in the combined eastern and western gray whale sample sets 

(Table 4-1). However, when choosing K, the authors of the STRUCTURE manual 

recommend that users choose the smallest value of K which captures the major structure 

in the data, and they mention that the value of K often “more or less plateaus” when the 

true K is reached (Evanno et al. 2005, Pritchard et al. 2010). Inspection of the graphical 

representation of the likelihood values (Graph 4-1) suggests the majority of structure was 

captured using K=2 clusters, with a plateau in likelihood values after K=2 is reached. To 

further evaluate the true number of clusters contained in the data, ΔK was calculated 

according to Evanno et al. (2005). Although this measure, which represents the second- 

order rate of change in the likelihood, cannot be used to evaluate the probability that the 

data contain only one cluster, it has been shown to be more accurate at detecting the 

uppermost hierarchical level of structure when the true K is greater than one (Evanno et 

al. 2005). A clear peak in ΔK was observed at K=2, confirming that the most likely 

number of clusters in the dataset was considered to be two.  

These results closely mirrored those presented in Chapter Two, which did not 

include information on sampling locations but also supported the presence of two clusters 

within the dataset. However, when sampling location information was not utilized, 

average Qsource values, denoting the proportion of an individual’s genotype which could 
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be attributed to its source cluster, were relatively low for individuals in both populations 

(mean Qeast = 0.69; mean Qwest = 0.60), and only 80% and 65% of the individuals sampled 

in the east and west, respectively, were assigned to their source population. Within the 

eastern sample set, the incorporation of information on sampling location increased the 

average Qsource value (mean Qeast = 0.98 ± 0.047SD). All of the animals sampled as part of 

the eastern population were assigned to that region, with 97% of individuals having Q ≥ 

0.90 and only one animal with Q ≤ 0.75 (Figure 4-2). In contrast, the average Qsource 

value decreased for animals sampled in the western Pacific, and Q values varied greatly 

among individuals (mean Qwest = 0.53 ± 0.367SD). Only 51% (n=73) of animals sampled 

in the west were assigned to their source cluster, with only 42 individuals (30%) with Q ≥ 

0.90 (Figure 4-2). There were 31 animals (28% of sampled individuals) which were 

sampled in the western Pacific but had Q ≥ 0.90 to the eastern cluster. 

Although examination of the results indicated that the majority of structure in the 

combined eastern and western dataset was captured by two clusters, the assignment of 

individuals when K=3 clusters were defined was examined to evaluate the potential for 

additional sub-structuring within the western sample set. Under this scenario, the third 

cluster that was created consisted of a small number (n=20) of animals sampled in the 

western Pacific, most of which (n=12, 60%) demonstrated low assignment probabilities 

(Q ≤ 0.75) to this cluster. A high proportion (n=62, 44%) of western animals continued to 

be assigned to the eastern group, suggesting that inter- versus intra-population processes 

were largely responsible for driving the clustering pattern. 

When only those samples collected from animals identified on the western 

feeding ground were utilized in the STRUCTURE analysis, the highest probability was 
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observed for K=3 clusters (Table 4-2). However, similar to the results above, calculation 

of ΔK indicated that the majority of structure in the data was captured at K=2. Average Q 

values were relatively high for both clusters (Qcluster1 = 0.85 ± 0.125SD, Qcluster2 = 0.84 ± 

0.117SD; Figure 4-2). Based on their Q scores, 59 individuals were assigned to western 

cluster 1, while 83 were assigned to western cluster 2. All except one of the individuals 

which were assigned to the eastern population in the above analysis were assigned to 

western cluster 2. However, this cluster also contained an additional 15 animals which 

had been assigned to the western cluster in the previous analysis.  

Animals first identified as calves were assigned into both clusters (n=31 into 

western cluster 1, n = 33 into western cluster 2). The majority (n=42 of 57; 74%) of 

calves grouped in the same cluster as their mother. For the nine cases in which a calf with 

an assigned father was grouped in a cluster other than that shared with its mother, the 

calf’s cluster was shared with the assigned father. Animals identified as reproductive 

females and putative fathers (Chapter Three) were apportioned relatively evenly among 

the two clusters. 

All loci in both clusters were found to be in Hardy-Weinberg equilibrium. 

However, three pairs of loci were in linkage disequilibrium in western cluster 1, while 

one loci pair was in linkage disequilibrium in the second cluster. 

 

Genetic differentiation 

Estimates of genetic differentiation after stratification by sex and by status of 

being first identified as a calf or non-calf (western samples only) are shown in Table 4-3. 

As mentioned in Chapter Two, all between-population comparisons were significant 
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except for comparisons between eastern males and western males, where there was no 

significant differentiation in either microsatellite allele or mtDNA haplotype frequencies 

after correction for multiple comparisons. Although no within-population comparisons 

were statistically significant for animals sampled in the eastern Pacific, within the 

western sample set significant differences in microsatellite allele frequencies, but not 

mtDNA haplotype frequencies, were identified between males and females and between 

males and animals first identified as calves between 1995 and 2007.  

In addition, animals sampled in the western North Pacific were assigned to 

clusters using the results of the STRUCTURE analysis, and these strata were compared to 

each other and to the samples from the eastern North Pacific. Significant differences in 

both mtDNA haplotype and microsatellite allele frequencies were found in all 

comparisons (Table 4-4). However, the level of differentiation identified between western 

cluster 2 and the eastern sample set was markedly lower than that identified between 

western cluster 1 and the eastern samples.  

 

Assignment test 

Using the most stringent criteria in GENECLASS (α ≤0.01), six individuals were 

identified as being probable first-generation migrants (Table 4-5). Of those individuals, 

two were sampled as part of the eastern population and four were sampled as part of the 

western population. Under the more relaxed criterion (α ≤0.05), an additional 8 putative 

migrants were identified, including three more animals originally sampled in the eastern 

Pacific and five additional animals sampled as part of the western population. When the 

self-assignment probabilities of putative dispersers were examined in more detail, the 
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animals sampled in the west but assigned to the east had markedly higher assignment 

probabilities for the eastern population. However, the animals sampled in the east but 

assigned to the west had more similar probabilities of originating from either of the two 

source populations, suggesting the genotypes of these animals contained alleles common 

to both populations.  

Four of the five animals which were sampled in the eastern Pacific but were 

assigned as putative dispersers from the western population were females. With one 

exception, samples from these animals were collected from animals which stranded along 

the migratory route. Sample #4159, however, was taken from an animal killed as part of 

the aboriginal harvest off Chukotka, Russia. 

A male bias was present among the putative dispersers sampled in the west, with 

eight of the nine animals being males. Five of the nine putative dispersers had one of the 

12 haplotypes which have been identified in males but not females sampled in the west. 

Three of those putative dispersers belong to the subset of animals (n=11) labeled as “rare 

haplotype males” because they are the only animals which carry their haplotype in the 

western population (Table 4-5).  

All of the putative dispersers sampled in the western population have 

demonstrated site fidelity to the western feeding ground, with the majority (n=6) being 

sighted for at least two-thirds of all seasons subsequent to their initial identification and 

all being sighted in at least 50% of such seasons (Table 4-6). All putative dispersers were 

identified on the Sakhalin feeding ground for at least three seasons of the field study, with 

two animals sighted over nine seasons. 
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To evaluate the role of the putative dispersers in generating genetic heterogeneity 

within the western population, these animals (n=14) were removed from the dataset and 

the analysis of genetic differentiation was repeated. In contrast to the previous results, no 

statistically significant differences were found when males and females of the western 

population were compared (Table 4-7). In addition, after putative dispersers were 

removed, significant differences in microsatellite allele frequencies were found between 

eastern and western males (Table 4-7). 

 

Identification of maternal-offspring relationships 

Among those animals (n=78) which were not first identified as calves, there were 

42 animals which shared a putative mother/offspring relationship with at least one other 

animal. The 36 individuals for which no putative mother/offspring relationships were 

identified among the “non-calf” sample set included 12 females (33% of all sampled 

female non-calves) and 24 males (57% of all sampled male non-calves). The majority of 

animals identified as either mothers (78%, 18 of 23 sampled) or as fathers (67%, 12 of 18 

sampled) in the analysis of paternity in animals first identified as calves (Chapter Three) 

also shared a putative mother/offspring relationship with at least one other non-calf 

animal. When combined with information about known mother-calf pairs and with the 

results of the paternity analysis, 75% (n=107) of animals sampled on the western feeding 

ground share a putative parent-offspring relationship with at least one other sampled 

animal. 
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 Forty-two percent (n = 33) of animals sampled as non-calves and 56% (n = 80) of 

all sampled animals could be traced back through matrilines to a minimum of five 

reproductive females. Four of these females shared possible mother/offspring 

relationships with between four and seven non-calf offspring within the sample set, while 

one of the reproductive females could potentially account for up to 14 non-calf 

individuals over two generations. Two additional females were designated as putative 

mothers of only one other sampled non-calf. All of the five matrilines demonstrating high 

reproductive success had one of the two most common haplotypes (A and B) found in the 

western North Pacific. The majority (n=16, 70%) of the 23 sampled females identified as 

reproductive during 1995 through 2007 (Weller et al. 2008) also shared one of these two 

common haplotypes; with one exception, these females were included in the matrilines 

described above. 

 

Cluster composition 

Integrating the results from the assignment test and the relatedness analysis with 

those of the Bayesian clustering approach revealed some patterns worthy of mention. 

First, all of the animals (n=9) identified as putative dispersers were grouped with western 

cluster 2, as were all of the rare haplotype males. All but one of the animals which were 

grouped in cluster 1 were identified as members of a putative mother/offspring pair, 

while only half (n=42, 50%) of the animals which were grouped in cluster 2 shared this 

distinction.  

In addition, the majority (88%, n=23 of 26 total) of animals which were first 

identified (as non-calves) during the later years of the study (1999 – 2007) were grouped 
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with cluster 2. Only six of these animals shared a putative mother/offspring relationship 

with another sampled animal. This subset of animals, which was comprised of 15 males 

and 11 females, included five of the putative dispersers as well as six of the rare 

haplotype males.  

 

DISCUSSION 

Both the clustering analysis and comparisons of various strata indicate that some 

degree of genetic heterogeneity exists among the animals sampled on the Sakhalin 

feeding ground. The patterns identified suggest that the structure of this group of animals 

is complex and is likely mediated by both intra- and inter-population processes. Although 

many questions remain about the extent to which these processes are influencing 

measures of genetic diversity and differentiation within and between gray whale 

populations, some insight into the factors most likely to be shaping the structure of this 

group of animals can be derived from the above analyses. 

 

Within-population processes 

Genetic differentiation between age cohorts was demonstrated in the BCB stock 

of bowhead whales (LeDuc et al. 2007); simulation-based analysis showed that these 

differences were generated as a result of comparisons of older males, which had retained 

mtDNA diversity characteristic of pre-exploitation levels, with younger animals carrying 

levels of diversity representative of current, post-exploitation and recovery levels (Ripley 

et al. 2006, Archer et al. 2007, Martien et al. 2007). This work illustrated that non-

equilibrium dynamics, particularly in such a long-lived species, could produce patterns 
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often interpreted as stock structure. Although the expected life span of gray whales is 

much shorter than that found in bowhead whales, given the relatively recent end of 

commercial whaling in the western population it is possible that similar mechanisms may 

be influencing the population’s genetic diversity. The high number of mtDNA haplotypes 

found only in a single male in the western population provides some support for this 

hypothesis. However, although the lack of known age of many of the animals in the 

western population limits the conclusions that can be drawn, the results of the sex- and 

age-specific comparisons are somewhat inconsistent with this explanation. Given the 

matrilineal inheritance pattern of mtDNA, differences between age cohorts should be 

most apparent in the mtDNA comparisons of males and younger animals. However, age- 

and sex-related differences among animals sampled on the western feeding ground were 

only observed in the microsatellite comparisons.  

The lack of mtDNA differentiation detected when non-calf males and younger 

animals were compared may be related to the history of exploitation in the western gray 

whale population. Relative to the BCB bowhead whale population, in which exploitation 

was intense but occurred over only a few decades, the decline of the western gray whale 

population was more extended, with a peak in catches occurring between 1911 and 1919 

that was followed by several decades of continued takes. The more prolonged period of 

exploitation in the western gray whale population would likely have resulted in a steady 

decrease in the population’s diversity over time but may not have created sharp 

differences between age cohorts. 

Differences in reproductive success among females have been shown to influence 

population structure in humpback whales (Rosenbaum et al. 2002). The relatedness 
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analysis provided some support for differential reproductive success among matrilines 

found in the western population, indicating that when animals first identified as calves 

were included, 56% (n=80) of animals sampled in the population could be traced back to 

as few as five females, all of which shared one of the two most common haplotypes 

found in the western population. Relative to other females sampled in the population, 

females of these five matrilines appear to have enjoyed high reproductive success over 

the past several decades.  

Although the majority (70%) of reproductive females identified during the field 

study also carried one of the two most common haplotypes, six of the other seven females 

which produced calves during that time had haplotypes which were either not found in 

any other animals first identified as non-calves, or which were found in only one other 

sampled non-calf. If these females, or their mothers, have been exhibiting site fidelity to 

the Sakhalin feeding ground prior to 1995, then these results indicate that females in 

these matrilines have experienced low reproductive success and/or high offspring 

mortality over the last couple of decades, and suggest that, in some cases, even those 

haplotypes which are found among females could be in danger of disappearing from the 

western population. Of note, however, these measures of reproductive success assume 

that all females demonstrate similar levels of fidelity to the western feeding ground over 

this time period. 

Of the two groups identified in the clustering analysis, one was comprised almost 

exclusively of animals which were part of the five identified matrilines, suggesting that 

the high reproductive success of these females may have played a role in generating the 

pattern of clustering. The other cluster contained all except one of the animals for which 
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no putative mother/offspring relationships could be identified among the sampled 

animals. The genetic similarity of this cluster to animals sampled in the east is difficult to 

explain; although significant differences between the two western clusters might be 

derived from relatedness structure within the population, both clusters should still be 

more closely related to each other than they are to the eastern population in the absence 

of intermixing between the two populations.  

 

Inter-population processes 

Previous work has indicated that some degree of male-biased dispersal may exist 

between eastern and western gray whale populations and could provide an explanation 

for the relatively low levels of nuclear divergence observed between populations 

(Chapter Two). The results of the genetic assignment test support this hypothesis, 

suggesting that some level of dispersal between the two populations is likely occurring 

and that it is primarily, although not exclusively, driven by males.  

It is important to note that simulation-based studies have shown that the accuracy 

of assignment-based approaches is correlated with the degree of divergence between 

source populations (Berry et al. 2004, Paetkau et al. 2004, Latch et al. 2006, Waples and 

Gaggioti 2006). Although limited, some evidence exists that such tests may provide valid 

results even when differentiation is moderate, particularly when populations are in 

genetic disequilibrium (Hall et al. 2009). In light of these findings, the assignment test 

results presented here should be considered preliminary until simulation-based testing can 

be used to evaluate how well this approach works under the level of divergence observed 

and the sampling protocol used in this specific study. However, the results of the 
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assignment test were generally concordant with those generated using the other 

approaches. At the individual level, none of the possible male dispersers shared a putative 

mother/offspring relationship with any other non-calf animal, and five of them carried 

haplotypes which have not been identified in females in the western Pacific and which, 

with one exception (the animal carrying a haplotype that is unique in both populations), 

are more common among eastern animals. At the population level, the differentiation 

observed between males and females in the west, the differentiation between the two 

western clusters (one of which contained all of the potential dispersers), and the lack of 

significant differences found when males of the two populations were compared all 

indicate that dispersal, rather than recent divergence, is driving the low level of 

differentiation found between the two populations.  

If dispersal of eastern gray whales onto the western feeding ground is occurring, it 

may be a response to relatively recent changes in prey availability on traditionally used 

eastern feeding areas coupled with the increasing size of the population. In the 1980s, the 

Chirikov Basin, in the northern Bering Sea, was considered one of the primary foraging 

areas for eastern gray whales, based on both high densities of gray whales (Braham 1984, 

Kim and Oliver 1989, Highsmith and Coyle 1990) and their ampeliscid amphipod prey 

(Grebmeier et al. 1989, Highsmith and Coyle 1990). By 2002, however, sighting rates of 

gray whales in this area had decreased considerably (Moore et al. 2003). During this 

same time period, amphipod biomass in the Chirikov Basin declined by nearly 50% 

(Coyle et al. 2007), likely as a response to foraging whales (Highsmith et al. 2006) and/or 

ecosystem changes (Grebmeier et al. 2006). The downturn in amphipod biomass during a 

time when the gray whale population would have been increasing suggests that gray 
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whales simply expanded their foraging range (Moore et al. 2003). Although other causes 

couldn’t be ruled out, these declines in amphipod biomass have also been implicated as a 

possible cause of the 1999-2000 gray whale mortality event, in which the number of 

stranded gray whales, many of which were emaciated, increased by an order of 

magnitude over previous levels (Gulland et al. 2005). Beginning in 1999, gray whales 

have also been sighted foraging year-round off Kodiak Island, Alaska (Moore et al. 

2007), an area traditionally considered part of the migratory route. The primary prey of 

whales feeding in this area is cumaceans, which are not considered a typical prey species 

for gray whales (Nerini 1984, Darling 1998, Dunham and Duffus 2002).  

This evidence suggests that gray whales are capable of expanding their foraging 

range in response to declines in prey abundance, and that conditions favoring such an 

expansion may have been present within at least the past decade. Given these 

observations, it seems plausible that some eastern gray whales, rather than feeding in 

more southern or more northern areas, may instead have traveled farther west. In recent 

years, sightings of gray whales off the eastern coast of Kamchatka have raised questions 

about potential mixing of eastern and western gray whales in this area, with some of the 

identified animals known to utilize the western feeding ground off Sakhalin but others 

being of unknown origin (Tyurneva et al. 2009). Increased monitoring, via both photo-

identification and genetic studies, of whales utilizing this area might provide additional 

insight into the possibility of mixing of eastern and western gray whales off Sakhalin. 

Such dispersal, if occurring, seems to be resulting in long-term fidelity to the 

Sakhalin feeding area, rather than occasional use of the area by eastern whales. All of the 

putative dispersers, as well as the majority of whales within the cluster showing similarity 
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to eastern animals, have demonstrated site fidelity to the Sakhalin feeding area. In 

general, our understanding of long-term patterns of feeding ground fidelity in gray 

whales is limited. Within the eastern gray whale population, a subset of individuals, 

generally referred to as the Pacific Coast Feeding Aggregation, terminate their northward 

migration in lower latitudes and feed along the coasts of California, Oregon, Washington, 

British Columbia, and Alaska (Darling 1984, Calambokidis et al. 2002). Within this 

region, many whales return on an annual basis, although they may utilize different areas 

within the broader region within seasons or between years (Calambokidis et al. 2002, 

2004). Recruitment into this aggregation is not well understood. Initial genetic studies 

have not found support for these animals being a maternal isolate (Steeves et al. 2001, 

Ramakrishnan et al.2001), although studies utilizing more samples are currently 

underway and may provide additional insight. Sighting patterns of individual whales have 

also suggested that fidelity to the area may be mediated by foraging success or failure 

(Calambokidis et al. 2004). Additional sampling of gray whales utilizing other feeding 

areas would be valuable in increasing our understanding of how the fidelity observed on 

the Sakhalin feeding ground and within the PCFA compares with that on other feeding 

areas.  

Although the results presented here suggest that some dispersal of eastern animals 

onto the western feeding ground may be occurring, determining whether such dispersal 

can be characterized as feeding ground mixing only, or whether it entails gene flow 

between populations, is not clear. While approximately half (n = 18 of 42) of the males 

first identified as non-calves were assigned as putative fathers (Chapter Three), only one 

of the eight males designated as possible dispersers was identified as a putative father, 
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and the only female has never been sighted with a calf. Although these individuals could 

potentially be animals that are too young to reproduce, these results suggest that most, 

although potentially not all, of the putative dispersal events have yet to result in genetic 

exchange between the two populations. The maintenance of genetic differentiation 

between the two populations (Chapter Two) also indicates that significant gene flow is 

unlikely. Future work using simulation-based approaches will be valuable in assessing 

how much confidence can be placed on the assignment test results and may also allow 

exploration of the extent of gene flow which could occur between the populations while 

still allowing genetic differentiation to persist. 

 

Summary 

Complex patterns of structuring, driven by both intra- and inter-population 

processes, exist among animals sampled on the Sakhalin feeding ground. The sex-

specific analyses presented in the second chapter, which demonstrated markedly lower 

levels of differentiation between males of the two populations when compared to 

females, suggested that the low level of nuclear differentiation between the two 

populations was likely derived from some degree of male-biased dispersal between the 

eastern and western populations. The results presented here are largely congruent with 

that hypothesis, suggesting that heterogeneity exists between males and females utilizing 

the Sakhalin feeding ground. Furthermore, the results of the genetic assignment test 

indicate that any dispersal between populations is largely mediated by, although not 

necessarily exclusive to, males. 
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As discussed in Chapter Two, increasing our understanding of the extent and 

nature of any dispersal that may be occurring between the two gray whale populations 

has important consequences for evaluating the status of the western gray whale 

population. If dispersal is characterized not only by mixing on the feeding ground but 

also by interbreeding of migrants with western animals, it has likely been important in 

providing  “genetic rescue” to the western population by contributing valuable genetic 

diversity and reducing the incidence of breeding among close relatives. On the other 

hand, if putative eastern dispersers demonstrate fidelity to the western feeding ground 

during summer months but return to the eastern Pacific to overwinter, current estimates 

of the population’s abundance and of the genetic diversity it has maintained may be 

artificially inflated by the assumption that all animals identified off Sakhalin are western 

gray whales. Furthermore, these eastern interlopers might be increasing competition for 

food resources on the western feeding ground.  

The eastern North Pacific gray whale has been heralded as a “sentinel of 

ecosystem change” based on several indications that the population is responding to 

alterations in its habitat over the past several decades (reviewed in Moore 2008). 

Although its value in this regard is based on the population’s seasonal dependence on 

Arctic waters for feeding, the link between eastern gray whales and their environment is 

likely to have intensified with the population’s recovery and the subsequent increase in 

competition for prey resources. If dispersal of eastern whales onto the western feeding 

ground is occurring, as suggested here, it may indicate that changes in the structure of 

gray whale populations could occur or be occurring both as a result of the eastern 

population’s recovery and the changing Arctic environment. Additional efforts to 
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understand the extent and nature of connectivity between gray whale populations may 

provide insight into the potential for population recovery and habitat alteration to affect 

the structure of other, less well-studied populations of baleen whales. 

Although the results presented here suggest that some dispersal of eastern animals 

onto the western feeding ground may be occurring, a strong signature of internal 

recruitment into the population was identified, such that 63% of sampled animals shared 

a putative mother/offspring relationship with at least one other sampled animal. In fact, 

over half (58%) of sampled animals could be traced back to as few as five females, 

indicating that the reproductive success of these females and their offspring has played an 

important role in shaping the genetic structure of the western population. This pattern is 

an extension of our understanding based on monitoring of the population between 1995 

and 2007, during which time strong fidelity of reproductive females to the Sakhalin 

feeding area has been documented, with some females observed returning with four to 

five calves during this time (Weller et al. 2009). Evaluation of the numerous threats 

potentially facing this population, including but not limited to disturbance related to oil 

and gas development on their feeding ground as well as mortality resulting from 

incidental net entrapment on their migratory route should take into account the possible 

consequences of disruption of the fidelity of these matrilines to the Sakhalin feeding 

ground. 

 

Some or all of the material found in Chapter Four will be submitted for publication. I was 

the primary researcher. The co-authors D. Weller and A. Burdin supervised the field 
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effort through which the genetic samples were collected. The co-authors D. Weller, R. 

LeDuc, and R. L. Brownell, Jr. supervised the research. 
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Table 4-1. Results of STRUCTURE analysis utilizing samples collected from both the 

eastern and western North Pacific. The inferred number of genetic clusters (K), the 

estimated log likelihood value (after averaging across runs) for the data given K (Ln 

P(X|K)), the posterior probability of K (Pr (K|X)), and the second order rate of change in 

the likelihood (ΔK) are shown. Note that ΔK cannot be calculated for the smallest or the 

largest K being tested. The parameters incorporated in the model are described in the text. 

 

K 

Ln 

P(X|K) Pr (K|X) ΔK 

1 -11612.42 ≤ 0.001 NA

2 -11398.74 ≤ 0.001 14.3

3 -11365.8 0.983 1.1

4 -11369.88 0.016 1.7

5 -11458.62 ≤ 0.001 NA

 

 



 152

Graph 4-1. Graphical representation of STRUCTURE results utilizing samples collected 

from both the eastern and western North Pacific. The log-likelihood values (LnP(X|K)) 

shown are based on averages across 5 runs. Error bars denote standard deviations. The 

parameters incorporated in the model are described in the text. 
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Figure 4-1. STRUCTURE barplot for samples collected in both the eastern and western 

North Pacific. The plot for K=2 using a model based on admixture with correlated allele 

frequencies and incorporating information on the sampling location of individuals 

(Hubisz et al. 2009) is shown. Individuals are represented by vertical bars, and the 

different colors of the bars represent the proportion of admixture, or ancestry, from a 

certain inferred genetic cluster. The Y-axis represents Q, the proportion of admixture. 

Individuals are grouped according to the population in which they were sampled, and the 

black line denotes the boundary between animals sampled in the eastern and western 

Pacific.  
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Table 4-2. Results of STRUCTURE analysis using only the samples collected in the 

western North Pacific. The inferred number of genetic clusters (K), the estimated log 

likelihood values (after averaging across runs) for the data given K (Ln P(X|K)), the 

posterior probabilities of K (Pr (K|X)), and the second order rate of change in the 

likelihood (ΔK) are shown. Note that ΔK cannot be calculated for the smallest or the 

largest K being tested.  

 

K 

Ln 

P(X|K) Pr (K|X) ΔK 

1 -5700.86 ≤ 0.001 NA

2 -5565.66 ≤ 0.001 7.1

3 -5532.32 1 1.4

4 -5728.7 ≤ 0.001 0.8

5 -5681.9 ≤ 0.001 NA
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Figure 4-2. STRUCTURE barplot for samples collected in the western North Pacific. The 

results for K=2 clusters are shown. Individuals are represented by vertical bars, and the 

different colors of the bars represent the proportion of admixture, or ancestry, from a 

certain inferred genetic cluster. The Y-axis represents Q, the proportion of admixture. 

Individuals are grouped by the cluster to which they were assigned, and the black line 

denotes the boundary between animals in the two clusters.  
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 Table 4-3. Estimates of genetic differentiation after stratification by sex and by status as 

calf or non-calf when first identified (western samples only). Fst values for mtDNA 

haplotype frequency comparisons are shown above the diagonal and for microsatellite 

allele frequencies below the diagonal. Significant values are displayed in bold.  

  East  West 
  Females Males  Females Males Calves 

Females * ≤ 0.001  0.078 0.043 0.099 East 
Males ≤ 0.001 *  0.058 0.033 0.075 

        
Females 0.013 0.013  * ≤ 0.001 ≤ 0.001 
Males 0.005 0.002  0.007 * 0.003 West 
Calves 0.012 0.014  ≤ 0.001 0.005 * 
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 Table 4-4. Estimates of genetic differentiation between strata identified by the 

STRUCTURE analysis. Fst values for mtDNA haplotype frequencies are shown above the 

diagonal while those for microsatellite allele frequencies are shown below the diagonal. 

Values in bold were statistically significant after correction for multiple comparisons. 

 

      West 

 n East 

Cluster 

1 

Cluster 

2 

East 136 * 0.161 0.036 

Western Cluster 1 59 0.034 * 0.285 

Western Cluster 2 83 0.006 0.036 * 
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Table 4-5. Putative dispersers identified by the GENECLASS assignment test. The 

information presented includes each animal’s identification number (ID), the population 

in which the individual was sampled (Source Population), the probability of being a first 

generation migrant (ProbFGM), the assignment probabilities to both the eastern (ProbENP) 

and western (ProbWNP) populations, the sex and mtDNA haplotype of each individual, 

and the number of other animals in each population carrying that haplotype.  

 

ID Source 

Population 

ProbFGM Assignment 

ProbENP 

Assignment 

ProbWNP 

Sex MtDNA 

Haplotype 

No. of other 

animals with 

haplotype 

 (E/W) 

32759 West 0.002 0.084 0.000 F A 15/27 

16564 East 0.002 0.131 0.244 F N 5/0 

15161 West 0.003 0.748 0.078 M D 7/3 

19056 West 0.005 0.537 0.019 M D 7/3 

1997 East 0.006 0.528 0.589 F C 12/6 

19053 West 0.009 0.687 0.132 M A 15/27 

12136 East 0.013 0.821 0.864 F V 2/1 

68989 West 0.015 0.204 0.015 M V 3/0 

32754 West 0.027 0.446 0.067 M B 10/21 

15159 West 0.033 0.913 0.407 M F 0/0 

4159 East 0.035 0.887 0.821 F A 14/27 

9840 East 0.037 0.868 0.831 M V 2/1 

19052 West 0.04 0.821 0.309 M Z 2/0 

32790 West 0.04 0.334 0.057 M A 15/27 
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Table 4-6. Sighting patterns for animals sampled on the western feeding ground and 

identified as putative dispersers in the assignment test. “X” denotes years in which an 

animal was photographically identified on the Sakhalin feeding ground. The total number 

of seasons sighted, along with the percentage of seasons in which each animal was 

sighted following its initial identification, is shown in the last column. 

 

ID 

19
94

 

19
95

 

19
97

 

19
98

 

19
99

 

20
00

 

20
01

 

20
02

 

20
03

 

20
04

 

20
05

 

20
06

 

20
07

 

No. (%) 

of 

seasons 

sighted 

15161   X X   X X X X X X X     9 (75%) 

19056    X X X X X X X X X   9 (82%) 

19052     X  X X X X X    6 (60%) 

32754      X  X X X X X X  7 (78%) 

15159 X X X X X X X       7 (54%) 

19053      X X  X  X X  X 6 (67%) 

32790      X   X X X   X 5 (56%) 

32759        X X  X X   4 (57%) 

68989                     X X X 3 (100%) 
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Table 4-7. Estimates of genetic differentiation after stratification by sex and removal of 

animals identified as putative dispersers. Fst values for mtDNA haplotype frequency 

comparisons are shown above the diagonal and for microsatellite allele frequencies below 

the diagonal. Significant values are displayed in bold.  

 

    East   West 
  Females  Males  Females Males 

Females * ≤ 0.001  0.075 0.05 East 
Males ≤ 0.001 *  0.056 0.038 

      ≤ 0.001 
Females 0.015 0.015  *  

West 
Males 0.005 0.006   0.005 * 
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ABSTRACT 

Genetic tagging approaches that utilize microsatellite genotypes to provide a 

genetic profile useful in identifying individuals have proven valuable in detecting 

movement patterns of individuals. In the course of a study designed to evaluate the 

population structure of gray whales (Eschrichtius robustus) in the North Pacific, two 

individuals were identified in the western North Pacific which had identical microsatellite 

genotypes (n=13 loci), mtDNA haplotypes, and sexes as those obtained from two biopsy 

samples collected off central California. While previous studies have supported genetic 

differentiation between the eastern and western populations of gray whales, the relatively 

low level of genetic differences observed at nuclear markers suggests that some dispersal 

between the two populations could be occurring. The finding of two whales apparently 

sampled on both sides of the North Pacific, although subject to numerous caveats, 

provides support for that possibility. In addition, if the genetic matches represent true 

dispersal events between the eastern and western Pacific, our understanding of the 

reproductive history of the animals sampled in the west indicates that such dispersal may 

result in a limited amount of gene flow between populations. Given sampling limitations, 

these findings cannot be used to evaluate the magnitude of such dispersal, but they 

highlight the need for additional genetic, photo-identification, and satellite tagging 

studies to assess this question. The results also demonstrate how the combination of 

genetic information with long-term field studies can be valuable in elucidating factors 

affecting population structure in cetaceans. 
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INTRODUCTION 

Like most baleen whales, gray whales (Eschrichtius robustus) exhibit seasonal 

movements between high- latitude summer feeding grounds and low- latitude wintering 

areas. The current distribution of this species is limited to the eastern and western 

margins of the North Pacific (Rice and Wolman 1971), where two populations have been 

identified. Animals from the eastern North Pacific population spend their summers 

feeding in the waters of the Bering, Beaufort, and Chukchi Seas, with some animals 

demonstrating fidelity to more southern feeding areas ranging from Southeast Alaska to 

northern California (Darling 1984, Calambokidis et al. 2002). Although some gray 

whales may overwinter at high latitudes (Stafford et al. 2007), most animals from this 

population migrate south to the lagoons and coastal waters off Baja Mexico to spend their 

winter months. Although this stock of whales was greatly depleted by commercial 

whaling, the population was removed from the Endangered Species list in 1994 and 

currently numbers ~20,000 – 22,000 animals (Rugh et al. 2008, Punt and Wade 2010). 

In contrast, the population of whales in the western North Pacific has been 

estimated to contain only about 130 animals of age one or older (Cooke et al. 2008) and 

is currently listed as Critically Endangered by the IUCN (Weller et al. 2002, Baillie et al. 

2004). The primary feeding ground for this population is located in the coastal waters of 

northeastern Sakhalin Island, Russia (Weller et al. 1999, 2002), although use of areas 

farther offshore off Sakhalin as well as off the southern and eastern coasts of Kamchatka 

have also been documented (Yakovlev et al. 2007, Tyurneva et al. 2009). The location of 

the wintering ground(s) for this population is unknown, but information from sightings, 
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strandings, and catches suggests that at least some animals may winter in the coastal 

waters of southern China (Zhu 1998, Kato and Kasuya 2002, Weller et al. 2002).  

Genetic studies utilizing both mtDNA and microsatellites have established that 

the two populations are genetically differentiated (LeDuc et al. 2002, Chapter Two). 

However, the level of nuclear differentiation found between the two populations is 

relatively low, suggesting that some amount of dispersal between them may exist. The 

results of sex-specific analysis, as well as of genetic assignment tests, have suggested that 

any such dispersal is likely to be male-biased (Chapter Two and Chapter Four).  

As part of the above studies, the mtDNA haplotype, sex, and the genotypes for 13 

microsatellite loci were generated from 142 samples collected on the western feeding 

ground located off Sakhalin Island, Russia. With one exception, these samples are linked 

to individuals photographically identified on the study area, and they represent 83% of all 

animals (n=169) photographed in the area. Photographic records documenting the use 

patterns of these animals within the study area also exist (Weller et al. 1999, 2002, 2008). 

For comparative purposes, 136 samples collected from animals in the eastern Pacific 

were also analyzed. Given the size of the eastern population, however, these samples 

represent less than 1% of the population, and with only a few exceptions these samples 

are not linked to any photographic records.  

Traditionally, cetacean studies have relied on the use of natural markings to 

identify individuals and document movements between areas (e.g. Hammond et al. 

1990a). In the past decade or so, however, numerous microsatellite loci have been 

developed for use with cetaceans (e.g., Valsecchi and Amos 1996, Berube et al. 2000, 

2005), supplying an alternative method for discriminating between individuals. When a 
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sufficient number of loci are utilized, microsatellite genotypes can provide a “genetic 

tag” which allows animals to be tracked through space and time (Palsboll 1999). In 

cetaceans, this approach was first used in a study of humpback whales (Megaptera 

novaeangliae) in the North Atlantic (Palsboll et al. 1997), where genetic tags were used 

to document movements of whales between feeding areas and mixing of animals on 

winter breeding grounds, as well as to estimate abundance. Genetic tagging studies are 

now widely used to estimate population size, often utilizing noninvasive sampling 

strategies (e.g., Eggert et al. 2003). This approach has also provided information on the 

movements of individual animals, including the seasonal migration of a humpback whale 

between the Norwegian Sea and the eastern Caribbean (Berube et al. 2004) as well as the 

surprising movement of a male humpback whale between two wintering regions in 

different ocean basins (Pomilla and Rosenbaum 2005).  

Given that questions have been raised about the potential for movements of gray 

whales between the eastern and western North Pacific, genetic tagging could provide a 

method to evaluate contemporary dispersal between areas. Based on the size of the 

eastern population, much more extensive sampling of this population would be needed to 

make such an approach viable for making inferences about the extent and nature of any 

such dispersal. Despite the limitations of the currently available dataset, however, two 

pairs of individuals with matching genotypes, haplotypes, and sexes were identified in 

our study. In both cases, one animal of each pair was sampled in the eastern Pacific and, 

the other in the western Pacific. Each pair may represent a single whale. Although 

additional studies are needed before any conclusions can be drawn, the possible 

significance of these finding is discussed below.  
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METHODS 

One hundred forty-two western gray whale samples were collected between 1995 

and 2007 via biopsy darting of free-ranging whales on the population’s feeding ground 

off Sakhalin Island, Russia. All except for one of the western gray whale samples are 

linked to a photographically identified animal, and this sample set represents 83% of all 

animals (n=169) identified on the western feeding ground through 2007. One hundred 

thirty-seven eastern gray whale samples obtained from the archive at the Southwest 

Fisheries Science Center were used for comparison to the western population. These 

samples were taken primarily from stranded animals, with some samples obtained from 

directed subsistence takes, fisheries bycatch, and biopsies of free ranging whales. 

Collection locations ranged from southern California north to the Chukotka Peninsula in 

Russia (Table 5-1). 

The sex, mtDNA haplotypes, and microsatellite genotypes were determined for 

these samples as part of an earlier study examining genetic differentiation between 

eastern and western populations (Chapter Two). The microsatellite loci utilized in the 

study are shown in Table 1-1 (Chapter Two); the diversity of the loci in each population 

is shown in Table 5-2. The EXCEL add-in MS_TOOLKIT (Park 2001) was used to 

identify samples with genotypes that matched at all 13 loci. The mtDNA haplotype and 

sex of animals with identical genotypes were used to confirm all identified matches.  

The program GENECAP (Wilberg and Dreher 2004) was used to calculate the 

probability of identity using the microsatellite genotypes. The probability of identity 

(PID) is defined as the probability that two individuals drawn randomly from the dataset 

will have the same genotype at multiple loci. This statistic was initially calculated under 
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the assumption of Hardy-Weinberg equilibrium (PIDHW, Paetkau and Strobeck 1994). 

However, such estimates may be biased in the presence of population structure. 

Calculations assuming the presence of full siblings within the dataset (PIDSIB) are 

considered more conservative (Waits et al. 2001) and were calculated using the formula 

of Evett and Weir (1998). PID values were calculated using the combined dataset and 

also utilizing the data for each population separately. 

The match probability (e.g., individual probability of identity) is defined as the 

probability that given the genotype of one individual, a second individual will have the 

same genotype. The match probability was calculated for all identified pairs of duplicate 

genotypes both under the assumption of Hardy-Weinberg equilibrium and assuming that 

the two individuals were full siblings (Woods et al. 2009).  

 

RESULTS 

Two pairs of animals with identical genotypes, mtDNA haplotypes, and sexes 

were identified. In both cases, one animal of the pair was sampled as part of the eastern 

population and the other as part of the western population. The average probability of 

identity utilizing the combined dataset and assuming Hardy Weinberg equilibrium was 

calculated as 8.65 x 10-14, while PIDsib was calculated as 1.04 x 10-5. When the average 

probability of identity was calculated for each population separately, the PIDsib was 6.72 

x 10-6 for the eastern population and 1.48 x 10-5 for the western population. PIDHW was 

1.25 x 10-14 and 4.13 x 10-13 for the eastern and western populations, respectively. Match 

probabilities (PHW and PSIB) for both pairs, as well as the mtDNA haplotype and sex of 

the matching animals, are shown in Table 5-3. The two pairs of matching genotypes were 
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heterozygous for 10 of the 13 loci utilized. All other samples utilized in the study had 

genotypes which mismatched at 5 (n=1 pair), 6 or more loci. 

  Interestingly, both of the biopsies from the eastern population were collected 

during the same expedition. Sample #3947 was collected on 20 March 1995, and sample 

#3950 on 23 March 1995. Both samples were taken from whales in the Santa Barbara 

Channel off central California. Although some video was taken during this sampling trip, 

it proved to be of too poor resolution to be useful in photographic comparisons. 

Sample #12186 was collected from an animal on the Sakhalin feeding ground on 

14 August 1998. Photo-identification records link this whale to an animal which was first 

identified in that area on 19 August 1995. This male was sighted off Sakhalin during ten 

of the 12 seasons covered by the study. Sample #50728 was collected from a whale on 

the Sakhalin feeding ground on 27 August 2004. Photo-identification was used to link 

this animal to a whale first identified in that area in 1999. This female was then sighted 

off Sakhalin in all subsequent years of the study. Extensive photo and video 

documentation exists for both of these animals. 

DNA was extracted from the two samples collected in the eastern Pacific in June 

1995, prior to the arrival of any tissue samples collected from the western Pacific. Sample 

#12186 was cleared in 1999 and was first extracted in April. The initial microsatellite 

amplification of #3947, 3950, and 12186 were conducted as part of the same batch. 

However, when the genetic match between #12186 and #3950 was first identified, both 

of these samples were re-extracted and re-amplified; no genotyping errors were 

identified. Sample #50728 was cleared in October 2005 and was extracted in November 

2005; no samples collected in the eastern Pacific were included in this batch of 
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extractions. All four samples were re-extracted in October of 2008. The mtDNA 

haplotypes from the new extractions were sequenced, and microsatellite genotypes were 

generated from all four of the new extractions as part of the same run to control for 

possible errors in calibration across runs. No errors were identified.  

 

DISCUSSION 

Before considering the implications of these results for our understanding of gray 

whale population structure, possible explanations should be addressed. Precautions were 

taken to ensure that the matching genotypes were not an artifact of lab error. Given that 

the initial archiving and extraction of tissue samples were conducted as part of three 

separate batches in three different years, the probability that a mixup at the level of the 

tissue is extremely low. For all samples, genotypes were replicated after re-extraction of 

DNA from the tissue; no errors were identified, suggesting that genotyping errors were 

also unlikely.  

The power of the microsatellite panel used to discriminate between individuals 

was high (PIDHW = 8.65 x 10-14; PIDSIB = 1.04 x 10-5) and comparable to that used in 

other studies utilizing genetic tagging to infer movements of individuals between areas 

(e.g., PIDave = 1.51 x 10-7, Palsboll et al. 1997; PIDsib = 2.8-3.11 x 10-5, Pomilla and 

Rosenbaum 2005). The more conservative estimates of the match probabilities (Psib) 

calculated from the gray whale microsatellite data suggest that the probability of finding 

two animals with these identical genotypes is 1/50,000 (for the match between females) 

and 1/100,000 (for the match between males); and the less conservative measures (PHW) 

suggest that the probability is almost infinitesimally small. It is likely that the true 
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probability lies somewhere between these two estimates, given that there is evidence for 

population structure in our data but it is unlikely that many full siblings were represented, 

based on studies of paternity in western gray whales (Chapter Three).  

Based on these considerations, the probability that the two sets of matching 

genotypes identified here are an artifact of laboratory errors or a lack of resolution in the 

markers used is vanishingly small. However, even if all 130 of the animals in the western 

Pacific were to have visited the eastern Pacific during the study period, it is highly 

unlikely that one of the western animals would have been sampled given the size of the 

eastern population and the relatively low proportion of animals in the eastern Pacific 

which have been sampled. The probability of sampling one of ~130 western animals 

among an estimated 20,000 eastern gray whales is approximately 1/150 (p = 0.006); 

assuming the two events are independent, the probability of capturing two western 

animals is approximately 1/22500 (p = 4.17 x 10-5). These probabilities would be even 

lower if only a small number of the animals identified in the western Pacific travel to the 

eastern Pacific. Only 115 eastern samples were collected during the period of time (i.e., 

in 1995 or later) in which an animal identified on the western feeding ground could have 

feasibly been sampled (Table 5-1). Only 19 of these samples were collected from live 

animals, meaning that almost all of the animals sampled in the east were not present 

during the entire study period.  

Given the low probability of sampling a western animal in the eastern Pacific, 

these calculations indicate that if the matching genotypes do represent animals which 

have travelled between the two areas, some source of capture heterogeneity may exist 

which acts to increase the probability of sampling an animal sighted in the western 
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Pacific relative to those which remain in the eastern Pacific. Mark-recapture studies 

based on photo-identification have identified several sources of capture heterogeneity 

among cetaceans (Hammond et al. 1990b). While some of these are specific to photo-

identification methods (e.g., variation in the distinctiveness of marking patterns), others, 

including differences in behavior between individuals, could potentially increase the 

probability of sampling a western animal relative to that of sampling an eastern animal. It 

is plausible that, given the long-term field study conducted on the western feeding 

ground, western whales may have become more accustomed to being monitored by small 

boats and thus may be more easily approached for sampling than eastern whales are. 

However, both of the animals sampled in the eastern Pacific were sampled prior to the 

start of field efforts in the western Pacific, suggesting that the source of any capture 

heterogeneity between eastern and western animals may be more subtle. 

However, if the genotype matches do represent true dispersal events, the tightly 

linked timing of the two sampling events in the eastern Pacific raises questions about the 

independence of the two events. If these putative movements represent some colonization 

of the western feeding ground by eastern animals, perhaps such events occur as one 

animal follows another into a new area. Another possibility is that some segregation takes 

place on the migratory route relative to the feeding location. Southbound migration 

timing has been correlated with feeding ground origin in North Atlantic humpback 

whales (Stevick et al. 2004), which utilize two different feeding areas but a common 

breeding area in the West Indies. Animals which fed in the Gulf of Maine and eastern 

Canada had earlier mean sighting dates in the West Indies than did animals known to 

feed in Greenland, Iceland, and Norway, suggesting that the migration from feeding area 
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to breeding area might be segregated. Although stratification of the gray whale migration 

relative to age, sex, and reproductive status is known to occur (Rice and Wolman 1971), 

no additional mechanisms for segregation have been identified. 

Although previous studies have confirmed that the eastern and western gray 

whale populations are genetically distinct, the relatively low level of differentiation 

observed at nuclear markers has suggested that some degree of dispersal of eastern 

animals onto the western feeding ground may occur (Chapter Two and Chapter Four). 

Although rare, “extralimital” movements have been observed in other baleen whale 

species. In a study similar to that reported here, Pomilla and Rosenbaum (2005) used 

genetic tagging to document the transoceanic movement of a male humpback whale from 

wintering grounds off the northeastern coast of Madagascar in the southwestern Indian 

Ocean to wintering grounds off the coast of Gabon in the eastern South Atlantic Ocean. 

Although the movement of this whale was initially detected using genetic evidence, the 

match was later confirmed via photo-identification, further validating the utility of 

genetic studies to track individuals. Photo-identification studies have also documented 

movements of humpback whales in the North Pacific between different breeding regions 

and between western Pacific breeding regions and eastern North Pacific wintering 

regions (Darling et al. 1997, Salden et al. 1999, Calambokidis et al. 2001, 2008). In 

addition, movement of a North Atlantic right whale (Eubalaena glacialis) from the 

western North Atlantic to northern Norway and back has been documented using 

photoidentification (Jacobsen et al. 2004).  

Previous studies of gray whale population structure (LeDuc et al. 2002, Chapter 

Two) have noted that the western gray whale population contains a relatively high 
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number of mtDNA haplotypes (n=22) and that many of those haplotypes (n=11) have 

thus far been found in only a single male. These males were hypothesized to represent 

good candidates for dispersal from the eastern Pacific to the western feeding ground 

(LeDuc et al. 2002, Chapter Two). However, the male which was apparently sampled in 

both the east and the west carried a haplotype (B) which is common in both populations, 

providing no additional information on the likelihood of this animal being a migrant. The 

haplotype (35) carried by the female samples has been identified in only one other sample 

collected in the eastern Pacific and six samples obtained from whales in the western 

Pacific. However, these six samples include three of the western female’s offspring, as 

well as one other female and her two offspring. Given the low sampling coverage in the 

eastern Pacific, it is likely that this haplotype would be found in additional animals on 

that side of the ocean basin with more complete sampling.  

In addition to the temporal proximity of the two sampling events in the eastern 

Pacific, a couple of other aspects of the timing in which the samples were collected 

should be addressed. First of all, the sample from the male animal off Santa Barbara was 

obtained approximately five months prior to the first sighting of the whale associated 

with sample 12186 on the Sakhalin feeding ground, suggesting a maximum travel time of 

150 days. Assuming that a whale moving between these two areas would likely have 

traveled along the Aleutian Islands and then down the eastern coast of Kamchatka, the 

distance between the two sampling locations is approximately 10000 km, which would 

entail a travel speed of ~70km/day. Speeds of approximately 150km/day are considered 

representative of travel rates for southbound migrating gray whales (Rugh et al. 2001), 
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suggesting that a gray whale would be capable of traveling between these two areas in the 

given time.  

Secondly, the eastern gray whale samples were collected off central California in 

March, indicating that the samples were collected from whales which were likely 

migrating north after having spent the winter off Baja Mexico. The samples collected in 

the western Pacific were obtained from whales which were utilizing the Sakhalin feeding 

area and which have demonstrated high levels of fidelity to that region. Therefore, the 

putative movements of these whales could provide evidence of feeding ground exchange, 

such that these individuals feed in the western Pacific but continue to return to the eastern 

Pacific during winter months. Alternatively, they could represent more permanent 

dispersal into the western Pacific, such that subsequent to “discovering” the Sakhalin 

feeding area the animals then utilized wintering areas in the western Pacific.  

Integrating additional genetic evidence with that obtained from photo-

identification of the western animals may provide some insight into the nature of these 

putative movements. Paternity analysis of sampled calves born into the population 

between 1995 and 2007 indicated that the male associated with sample #12186 was the 

putative father of a calf born in 2007 (Chapter Three). The female associated with sample 

#50728 is identified (both behaviorally and genetically) as the mother of three calves 

born during the same time period; although two of her calves were not assigned a 

putative father among the sampled western animals, her 2007 calf was assigned a putative 

father which has been sighted regularly on the Sakhalin feeding ground. This evidence 

suggests that both of the whales sampled as part of the western population interbred at 

least one time with other animals considered to be western gray whales. Given that 
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mating in gray whales is thought to primarily occur while on migratory routes (Rice and 

Wolman 1971), these results suggest that the whales would have used migratory routes in 

the western Pacific at least on some occasions.  

 

SUMMARY AND FUTURE STUDIES 

If these genetic matches do indeed represent movements of animals between the 

eastern and the western Pacific, such dispersal raises questions about the degree and 

nature of the connectivity of these two populations. Previous work has shown that the 

eastern and western populations are genetically distinct, although the relatively low level 

of nuclear differentiation suggested that some dispersal may occur between the two areas 

(Chapter Two). The putative dispersal events described here provide further support for 

that possibility. However, the conclusions that can be drawn from these events are limited 

by the lack of photographic documentation of the animals sampled in the east, as well of 

the paucity of genetic samples analyzed from that area.  

Some resolution to the questions raised here may come with future studies 

integrating photo-identification comparisons and satellite tagging with the genetic data. 

Extensive photo-identification records exist for the western gray whale population, 

documenting individual use patterns of the Sakhalin feeding area over 12 summer feeding 

seasons (Weller et al. 1999, 2008). However, the Sakhalin photo-identification catalogues 

have not been compared with those existing for the animals in the eastern Pacific. Photo-

identification studies have been conducted over many years in the calving lagoons of 

Baja Mexico, and additional studies have been conducted in various regions of the 

eastern population’s feeding range. Comparison of photo-identification records between 
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the eastern and western Pacific would provide some insight into the frequency and nature 

of any movements between the two areas.  

In addition, satellite tagging studies for western Pacific gray whales are scheduled 

to begin in the summer of 2010. The objective of these studies is to learn more about the 

location of the primary wintering area for the western population, which has yet to be 

confirmed. However, such studies may also provide more direct evidence of movements 

between populations or perhaps indicate that few, if any, whales move between areas. 

 

Some or all of the material found in Chapter Five will be submitted for publication. I was 

the primary researcher. The co-authors D. Weller and A. Burdin supervised the field 

effort through which the genetic samples were collected. The co-authors D. Weller, R. 

LeDuc, and R. L. Brownell, Jr. supervised the research. 
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Table 5-1. List of genetic samples used in this study which were collected from gray 

whales in the eastern North Pacific. The year of sample collection and source of tissue are 

shown.  

Year Biopsy Fishery Harvest Strand Total 

1979    1 1 

1990    1 1 

1992    5 5 

1993    2 2 

1994   12 2 14 

1995 6    6 

1996    1 1 

1997    5 5 

1998  1  13 14 

1999  1  15 16 

2000    41 41 

2001 2   1 3 

2002    3 3 

2003 2   4 6 

2004    8 8 

2005 3 1  1 5 

2006 6   1 7 

Total 19 3 12 104 138 
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Table 5-2. Microsatellite data for gray whales. Includes number of alleles per loci (k), 

expected heterozygosities (He), observed heterozygosities (Ho), and number of private 

alleles (kp). The overall results include averaged values over all loci for k, He, and Ho, 

and the sum of all private alleles for kp.  

 

  East  West 

Locus K He Ho Kp  K He Ho Kp 

D17t 15 0.89 0.9 1  15 0.88 0.85 1

EV14t 9 0.81 0.78 1  9 0.76 0.74 1

EV37 17 0.88 0.89 1  17 0.85 0.91 1

EV94t 11 0.79 0.74 2  9 0.75 0.75 0

Gata028 8 0.78 0.82 3  5 0.75 0.78 0

Gata098 10 0.65 0.65 3  7 0.63 0.61 0

Gata417 7 0.71 0.71 0  7 0.63 0.65 0

Gt023 9 0.72 0.76 1  8 0.68 0.68 0

RW31 10 0.82 0.83 1  9 0.82 0.85 0

RW48 5 0.4 0.42 0  5 0.36 0.34 0

SW10t 9 0.77 0.76 1  9 0.75 0.77 1

SW13t 8 0.63 0.67 1  8 0.67 0.68 1

SW19t 10 0.71 0.67 3  7 0.64 0.67 0

Overall 9.8 0.74 0.74 18†  8.8 0.7 0.71 5†
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Table 5-3. Match probabilities, as calculated in GENECAP, for the two pairs of identical 

genotypes identified in the gray whale microsatellite data. PHW refers to probabilities 

calculated assuming Hardy-Weinberg equilibrium, while PSIB refers to probabilities 

calculated assuming that the two individuals are full siblings. Information on the number 

of microsatellite loci typed, the mtDNA haplotype, and the sex of the animals sampled is 

also provided. 

 

Sample 

 ID 

Source 

Population 

Loci 

Typed

MtDNA 

Haplotype

Sex PHW PSIB 

12186 West 13 B M 1.87 x 10-13 2.10 x 10-5

3950 East 13 B M  

   

50728 West 13 35 F 5.43 x 10-15 1.06 x 10-5

3947 East 13 35 F    
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The work presented here used a suite of different genetic approaches to 

characterize the population structure of gray whales in the North Pacific. The results 

highlight the complexity of elucidating patterns of movements in animals which are 

capable of traveling long distances, are sensitive to environmental changes, and whose 

life history dictates that they utilize different areas for feeding and breeding. While the 

information presented here contributes to our understanding of gray whale population 

structure, many additional questions were raised about the extent and nature of 

connectivity between the two populations.  

 

Summary 

Although some dispersal of eastern animals onto the western feeding ground may 

be occurring, the maintenance of genetic differentiation between the eastern and western 

populations supports their continued recognition as separate populations. Both field-

based and genetic studies indicate that recruitment into this small population is driven in 

large part by the fidelity of females and their offspring to the primary feeding ground. In 

addition, the results of the paternity analysis indicate that interbreeding among 

individuals known to utilize the Sakhalin feeding ground occurs, presumably while these 

animals are travelling along common migratory routes.  

Whether any dispersal which occurs between populations is representative of 

feeding ground mixing only, or if it entails gene flow between populations, is not clear. 

At the population level, the maintenance of genetic differences between eastern and 

western populations suggests that any gene flow that is occurring is likely to be minimal. 

However, genetic drift could be acting to counterbalance some restricted degree of 
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genetic interchange between populations, and the balance between these two forces in 

this small population is not well understood. Based on the individual-level analyses, only 

one of the nine animals designated as a putative disperser was identified as potentially 

contributing to reproduction in the population, indicating that most, although potentially 

not all, of the putative dispersal events did not result in genetic exchange during the study 

period. However, the results of the paternity analysis indicated that both of the two 

western animals which shared identical genetic profiles to animals sampled in the eastern 

North Pacific had interbred with other animals on the western feeding ground, suggesting 

that, if these genetic matches represent real movements of individuals, some gene flow 

may be occurring. While these results are intriguing, the caveats associated with both 

findings suggest additional studies are needed before any conclusions can be drawn.  

Discriminating between gene flow and feeding ground mixing has important 

consequences for our understanding of the status of the western gray whale population. 

As aforementioned, if dispersal of eastern animals onto the western feeding ground is 

resulting in gene flow, then these dispersers may be acting to “genetically rescue” the 

remnant western population by providing an additional source of genetic diversity. 

Mixing on the feeding grounds without gene flow, however, could be artificially inflating 

our estimates of both genetic diversity and population size, which would suggest that the 

western population is more vulnerable than currently thought.  

Finally, a number of different observations suggest that the habitat use patterns of 

gray whales in the eastern Pacific have recently shifted as a result of some combination 

of the population’s growth and recent environmental changes. If dispersal of eastern 

whales onto the western feeding ground is occurring, as suggested here, it may indicate 
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that changes in the structure of gray whale populations could also result from these 

conditions. Additional efforts to understand the extent and nature of connectivity between 

gray whale populations may provide insight into the potential for population recovery and 

habitat alteration to affect the structure of other, less well-studied populations of baleen 

whales. 

 

Future Studies 

Although continuing to collect biopsies from unsampled animals, particularly 

calves, on the western feeding ground would be valuable in further evaluating the 

patterns described here, expanding sampling efforts to include other areas in the western 

Pacific would contribute to our understanding of the size of the population in the western 

Pacific and the potential for intermixing with eastern animals. In particular, the collection 

of genetic samples from animals of unknown origin which utilize the waters of 

southeastern Kamchatka during summer months could provide information on the 

relationship of these animals to those sampled off Sakhalin. In addition, genetic analysis 

of any animals sighted, stranded, or entrapped in areas used as migratory corridors or 

wintering areas would be helpful in elucidating movements of individuals outside of the 

primary feeding ground. Analysis of historic gray whale samples, such as bones or 

baleen, collected in the western Pacific would be useful in evaluating how much genetic 

diversity has been lost in this population and has the potential to provide insight into 

which animals are more likely to represent “true” western gray whales.  

Future work using simulation-based modeling would provide valuable context for 

interpreting the patterns identified using the genetic data. This approach could be used to 
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assess how much confidence can be placed into the assignment test results as well as to 

explore the extent of gene flow and/or intermixing which could occur between 

populations while still allowing genetic differentiation be detected.  

Integrating the genetic data with information gained via other approaches might 

also provide resolution to the questions raised here. Although not a trivial undertaking, 

comparison of photo-identification records between the eastern and western Pacific 

would provide some insight into the frequency and nature of any movements between the 

two areas. In addition, satellite tagging of western gray whales, which is scheduled to 

begin in the summer of 2010, may provide valuable information about the location of 

migratory routes and wintering ground(s) in the western Pacific and the identity of 

whales which utilize these areas.  

 
 



 

VII. APPENDIX 

 

Why not Y? Lack of variability in the Y chromosome of gray whales (Eschrichtius 

robustus) 
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INTRODUCTION 

Comparison of variation and population structure at Y chromosome loci with that 

found in maternally-inherited mitochondrial DNA (mtDNA) and biparentally-inherited 

microsatellite markers can provide valuable information on sex-specific population 

parameters and insight into reproductive strategies and dispersal (e.g., Vila et al. 2003, 

Eriksson et al. 2006, Douadi et al. 2007). While mtDNA and microsatellites are often 

used to study cetaceans, knowledge of intraspecific Y chromosome variability has been 

limited to fin whales, which demonstrated relatively high levels of polymorphism at Y 

loci when compared with that observed in many other mammal species (Hatch 2004, 

Hatch et al. 2006). The intent of this work was to expand our understanding of Y 

chromosome diversity in cetaceans by assessing variability in the gray whale. Although 

previous work utilizing mtDNA and nuclear microsatellites has indicated that eastern and 

western gray whale populations are genetically distinct (LeDuc et al. 2002, Chapter II), 

several questions remain about the role that male dispersal may have played in both 

historic and current differentiation between populations. The use of Y markers could 

potentially address these questions.  

 

METHODS 

Seventeen Y-chromosome markers designed for use in other studies (Hatch 2004, 

Hellborg and Ellegren 2003, Hatch et al. 2006) were selected based on their successful 

amplification in other cetacean species (Table A-1). These markers included three 

anonymous regions designed from the Y chromosome of fin whales (Hatch 2004) and 

shown to amplify in a range of other mysticete species, including gray whales (Hatch et 
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al. 2006). The remaining 14 primer sets were designed from regions known to be 

conserved across mammals (Y Chromosome Conserved Anchored Tagged Sequences, 

YCATS) and amplified introns (Hellborg and Ellegren 2003). Although a total of 48 

YCATS have been screened on mammals, the fourteen markers chosen here had been 

shown to successfully amplify in Risso’s dolphins (Hellborg and Ellegren 2003). 

To determine if these markers produced successful and male-specific 

amplification in gray whales, a PCR was conducted for each primer set using two 

samples collected from male gray whales and one sample collected from a female gray 

whale, which acted as a positive control. PCR conditions followed those described in the 

original studies (Hatch 2004, Hellborg and Ellegren 2003). Following PCR, products 

were visualized on a gel to determine if amplification was successful and male-specific. 

Those products which produced a single male-specific band on the gel were then 

sequenced using the marker-specific primers and following the sequencing protocol 

described in Chapter II. 

The second step of the screening process was to determine if these markers 

amplified regions on the Y chromosome which were variable in gray whales. Samples 

collected from twenty male gray whales (n=10 from the eastern population and n=10 

from the western population) were used to evaluate variability. These samples were 

chosen to maximize the chance of finding polymorphism by selecting samples which 

were known to have different mtDNA haplotypes and divergent genotypes. Amplification 

and sequencing for these markers followed the procedure described above; a female 

control was included in all amplifications. 
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RESULTS  

 Although eleven of the 17 Y-chromosome markers produced a product, only five 

of these markers produced a single, male-specific band when visualized on the gel (Table 

A-1). Sequencing of these five products, which totaled ~2.0 kb in length, revealed no 

variability among the twenty male gray whale samples selected for the screening. In 

addition, close inspection of the sequences for SMCY7 and UTY11 revealed that each 

sequence contained one site for which the base call was ambiguous. Given the lack of 

amplification in the female control, this finding suggested that amplification of Y-specific 

repetitive regions, known to be common on the Y chromosome (Skaletsky et al. 2003) 

may have been an issue. Although this problem might have been addressed by 

redesigning the primers used in the study, the lack of variation found in these regions 

indicated that such efforts would not be worthwhile. 

 

DISCUSSION 

  In contrast to the relatively high levels of diversity observed in gray whales using 

mtDNA and microsatellite markers, analysis of ~2.0 kb of anonymous and intron 

sequences revealed no variation in the Y chromosome of gray whales. Although low 

polymorphism has been found on the Y chromosome of many mammal species (e.g., 

Hellborg and Ellegren 2004), this lack of variation is inconsistent with that observed in 

fin whales. This raises questions about how other factors, such as life history traits and 

demography, may influence levels of Y chromosome diversity in cetaceans. These results 

also suggest that technical challenges, such as amplification of replicated regions, may 

continue to plague the amplification of Y chromosome regions in some species, although 
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new molecular techniques (reviewed in Greminger et al. 2009) may provide strategies to 

circumvent these issues in the future.
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Table A-1. Y-chromosome loci screened in gray whales. The locus name and expected 

size were taken from the original studies. The results of the marker screening on gray 

whales are characterized by successful amplification, the presence of a single band, the 

presence of a male-specific band, and the length of the sequence (in basepairs) when 

amplified using DNA derived from gray whales. 

 

Locus 
Expected 

Size 
Successful 

Amplification Single band 
Male-

specificity 

Sequence 
Length 

(bp) 

Polymorphic 
Sites 

DBY121 200 Y N N --- --- 

DBY41 600 Y N N --- --- 

DBY71 400 Y N N --- --- 

DBY81 200 Y N N --- --- 

DBY91 300 Y N N --- --- 

SMCY111 350 N --- --- --- --- 

SMCY121 150 N --- --- --- --- 

SMCY161 500 N --- --- --- --- 

SMCY51 200 N --- --- --- --- 

SMCY71 500 Y Y Y 487 0 

SMCY81 100 N --- --- --- --- 

UBE1Y61 300 Y Y Y 246 0 

UBE1Y71 500 N --- ---  --- 

UTY111 550 Y Y Y 340 0 

LH_Y102 404 Y N --- --- --- 

LH_Y132 648 Y Y Y 606 0 

LH_Y022 428 Y Y Y 292 0 
 

 

1 Hellborg and Ellegren 2004 
 
2 Hatch 2004 
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