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DECLARATION OF JOHN W. BICKHAM
I, John W. Bickham, Ph.D., declare as follows:

L I am a geneticist specializing in the genetics of natural populations of fish and
wildlife and a professor emeritus in the Department of Wildlife & Fisheries Sciences at Texas
A&M University. I am under contract with the Tribe’s legal counsel to provide expert testimony
and testimony based on my personal knowledge of the International Whaling Commission’s
review of the Tribe’s proposed hunt in this matter. My address is 31526 Lower Oxbow Trace,
Fulshear, TX 77441.

2 For purposes of this hearing, I prepared and hereby incorporate the attached
report and supporting exhibits as my written direct testimony.

3. The attached report includes: (1) expert opinions developed through my
education, experience, rescarch, and knowledge of genetics of natural fish and wildlife
populations and of gray whales (and other marine mammals) in particular; and (2) testimony
based on my personal knowledge of the proceedings of the International Whaling Commission
regarding the Tribe’s proposed hunt. My qualifications to testify as an expert are described in
further detail at the beginning of the attached report.

4. The attached report provides factual and scientific information (and my expert

opinion regarding such information) which, as qualified below, supports NMFS’s proposed
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waiver and regulations that would, in addition to tribal management measures, govern a
ceremonial and subsistence hunt of gray whales from the Eastern North Pacific stock under the
Tribe’s treaty-reserved right.

5. I have reviewed NMFS’s published issues for the hearing, i.e., the “Issues that
May be Involved in the Hearing,” 84 Fed. Reg. 13639, 13641-43 (Apr. 5, 2019). As I describe in
the attached report, I have concerns about some of the direct testimony NMFS has submitted in
this matter and believe there is additional scientific information available that supports the
proposed waiver and regulations. However, in general, as NMFS’s proposed issues of fact relate
to my testimony, I agree with the issues presented and support the waiver and regulations NMFS
has proposed. The Makah Tribe has prepared and is submitting today a document entitled
Makah Tribe’s Position Regarding NMFS’ Proposed Issues of Fact. The document identifies
specific objections I have to certain issues presented by NMFS (or in some cases, that I have no
comment), and I hereby adopt and incorporate those objections as a part of my written direct
testimony.

6. The attached report provides support for additional issues of fact for the
hearing. The Makah Tribe has prepared and is submitting today a document entitled Makah
Tribe’s Proposed Issues of Fact. The document identifies additional issues of fact for the hearing
based on my attached report and I hereby adopt and incorporate those issues as part of my

written direct testimony.
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I declare, under penalty of perjury under the laws of the United States, that the foregoing (and

the attached report) is true and correct to the best of my knowledge, information and belief.

Iy ekl

John W. Bickham, Ph.D.

Dated: /7 ay / :?/ 209
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Testimony of John W. Bickham

Background, Qualifications and Experience of John W. Bickham, Ph.D: | am Professor Emeritus at Texas
A&M University, in the Department of Wildlife and Fisheries Sciences, where | served on the faculty for
30 years (1976 to 2006). | also served on the Faculty at Purdue University in the Department of Forestry
and Natural Resources and as Director of the Center for the Environment (2006 to 2012) and was a
senior scientist at Battelle Memorial Institute from 2012 to 2016. | presently conduct research as a
private contractor to Exxon and the North Slope Borough (NSB). Since 2003, | have served as a member
of the U.S. delegation to the International Whaling Commission (IWC) Scientific Committee (SC), as well
as a member of the NSB’s bowhead whale research team. Since 2011, | have studied gray whales as part
of the Joint Program for the Okhotsk-Korean Gray Whale Population Monitoring off the North-East Coast
of Sakhalin Island funded by Exxon and Shell and as a consultant to the Makah Tribe on issues related to
stock structure. My areas of expertise include genetics (cytogenetics, population and evolutionary
genetics, genomics, genetic ecotoxicology, and evolutionary toxicology) of natural populations of fish
and wildlife. | have studied a variety of marine mammals including Steller sea lions, bowhead whales
and gray whales and | have published more than 240 papers in the peer reviewed literature. | recently
(2010) co-edited a book Molecular Approaches in Natural Resource Conservation and Management.
Recent publications on whales include descriptions of the bowhead whale genome and transcriptome,
and the genome sequence of the gray whale. My CV is attached (Ex. M-0401).

Executive Summary: In this testimony | focus on issues of population structure of North Pacific gray
whales (Eschrichtius robustus) as they relate to the proposed Makah Tribe hunt and its request for a
waiver under the Marine Mammal Protection Act (MMPA). The eastern gray whale (EGW) population
targeted by the hunt is robust, being comprised of nearly 27,000 whales, and the number of whales
requested to be taken is small. Nonetheless, there are two small populations called the western gray
whale (WGW) and the Pacific Coast Feeding Group (PCFG), some members of which have been observed
within the area of the hunt. Inadvertent takes of WGW or PCFG whales could have significant
conservation implications depending on the number of takes and the status (feeding group, breeding
stock) of these populations.

My testimony does not focus on the potential number of takes of either WGW or PCFG whales in the
Makah hunt. The National Marine Fisheries Service (NMFS) is proposing to regulate the Makah hunt to
protect these whales. Under NMFS’s proposed regulations, the likelihood that a Makah hunter would
strike a WGW is extremely small; moreover, the hunt would be suspended in the event such a strike is
confirmed. There is a greater likelihood that a Makah hunter would strike a PCFG whale than a WGW
whale. NMFS’s proposed regulations, however, carefully limit the number of PCFG whales that may be
struck and require a minimum abundance of PCFG whales before the hunt can take place in any year.
While these proposed regulations appear quite conservative to me, it is not the purpose of my
testimony to evaluate these measures.

Instead, | provide background information on the stock definition of the WGW and PCFG, including
primarily a review of the genetics data, and | attempt to explain the degree of uncertainty that exists
regarding the stock structure hypotheses related to these groups. | first provide background on gray
whales, including separate discussions of the WGW and the EGW, including the PCFG. In this discussion,
it is important to distinguish current and historical populations because there is an important question
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whether the current WGW population is a remnant of the historical WGW population. |then discuss the
Rangewide Review of the Population Structure and Status of the North Pacific Gray Whale, which was
recently completed by the IWC. The Rangewide Review provides the best general assessment of the
stock status of gray whales based on currently available scientific information and includes 6 stock
structure hypotheses that are considered plausible and are being used to model the population
dynamics of gray whales. In my testimony, | explain these hypotheses and provide my opinion as to
which hypothesis(es) are most plausible given the scientific data.

According to the International Union for Conservation of Nature (IUCN), the current WGW population is
a small population that summers in the Sea of Okhotsk, mainly around Sakhalin Island with occasional
observations on the east coast of the Kamchatka Peninsula and the northern Sea of Okhotsk, and
winters somewhere in Asia. Until recently, the IUCN considered the current WGW population to be
critically endangered and assumed that it is the remnant population of the historical WGW stock that
was hunted to apparent extinction primarily by Japanese and Korean whalers in the early 20%" Century.
This assumption was supported by studies showing the current WGW population is genetically distinct
by mitochondrial DNA (mtDNA) and microsatellites from samples of EGWs and occupies the feeding
grounds of the historical WGW in the Sea of Okhotsk located between Sakhalin Island and the
Kamchatka Peninsula (Ex. M-0444 (Lang et al., 2010b)); (Ex. M-0447 (LeDuc et al., 2002)).

In 2018 the summary and description of the WGW at the IUCN web site were updated
(https://www.iucnredlist.org/species/8099/50345475#population) to include recent studies using
satellite telemetry, genetics and photographic identification which have revealed that many or all the
current WGWs migrate to Mexico and overwinter with the EGWSs. Although the historical WGW
wintering grounds and migratory routes are poorly known, the latter includes the east and west coasts
of Japan and the coast of China. Whaling took place near Ulsan, Korea where there were two peak
whaling seasons suggestive of a north bound and south bound migration. The wintering grounds were
possibly near Hainan Island (Ex. M-0418 (Cooke et al., 2018)).

And, while some analyses using preliminary data based on genomics and nuclear single-nucleotide
polymorphism (SNP) data support the differentiation of the current WGWs and EGWSs, other analyses
using these data fail to support this differentiation. Therefore, uncertainty exists regarding the true
identity of these whales.

In the Rangewide Review, several different stock structure hypotheses are considered plausible. Two of
these, 3a and 5a, are considered most plausible and are serving as the base models for evaluations of
the status of gray whales in the Pacific Ocean, with other plausible hypotheses to be used as sensitivity
tests. Considering the available information, uncertainty exists with regard to the status of the current
WGW population. A spectrum of possibilities exists ranging from the current WGW population being a
distinct stock comprising descendants of the historical WGW population thought previously to be
extinct, to a small group of EGWSs that might be defined as a feeding group, with several intermediate
possibilities. Furthermore, under 5 of the 6 hypotheses considered plausible in the Rangewide Review,
the portion of the current WGW population that migrates through the area of the Makah hunt is part of
a western feeding group of the eastern gray whale breeding population. Under the sixth hypothesis
(6b), which | do not consider the most likely to be correct, the portion of the current WGW population
that migrates through the area of the Makah hunt is part of a western breeding stock which does not

Docket No. 19-NMFS-0001
Initial Direct Testimony of John W. Bickham - 5



resemble the conventional hypothesis of a separate western breeding population. That is, it does not
show affinity to the Asian wintering ground but rather winters in both Asia and Mexico.

My opinion is that gray whales that feed in the Sea of Okhotsk and migrate to North America are not a
stock descended from the historical WGW, as defined by the IUCN, but may be a population stock as
that term is used under the MMPA, composed of somewhat isolated EGWs.

The population status of the PCFG is, in my opinion, much more straight-forward. The genetics data, as
well as our understanding of the movements and behavior of gray whales, supports the PCFG as being a
feeding group of the eastern gray whale breeding population and not a biological population or
population stock as defined in the MMPA. There is no convincing evidence to suggest that the PCFG is an
interbreeding population.

Introduction: The gray whale (Eschrichtius robustus) was once distributed in both the North Pacific and
North Atlantic Oceans but was extirpated from the Atlantic by the early 1700s (Ex. M-0449 (Mead and
Mitchell, 1984)). Gray whales in the North Pacific Ocean are found on both the eastern and western
margins (Ex. M-0404 (Andrews, 1914); Ex. M-0460 (Rice and Wolman, 1971)). Conventional wisdom held
that there were two populations or stocks. One population of gray whales wintered in the subtropical
waters of Baja California, Mexico and migrated along the continental shelf of western North America to
and from their summer feeding habitats in coastal waters of the Bering, Chukchi and Beaufort Seas,
including waters off North America and Russia, and as far south as the eastern coast of the Kamchatka
Peninsula. That population was frequently referred to as eastern gray whales (EGW) in the literature,
but also as Eastern North Pacific gray whales (ENP) by NMFS (Ex. M-0473 (Weller et al., 2013)). A second
population utilized summer feeding habitats in the Sea of Okhotsk, including areas off the northeastern
coast of Sakhalin Island as well as the southeastern coast of the Kamchatka Peninsula (Ex. M-0404
(Andrews, 1914); Ex. M-0460 (Rice and Wolman, 1971); Ex. M-0468 (Weller et al., 2002)). This
population was frequently referred to as western gray whales (WGW) in the literature (Ex. M-0418
(Cooke et al., 2018)), but also as Western North Pacific gray whales (WNP) by NMFS (Ex. M-0473 (Weller
et al., 2013)). | use the terms WGW and EGW in my testimony (but, as noted above, will distinguish
between current and historical populations). The migratory and wintering habits of the historical WGWs
were not as well-known as those of the EGWs (Ex. M-0472 (Weller and Brownell, 2012)). Information,
including historical whaling records as well as more recent observations since the 1930s showed the
WGWs migrated in coastal waters off Japan and South Korea to wintering habitat somewhere in the
South China Sea (Ex. M-0472 (Weller and Brownell, 2012)). Recent genetic studies suggested that
current EGWs and current WGWs are discrete populations (Ex. M-0445 (Lang et al., 2011); Ex. M-0451
(Meschersky et al., 2015)). However, in this testimony, | will make it clear that there is a degree of
uncertainty about this and that it is a hypothesis being tested in ongoing research projects by myself and
others.

Hunting for gray whales occurred in the Atlantic Ocean and is thought to have caused or contributed to
the extinction of the Atlantic gray whales (Ex. M-0449 (Mead and Mitchell, 1984); Ex. M-0472 (Weller
and Brownell, 2012)). Hunting also occurred in the Pacific Ocean, where populations of both EGWSs and
WGWs were reduced to very low numbers. According to Alter et al. (2012) (Ex. M-0403) there were
approximately 1,300 mature females at the nadir of the bottleneck for the entire North Pacific gray

whale population. That contrasts with the estimated size of the pre-commercial whaling EGW
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population of 15,000 to 20,000 whales based on whaling records (Ex. M-0428 (Henderson, 1984)). With
regards to the WGW, Berzin and Vladimirov (1981) (Ex. M-0406) estimated the population numbered
1,000 to 1,500 individuals prior to 1910, and this number has been generally accepted. However, Alter
et al. (2007, 2012) (Exs. M-0402, M-0403) estimated the historical population size of the entire North
Pacific gray whale population based on genetics as approximately 100,000 individuals prior to whaling,
but did not estimate the relative sizes of the historical WGW and EGW populations. Estimates of
historical abundances based on genetics have been very high for some species, but for others they have
been consistent with traditional methods. The very high estimate for gray whales by Alter et al. has not
been generally accepted as accurate, nor has it decisively been shown to be incorrect. A key caveat to
the use of genetics to estimate historical abundances is that it is difficult to accurately estimate genetic
mutation rates on which the estimates of historical abundance are based. Notwithstanding the
uncertainty of the pre-exploitation size of the WGW population, it is well-established that it had a
considerably greater distributional range than now (Reeves et al., 2008) (Ex. M-0459) and it was reduced
to a much smaller size than the EGW.

Western Gray Whales: WGWs are currently classified as endangered according to the IUCN (Ex. M-0418
(Cooke et al., 2018)). This is based on recent estimates of fewer than 50 breeding females. For example,
in one recent estimate, the number of non-calves numbered about 140 in 2012 (Cooke et al., 2013) (Ex.
M-0419), including only about 29 reproductive females (Burdin et al., 2012) (Ex. M-0414); Cooke et al.
(2013) (Ex. M-0419) estimated 36 (+2) mature females in 2012. These estimates are similar and clearly
show the small size of the population.

More recently, however, Cooke et al. (2017) (Ex. M-0420) has revised this estimate upwards by also
considering animals from the southeastern Kamchatka Peninsula as part of the WGW population.
Including whales that summer in Kamchatka as well as Sakhalin, Cooke et al. (2017) estimated the non-
calf WGW population in 2016 to be between 320 and 410. Note that this estimate is significantly larger
than the annual estimates given above. Those earlier estimates were limited to whales summering only
near Sakhalin whereas the latter includes all whales that summer near southeastern Kamchatka and/or
Sakhalin. The later estimate by Cooke et al. (2017) would also include animals recruited during the
intervening 4 years between 2012 and 2016.

Determining what whales comprise the WGW population is becoming more complex with the new focus
of Cooke et al. (2017) (Ex. M-0420) on the Kamchatka whales. Those authors differentiate between an
estimated 130-170 whales that feed predominantly off Sakhalin, an estimated 182-222 whales that
feed at least occasionally off Sakhalin, and the previously mentioned 320-410 whales that feed off both
southeastern Kamchatka and Sakhalin. To clarify, the smaller estimates are comprised of whales that
are included in the larger estimates. Relaxing the definition of what is a WGW results in an increased
abundance estimate. It should be recognized that no matter how the populations are defined, both the
Sakhalin and Kamchatka populations have increased at an estimated rate of 2-5% per year.

Despite a steadily increasing population, the estimates are still small, but they have implications for the
IUCN listing of the WGW population. Specifically, with these new estimates the population was recently
re-classified by IUCN as Endangered, not Critically Endangered?, as the population includes more than 50

1 This contrasts markedly with the EGW: although it was reduced to approximately 2,000 whales, the 2015/16
estimate was about 27,000 whales (Ex. M-0426 (Durban et al., 2017)).

2 https://www.iucnredlist.org/species/8099/50345475
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mature animals but less than 250. However, the modelling of Cooke et al. (2017) (Ex. M-0420) assumes
that the Sakhalin feeding population includes both eastern and western breeding animals. Because the
western breeding animals comprise 0 to 50 mature individuals (males and females), if such a western
breeding population exists, it would be classified as Critically Endangered under IUCN’s criteria.
However, the eastern breeding animals (those that might migrate through the area of the Makah hunt)
would be part of the large EGW population, and would not be endangered. As Cooke et al. (2017)
rightly conclude (P.6): “Obtaining further information on the existence, nature and status of the relict
western North Pacific breeding population is clearly a high priority.”

It has been said that the loss of a single reproductive female annually could be sufficient to lead to the
extinction of the current WGW population (Ex. M-0431 (IWC, 2006, pp.10, 67)). This was primarily
because of the small number of reproductive females. Between 2006 and 2015 the number of WGWs
has almost doubled (120 to >200; see discussion above and Cooke, 2018 (Ex. M-0421); Cooke et al.,
2017(Ex. M-0420)), and the statement no longer appears to be true. Threats to WGWs include fisheries
bycatch, poaching, ship strikes, and oil and gas development (Ex. M-0457 (Perrin et al., 1994); Ex. M-
0468 (Weller et al., 2002)). As to the Makah hunt, as mentioned at the beginning of my testimony, it is
my understanding that the likelihood that a Makah hunter would strike a WGW is extremely small (Ex.
M-0452 (Moore and Weller, 2018)) and that NMFS’s proposed regulations would suspend the hunt in
the event such a strike is confirmed.

WGWs historically migrated along the coasts of Korea, China and Japan (Exs. M-0468, M-0473 (Weller et
al., 2002, 2013)). The wintering grounds have never been known with certainty; suggestions have
included the Seto Inland Sea of Japan (Ex. M-0456 (Omura, 1984)) and southern Korea (Ex. M-0404
(Andrews, 1914)). There is little evidence to support these areas as wintering grounds (Ex. M-0468
(Weller et al., 2002)), and it is more likely that WGW:s wintered farther south along the mainland coast,
perhaps as far south as near Hainan Island in the South China Sea (Exs. M-0468, M-0471 (Weller et al.,
2002, 2012, and references therein)). In the western North Pacific, WGWSs were hunted primarily in
Korea and Japan in the first half of the 20" Century (Ex. M-0409 (Brownell and Chun, 1977); Ex. M-0460
(Rice and Wolman, 1971)). Gray whales were also hunted in the eastern North Pacific and the
independence of these two populations was established based on the appearance that they were
geographically isolated across the North Pacific Ocean basin, and because hunting pressure on one
population did not seem to impact the other. According to the first report of the IWC Rangewide Review
(IWC, 2014b; SC/65b/Rep08, p. 11) (Ex. M-0435), “Brownell reported that the large catches (>1,750 gray
whales) by Japanese modern whalers in the East Sea of Korea from 1890-1966, but mainly in the first
third of the 20th Century (Kato and Kasuya 2002) (Ex. M-0439), came at a time when the population of
gray whales in the eastern Pacific was seriously depleted as a result of 19th Century whaling. This
mismatch in the timing of peak catches in the eastern and western North Pacific is consistent with the
hypothesis of separate populations.” These observations are substantiated by the historical catch data
summarized in Appendix A of Bradford (2003) (Ex. M-0408). See also Brownell et al. (2009) (Ex. M-0410).

By 1966 the WGW was considered extinct (Ex. M-0407 (Bowen 1974); (Ex. M-0468 (Weller et al., 2002)).
However, in the late 1960s and the 1970s some whales were sighted in the Sea of Okhotsk, South China
Sea and the Sea of Japan (Ex. M-0455 (Omura, 1974)). It was assumed that these were surviving WGWs,
and the population was estimated to be 100-200 individuals by Berzin and Yablokov (1978, cited in
llyashenko, 2011) (Ex. M-0406).
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By the turn of the 21t Century, the last surviving remnant of the WGW population was thought to be
the gray whales that currently summer off the northeastern coast of Sakhalin Island and some of the
whales that summer off southeastern Kamchatka (Exs. M-0467, M-0468, M-0471 (Weller et al., 1999,
2002, 2012)). The fact that gray whales are occasionally seen or stranded in waters off Japan, Korea and
China, ostensibly during the months of the WGW migration, is an indication that some gray whales
summer in the Sea of Okhotsk and migrate south to wintering sites in Asia. This is thought to be a
historical migration pattern of WGWSs. A gray whale photographed as a calf in the Sea of Okhotsk was
subsequently killed off Japan (Ex. M-0469 (Weller et al., 2008); Ex. M-0472 (Weller and Brownell, 2012));
according to the authors, this was the first confirmation of the Asian migratory corridor in recent times.
There are, however, alternative explanations for the presence of gray whales observed in Asian waters
during the winter. They could be whales that did not have sufficient strength to migrate to Mexico and
chose to stay closer to the summer feeding grounds. If so, they likely would have been forced south by
ice conditions in the Sea of Okhotsk and ended up in Japanese waters. These whales could also be
vagrant individuals exhibiting extralimital movement patterns. In recent years, at least two gray whales
were seen in the Atlantic and one in the Laptev Sea off the northern coast of Siberia (Ex. M-0461
(Scheinin et al., 2011); Ex. M-0463 (Shpak et al., 2013)). Given that there are no existing populations in
those areas, these observations demonstrate that gray whales do at times travel far outside their
normal migratory corridor and feeding areas.

Data are being collected and analyzed to help determine the status of the WGW population, including
photo identification (Ex. M-0414 (Burdin et al., 2012); Ex. M-0464 (Tyurneva et al., 2012)) and biopsy
data (Ex. M-0444 (Lang et al., 2010b)) collected since 2002 from gray whales summering in the Sea of
Okhotsk. Gray whales biopsied off Sakhalin Island are statistically significantly different from whales
sampled from the EGW population based on biparentally inherited microsatellite loci and maternally
inherited mtDNA (Lang et al., 2010b; Ex. M-0447 (LeDuc et al., 2002); Ex. M-0451 (Meschersky et al.,
2015)). This evidence supports the hypothesis that the gray whales summering off Sakhalin Island are
the remnant of the once presumed extinct WGW. However, satellite telemetry data has called into
guestion previously widely held hypotheses about the movements of WGWs and their relationship with
EGWs. In 2010, a satellite tag was placed on a 13-year old male WGW named “Flex” by researchers off
Sakhalin Island (Ex. M-0448 (Mate et al., 2015)). On December 12, 2010, Flex travelled eastward to the
west coast of the Kamchatka Peninsula, swam around the southern tip of Kamchatka, and proceeded
north toward the Commander Islands. He swam east on January 3, 2011, crossing the Bering Sea and
heading toward North America. After crossing the Gulf of Alaska and turning south, he arrived at the
Washington, USA coast near Queets by February 2, 2011. Three days later the transmitter failed with
Flex near the Oregon coast and heading south. The study of Mate et al. (2015) was a landmark in gray
whale science because it immediately upended the conventional wisdom of decades of North Pacific
gray whale research. The result has been an exhaustive and healthy reassessment of stock structure
hypotheses related to both the WGW and the PCFG, discussed below, through the IWC Rangewide
Review.

Additional efforts to follow WGWs via satellite confirmed that Flex was not an isolated observation. On
August 28, 2011, a transmitter was placed on a female WGW named “Agent” which, like Flex, travelled
east towards North America beginning on November 24, 2011. Agent’s transmitter ceased operating on
December 31, 2011, when she was in the Gulf of Alaska. Another transmitter was placed on “Varvara”,
a female gray whale at Sakhalin Island in 2011. Varvara was tracked for more than a year during which
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time she moved from Sakhalin to the EGW wintering lagoons of western Baja California, Mexico, and
then returned to Sakhalin Island (Ex. M-0448 (Mate et al., 2015)).

The surprising journeys of the satellite tagged whales prompted examination of other data sources to
determine if additional evidence of migration between Sakhalin and North America might be found.
Photographic matches of whales photographed off Sakhalin and: (a) British Columbia (n = 6, Ex. M-0470
(Weller et al., 2011)) and (b) Mexico (n = 17, Ex. M-0465 (Urban et al., 2012), Ex. M-0466 (Urban et al.,
2013)), and genetic matches (n = 2, Ex. M-0445 (Lang et al., 2011)) of whales biopsied at Sakhalin and
Southern California, have now been reported as well as whales with satellite tags. Including the three
satellite-tagged whales, 28 whales are known to have migrated from the Sea of Okhotsk to North
American coastal waters. This is about 14% of the Sakhalin population if we accept the midpoint N =
202 of the range 182 to 222 given by Cooke et al. (2017) (Ex. M-0420) as the size of the Sakhalin
population in 2016. It is uncertain what percentage of the WGW population migrates to North America,
but Cooke estimated it to be between 30% and 100% of the mature (aged 7+) Sakhalin Island gray
whales (Ex. M-0436 (IWC, 2017)). It thus seems likely to be a significant portion of the population, and
perhaps all of them, that migrates east to North America and the EGW wintering grounds off Mexico
instead of south to wintering grounds off the Asian coast.

Questions remain about the status and population biology of WGWSs. A central issue focuses on the
findings of statistically significant mtDNA and nuclear gene differences between WGWs and EGWs in the
face of what appears to be a high level of mixing or potential mixing (Ex. M-0443 (Lang et al., 2010a)).
Below, | will clarify two biological issues that are pertinent to the question of population structure of
North Pacific gray whales. These issues concern the WGWs’ status as a stock and their historical
identity. The first issue can be addressed through population genetics, and the second through
evolutionary genetics. | will review potential stock structure scenarios that are consistent with existing
data on genetics, distribution and movements of these whales, including the scenarios currently being
considered as a result of IWC’s 5-year Rangewide Review of the Population Structure and Status of
North Pacific Gray Whales.

A Brief Explanation of the Genetics Methods and Terms Relevant to Gray Whale Population Structure:
The field of genetics is a rapidly progressing area of science in terms of both technology and theory. The
basis for studying the genetics of gray whales, or any other wildlife species, is that variation exists in the
DNA of individuals as a result of mutations that change the DNA sequence of a gene (or the more
general term locus) by substituting a nucleotide (also referred to as a base or base pair since DNA has
two strands) with an alternative one (there are 4 nucleotides, abbreviated A, T, G, and C). This is like
changing a sentence by replacing one word with another. Given that the genome (i.e., all of the DNA of
a cell or individual) contains the developmental blueprint as well as the operating manual of the
individual, these variations can have significant implications.

We study the DNA variation using a variety of methods that are discussed in sections below. These
include genetic analyses that target specific genes or regions of the DNA, and genomic analyses that
include analysis of the entire genome. Genetic studies result in the assessment of hundreds or a few
thousand nucleotides of DNA sequence, whereas genomics might cover the entire 35 billion bases of
DNA in the gray whale genome. They use substantially different analytical approaches.

Three genetic methods are now commonly used and will be discussed below. Mitochondrial DNA

(mtDNA) analysis analyzes the sequence of one or more genes on the mtDNA chromosome. This
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chromosome is outside the nucleus of the cell, is part of what was once a symbiotic living bacterium that
became incorporated into our ancestor’s cells at the origin of higher organisms several billions of years
ago. Although there are many copies of the mtDNA chromosome in any cell, the copies are typically
identical, and the term “haplotype” is used to refer to mtDNA variants (in contrast to the term “allele,”
which is used to refer to variants of bi-parentally inherited genetic markers). Because of certain special
properties mtDNA is easy to study and highly variable. It also is strictly maternally inherited; males and
females both inherit it, but only females pass it to their progeny. So, it is used as a marker of female
lineage diversity. Most studies focus on a few hundred base-pairs of the highly variable Control Region
of the mtDNA. Due to its characteristics, this genetic marker gives us a unique window into the female
contribution to population genetics.

A second frequently used kind of genetic markers is called microsatellites. These are found in the
nucleus of the cell and typically they are bi-parentally inherited markers, being located on the autosomal
chromosomes (which contrast with the sex chromosomes, the X and Y, which will not be discussed
here). Microsatellites are short, two- or three-base repeats, such as CACACACACA, that are found
throughout the genome. These repeats are highly variable in terms of the number of repeats because of
a process of slippage which occurs during DNA replication. Such mutations that change the number of
repeats are far more common than base substitutions, which change one nucleotide for another.
Moreover, microsatellites are analyzed using a method called fragment size analysis, which estimates
the number of repeats at a locus, instead of a sequence analysis like the mtDNA. Ultimately, this is a
method that reveals a high degree of genetic variability because each locus will have a large number of
variants, or “alleles” in the lexicon of genetics (in contrast to the term “haplotypes” used to refer to
mtDNA variants). Typically, and as is the case in the gray whale studies below, the locations of the
microsatellite loci are unknown, and the loci have been derived from different species which leads to
potential scoring and analytical problems.

A third method that is becoming more frequently used because it does not have the analytical problems
of microsatellites is called Single Nucleotide Polymorphisms (SNPs or snips). A SNP locus is any location
on the DNA where alternative nucleotides are found on different chromosomes. These are almost
always two-allele (bi-allelic) markers and since they are frequently derived from a whole genome
sequence, their location (i.e., if they are associated with a known gene or not) is known. There are
millions of these in any mammal species; in fact, DeWoody et al. (2017b) (Ex. M-0424) identified
2,057,254 SNPs in the gray whale genome from which they developed a panel of 96 SNPs located in
genes of known function. As mentioned, SNPs have certain advantages of analysis compared to
microsatellites including clarity or ease of scoring since they are a sequence-based analysis, not a
fragment size analysis. And, because they are sequence-based the data can be archived and used from
study to study as is the case for mtDNA.

Genomic analysis is the future of all genetic studies. The cost of sequencing a genome was about $100
million in 2001, and today is only about $1,000. Along with the rapid advance of the technology to
sequence the genome, there has also been rapid advances in bioinformatics (the methods by which
large scale genomics data are analyzed using supercomputers) to analyze the sequence, availability and
capability of supercomputers to do this work, and analytical programs for both evolutionary and
population genomic studies. DeWoody et al. (2017b) (Ex. M-0424) reported the genome sequences for
two WGWs and one EGW, and Arnason et al. (2018) (Ex. M-0405) reported genome sequences for two
additional gray whales. Soon we will have the ability to sequence entire genomes from large numbers
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of individuals and analyze millions of genetic markers. However, at this time, the gray whale genomic
data has served as a resource to identify SNPs to be used for population genetic analysis, as well as
comparing a small number of EGWs and WGW:s to reconstruct the population evolutionary history as
described in Briniche-Olsen et al. (2018b) (Ex. M-0412).

Genetics and genomics provide the modern methods to study population genetics and evolutionary
genetics. Such studies are critical in conservation and management because they directly address two
key issues in conservation biology: 1) population structure which guides the identification of
management units, and 2) measuring genetic diversity in populations which is a key driver for extinction
probability. These methods and issues are discussed below more fully as they pertain to gray whales.

Genetic Studies of Western Gray Whales: Comparisons of the genetics of the current WGW population
to the current EGW population have been made in a series of studies primarily using biopsies from
whales observed off Sakhalin Island (and a few from southeastern Kamchatka), and biopsies or tissues of
stranded, harvested, or biopsied EGWs from a variety of localities including their summering and
wintering habitats and migratory corridor. These studies have employed mtDNA (Ex. M-0447 (LeDuc et
al., 2002); Ex. M-0438 (Kanda et al., 2010); Ex. M-0451 (Meschersky et al., 2015)), nuclear microsatellites
(Ex. M-0441 (Lang, 2010); Exs. M-0443, M-0444 (Lang et al., 2010a, 2010b)), and both (Ex. M-0445 (Lang
et al., 2011)). Consistent evidence of genetic divergence between the WGW and the EGW populations,
expressed as statistically significant differences in mtDNA haplotype frequencies (Fst) and microsatellite
allele frequencies (Fst), have been found. The two populations have similar levels of genetic diversity
(e.g., heterozygosity) in nuclear microsatellites, and similar nucleotide diversity of mtDNA. But the
EGWs have greater mtDNA haplotype diversity than the WGWs (Lang et al., 2011). These studies show
significant genetic variation is present in the WGW population, despite the history of commercial
whaling and current small estimate of abundance of the group. The pattern of frequency distribution of
mtDNA haplotypes differs in WGWSs and EGWs; there are two haplotypes in very high frequency in
WGWs (Figure 1; haplotype 1, 0.51 and haplotype 2, 0.44) whereas in the EGW population the
frequency of the most common haplotype (1) was 0.15. The results of these studies, which utilized
appropriate methods when they were conducted, are consistent with two demographically distinct
populations of drastically different sizes and numbers of breeding females as the studies cited above
concluded.
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Figure 1.—This is Figure 3 in Lang et al. (2011) (Ex. M-0445) and shows the mtDNA haplotype network
for control regions sequences. Note that there is no evidence of population structure in the form of
nested groups of related haplotypes that are found only in EGW or WGW populations. Compare this to
Figure 2 which shows evidence of stock structure in Steller sea lions.
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Figure 2.—Steller sea lion mtDNA haplotype network from control region sequences. Notice the groups
of related (nested) haplotypes that are unique to the eastern (red) and western (green) stocks. This
figure is unpublished, but the pattern of nested haplotypes in Steller sea lions has been examined by
Harlin-Cognato et al. (2006) (Ex. M-0427a) and Phillips et al. (2011) (Ex. M-0458).

The observed, statistically significant, genetic distinctness between the two populations, however, is
surprising given the observation of a substantial proportion of WGWSs that migrate to North America
rather than to wintering habitats in Asia. In fact, males and females in approximately equal numbers are
known to migrate to North America (Ex. M-0466 (Urban et al., 2013)) so mating during migration among
members of this population is possible. Nonetheless, Lang et al. (2010a) (Ex. M-0443) reported evidence
of male mediated dispersal or gene flow from the EGW population into the WGW population. Male
biased dispersal was supported by the fact that most mtDNA haplotypes found in only one or two Sea of
Okhotsk gray whales are represented only by males (Ex. M-0447 (LeDuc et al., 2002); Ex. M-0445 (Lang
et al., 2011)). These could be EGW males that have followed Sea of Okhotsk gray whale females back to
the latter’'s summer feeding grounds. That is, they are not the sons of WGW females and so don’t have
the mtDNA haplotypes found in those females. Because they are males, they do not pass their mtDNA to
offspring and so their distinctive haplotypes will not persist or increase in the WGW population.
Moreover, the level of differentiation of nuclear microsatellites is quite low between EGW and WGW,
with Fst = 0.010. This low, but significant (p=0.001) measure of Fst, was based on only 8 loci (Lang et al.
2011). Together, these observations provide an unclear picture of the population structure of North
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Pacific gray whales. That is, some evidence is consistent with the WGWs comprising a distinct
population, but other evidence suggests gene flow with the EGW population and low level of nuclear
differentiation based on a small number of loci. Understanding the limits of gene flow among
populations is key to understanding population structure and, in this case, it would be preferable to
have a larger dataset, particularly in terms of the number of nuclear loci.

The pattern of differentiation between WGW and EGW in mtDNA is also meaningful in any discussion of
stock structure. The significant Fsr for mtDNA means that haplotypes differ between the populations in
their frequencies of occurrence. This frequency difference could be the result of long-term isolation
such as would be expected of distinct stocks. But it could also be the result of a recent founder effect
such as a small group of EGW colonizing a new habitat, or the result of genetic drift in a small, isolated
population of EGWSs. An examination of Figure 1 shows that the haplotypes found in WGW are also
found in EGW. That is, there are no haplotypes unique to the WGW. Moreover, there are no groups of
related haplotypes that would indicate that the Sakhalin population was isolated for a long period of
time from the EGW population. An examination of Figure 2 shows such a pattern wherein eastern and
western stocks of Steller sea lions have unique haplotypes, as well as groups of related haplotypes found
only in that stock. This pattern is what we might expect of the Sakhalin whales if they are indeed the
historical WGW population, that is, the descendants of the whales hunted to the verge of extinction by
whalers in Japan and Korea and isolated by the North Pacific Ocean basin from the EGW. Instead, the
existing pattern of significant Fsr but no unique haplotypes seems more likely to be due to recent
divergence and a founder effect from a small group of EGWs.

The question of the relationship between the Sakhalin and Kamchatka feeding populations was
addressed recently by Cooke et al. (2017). Their population model assumes two feeding populations,
Sakhalin and Kamchatka, and two breeding populations, an eastern breeding population that migrates
to Mexico and a western breeding population that migrates to an unknown wintering area in Asia.
According to Cooke et al. (2017, P. 3) (Ex. M-0420) “The “Sakhalin” feeding population is defined to
consist of the whales that feed predominantly off Sakhalin but may also be seen off Kamchatka, and
possibly in other areas. The “Kamchatka” feeding population is defined as whales that feed
predominantly off SE Kamchatka but may also be seen off Sakhalin or in other areas.” The model also
assumes that the Sakhalin feeding area contains both eastern and western breeding whales and the
Kamchatka feeding area contains only eastern breeding whales. They address the issue of stock
structure by making use of genetic paternity data (Ex. M-0441 (Lang, 2010); Ex. M-0443 (Lang et al.,
2010a)) to test two hypotheses of genetic closure (meaning that the population breeds within itself and
is thus closed to mating with members of the other population): (i) paternities are within each feeding
population; (ii) paternities are not necessarily within each feeding population, but are within the two
feeding populations combined (Cooke et al., 2017 p. 5). The authors conclude that preferential mating
occurs within the Sakhalin population, but it is not “exclusive” meaning the population is not closed.
Thus, hypothesis i is rejected (p < 0.05) meaning that the Sakhalin feeding population is not genetically
closed. In sum, the authors conclude (P. 6) “that the Sakhalin feeding aggregation is probably not
genetically closed but that the Sakhalin and Kamchatka feeding aggregations, taken together, may be
genetically closed. However, genetic data from Kamchatka would be required to confirm this.” This
analysis is suggestive that the Sakhalin whales, combined with the Kamchatka whales, could be a
discrete population but the results are not definitive.
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Recent advances in sequencing methods (next-generation sequencing), genomic analyses, and
bioinformatics have made possible new approaches to study the genetics of natural populations. These
methods were not available, or were exorbitantly expensive, at the times the earlier studies of gray
whale genetics were done. Studies were recently conducted using genomics methods that are relevant
to measuring population differentiation of EGWs and WGWSs. DeWoody et al. (2016, 2017a, 2017b) (Exs.
M-0422, M-0423, M-0424) sequenced the genome of two Sakhalin whales and one EGW from Barrow,
Alaska. Using the genome assembly, 92 Single Nucleotide Polymorphism (SNP) loci were identified.
These included 2 SNPs useful for sex identification, 2 useful for mtDNA haplotype identification, and 88
gene-associated, bi-parentally inherited nuclear markers. The SNP panel was tested using 35 biopsies
from Sakhalin WGWs and the single EGW from Barrow used in the genome sequence analysis. The data
were used in preliminary assessments of relatedness and population structure, among other things.
Among the 36 tissue samples there were 29 unique genotypes, indicating 7 instances where WGWs
were biopsied twice. The relatedness analyses revealed apparent examples of parent-offspring, full
sibling, half sibling, and other close relatives. These included two cow/calf pairs and one ostensible full-
sibling pair (sisters).

A following paper (Ex. M-0411 (Briniche-Olsen et al., 2018a)) using the SNP panel included the data in
the first study as well as additional Sakhalin whales and whales from the wintering grounds in Mexico.
The resulting sample sizes were 55 Sakhalin and 111 Mexican whales. These authors found a low (Fst =
0.039; D = 0.017) but significant (p = 0.001) level of population subdivision. They analyzed the data for
population structure using multiple methods including Discriminant Analysis of Principal Components

(DAPC), STRUCTURE, and Lea (which is similar to STRUCTURE). The program BayesAss v3.0 was used
to estimate recent migration. A genetic similarity measure was also calculated (Myy).

o
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Figure 3.—Lea analysis showing the presence of two genomes (brown and yellow) which are
found at markedly different frequencies in the Mexican wintering grounds and the Sakhalin
(Russian) summering grounds. Individual whales (columns) can have 100% yellow or brown
genomes, or they can be admixed meaning that they are of mixed ancestry. This figure is from
Briniche-Olsen et al. (2018a) (Ex. M-0411).

There was an approximately 65-fold greater migration rate for whales migrating into the Sakhalin
population, as compared to whales migrating into the eastern population. This is consistent with the
large difference in estimated numbers of EGWs versus WGWs. The DAPC showed that the two

Docket No. 19-NMFS-0001
Initial Direct Testimony of John W. Bickham - 16



populations could be separated, but with a considerable degree of overlap. The Lea (Figure 3) and
STRUCTURE analyses both showed evidence of two distinct lineages that differed considerably in their
frequencies in the two populations, as well as the presence of admixed individuals. One lineage
predominated in the Mexican population and the other at Sakhalin, but the Sakhalin population showed
more even proportions of the two lineages, and more admixed individuals. Between-individual genetic
similarity (Myy) was higher in the Mexican population than at Sakhalin.

Allin all, this study (Ex. M-0411 (Briiniche-Olsen et al., 2018a)) is consistent with previous work (Ex. M-
0445 (Lang et al., 2011)) showing that the Sakhalin population is genetically distinct but goes further in
revealing that it appears to be a mixed stock assemblage (Figure 3). Whether the two identified lineages
correspond to WGWs and EGWs is not known, since individuals of both lineages migrate from Sakhalin
to Mexico. But it seems clear that considerable immigration and admixture is taking place at Sakhalin.
One possible interpretation is that a sub- stock of the EGW population (western feeding group) has long
been present in the Sea of Okhotsk and that it is mixing with recent immigrants from the northern
feeding group of the EGW population. This would be consistent with stock structure hypothesis 3a from
the Rangewide Review in which the western breeding stock is extinct. It could also be consistent with
hypothesis 6b in which the western breeding stock migrates to Mexico and Asia, but this seems less
likely to me for three reasons. First, there is a low level of genetic divergence between putative eastern
and western gray whales as measured by mtDNA, microsatellites, and SNPs. This is consistent with a
small population recently derived from the larger population, but not what one would expect of a
distinct stock isolated by an ocean basin. Second, there are no mtDNA lineages or even haplotypes
(according to the data shown in Lang et al., 2011, see Figure 1) that are unique to the Sakhalin whales.
Again, this is consistent with a small population recently derived from the larger population, but not
what one would expect of a distinct stock isolated by an ocean basin. And, third, depletion of the EGW
population by commercial whaling did not seem to impact the WGW population. This strongly suggests
that at the time of whaling the EGW and WGW populations were distinct and isolated from one another.
| discuss the stock structure hypotheses from the Rangewide Review in more detail below.

A study recently accepted for publication, Brykov et al. (2019) (Ex. M-0413), sequenced 4 mtDNA genes
(control region, and the following protein-coding genes: cytochrome b, cytochrome oxidase I, and NADH
dehydrogenase 2) from Sakhalin whales. Gray whales with the “eastern” SNP genotype had statistically
significantly different mtDNA haplotype frequencies compared to gray whales with the “western” SNP
genotype using Fisher’s exact test for both the control region (p = 0.034), and for the combined
protein coding sequences (p = 0.013), analyzed separately. This gives some confidence that
despite small sample sizes, the Lea analysis is identifying biologically meaningful groups.
Potentially these groups are comprised of individuals representing different populations. The
study goes on to analyze the evolutionary relationships of the haplotype sequences using
haplotype networks for both the control region and the combined protein coding sequences.
No unigue clades of related haplotypes were found among the western SNP genotype animals,
for either of the two networks. From these data the authors concluded the following: “This is
not consistent with long-term isolation during the Pleistocene as seen in many other marine
mammals with similar distributions. Rather, the “western” and “eastern” genotypes likely have
diverged recently, possibly since the end of commercial whaling in the early 20t Century, but
more likely post-Pleistocene.”
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Although the study of Brykov et al. (2019) (Ex. M-0413) is based on small sample sizes and for
this reason the authors recognize the results are preliminary, it is yet another indication that
the Sakhalin population is a mixed-stock aggregation and that the “western” genotype animals
are most likely not the descendants of the historical WGW population that migrated along the
coast of Asia. Rather, it is more likely to be a subset of the EGW population.

Another relevant study was an analysis of the previously reported genome sequences of the two
Sakhalin whales and the single EGW using population genomics methods (Ex. M-0412 (Briiniche-Olsen et
al.,, 2018b)). Several observations are of interest here. 1) Using the genome sequence data to estimate
long-term effective population size, estimates from the three individuals did not differ very much.
Estimates based on the two Sakhalin whales were Ne = 555,557 and 582,749; the EGW estimate was
Ne=706,102. These differ between the two populations but not to the expected degree since the EGW
abundance was only 1.2-fold greater than the WGWs. 2) A relatedness analysis showed results that
conflicted with the traditional stock structure hypothesis; although the two Sakhalin whales were more
closely related to each other than expected by chance, one of the Sakhalin whales was also more closely
related to the EGW than by chance. Again, this is an unexpected result. 3) The pairwise population
concordance (PPC) test, which evaluates probabilities of population differentiation, indicated that the
null hypothesis of all three individuals belonging to the same gene pool was not rejected. Some genomic
evidence was also found that is consistent with the two Sakhalin whales belonging to a different
population from the EGW individual. 4) Genome-wide genetic (nucleotide) diversity was measured for
the three whales and it was found that the two Sakhalin whales had lower diversity estimates than the
EGW. Various estimates of inbreeding, based on measures of Runs of Homozygosity (ROHs), consistently
showed that the Sakhalin whales had higher levels of inbreeding than did the EGW.

Another very recent study of gray whale genomics was published (Ex. M-0440 (Lammers et al., 2019))
which examined the phylogenetic patterns of transposable elements (TEs) based on published genome
sequences of baleen whales. In the study, they examined TEs of two WGWs (i.e., the genomes reported
by DeWoody et al. (2017b) (Ex. M-0424) and the genomes of two EGWs (reported by Arnason et al.,
2018 (Ex. M-0405)). There was a high degree of differentiation of TEs between the WGWs and EGWs,
much greater than between any other within-species comparison and on the order of the difference
between right whales and bowheads (which are in different families). This observation is at odds with all
of the other studies of gray whale genomics and genetics. This, combined with the fact that TEs are not
as well understood as the other genetic markers used in gray whale studies, makes me doubt the
relevance of this study to gray whale stock structure. It does, however, indicate a future research
direction.

While some of the genomic data can be taken as support for the concept of two distinct populations of
gray whales in the North Pacific Ocean basin, the analyses of Briiniche-Olsen et al. (2018b) (Ex. M-0412)
also provide evidence that population structure and status of the WGW might not be so straight-
forward. Notwithstanding that their analyses were based on only 3 individuals, they showed that the
hypothesis of a single population of North Pacific gray whales could not be rejected. And, perhaps more
interesting, is the fact that the two Sakhalin whales sampled were significantly different from each other
in some analyses, such as inbreeding level, and that one individual, identified as WGW1 in the paper,
was consistently intermediate between WGW?2 and the EGW. Moreover, in the relatedness analysis
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WGW!1 and the EGW were more closely related than by chance. WGW1 is also one of the WGWs known
to migrate to North America.

Taken together, the results presented in DeWoody et al. (2016, 2017a, 2017b) (Exs. M-0422, M-0423, M-
0424), Brykov et al. (2019) (Ex. M-0413) and Briiniche-Olsen et al. (2018a, 2018b) (Exs. M-0411, M-0412)
do not provide a definitive answer as to the nature of the WGWSs because sample sizes are too small.
They do indicate that further work is needed to resolve the issue of stock structure. Importantly, they
employed methods of analysis that were not available to the authors of the earlier papers, e.g., Lang et
al. (2011) (Ex. M-0445), and provide new perspectives on the issue of population structure. That is not to
say that the earlier studies did not employ the appropriate methods for their time, it is just that the
rapidly progressing field of genetics has moved beyond those methods. Genomic studies of gray whales
are continuing at Purdue University and NMFS.

But while these studies are not in and of themselves conclusive, the weight-of-evidence they provide
indicates that the Sakhalin whales are comprised of two groups and both of the groups are likely to have
been recently derived from the EGW population. These results provide greater insight into the issue of
gray whale stock structure. Genetics and genomics, combined with several examples of tagged whales
and other indicators of individual whale migratory behavior, demonstrate that the current populations
considered as WGW and EGW are not isolated, are genetically much more closely related than expected,
and experience what appears to be a considerable degree of mixture. Below, | discuss how these studies
dovetail with the findings of the Rangewide Review and go into the various stock structure hypotheses
in more detail.

Eastern Gray Whales (Including the Pacific Coast Feeding Group): Early in the 20" Century it was
recognized that the EGW population was heavily depleted and possibly on the verge of extinction (Ex.
M-0429 (Huey, 1928)). Unlike the WGW, the EGW population has made a remarkable recovery and the
current abundance estimate is 26,960 (Ex. M-0426 (Durban et al., 2017)). As presently conceived, the
EGW population consists of a large general population, sometimes called the Northern Feeding Group
(NFG) because the bulk of the population feeds in the Beaufort, Chukchi, and Bering Seas, and a small
group of whales called the Pacific Coast Feeding Group (PCFG), with a current estimated abundance of
243 (Ex. M-0416 (Calambokidis et al., 2017)). The use of the term “feeding group” in the IWC Rangewide
Review as well as by NMFS in Weller et al. (2013) (Ex. M-0473) for both the NFG and PCFG is somewhat
confusing because in the case of the PCFG it is referring to a group that is not thought to breed primarily
with members of its own group, whereas whales of the NFG primarily do so. Thus, the term is being
used for groups of animals that differ in their placement on the heirarchy of social structure. The NFG
would seem to be a stock or breeding population whereas the PCFG is a group of whales with a shared
learned behavior (i.e., a true feeding group) that is part of the larger NFG stock. Whales that feed in the
Sea of Okhotsk, including whales that migrate to North America, are sometimes referred to as the
Western Feeding Group (WFG) in the IWC Rangewide Review. These terms are used by the IWC
Rangewide Review in order to differentiate among different groups or aggregations of whales in the
various stock structure hypotheses being modelled. | will explain this more fully below. The estimated
26,960 whales that migrate along the western coast of North America, and are counted in California,
include the small numbers of PCFG whales and the WFG whales that migrate to North America, and the
very large NFG.

Docket No. 19-NMFS-0001
Initial Direct Testimony of John W. Bickham - 19



It is well known that gray whales found off the coast of the Pacific Northwest in summer and fall appear
to have different affinities to the area. Some whales return frequently and account for most of the
sightings between 1 June and 30 November. On the other hand, some whales are encountered only in a
single year, typically remain for a shorter period, and are not found in as many areas as the frequently
observed whales. The IWC defined PCFG gray whales as: whales observed between 1 June to 30
November within the region between northern California and northern Vancouver Island (from 41°N to
52°N) and photo-identified within this area for two or more years (Ex. M-0433 (IWC 2012)). This same
definition has been adopted in most studies including Calambokidis et al. (2017) (Ex. M-0416) and
Weller et al. (2013) (Ex. M-0473).

Lang et al. (2014) (Ex. M-0446) investigated genetic differentiation between PCFG and NFG whales.
They found a low, but statistically significant difference in haplotype frequencies between the two
feeding groups. They conclude that “it is plausible that the PCFG represents a demographically
independent group”. The acceptance of the PCFG as a management unit hinges largely on the difference
in mtDNA haplotype frequencies, as no statistically significant difference in microsatellite allele
frequencies (in nuclear DNA) between the PCFG and NFG has been observed (Ex. M-0425 (D’Intino et al.,
2013);Lang et al., 2014)). A significant difference in mtDNA haplotype frequencies was also observed by
Frasier et al. (2011) (Ex. M-0427), based on a smaller sample size of whales collected off Vancouver
Island compared to samples of the greater EGW population collected from stranded gray whales along
the migratory route and samples from animals hunted for subsistence in Russia. Frasier et al. (2011)
explain the reason for the genetic difference as being due to behavioral segration of the PCFG. They
point out (P. 40) : “Subdivision with respect to summer feeding ground use is common in baleen whales,
and results from maternally directed site fidelity to different feeding grounds.” They go on to discuss
the well-known example of genetic divergence of feeding aggregations of humpback whales. Because
mtDNA is maternally inherited, it is a useful marker to track female behavior and any resulting site
fidelity in subsequent generations. Behavioral segregation begins during the first year of its life, when a
calf will learn from its mother the location of good feeding habitats and is more likely to return to these
localities in later years. Over the course of generations this process will increase the numbers and
frequencies of the few haplotypes associated with the females that were the original founders of the
feeding group. Thus, a feeding group may become statistically different in mtDNA hapylotype frequency
from the larger population even if the founders of the feeding group did not differ from the larger
population. This is because any haplotypes present only in male founders will disappear when those
animals die. Simultaneously, the haplotypes of the female breeders will increase in the population as
their offspring, male and female, learn from their mothers to utilize the PCFG area. Ultimately, the
genetic makeup of the feeding group will be determined by genetic drift in a small population, the
number (if any) of female immigrants which will tend to homogenize the mtDNA haplotype frequencies
with the larger population, and the degree of breeding within the feeding group which will lead to
population differentiation. Thus the fate of a nascent feeding group can include several alternatives:
remain a feeding group with different mtDNA frequencies but not biparentally inherited markers;
become a discrete breeding stock if internal breeding is high enough; or become indistinguishable from
the greater population if immigration into the feeding group is great enough to homogenize the mtDNA
haplotpe frequencies.

However, defining exactly which whales comprise a feeding group is not easy, particularly when we are
dealing with groups of whales whose migratory and feeding areas overlap, offering extensive
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opportunithy for genetic exchange. In the case of the PCFG, some gray whales show a high degree of
faithfulness to the PCFG feeding area, returning year after year. Other whales are observed with less
frequency, but still more than the 2-year requirement to be counted as PCFG whales, and some whales
seem to be visitors that are seen in one year and never seen again. It seems likely that whales that
satisfy the IWC definition of PCFG, having learned the location of the feeding area from their mothers or
immigrated to the feeding group and having been sighted in at least two or more years, return
frequently to the PCFG foraging area. However, this definition is subjective. According to Report of the
National Marine Fisheries Service Gray Whale Stock Identification Workshop (Ex. M0473 (Weller et al.
2013, P. 19)), “The TF [NOAA Task Force] concurred that on an annual basis, whales observed in the area
used by the PCFG could be characterized as a collection of individuals whose residence patterns vary
along a continuum such that some whales use the area for a single year (e.g., transients), some for a few
years, and others on a consistent long-term basis.” Weller et al. (2013) go on to say (P. 19) “Laake
characterized the PCFG as a “leaky bucket”, in that some whales are immigrating in while others are
emigrating out.” Nonetheless, despite the leaky bucket analogy and the IWC definition of the PCFG,
there appears to be a group of whales that uses the PCFG area to a greater degree than others, and it is
this group that appears to be captured mainly by the photographic and biopsy programs. These
individuals are likely driving the difference observed in mtDNA haplotype frequencies.

PCFG whales associate with one another, or are in proximity, during the summer months but the
available evidence demonstrates they do not necessarily mate with other PCFG whales. In gray whales,
mating is thought to occur primarily during migration, and PCFG and NFG whales are known to associate
then (see discussion below). Mating between PCFG and NFG whales would explain the absence of
divergence of the PCFG from the NFG at the nuclear DNA loci. The difference in mtDNA is likely
maintained by having sufficient recruitment into the PCFG of calves born to PCFG mothers to maintain
the distinct haplotpe frequency. The mtDNA of the “foreign” males mating with PCFG females is not
incorporated into the PCFG because of strict maternal inheritance of mtDNA. And external recruitment
of females must be small enough to not homogenize the mtDNA frequencies with the NFG whales. If this
conventional wisdom is true and considering the available information, the PCFG is not a population or a
stock in the usual meaning of these terms as a breeding population. Rather, it is an aggregation of
whales that are associated by a shared learned behavior (feeding off the Pacific Northwest during the
summer and fall) and, for at least some members of the aggregation, is descended from a small number
of founding females.

There is also evidence through photographic idenification studies of external recruitment into the PCFG.
Immigrants into the PCFG likely would have the effect of reducing the level of mtDNA differentiation
between the PCFG and the NFG. It would not affect the nuclear loci because those do not differ between
the the PCFG and the NFG. Modeling by Lang and Martien (2012) (Ex. M-0442) found the immigration of
1 to 8 whales a year into the PCFG is consistent with genetic differentation observed in mtDNA with a
most plausible estimate of 4 whales per year. In addition to a small number of annual immigrants, a
“pulse” of whales was recruited into the PCFG following the 1999-2000 gray whale Unusual Mortality
Event (UME) (Ex. M-0415 (Calambokidis et al. 2012)). In the Rangewide Review, annual immigration
levels of 0, 2, 4, and 8 whales were being modelled, as was a one-time pulse of immigrants of 10, 20 and
30 whales (Ex. M-0436 (IWC, 2017, Table 7, P. 654)). Thus, the Rangewide Review considered annual
immigration as well as pulse immigration into the PCFG as being plausible. However, recruitment of new
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whales into the PCFG that were born to PCFG mothers must also be occurring at a sufficient rate to
maintain observed differences in mtDNA haplotype frequencies.

A recent study by Calambokidis et al. (2017) (Ex. M-0416) investigated the composition of migratory gray
whale groups to determine if PCFG whales migrate together. They found through photo identifications
in Southern California that PCFG whales have been observed to migrate in groups that include other
PCFG whales, and thus have an opportunity to breed with other members of the PCFG. They also found
that migrating groups of whales that included multiple PCFG whales occurred in both southbound and
northbound migrations. Moreover, groups with multiple PCFG whales were more frequently observed
in the southbound migration when mating is thought primarily to occur. In the second paragraph of the
Discussion (the manuscript is unpaginated) the authors state: “An important implication of this work is
that it extends the time PCFG whales would be associated through the year and would increase the
potential for breeding with other whales from the same feeding group.” While this is true for at least
some PCFG whales, it does not come close to providing convincing evidence that the PCFG is a breeding
population. To the contrary, this paper provides evidence that is consistent with the PCFG being a
feeding group because, while it does show that PCFG whales migrate together with some frequency, it
also shows that they frequently migrate with ostensible NFG whales and thus there is adequate
opportunity for outbreeding. Four of the seven groups observed on the southbound migration (when
mating could occur) containing at least one PCFG whale (calculated from Table 1 in Calambokidis et al.,
2017) included one or more individuals not identified as PCFG whales. We can assume that these are
likely NFG whales given the location and that NFG comprise more than 95 percent of non-PCFG gray
whales. Thus, about half the time there could be non-PCFG whales available for breeding. This does not
speak to issues of mating preference, which could be in either direction, or not present at all. In light of
the facts that Lang et al. (2014) (Ex. M-0446) found no evidence for nuclear gene differentiation of the
PCFG and the NFG, and Calambokidis et al. (2017), based on a limited sample size, show frequent
opportunity for the two feeding groups to interbreed on the southbound migratory route, the status of
the PCFG as a feeding group, rather than a breeding population, seems well supported.

One could also argue this from a theoretical perspective. Typically, populations diverge as a result of
geographic isolation. Clearly the PCFG and the NFG are not geographically isolated. That means that
genetic differentiation of the PCFG would have to be the result of strong pre-mating isolating
mechanisms; primarily this would be due to PCFG females preferrentialy mating with PCFG males. This is
unlikely to be the case because it violates basic principles of evolutionary biology. Specifically,
reproductive strategies evolve to maximize the fitness of one’s offspring, which includes the avoidance
of inbreeding. For any pre- mating reproductive isolating mechanism (i.e., female mate preference with
other PCFG whales) strong enough to reduce gene flow to such a low level as to allow for genetic
divergence of the two feeding groups, there would have to be a very high selective advantage to
breeding within the group. It is hard to imagine what that would be. The other side of the coin here is,
why would a female PCFG whale restrict herself to mating with a small number of PCFG males when
there are literally thousands of NFG whales swimming by? In my opinion, in the absence of any genetics
data to the contrary, it is implausible to consider the PCFG as a breeding population.

IWC’s Rangewide Review of North Pacific gray whales: In response to the new information described
above about the movements of WGWs, in 2014 (8-11 April 2014) the IWC convened the first Workshop
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on the Rangewide Review of the Population Structure and Status of North Pacific Gray Whales in La Jolla,
California (hereafter these workshops collectively will be referred to as the Rangewide Review).
Rangewide Review workshops were held annually thereafter in 2015, 2016, 2017 and 2018 and included
international experts in gray whale biology and population dynamics. Among the objectives of the
Rangewide Review was: (1) review available information (especially new telemetry, genetics and photo-
ID data) and reappraise the population structure and movements of North Pacific gray whales with a
focus on examining status (Ex. M-0434 (IWC 2014a. P.21)). Understanding stock structure was one of the
critical components to allow the completion of the other objectives which included: (2) develop a
modelling framework to better assess the status of gray whales and the potential impact of human
activities and possible changes in regime or climate; and (3) provide information for updating the
IUCN/IWC Conservation Management Plan for western gray whales.

A series of plausible stock structure hypotheses were developed for potential use in the population
models, from which three were initially selected as being of highest priority. Those hypotheses included
3a, 3e, and 5a; an additional (fourth) hypothesis, 3c, was retained as a sensitivity test in the population
models. Additional stock structure hypotheses were added to this list in subsequent meetings including
hypothesis 6b in 2016 and 3b in 2017. Ultimately, in 2018, the Rangewide Review (IWC, 2018b;
SC/67B/REP07) (M-0437a) and the IWC SC (Ex. M-0437 (IWC, 2018a.)) decided instead to retain 3b, 6b
and 3e as sensitivity tests based on information presented in Scordino and Bickham (2018) (Ex. M-0462).
So, for the Rangewide Review’s final modeling, hypotheses 3a and 5a were used as base cases in the
population modelling exercises, and the remaining plausible hypotheses were modelled as sensitivity
tests, including hypotheses 3b, 3c, 3e and 6b. This is discussed in Section 4.2 of the 2018 Rangewide
Review final report (IWC, 2018b; SC/67B/REP07) as follows: “The Workshop agreed that stock
hypotheses 3a and 5a would form the references for the analyses as they appear to be most plausible,
while trials would also be conducted for stock hypotheses 3b, 3c, 3e and 6b.“

The full series of stock structure hypotheses developed in the Rangewide Review is provided in Table 1,
and the terminology used in the hypotheses is explained in Table 2. Notice that in Table 1 hypothesis 3b
is listed as low priority. This is because the report that included this table was produced prior to that
hypothesis being reconsidered and raised to high priority (Ex. M-0437 (IWC 2018)). It can be seen by
perusing Table 1 that a broad spectrum of scenarios was considered, and only the ones with highest
plausibility, i.e. those that are consistent with the current data, were used in the modelling. For
purposes of this testimony, it is not necessary to review all of the specifics of the hypotheses being
modelled or to debate their relative merits. Instead | will discuss the variable features of the hypotheses
modelled in light of their relevance to the issues impinging on the proposed Makah hunt.

The two high-priority hypotheses (3a and 5a) considered the PCFG to be a feeding group and part of the
Eastern Breeding Stock (i.e., EGWSs). Judging from the fact that none of the hypotheses modelled, either
as base cases or sensitivity tests, considered the PCFG to be a breeding stock, we can assume that this
was thought to be implausible by the Rangewide Review participants. We can conclude from this that
the best scientific evidence is that PCFG whales do not breed primarily among themselves, at least not
to a sufficient degree that it has resulted in a detectable differentiation of the PCFG from the NFG
according to the existing genetics (microsatellite loci) data.
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Table 1.—Stock structure hypotheses taken from Table 6, P. 11 in SC/67a/Rep04.

A summary of the stock structure hypotheses imtially under consideration (2015, 2016) and their status

Description Status Comment

(1) Panmixia with no matrilineal fidelity to feeding grounds - persistent

A single breeding stock: no matrilineal fidelity to feeding grounds No not consistent with available data (TWC
2015)

(2) Panmixia with no matrilineal fidelity to feeding grounds - post-exploitation

A single breeding stock exists, although multiple stocks may have existed in the past. No not consistent with available data (IWC

No matrilineal fidelity to feeding grounds. 2015)

(3) Maternal feeding ground fidelity, one migratory route/wintering region used by Sakhalin whales, random mating

(a) A single breeding stock (EBS) exists. The EBS includes three feeding groups: High

NFG, PCFG. WFG. SKNK is used by some whales that belong to the WFG and some
whales that belong to the NFG.

(b) The EBS is as described in 3a, except that NFG whales do not feed off SKNK. In Low few or no data to assess plausibility
addition. a WBS exists that overwinters in VSC and feeds in the OS (but not SI) and (IWC 2015). but may be reconsidered
SKNEK. Thus SKNK is used by both the WFG whales and the whales of the WBS. during SC67a

(c) Same as 3a except that WFG whales migrating from SI to M occasionally travel Medinm Sensitivity test

through BSCS.

(d) Same as 3a except the EBS contains the original three feeding groups and a fourth Low few or no data to assess plausibility
feeding group that uses SEA. (IWC 2015)

(e) Same as 3a except that a WBS exists that feeds in the OS (but not SI). EJPJ. and High

KWTJ and overwinters in VSC.

(4) Maternal feeding ground fidelity, one migratory route/wintering region used by Sakhalin whales, non-random mating

(a) Two breeding stocks exist and overwinter in M. One breeding stock includes Low represented in the same way as other
NFG and PCFG., and the second breeding stock includes WFG whales. Separation hypotheses in modelling (IWC 2015)
between breeding stocks is maintained by WFG whales mating largely with each

other while nugrating to M.

(b) Same as 3b except that a WBS exists and is made up of WFG whales that largely Low represented in the same way as other
breed with each other while on migration to M. hypotheses in modelling (IWC 2015)
(5) Maternal feeding ground fidelity, two migratory routes/wintering grounds used by Sakhalin whales, random mating.

(a) Two breeding stocks exist: EBS and WBS. The EBS includes three feeding High

groups: PCFG, North, and the WFG that feeds off SI. The WBS whales feed in SI,

0S8, and SKNK and then migrate to VSC to overwinter. SKNK is used by the WFG,

the NFG, and the feeding whales that are part of the WBS.

(b) Three breeding stocks exist. The EBS is as described in 5a. Two breeding stocks Low few or no data to assess plausibility
exist in the WNP. Both W breeding stocks feed in SI, OS. and SKNK but whales (IWC 2015)

show fidelity to two different migratory routes (Pacific coast of Japan and eastern

Sea of Japan) and use two separate wintering grounds.

(6) Maternal feeding ground fidelity, Sakhalin whales use two migratory routes/wintering grounds without fidelity, random mating

(a) A single breeding stock exists that uses wintering grounds off M as well as of Low few or no data to assess plausibility
VSC. Whales do not exhibit fidelity to a wintering ground. Three feeding groups (IWC 2015)

exist: WFG, NFG, and PCFG. SKNK is used by both WFG and NFG.

(b) Same as Ga. except the WFG whales largely breed with each other during High'

migration. creating a second breeding stock. Whales from both breeding stocks
overwinter in M and in VSC, and show no fidelity to a wintering ground.

(c) Same as 6a except that females” part of the WFG show fidelity to one of the two Low few or no data to assess plausibility
wintering areas (M and VSC), while males of the WFG do not show fidelity to a (IWC 2015); modelling framework
wintering ground. represented in the same way as other

hypotheses (IWC 2015)
(7) Maternal feeding ground fidelity, Sakhalin whales use two migratory routes/wintering grounds with fidelity, non-random mating

Three breeding stocks exist -a breeding stock comprised of WFG whales that migrate Low modelling framework represented in the
to M, a breeding stock (EBS) comprised of PCFG and NFG whales, and a WBS that same way as other hypotheses (IWC
includes whales that feed off ST and in the OS. 2015)

!Initially considered to be of low priority because modelling framework represented in the same way as other hypotheses (IWC 2015); when revisited, the
Workshop determined that this hypothesis does differ from 5a, 1n that: (1) all catches off Japan are assumed to be Western stock animals; and (2) the
abundance estimates off Sakhalin are assumed to relate only to the Western stock. Thus the Workshop agreed to change the status of this hypothesis to high
prionty (IWC 2017).
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Table 2.—Terminology for stock structure hypotheses taken from Annex D, P. 19 in SC/67a/Rep04

Terminology used with respect to stock structure hvpotheses

EBreeding stocks. There are up to two extant reeding stocks Western (WBS) and Eastern (EBS).

FE?E‘-:]‘IJ‘IF groups or ageregations *. There are up to three feeding Em%i o "l“El'fE:atDD.S There 15 dispersal betwesn
North Feeding an:m;n (WNFG), but the Western Feading FG) is demographically independent
Gfthf.‘ u:rthﬂr two feeding sroups (Le. there 15 no permanent movement Df:aJJJmnls, from the NFG or PCFG to the WFG).

Feedine sroups o7 ageTesatons Abbreviation | Definifion (may vary with hypethesis)

1 Western Feeding Group WFG Animals that feed regularly (define™) of Sakhalin
Island* according to phoio-identification data

3 Pacific Coast Feedine Group BCFG Animals fhat feed repularly (define™) in the PCFG
area accarding to pheto-identification dat

3 Tarth Feeding Group NFG Animals found in other fzeding areasz (and for which
there is relatively litle information mchding photo-
)

* By need revising with regard to Southern Famcbatka animals grven Justin's paper.

Sub-areas. The model mehodes 11 geographical sub-areas that are used to explain the movements of gray whales
(breeding stocks and feeding groups) in the North Pacific and two “latent sub-areas” used to link model predictions to
observed ndices of abundance.

Sub-area Abbreviation
1 Vismam-Seath China Sea VaC
2 Forea and western side of the Sea of Japan EWI
3 Eastern side of the %ea of Tapan and the Pacfic coast of Tapan ETF]
E Hortheastern Sakhalin Tsland 5
5 Southern Kamchatka and Morthern Eril Islands* SENE
] Areas of the Okhotsk Sea not otherwise specified 05
7 Northemn Bering and Chukchi Sea BSCS
B Southeast Alaska SEA
E Britizh Columbia to Werthern California BCHC
10 Califormia CA
11 Mexico M
11 Larent sob-area Cahif-3
13 Latent sub-area BCEBTAS

* Wew at this workshop - replaces the old East Kamrhatka and Euril Tslands to recognise the information from telemetry and pheto-ID.

The situation with WGWs is quite different from that of the PCFG; two stock structure hypotheses were
being modelled as base cases and are thus considered the most plausible ones by the IWC Scientific
Committee. Under hypothesis 3a, there is a single breeding stock (Eastern Breeding Stock) that winters
in Mexico and all the gray whales found in the Sea of Okhotsk (except for occasional strays) migrate
between Mexico and the Sea of Okhotsk. These whales are considered as the WFG and part of the
Eastern Breeding Stock. Under this hypothesis the historical WGW population is extinct. Hypothesis 5a
has both Eastern and Western Breeding Stocks, and the Sakhalin whales include both Eastern Breeding
Stock whales migrating to Mexico and Western Breeding Stock whales migrating to the Asian wintering
ground.

It is also worth mentioning the hypotheses that were demoted to sensitivity tests. Hypothesis 3b is like
3a except that there is both a WFG of the Eastern Breeding Stock that migrates from the Sea of Okhotsk
to Mexico, as well as a Western Breeding Stock, i.e., the descendants of the historical WGW population,
that migrates between the Sea of Okhotsk and the Vietnam/South China Sea wintering ground.
However, the Sakhalin whales are all WFG whales and migrate to Mexico, whereas the Western
Breeding Stock whales summer elsewhere in the Sea of Okhotsk. Hypothesis 3e differs from 3b only in
that the Western Breeding Stock whales feed not only in the Sea of Okhotsk (other than Sakhalin Island),
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but also in Korea, the eastern and western sides of the Sea of Japan, and eastern Japan. Hypothesis 6b
is succinctly described in footnote 4 on page 654 of the Report of the Third Rangewide Review (Ex. M-
0436 (IWC, 2017)) as follows: “Two breeding stocks — one includes whales from the PCFG and Northern
feeding sub-stocks that migrate to Mexico and largely breed with each other, and the other includes all
whales that feed off Sakhalin and breed largely with each other whether on the ENP or WNP migratory
routes/wintering grounds.” (Note that the term sub-stock is not one officially used by the Rangewide
Review, but here the reference is to a feeding group which is one kind of sub-stock). Hypothesis 6b does
not resemble the conventional or historical hypothesis of two populations, WGW and EGW, that migrate
along opposite coasts of the North Pacific Ocean basin. Rather, under hypothesis 6b the Sakhalin whales
represent a stock, which may or may not be the extant Western Breeding Stock, i.e., the historical WGW
population, that migrates along both the North American and Asian coasts with breeding occurring
within the group during migration.

Notice that under four of these hypotheses (3a, 3b, 3e and 5a), including the two considered most
plausible (3a and 5a), the “western gray whales” that might be encountered by Makah hunters would be
WFG whales that are part of the Eastern Breeding Stock. It is only under one of these hypotheses (6b)
that the “western gray whales” that might be encountered by Makah hunters would be members of a
Western Breeding Stock. In my opinion, hypothesis 6b is the least plausible of these hypotheses. This is
because, as explained above, hypothesis 6b assumes that the Western Breeding Stock migrates along
both the North American and Asian coasts, but commercial whaling along the North American coast,
which depleted the EGW, did not seem to impact the historical WGW population (Ex. M-0435 (IWC,
2014b)).

Also, Scordino and Bickham (2018) (Ex. M-0462) presented a paper at the 2018 Rangewide Review that
addressed the plausibility of hypothesis 6b. They noted that in part the change to high plausibility in
2016 was due to consideration of a paper about humpback whales, which form large breeding
aggregations considered to be modified leks. The paper considered the possibility that humpback
whales from a “source” population moved to the breeding ground of a larger “base” population for the
purpose of enhancing their breeding possibilities (Ex. M-0417 (Clapham and Zerbini, 2015)). The
possibility that gray whales might also have such flexibility in selecting breeding or wintering grounds led
the Rangewide Review to elevate hypothesis 6b to high priority. Scordino and Bickham pointed out that
this scenario really does not fit with our knowledge of gray whale biology because gray whales do not
form large breeding aggregations such as those formed by humpback whales. Nor do gray whales
communicate with sound to the extent that humpback whales do, and it is therefore difficult to see how
they might be attracted to such breeding aggregations from a long distance, even if such breeding
aggregations existed. The Rangewide Review subsequently changed the status of hypothesis 6b to a
sensitivity test.

Gray Whale Stock Structure and the Makah Hunt: With regards to the proposed Makah hunt, there are
two primary stock structure issues. The first can be condensed to the question “Is the PCFG a stock or a
feeding group?” In the absence of any genetics data to support the PCFG as a breeding population, i.e.,
a stock, | concur with the Rangewide Review and consider it to be a feeding group. The existing
microsatellite data are convincing that no significant difference exists between the PCFG and non-PCFG
whales of the EGW population such as the NFG. It is possible that future studies with better technology
might shed a different light on this, but at present | see no existing data to cause me to doubt this
conclusion.
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The second issue related to stock structure is “What is the stock status of the whales that summer in the
Sea of Okhotsk but migrate to North America?” In part, this stems from the fact that genetic studies
have shown this population differs from EGWs in both mtDNA and microsatellites. Any genetically
distinct and small population will be given high conservation status by the IWC. Additionally, this group
has been considered to be the remnant WGW population, the sole surviving descendants of the
historical WGW stock that was hunted mainly in Korean and Japanese waters and declared extinct by
the 1960s as explained above. Therefore, the ancestry of this population is a key issue in determining its
evolutionary significance. This is because populations isolated by large ocean basins are likely to have
had significant time and opportunity to evolve distinct adaptations that are important to conserve. Thus,
how distinctive a population is, which stems from its evolutionary history, is an important consideration
in conservation biology. The fact that several stock structure hypotheses are considered as plausible by
the Rangewide Review points to the fact that the status of the current WGW whales is uncertain.

The identity of current WGWs is relevant to management of the Makah hunt. A key issue that has
emerged is the risk to the population of accidentally killing WGWSs in the hunt. Depending on the
number of whales that were killed, this could be problematic because they might represent a significant
proportion of the population. From an evolutionary perspective, removal of WGW whales could mean
the loss of genetic diversity that could reduce the fitness of the population. As mentioned at the
beginning of my testimony, it is my understanding that NMFS’s proposed regulations address this
concern by minimizing the likelihood that a Makah hunter will strike a WGW to extremely low levels and
by suspending the hunt in the very unlikely event of such a strike.

However, for purposes of my testimony, it is also important to note that continued use of the descriptor
“critically endangered western gray whales” is misleading. It means, or at least implies, that these are
the last remaining descendants of the population thought to have been made extinct by commercial
whaling in Japan and Korea early in the 20" Century. Moreover, because that population was isolated by
an ocean basin, it likely was very different from the EGW population genetically. We don’t know this for
sure because the genetics of the pre-whaling western population has never been studied. But other
marine species isolated in this way show deeper levels of genetic divergence than has been observed
between the current WGW and EGW populations.

In fact, as | discuss in detail earlier in my testimony, genetics studies of the current WGW population, as
described above, shows they are not very different from the EGW population. For mtDNA, there is a
statistically significant haplotype frequency difference between them, but the WGW haplotypes are also
found in the EGW population and there are no haplotype lineages, or groups of related haplotypes, that
are unique to the WGW. For microsatellites, the level of differentiation is also statistically significant, but
the magnitude of the difference is not great. And with regards to the comparisons made with genomics,
some indicators suggest the WGW to be a distinct population and other analyses do not. The SNP
analyses suggest that the Sakhalin population is a mixed-stock aggregation. In my opinion, the existing
genetic data point towards the current WGW population as being subtly different from the EGW
population, but the historical relationship of that population to those whales hunted off Japan and
Korea is uncertain. It is possible that the WGWs that could be exposed to a Makah hunt are in fact part
of the EGW population (i.e., the Eastern Breeding Stock); this would be the case under two hypotheses
that are presently considered to have the highest plausibility and were being modelled as base cases in
the Rangewide Review (3a and 5a). In that event, harm to a WGW whale would not only be unlikely but
also would be of low biological concern because there would be limited to no loss of genetic diversity.
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Of the other hypotheses that were retained for sensitivity trials, only hypothesis 6b suggests that WGWs
that could be exposed to a Makah hunt are part of a distinct western breeding population, and that
hypothesis is no longer considered to be highly plausible. Notably, even the WGWs that could be
exposed to the Makah hunt under hypothesis 6b do not resemble the conventional or historical
hypothesis of a geographically distinct WGW population, since WGWSs under this hypothesis migrate to
wintering grounds in Mexico (as well as Asia). So, the worst-case scenario, that some survivors of the
historic WGW population could be exposed to the Makah hunt (where the likelihood that one might be
struck would be extremely small) is only one of a spectrum of possibilities. In my opinion it is more likely
that if any whales from the historical WGW population have survived, they are still migrating along the
coast of Asia. Recall that Cooke et al. (2017) (Ex. M-0420) considered the Sakhalin and Kamchatka
whales that migrated to Mexico as being members of the eastern breeding stock and calculated that
there were from 0 to 50 Sakhalin whales that were members of a Western Breeding Stock. The latter
group of whales would not migrate to Mexico and would not be susceptible to the Makah hunt. In my
opinion, all whales struck during the Makah hunt will most likely be EGWs, because gray whales that
migrate through the Makah’s hunting area, even those that seasonally feed in the Sea of Okhotsk, are
most likely EGWs.

Key Terms and Definitions Pertaining to the Marine Mammal Protection Act (MMPA): In this section, |
summarize the terminology used under the MMPA to make it clear how my explanations of population
structure of gray whales relate to the terminology and the goals of the MMPA. The reason this is
necessary is that the terms used by IWC and the Rangewide Review, which provide the best basis for
addressing the stock structure issues related to the proposed Makah hunt, differ from those used by
NMFS related to the MMPA.

The MMPA uses the term “population stock” (or just “stock” or “population”) to describe the
fundamental unit of conservation. A population stock is: “a group of marine mammals of the same
species or smaller taxa in a common spatial arrangement, that interbreed when mature.” This is given in
the MMPA (Sec. 3) and discussed in Weller et al. (2013, P. 3) (Ex. M-0473). The two key elements of this
definition are that the animals occur in the same geographic location and interbreed. Thus, members of
the same population have the opportunity to and in fact do breed with one another, and not, at least to
the same degree, with members of another population even if they are at times found together. The
latter may be because they are not found together at the critical time of breeding, or potentially
because of mating preference (pre-mating reproductive isolation), but this is not likely if they are
members of the same species for reasons discussed earlier in my testimony.

The objectives of the MMPA are given in Sec. 2(2) and Sec. 2(6) and include:

(1)“Imarine mammal] species and population stocks should not be permitted to diminish beyond the
point at which they cease to be a significant functioning element in the ecosystem of which they are a
part, and, consistent with this major objective, they should not be permitted to diminish below their
optimum sustainable population.”

(2)“.. the primary objective of their management should be to maintain the health and stability of the
marine ecosystem.”

It can be seen from these two objectives that the MMPA’s goal is the conservation of marine mammals
for the purpose of ecosystem protection. Populations are to be maintained at levels to ensure their
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function in the ecosystem, at a level of optimum sustainability. Note that the goal is not to maintain an
optimal level of genetic diversity, biological diversity, or evolutionary potential in the populations. Nor is
the goal to recover populations to some historical level of abundance. One can surmise that such goals
are consistent with the goals of the MMPA and might be achieved. Nonetheless, because populations
are defined based on their reproductive relationships to other populations, genetics can be used as an
effective means to test population structure hypotheses. Population genetics methods can be used to
identify populations that have diverged sufficiently to have statistically significant differences at markers
like mtDNA or nuclear loci, and evolutionary genetics can be used to reveal past historical relationships
and features such as historical abundance and migration (gene flow) rates.

In 2016 NMFS published new Guidelines for Assessing Marine Mammal Stocks (GAMMS). This follows
from a series of workshops that addressed issues of stock assessment called GAMMS |, GAMMS Il and
GAMMS lll. The 2016 document (NMFS, 2016) (M-0454) (81 Fed. Reg. 10830) presents the findings and
conclusions of the GAMMS Il workshop. The guidelines recognize feeding aggregations may be
comprised of members of one breeding population, or multiple breeding populations. Moreover, they
can represent a single demographically-independent unit, or be comprised of a mix of two or more
demographically independent units.

NMFS explained how an understanding of stock structure and the relationships of populations or
feeding groups impacts conservation as part of the response to comment 13 on P. 10835 as follows:

The definition of “population stock” as ““a group of marine mammals of the same species
or smaller taxa in a common spatial arrangement, that interbreed when mature” is vague
from a biological perspective. To some degree, all “groups’” within a species interbreed
when mature or else they would be considered different species according to the
biological species concept. Clearly, population stock was intended to mean interbreeding
at some greater level but that level is not specified. Interpretation becomes more difficult
when considering known cases of migratory species with strong fidelity to both feeding
and breeding grounds. Consider, for example, humpback whales that feed in Southeast
Alaska and breed in Hawaii. These individuals can interbreed when mature but can (and
do) interbreed with individuals that feed in other areas. If a threat occurred within
Southeast Alaska that resulted in unsustainable deaths in that area, then if the “Southeast
Alaska whales” were a stock, that stock’s PBR could be used as an indicator that
management efforts to mitigate that threat were warranted. In contrast, if “interbreed
when mature” considered all the whales in Hawaii, then the human-caused mortality in
Southeast Alaska may never exceed the PBR based on Hawaii, and eventually the
ecosystem in Southeast Alaska would cease to have humpback whales as a functioning
part. Such cases result in an apparent conflict between the words “interbreed when
mature” and the goal to maintain population stocks as functioning elements of their
ecosystem. Often, changes to stock delineations in the SARs have relied on interpretation
of genetic data. The Pacific SRG asks where one draws the line on what level of genetic
exchange suffices to qualify as a stock. Interpretation has been based on the guidelines:
“Demographic independence means that the population dynamics of the affected group
is more a consequence of births and deaths within the group (internal dynamics) rather
than immigration or emigration (external dynamics). Thus, the exchange of individuals
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between population stocks is not great enough to prevent the depletion of one of the
populations as a result of increased mortality or lower birth rates.

In my opinion, this quote is a useful description of NMFS’s perspective on the difference between a
population and a feeding group. Populations are composed of the members of a species that interbreed
(when mature). Despite NMFS’s statement, there is nothing vague about the definition of population or
stock in the MMPA. It is consistent with how geneticists define a population. And yes, there can be low
levels of gene flow (interbreeding) among populations. On the other hand, feeding groups are
composed of individuals from one or more populations that occur together for the purpose of feeding,
not mating. The quoted paragraph illustrates the dilemma of managing a feeding group that is
imperiled. If it is considered a population, then based on the calculation of the Potential Biological
Removal (PBR) for the group, the usual management efforts under the MMPA would be initiated upon
the discovery of mortality caused by humans that exceeds the PBR calculated for the group. But
perhaps the comparison of PBR and human-caused mortality would not trigger a management response
under the MMPA if the PBR were derived from the true, interbreeding population and not just the
smaller feeding group within that population. The dilemma stems from the fact that the MMPA seeks to
protect the ecosystem role or function of marine mammals by conserving population stocks, but some
population stocks separate into smaller feeding aggregations that play a role in multiple ecosystems.
Unfortunately, this has resulted in efforts on behalf of some to redefine what is a population under the
MMPA or to shoe-horn a feeding group to fit the population definition, as | will discuss below.

Are the Current WGW and the PCFG Population Stocks Under the MMPA? Because the nomenclature
used by the MMPA to define populations differs somewhat from that used by IWC and elsewhere, | will
consider whether or not the current WGW and the PCFG should qualify as population stocks under the
MMPA.

In my opinion, the current WGW does qualify for status as a population stock under the MMPA because
the genetics data currently indicate some degree of genetic differentiation at nuclear microsatellites and
SNPs, as well as at mtDNA, from the EGW. Whereas mtDNA differences alone could be explained as this
being a feeding group, the nuclear markers are indicative of some degree of reproductive isolation, or of
demographic isolation or independence. Or, to say it another way, they “interbreed when mature” to a
degree sufficient to be distinct at these loci. My testimony above, however, explains the uncertainty
about this conclusion in that the nuclear microsatellite data show a low level of differentiation (Fs: =
0.01) based on a small number of loci, and the SNP data seem to indicate the presence of two genomes
being present at different frequencies at Sakhalin and Mexico. This latter point indicates that the
Sakhalin whales represent a mixed-stock assemblage. One might question whether this indicates there
is sufficient gene flow and immigration that Sakhalin whales don’t currently “interbreed when mature”
despite the differentiation of nuclear markers.

Though the existing data indicate differentiation between the current WGW and the EGW, the affinities
of the current WGW population are by no means certain. They could be descendants of historical
WGWs (western breeding stock) or they could be an isolated population of EGWSs (western feeding
group). The conservation implications of these two possibilities are quite different in my opinion,
although the implementation of conservation measures under both scenarios might be the same. This is
because there are only a few things that we can do to protect great whales. These measures include
controlling fishing, whaling, shipping and industrial activities. Therefore, an understanding of exactly
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what it is that is being protected, part of a large population, a distinct population or stock, a subspecies,
etc., is important because it helps managers asses the risk to the species as a whole of the loss of the
entity. At the 2018 IWC Scientific Committee meeting, hypotheses 3a and 5a from the Rangewide
Review were given priority for modelling because they are considered the most plausible hypotheses.
Other hypotheses, including 3b, 3c, 3e, and 6b, were used as sensitivity tests. According to the SC (IWC
2018, p. 39) (Ex. M-0437): “In summary, Hypothesis 3a assumes that whilst two breeding stocks
(Western and Eastern) may once have existed, the Western Breeding Stock is extirpated. Whales show
matrilineal fidelity to feeding grounds, and the Eastern Breeding Stock includes three feeding
aggregations: Pacific Coast Feeding Group (PCFG), Northern Feeding Group (NFG), and the Western
Feeding Group (WFG). Hypothesis 5a assumes that both breeding stocks are extant and that the
Western Breeding Stock feeds off both coasts of Japan and Korea and in the northern Okhotsk Sea west
of the Kamchatka Peninsula. Whales feeding off Sakhalin include both whales that are part of the extant
Western Breeding Stock and remain in the western North Pacific year-round, and whales that are part of
the Eastern Breeding Stock and migrate between Sakhalin and the eastern North Pacific.” The
implication of this for the proposed Makah hunt is that under the two hypotheses considered most
plausible by IWC, the Western Breeding Stock does not migrate through the area of the Makah hunt.
The Western Breeding Stock is either extinct (3a) or stays in the western North Pacific (5a). The whales
from Sakhalin that migrate to North America are considered to be WFG whales, and part of the Eastern
Breeding Stock.

The PCFG does not qualify as a population stock under the MMPA, in my opinion, no matter how one
parses the definition. This is because members of the PCFG do not “interbreed when mature”, at least to
the degree necessary to allow the population to become differentiated at nuclear loci. Let’s imagine a
human analogy to the PCFG. There are distinct and small populations of humans, such as the San or
bushmen of southern Africa. Such populations are demonstrably genetically distinct and would qualify
as populations using the MMPA definition of population stock. But there are other uses of the word
population to mean, for example, a group of people with some learned skill. Perhaps the population of
people who quilt tend to learn this skill from their mothers and thus are recruited into the quilting
population in this way. One can imagine that this small population might be distinct from the overall
population in terms of mtDNA haplotype frequencies, that no unique haplotypes exist in this population
for obvious reasons, and that nuclear genes do not differentiate this population also for obvious
reasons. And notwithstanding the fact that we can refer to such people as a population, it is not a
population in the biological sense of the word even though internal recruitment may predominate. So,
the quilting population would not qualify as a population under the MMPA because they do not
“interbreed when mature.” This analogy closely parallels the feeding groups of whales as we
understand them. Despite having qualities that we wish to conserve, and even though internal
population dynamics may predominate, neither conforms to a population as defined in biology and the
MMPA.

Addressing the Concerns of the Animal Welfare Institute

In a letter dated July 31, 2015 and addressed to Steve Stone of NMFS, DJ Schubert of the Animal Welfare
Institute outlined concerns with regard to the Makah Tribe’s application for a waiver under the MMPA.
Of the numerous points made in the 130-page letter, one is particularly germane to my testimony. On
page 4 of the letter, Mr. Schubert writes:
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“Furthermore, before proceeding with this decision-making process, it is imperative that NMFS render a
determination as to whether PCFG whales constitute a population stock under the MMPA.”

| agree that the status of the PCFG is an important issue. However, it is important to remember that, as
mentioned above, NMFS has proposed regulations to protect the PCFG regardless of its status.
Moreover, | disagree with Mr. Schubert on p. 23 where he states:

“The best available scientific information provides ample support for the designation of PCFG whales as
a stock.”

In fact, as | discuss in detail above, the evidence does not support this. Under the MMPA members of a
“population stock” occur together in “a common spatial arrangement” and they “interbreed when
mature.” Again, the intended definition of a population stock under the MMPA is essentially the same as
the typical definition of a biological population in which individuals breed with other members of that
population and not, or at least with less frequency, with members of another population. There is no
evidence that the PCFG satisfies this definition. Rather the PCFG is a feeding group, which in this case
means an aggregation of whales that share a common behavior, feeding in the PCFG area during the
summer and fall, but do not predominantly breed among themselves. The significant Fst in mtDNA is the
result of the strict maternal inheritance of the molecule, combined with the maternally directed learned
feeding behavior.

This is not to say that the PCFG does not deserve to be conserved (and, as noted, NMFS has proposed
regulations for that purpose), but it goes to the point that we need to be clear and transparent in our
use of scientific terminology. We cannot ascribe a definition to a group that imparts characteristics not
possessed by the group. If the MMPA is to be applied to feeding aggregations like the PCFG, then the
law should clearly state it. Because it does not do so, | agree with NMFS’s position (Ex. M-0473) Weller
et al. (2013), (Ex. M-0453) NMFS, 2015)) that the PCFG is not a population stock under the MMPA.
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Mailing Address:
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University of Dayton, Dayton, Ohio, B.S. 1971
University of Dayton, Dayton, Ohio, M.S. 1973
Texas Tech University, Lubbock, Texas, Ph.D. 1976

Thesis and Dissertation:

M.S. Thesis: A cytosystematic study of the Clemmys complex.
Ph.D. Dissertation: Chromosomal banding and phylogenetic
relationships of vespertilionid bats.

Major Interest:

Molecular Genetics, Genomics, Cytogenetics, Marine Mammals,
Molecular Systematics, Evolutionary Toxicology, Ecotoxicology

Professional Positions:

2013-present

Professor Emeritus, Department of Wildlife and Fisheries
Sciences, Texas A&M University

2012-2016  Principal Scientist, Battelle Memorial Institute
2006 - 2012 Professor, Department of Forestry and Natural Resources,
Purdue University
2006 - 2011  Director, Center for the Environment, Purdue University
1986 - 2006 Professor of Wildlife and Fisheries Sciences,
Texas A&M University
1983 - 1986  Associate Professor of Wildlife and Fisheries Sciences,
Texas A&M University
1976 - 1983  Assistant Professor of Wildlife and Fisheries Sciences,
Texas A&M University
Society Affiliations:
American Society of Mammalogists
Southwestern Association of Naturalists
Texas Society of Mammalogists
Honors: President, Southwestern Association of Naturalists 1985-1987.
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Distinguished Performance Award - Graduate Teaching, Texas A&M University
System 1985.

Distinguished Professor Award, Association of Graduate Wildlife and Fisheries
Scientists, Texas A&M University 1986.

Southwestern Association of Naturalists, Donald W. Tinkle Research Excellence
Award, 1990.

Member of the Board of Governors, Southwestern Association of Naturalists,
1977-present.

Best Paper Award, Texas Chapter of the Wildlife Society, for a paper in J. Wildl.
Manage. (1994) with D. L. Ellsworth, et al.

Distinguished Performance Award — Research, Texas Agricultural Experiment
Station 2005

President, Texas Society of Mammalogists, 2006 (president-elect) — 2007

Award of Appreciation received from the Alaska Eskimo Whaling Commission at
the annual meeting in Barrow, Alaska February 2008 for my participation
in the Scientific Committee of the International Whaling Commission and
my efforts in helping to obtain a 5-year quota for the harvest of bowhead
whales (8-ft plate of baleen with scrimshaw).

Honorary member, Texas Society of Mammalogists, bestowed February 2009

Editorial Experience:
Managing editor of the Southwestern Naturalist 1982- 1984.
Associate Editor of the Journal of Mammalogy 1989-1992.
Presently a member of the review board for Ecotoxicology.

University Administrative Experience:

Purdue
Director the Center for the Environment 2006-2011.

Texas A&M
Member of the Executive Committee of the Faculty of Genetics, 1980-82,
1984-86. Vice-chairman of the Faculty of Genetics 1985. Graduate
Advisor and Chairman of the Graduate Affairs Committee, Department of
Wildlife and Fisheries Sciences, 1988-1989. Chairman of the
departmental Tenure and Promotion Committee, 1993-1995. Member of
Texas A&M University Laboratory Animal Care Committee 2002-2005.

International Administrative Experience:

Member of the US delegation to the Scientific Committee of the International
Whaling Commission, 2003 to present.

US team leader for the US Department of State “US-China EcoPartnership” 2011-
2012.

Independent International Consultant to BP in Azerbaijan. I advised BP’s
environmental program regarding their offshore environmental monitoring
program in the Caspian Sea. 2007 to 2009.

Administrative Workshops
Engagement Academy for University Leaders, Virginia Tech University, June 22-
26,2009, Roanoke, VA.

Private Sector Administrative Experience:
Principal Scientist, Battelle Memorial Institute, Houston Texas,
2012 to 2016.
Vice President for Research (and co-founder), LGL Ecological
Genetics, Inc., Bryan, Texas 1990-1995.
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Courses Taught:

Texas A&M University:

WES 302, Natural History of the Vertebrates. A 3-credit undergraduate course
designed as an introductory vertebrate zoology course for both science and
non-science majors.

WES 401, General Mammalogy. A 3-credit undergraduate course designed to be
an important foundation course in wildlife science. The study of structure,
function, phylogeny, classification, biology, and economic relationships of
mammals.

WES 601, Vertebrate Systematics. A 3-credit graduate course designed to be an
introduction to systematic theory, practice, and methodology.

WES 602, Vertebrate Cytosystematics. A 3-credit graduate course that covers
applications of cytogenetic techniques to evolutionary studies of vertebrates.

Purdue University
FNR 396B Ecological Genetics of our Natural Resources. A 1-credit graduate
seminar on natural resource genetics.

Graduate Students Completed (Texas A&M):

BICKHAM

Mike W. Haiduk, M.S., 1979.
Thesis: A Comparative analysis of karyology and hyoid morphology of
the Chelydridae (Reptilia: Testudines).
Presently Associate Professor, Lamar University.

Jack W. Sites, Jr., Ph.D. (Co-chair with J. R. Dixon), 1980.
Dissertation: Chromosome, allozyme, and morphometric variation in
three cytotypes of the Sceloporus grammicus complex. Presently
Professor, Brigham Young University.

Robert H. Dean, M.S, 1980.
Thesis: Selected aspects of the ecology of the Central American mud
turtle, Staurotypus salvinii.

Timothy W. Houseal, Master of Science, 1980.
Thesis: Geographic variation in the yellow mud turtle, Kinosternon
flavescens from the central and southwestern United States, and northern
Mexico.

John L. Carr, M.S., 1981.
Thesis: Phylogenetic implications of chromosomal variation in the
Batagurinae (Testudines: Emydidae). Presently Professor, Department of
Biology, and Associate Curator, Museum of Natural History, The
University of Louisiana at Monroe.
Presently Assistant Profess, NE Louisiana St. Univ.

Robert C. Dowler, Ph.D., (Co-chair with D. J. Schmidly)1982.
Dissertation: Genetic interactions among three chromosomal races of the
Geomys bursarius complex (Rodentia: Geomyidae). Presently Professor,
Angelo State University.

Mark D. Engstrom, Ph.D. (Co-chair with D. J. Schmidly), 1984.
Dissertation: Chromosomal, morphological, and allozymic variation in the
Oryzomys melanotis species complex.
Presently Vice President for Research, Royal Ontario Museum, and
Professor, University of Toronto.

Priscilla K. Tucker, Ph.D. 1984.
Dissertation: Sex chromosome-autosome translocations in the leaf-nosed
bats, family Phyllostomidae.
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Presently Professor, University of Michigan.

Karen McBee, Ph.D. 1985.
Dissertation: Chromosomal aberrations in resident small mammals at a
petrochemical waste dump site: A natural model for analysis of
environmental mutagenesis.
Presently Professor, Oklahoma State University.

David W. Burton, M.S. 1986.
Thesis: Heterochromatin and DNA content in Geomys attwateri and G.
breviceps (Rodentia: Geomyidae).

Scott W. Ballinger, M.S. 1987.
Thesis: Allozymic and mitochondrial DNA analysis of sympatric white-
tailed and mule deer in West Texas.
Presently Associate Professor of Pathology, University of Alabama,
Birmingham.

Samuel F. Lockwood, M.S. 1989.
Thesis: Flow cytometric analysis of DNA content in spawning and coastal
samples of Arctic cisco (Coregonus autumnalis).

James N. Derr, Ph.D. (Co-chairman with D. J. Schmidly) 1990.
Dissertation: Genetic interactions between two species of North American
deer, Odocoileus virginianus and Odocoileus hemionus. Presently
Professor, Texas A&M University.

Thomas E. Lee, Jr., Ph.D. 1992.
Dissertation: Mitochondrial DNA and allozyme analysis of pronghorn
populations in North America.
Presently Associate Professor, Abilene Christian University.

Juan Carlos Morales-Mucifio, Ph.D. 1992.
Dissertation: Molecular systematics of the tree bats, genus Lasiurus.
Presently Program Officer, Systematic Biology, National Science
Foundation.

Luis A. Ruedas, Ph.D. 1992.
Dissertation: Genome size evolution in the Class Mammalia. Presently
Associate Professor at Portland State University.

Michael J. Smolen, Ph.D. 1992.
Dissertation: Variation in the chromosomes of five species of pocket
gophers in the genus Geomys as detected by differential staining, and the
phylogenetic implications.

James C. Cathey, M.S. 1993.
Thesis: Sequence analysis of a zinc-finger gene for the examination of
paternal lineages and introgressive hybridization in North American deer.
Presently Assistant Professor and Extension Wildlife Specialist, Texas
A&M University.

Thomas Barret Lyne, Ph.D. (Co-chair with K. W. Brown) 1995.
Dissertation: The impact of environmental pollution on the genetic
integrity of indigenous species and the application of biosassays in risk
assessment. Presently working in the private sector.

Stirling J. Robertson, M.S. 1996
Thesis: A phylogenetic study of Lasiurus (Chiroptera: Vespertilionidae)
using the Zfx/Zfy loci. Presently Ph.D. student, Florida Institute of
Technology.

Jeffrey K. Wickliffe, M.S. 1997
Thesis: Cell cycle perturbations in Peromyscus and Microtus inhabiting

sites contaminates with radioactive and nitroaromatic waste. Presently
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Assistant Professor, Tulane University.

Yigong Lou, Ph.D. 1998
Dissertation: Genetic variation of pronghorn (Antilocapra americana)
populations in North America. Presently Postdoctoral Researcher,
Stanford University.

Donnell S. Frank, M.S. (Co-chair with M. Mora) 1999
Thesis: Chlorinated pesticides, polychlorinated biphenyls, and dioxins in
colonial nesting waterbirds of Galveston Bay, Texas.

William James Rogers, Ph.D. 1999
Dissertation: Development and application of an integrated model for
ecological risk assessment employing the spatial habitat equivalency
method. Presently Professor and Associate Dean of Academic
Environmental Health and Safety, West Texas A&M University.

Robert G. Trujillo, MS 2001
Thesis: Macrogeographic variation of nuclear Microsatellite loci in an
endangered species, Eumetopias jubatus. (See below).

Daniel Musquiz, MS (Co-chair with M. Mora) 2003
Thesis: Cave and Cliff Swallows as indicators of exposure and effects of
environmental contaminants on birds from the Rio Grande, Texas.

Alyson Baker, MS 2003
Thesis: Variation of Mitochondrial Control Region Sequences of Steller
Sea Lions, Eumetopias jubatus: The Three-Stock Hypothesis.

Carol D. Swartz, Ph.D. (Co-chair with K. C. Donnelly) 2004
Dissertation: Integrating environmental sampling and wildlife
biomonitoring in exposure and effects assessment: genotoxins at multiple
levels of biological organization. Presently works for Integrated
Laboratory Systems, Incorporated.

Cole W. Matson, Ph.D. 2004
Dissertation: Integrating environmental sampling and wildlife
biomonitoring in exposure and effects assessment: genotoxins at multiple
levels of biological organization. Presently Executive Director,
Center for the Environmental Implications of NanoTechnology,
Duke University.

Robert G. Trujillo, Ph.D. 2005
Phylogenetics of the genus Scotophilus (Chiroptera: Vespertilionidae):
perspectives from the nuclear and mitochondrial genomes. Presently
Deputy Director — Ecosystem Analysis, Planning, Watershed, & Air
Southwestern Region, US Forest Service.

Devra D. Hunter, M.S. 2005
Did bowhead whales (Balaena mysticetus) from the Bering-Chukchi-
Beaufort Seas undergo a genetic bottleneck? A Test Using Nuclear
Microsatellite Loci.

Jason M. Sweny, M.S. 2005
A comparison of diversity in the ZFY gene in two species of pinnipeds
with different breeding strategies.
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Megan A. Sitzlar, M.S. (Co-chair with M. Mora) 2005
P450 aromatase alterations and DNA damage as avian pollution
biomarkers in Cliff and Cave Swallows breeding near the Rio Grande
region, Texas.

Ryan M. Huebinger, Ph.D. 2007
Genetic Relationships and Evolutionary History of Extant
Bowhead Whale Populations, Balaena mysticetus. Presently Postdoctoral
Instructor, University of Texas Southwestern Medical Center.

Graduate Students Completed (Purdue):

Caleb D. Phillips, Ph.D. 2008
Systematics, molecular evolution, and phylogeography of Steller sea lions,
Eumetopias jubatus. Presently Assistant Professor, Texas Tech
University.

Brian Rinner, MS, 2009
Evolutionary Toxicology of the Invasive Eastern Mosquitofish (Gambusia
holbrooki) in Azerbaijan.

Geoff Laban, PhD. 2011
The effects of silver nanoparticles on fathead minnow (Pimephales
promelas) embryos.

Former Postdoctoral Research Associates

Dr. Steven M. Carr. Presently Professor, Memorial University, St. John’s,
Newfoundland, Canada.

Dr. Christopher W. Theodorakis. Presently Associate Professor, Southern Illinois
University Edwardsville

Dr. Dmitri V. Politov. Presently at Vavilov Institute of General Genetics, 3
Gubkin St., GSP-1, Moscow 119991, Russia

Dr. Cole W. Matson. Presently Associate Professor, Baylor University, Waco
Texas.

Dr. Ryan Huebinger. Presently Instructor, University of Texas Southwestern
Medical Center.

International Agreements
Purdue University and the Chinese Academy of Sciences. September 10, 2010 to
September 9, 2015, LOA between Purdue University, Discovery Park,
Center for the Environment and the Chinese Academy of Sciences,
Institute of Applied Ecology establishes a “China-US Joint Research Lab
on Sustainable Ecosystem.”

Purdue University and the Azerbaijan National Science Foundation. April 2, 2011
to April 1, 2016, LOA between Purdue University, Discovery Park, Center

for the Environment and the National Science Foundation of Azerbaijan to
promote collaborative research projects, seminars, and training courses.

Purdue University and Zhejiang University. July 20, 2011 to July 19, 2016, LOA,
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Purdue University, Discovery Park, Energy Center and the Center for the
Environment and the State Key Laboratory of Clean Energy Utilization to
establish the creation of the Clean Energy Research Initiative.
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Publications (Nos. 167 and 211 are books)
Google Scholar Citations 9,838; h-index 57, i10-index 173

1971

1. Bickham, J.W. and J. A. MacMahon. 1971. Feeding habits of the western whiptail
Cnemidophorus tigris. Southwestern Nat., 17:207-208.

1975

2. Bickham, J W. 1975. A cytosystematic study of the genera Clemmys, Mauremys, and
Sacalia. Herpetologica, 31:198-204.

1976
3. Bickham, JJW. 1976. A meiotic analysis of 4 species of turtles. Genetica, 46:193-198.

4. Bickham, J.W. and R.J. Baker. 1976. Chromosome homology and evolution of emydid
turtles. Chromosoma, 54:201-219.

5. Bickham, J.W. and R.J. Baker. 1976. A karyological study of some neotropical turtles.
Copeia, 1976:703-708.

6. Genoways, H.H., J.R. Choate, E.F. Pembleton, I.F. Greenbaum, and J.W. Bickham.
1976. Systematists, other users and uses of collections of Recent mammals. Museology,
3:1-87.

7. Bickham, J.W., C.O. McKinney, and M.F. Matthews. 1976. Karyotypes of

parthenogenetic Cnemidophorus laredoensis and its presumed parental species.
Herpetologica, 33:395-399.

1977

8. Bickham, J.W. and R.J. Baker. 1977. Implications of chromosomal variation in
Rhogeessa (Chiroptera: Vespertilionidae). J. Mammal. 58:448-453.

9. Committee for the Standardization of Chromosomes of Peromyscus. 1977. Standardized
karyotype of deer mice, Peromyscus (Rodentia). Cytogenet. Cell Genet., 19:38-43.

1978

10.  Bickham, J.W. and J.C. Hafner. 1978. A chromosomal banding study of three species of
vespertilionid bats from Yugoslavia. Genetica, 48:1-3.

1979

11. Sites, J.W., Jr., J.W. Bickham, M.W. Haiduk, and J.B. Iverson. 1979. Banded
karyotypes of six taxa of kinosternid turtles. Copeia, 1979:692-698.

12. Haiduk, M.W., J.W. Bickham, and D.J. Schmidly. 1979. Karyotypes of four species of
Oryzomys from Veracruz, Mexico. J. Mammal., 60:610-615.
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13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Bickham, JJW. 1979. Chromosomal variation and evolutionary relationships of
vespertilionid bats (Mammalia: Chiroptera). J. Mammal., 60:350-363.

Bickham, J.W. and R.J. Baker. 1979. Canalization model of chromosomal evolution.
pp. 70-84, in: Models and Methodology in Evolutionary Theory, (J.H. Schwartz and
H.B. Rollins, eds.), Bull. Carnegie Mus. Nat. Hist., No. 13.

Sites, J.W., Jr., J.W. Bickham, and M.W. Haiduk. 1979. Derived X- chromosome in the
turtle genus Staurotypus. Science, 206:1410-1412.

1980

Bickham, J.W., M.J. Daniel, and M.W. Haiduk. 1980. Karyotype of Mystacina
tuberculata (Chiroptera: Mystacinidae). J. Mammal., 61:322-324.

Bickham, J.W. 1979. (1980). Banded karyotypes of 11 species of American bats (genus
Myotis). Cytologia, 44:789-797.

Bickham, J.W. 1980. Chrysemys decorata. Cat. Amer. Amphib. Reptiles, 235.1-235.2.

Bickham, J.W., K.A. Bjorndal, M.W. Haiduk, and W_.E. Rainey. 1980. The karyotype
and chromosomal banding patterns of the green turtle (Chelonia mydas). Copeia,
1980:540-543.

Bickham, J.W. and R.J. Baker. 1980. Reassessment of the nature of chromosomal
evolution in Mus musculus. Syst. Zool., 29:159-162.

Baker, R.J. and J.W. Bickham. 1980. Karyotypic evolution in bats: evidence of
extensive and conservative chromosomal evolution in closely related taxa. Syst. Zool.,
29:239-253.

1981
Engstrom, M.D., R.C. Dowler, D.S. Rogers, D.J. Schmidly, and J.W. Bickham. 1981.

Chromosomal variation within four species of harvest mice (genus Reithrodontomys). J.
Mammal., 62:159-164.

Carr, J.L., J.W. Bickham, and R.H. Dean. 1981. The karyotype and chromosomal
banding patterns of the Central American river turtle (Dermatemys mawii) (Testudines:
Cryptodira: Dermatemydidae). Herpetologica, 37:92-95.

Bickham, JJW. 1981. Two-hundred-million-year-old chromosomes: deceleration of the
rate of karyotypic evolution in turtles. Science, 212:1291- 1293.

Sites, J.W., Jr., J.W. Bickham, and M.W. Haiduk. 1981. Conservative chromosomal
change in the bat family Mormoopidae. Can. J. Genet. Cytol., 23:459-467.

Sites, J.W., Jr., LF. Greenbaum, and J.W. Bickham. 1981. Biochemical systematics of
the Neotropical turtle genus Rhinoclemmys (Emydidae: Batagurinae). Herpetologica,
37:256-264.
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27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Carr, J.L. and J.W. Bickham. 1981. Sex chromosomes of the Asian black pond turtle,
Siebenrockiella crassicollis (Testudines: Emydidae). Cytogenetics and Cell Genetics,
31:178-183.

1982

Haiduk, M.W. and J.W. Bickham. 1982. Chromosomal homologies and evolution of
testudinoid turtles with emphasis on the systematic placement of Platysternon. Copeia,
1982:60-66.

Houseal, T.W., J.W. Bickham, and M.D. Springer. 1982. Geographic variation in the
yellow mud turtle Kinosternon flavescens. Copeia, 1982:567-580.

Dowler, R.C. and J.W. Bickham. 1982. Chromosomal relationships of the tortoises
(Family Testudinidae). Genetica, 58:189-197.

Hobart, H.H., S.J. Gunn and J.W. Bickham. 1982. Karyotypes of six species of North
American blackbirds (Icteridae: Passeriformes). Auk, 99:514-518.

Engstrom, M.D. and J.W. Bickham. 1982. Chromosome banding and phylogenetics of
the golden mouse, Ochrotomys nuttalli. Genetica, 59:119-126.

1983

Dean, R.H., and J.W. Bickham. Staurotypus salvinii. Cat. Amer. Amphib. Reptiles,
327.1-327.2.

Bickham, J.W., J.J. Bull, and J.M. Legler. 1983. Karyotypes and evolutionary
relationships of trionychoid turtles. Cytologia, 48:177-183.

Bickham, J.W., and J.L. Carr. 1983. Taxonomy and phylogeny of the higher categories
of cryptodiran turtles based on a cladistic analysis of chromosomal data. Copeia,
1983:918-932.

Bickham, J.W. 1983. Sibling species. Pp. 96-106, in Genetics and Conservation (C.
Shonewald-Cox, et al., eds.). Addison-Wesley Publishing Co., Reading, 722 pp.

Engstrom, M.D., and J.W. Bickham. 1983. Karyotype of Nelsonia_neotomodon, with
notes on the primitive karyotype of peromyscine rodents. J. Mammal., 64:685-688.

1984

McBee, K., J.W. Sites, M.D. Engstrom, C. Rivero-Blanco, and J.W. Bickham. 1984.
Karyotypes of four species of Neotropical gekkos. J. Herpetol., 18:83-84.

Amemiya, C.T., JJW. Bickham, and J.R. Gold. 1984. A cell culture technique for
chromosome preparation in cyprinid fishes. Copeia, 1984:232-235.

Bickham, J.W., M.D. Springer, and B.J. Gallaway. 1984. Distributional survey of the
yellow mud turtle (Kinosternon flavescens) in Iowa, Illinois, and Missouri: a proposed

BICKHAM Page 10 of 30 Ex. M-0401



11

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

endangered species. Southwestern Nat., 29:123-132.

Bickham, J.W. 1984. Patterns and modes of chromosomal evolution in reptiles. Pp.
13-40, in Chromosomes in Evolution of Eukaryotic Groups, Vol. IT (A.K. Sharma and A.
Sharma, eds.). CRC Press, Inc., Boca Raton.

Sites, J.W., Jr., J.W. Bickham, I.F. Greenbaum, and B.A. Bates. 1984. Biochemical
characters and the reconstruction of turtle phylogenies: relationships among batagurine
genera. Syst. Zool., 33:137-158.

Christiansen, J.L., J.A. Cooper, and J.W. Bickham. 1984. Reproduction in Kinosternon
flavescens in Iowa. Southwestern Nat., 29:349-351.

Baker, R.J., and J.W. Bickham. 1984. Karyotypic evolution by any other name: a
response to Marks. Syst. Zool. 33:339-341.

1985

McBee, K., J.W. Bickham, A.G.J. Rhodin, and R.A. Mittermeier. 1985. Karyotypic
variation in the genus Platemys (Testudines: Pleurodira). Copeia, 1985:445-449.

Baker, R.J., J.W. Bickham, and M.L. Arnold. 1985. Speciation and chromosomal
evolution in the Rhogeessa tumida-parvula complex (Chiroptera: Vespertilionidae).
Evolution, 39:233-243.

Bickham, J. W., P. K. Tucker, and J. M. Legler. 1985. Diploid-triploid mosaicism: an
unusual phenomenon in side-necked turtles (Platemys platycephala). Science,
227:1591-1593.

Gallaway, B. J., J. W. Bickham, and M. D. Springer. 1985. A controversy surrounding
an endangered species listing: the case of the Illinois mud turtle--another perspective.
Herpetological Information Service No. 64, pp. 1-17.

Christiansen, J.L., J.A. Cooper, J.W. Bickham, B.J. Gallaway, and M.D. Springer. 1985.
Aspects of the natural history of the yellow mud turtle (Kinosternon flavescens) in Iowa:
a proposed endangered species. Southwestern Nat., 30:413-425.

Bickham, J.W., and D.S. Rogers. 1985. Structure and variation of the Nucleolus
Organizer Region in turtles. Genetica, 67:171-184.

1986

Smith, S.A., J.W. Bickham, and D.A. Schlitter. 1986. Karyotypes of eleven species of
molossid bats from Africa (Mammalia: Chiroptera). Ann. Carnegie Mus. Nat. Hist.,
55:125-136.

McBee, K., J.W. Bickham, S. Yenbutra, J. Nabhitabhata, and D.A. Schlitter. 1986.
Standard karyology of nine species of vespertilionid bats (Chiroptera: Vespertilionidae)
from Thailand. Ann. Carnegie Mus. Nat. Hist., 55:95-116.
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53.

54.

55.

56.

57.

58.

59.

60.

6l.

62.

63.

64.

65.

Carr, J.L., and J.W. Bickham. 1986. Phylogenetic implications of karyotypic variation
in the Batagurinae (Testudines: Emydidae). Genetica 70:89-106.

Bickham, J.W., K. McBee, and D.A. Schlitter. 1986. Chromosomal variation among
seven species of Myotis (Chiroptera: Vespertilionidae). J. Mamm. 67:746-750.

Tucker, P.K., and J.W. Bickham. 1986. Sex chromosome-autosome translocations in the
leaf-nosed bats, family Phyllostomidae: Part II. Meiotic analyses of the subfamilies
Stenodermatinae and Phyllostominae. Cytogenet Cell Genet. 43:28-37.

Baker, R.J., and J.W. Bickham. 1986. Speciation by monobrachial centric fusions.
Proc. Natl. Acad. Sci. USA. 83:8245-8248.

Carr, S. M., S. W. Ballinger, J. N. Derr, L. H. Blankenship, and J. W. Bickham. 1986.
Mitochondrial DNA analysis of hybridization between sympatric white-tailed and mule
deer in west Texas. Proc. Natl. Acad. Sci. U.S.A. 83: 9576-9580.

1987

McBee, K., J. W. Bickham, and J. R. Dixon. 1987. Male heterogamety and chromosomal
variation in Caribbean geckos (Reptilia: Gekkonidae). J. Herpetol., 21:68-71.

Burton, D. W., J. W. Bickham, H. H. Genoways, and T. J. McCarthy. 1987. Karyotypic
analysis of five rodents and a marsupial from Belize, Central America. Ann. Carnegie
Mus. Nat. Hist., 56:103-112.

Derr, J.N., J.W. Bickham, A.G.J. Rhodin, R.A. Mittermeier, and I.LF. Greenbaum. 1987.
Biochemical systematics and evolution in the South American turtle genus Platemys
(Pleurodira: Chelidae). Copeia, 1987:370-375.

McBee, K., J. W. Bickham, K. C. Donnelly, and K. W. Brown. 1987. Chromosomal
aberrations in native small mammals (Peromyscus leucopus and Sigmodon hispidus) at a

petrochemical waste disposal site. 1. Standard karyology. Arch. Environ. Contam.
Toxicol., 16:681-688.

Bickham, J. W. 1987. Chromosomal variation among seven species of Lasiurine bats
(Chiroptera: Vespertilionidae). J. Mamm., 68:837-842.
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1991. Genetic relationships among eight species of Eptesicus and Pipistrellus
(Chiroptera: Vespertilionidae). J. Mamm. 72:286-291.

Baker, R. J., C. Porter, B. G. Hanks, and J. W. Bickham. 1991. Increased variation in
cellular DNA content at a hybrid zone: Hybrid breakdown in Peromyscus leucopus. J.
Hered., 82:27-30.

Reed, K. M., B. G. Hanks, J. W. Bickham, A. G. J. Rhodin, and I. F. Greenbaum. 1991.
Cytogenetic analysis of Phrynops hogei (Testudines: Pleurodira). Amphibia-Reptilia
12:203-212.
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Ridley. 1992. DNA alterations. Pp. 125-153, in The existing and potential value of
biomarkers in evaluating exposure and environmental effects of toxic chemicals (R. J.
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Ellsworth, D. L., R. L. Honeycutt, N. J. Silvy, J. W. Bickham, and W. D. Klimstra. 1994.
Historical biogeography and contemporary patterns of mitochondrial DNA variation in
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Research Center, St. Louis County, Missouri. Transactions, Missouri Academy of
Science 31:37-43.

1998
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Gallardo, M. H., J. W. Bickham, R. L. Honeycutt, N. Kohler, and R. A. Ojeda. 1999.
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DNA evidence for historic population size and
past ecosystem impacts of gray whales
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Ecosystem restoration may require returning threatened popula-
tions of ecologically pivotal species to near their former abun-
dances, but it is often difficult to estimate historic population size
of species that have been heavily exploited. Eastern Pacific gray
whales play a key ecological role in their Arctic feeding grounds
and are widely thought to have returned to their prewhaling
abundance. Recent mortality spikes might signal that the popula-
tion has reached long-term carrying capacity, but an alternative is
that this decline was due to shifting climatic conditions on Arctic
feeding grounds. We used a genetic approach to estimate pre-
whaling abundance of gray whales and report DNA variability at
10 loci that is typical of a population of ~76,000-118,000 individ-
uals, approximately three to five times more numerous than
today’'s average census size of 22,000. Coalescent simulations
indicate these estimates may include the entire Pacific metapopu-
lation, suggesting that our average measurement of ~96,000
individuals was probably distributed between the eastern and
currently endangered western Pacific populations. These levels of
genetic variation suggest the eastern population is at most at
28-56% of its historical abundance and should be considered
depleted. If used to inform management, this would halve accept-
able human-caused mortality for this population from 417 to 208
per year. Potentially profound ecosystem impacts may have re-
sulted from a decline from 96,000 gray whales to the current
population. At previous levels, gray whales may have seasonally
resuspended 700 million cubic meters of sediment, as much as 12
Yukon Rivers, and provided food to a million sea birds.

cetacean | coalescence | effective population size | genetic diversity |
historic abundance

Studies of ecologically important marine populations from
corals (1) to pelagic predators (2) suggest that many current
marine ecosystems are far from their natural states because of
anthropogenic disruption. Detecting and measuring the impacts
of such changes is complicated because information about past
marine population abundance is generally difficult to obtain (3).
However, knowledge of past abundances can be important for
managing and restoring ecologically important populations recov-
ering from overexploitation, such as those of many baleen whale
species. Information about past population sizes of baleen whales
can be derived from the level of genetic variation in current
populations, because genetic diversity increases with long-term
effective population size and can be relatively unaffected by mod-
erate short-term changes in census size. Genetically determined
past population sizes for Atlantic humpback, minke, and fin whales
are surprisingly high (4), prompting the need for further exploration
of results from other species and expanded genetic data sets.
Using genetic data to assay past populations depends on the
balance between genetic drift reducing variation at individual
loci and mutation increasing it. The relationship between genetic
diversity and population size also varies with population subdi-
vision, natural selection, changes in population size over time,
and departures from perfectly random mating. Because the
impacts of these factors generally vary across the genome,
measuring patterns of genetic variation among multiple loci
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allows more accurate inference of past population sizes than is
possible with a single locus. The International Whaling Com-
mission suggested five areas for expanding and improving ge-
netic approaches to inferring past population sizes of whales (5):
(i) using multiple unlinked nuclear loci, (i) confirming locus-
specific substitution rates, (iii) estimating overall variance in
abundance estimates, (iv) considering the long-term nature of
population estimates, and (v) analyzing the effect of unsampled,
“ghost” populations. Here, we concentrate on a single species,
the gray whale (Eschrichtius robustus), and expand previous
analyses to include measurements of diversity and mutation rate
at many loci. In addition to using multiple loci, we consider the
long-term nature of population estimates and analyze the effect
of unsampled, ghost populations.

Gray whales were extensively hunted in the 19th century and
currently persist as an eastern Pacific population assumed to
have fully recovered from whaling, and a western Pacific pop-
ulation that remains critically endangered. For eastern gray
whales, the presumption of full recovery is based on recent
census counts of between 18,000 and 29,000 (6), including
particularly low population estimates in 1999-2001 that roughly
match model-based, prewhaling estimates of 19,480-35,430."
This presumed recovery has resulted in diminished management
concern for eastern gray whales. For example, the recovery
factor, a parameter used in marine mammal management to
calculate acceptable human-induced mortality (7), has been
increased for eastern gray whales compared with all other baleen
whales by a factor of 10 (8), a change that will effectively slow,
but not prevent, full recovery.

However, other interpretations of gray whale population
dynamics suggest there has been no demographic plateau.
Instead, the low population estimates in 1999-2001 may have
resulted from recent climate change in the Bering Sea (9).
Although population models that incorporate the 1999-2001
decline support the idea that this population has reached its
carrying capacity,’ models that do not include data from these
years find some support for an equilibrium population size (Neq)
of up to 70,000 (10). Recent resurgence of calving rates to
pre-1999 levels! and new calving locations (11) also suggest this
population has not yet reached its typical long-term abundance
but can continue to grow if current ocean conditions permit.

Author contributions: S.E.A. and S.R.P. designed research; S.E.A. performed research;
S.E.A., E.R., and S.R.P. analyzed data; and S.E.A., E.R., and S.R.P. wrote the paper.

The authors declare no conflict of interest.
Freely available online through the PNAS open access option.

Data deposition: The sequences reported in this paper have been deposited in the GenBank
database (accession nos. EF043286-EF043340).

*To whom correspondence should be addressed. E-mail: sealter@stanford.edu.

TWade, P. R., Perryman, W. IWC Scientific Committee, 2002, Shimonoseki, Japan. Paper
SC/54/BRG7.

IPerryman, W. L., Watters, G. M., Swartz, L. K., Rowlett, R. A. IWC Scientific Committee,
2004, Sorrento, Italy. Paper SC/56/BRG43.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0706056104/DC1.

© 2007 by The National Academy of Sciences of the USA

www.pnas.org/cgi/doi/10.1073/pnas.0706056104

Ex. M-0402


http://www.pnas.org/cgi/content/full/0706056104/DC1
http://www.pnas.org/cgi/content/full/0706056104/DC1

Lo L

P

1\

=y

Table 1. Number of haplotype samples (n), substitution rates, SE of substitution rates, O per
generation, effective population size (Ne), and census size (N) for each marker

Substitution rate,

Marker n bp~Tyear~! SE of substitution rate O gen~! Ne N

ACTA 72 5.00 x 10-1° 2.47 x 10~ 0.001527 51,464 162,625
BTN 72 4.50 X 10-10 3.07 x 10~ 0.000717 24,165 76,360
cP 76 5.00 x 1010 278 x 10~ M 0.000726 24,468 77,319
ESD 72 3.50 x 10-1° 2.63 x 10" 0.002557 86,177 272,320
FGG 72 1.50 X 1010 1.05 x 10-" 0.001697 57,193 180,730
G6PD* 30 3.50 X 10-10 2.54 x 10" 0.000026 876 2,769
PLP* 52 4.00 x 10-1'° 1.61 x 10~ 0.000870 29,321 92,655
LACTAL 72 1.00 X 10—? 8.75 x 10~ 0.000417 14,054 44,410
WT1 80 4.00 x 10-10 2.60 X 10~" 0.000488 16,447 51,972
Cyt bt 42 4.00 X 10—° 1.34 X 1010 0.001012 34,107 107,778

Values of © are given by using a scale in which the average substitution rate is 4.79 X 1070 substitutions
bp~'-year~! based on seven autosomal nuclear introns; © values reported for X-linked introns and mitochondrial
markers have been scaled by additional factors as described in the text. Ne was calculated by using the lower value

for generation time, 15.5 years.
*Located on chromosome X.
fLocated on the mitochondrion.

To evaluate the hypothesis of demographic recovery and
assess historical population size, we measured genetic variation
among eastern Pacific gray whales to calculate long-term effec-
tive population size and estimate long-term census size. We
conclude that the long-term population size of gray whales in the
North Pacific was probably 3- to 5-fold larger than it is today but
that this estimate likely measures the eastern and western gray
whale stocks together. These data imply that the gray whale
population could continue to grow, unless anthropogenic
changes to ocean ecosystems are severe enough to lower the
capacity of the North Pacific ecosystem to support a typical
population size.

Results

Genetic Variation and Mutation Rates at Multiple Loci. We se-
quenced amplified gene segments for seven autosomal introns,
two X-linked introns, and the mitochondrial marker cytochrome
b from up to 42 individuals from the eastern Pacific gray whale
population, and estimated substitution rates for these markers
[see Materials and Methods and supporting information (SI)
Methods, including SI Table 2]. The average rate of substitutions
across autosomal nuclear introns was 4.8 X 10710 substitutions
per base pair per year~! (ranging from 1.5 X 10710t0 10 X 10719)
(Table 1).

We used the coalescent analysis program LAMARC (12) to
estimate genealogies from individual sequences and calculate
the genetic diversity parameter, © = 4N.u, where N, is the
effective population size and p is the average mutation rate. We
combined data from all loci into a joint-likelihood analysis. The
overall maximume-likelihood point estimate of © was 0.001021,
with 95% confidence intervals ranging from 0.000925 to
0.001130.

Variance of Effective and Census Population Sizes. To calculate the
effective population size N., we divided the joint maximum
likelihood estimate of O by estimates of generation time ranging
from 15.5 to 22.28 years (13, 14), and by four times the average
autosomal substitution rate (u), after applying scaling factors
described in Materials and Methods. Generation time range was
calculated as the median age of 54 sexually mature females (13)
and as the mean period elapsing between the birth of a parent
and the birth of offspring (14).

We calculated the average long-term effective population size
of gray whales to be on average 34,410 with 95% confidence
limits of 31,175 and 38,084. However, census size of animal
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populations is typically higher than effective size because not all
adults successfully breed. We converted effective size N, into
total census estimates (N) by multiplying by a conservative 2:1
ratio of total adults to breeding adults (15) and the ratio of total
population size to total adults, estimated between 1.58 and 1.78
(13, 16) based on census and fisheries data.

By using the relationship © = 4Neu, and the conversion
factors above, we computed 95% confidence intervals on census
size N by randomly sampling 10,000 times from uniform distri-
butions of © (0.000925-0.001130), generation time (15.5-22.28
years), and the ratio of census population size to effective
population size (3.2-3.6). This procedure gives 95% confidence
limits of 78,500-117,700 with a mean of 96,400 (Fig. 1), or
3.5-5.3 times today’s census population size. This range of values
incorporates uncertainty in measures of genetic diversity, un-
certainty in mutation rates among loci, and uncertainties in
generation time and juvenile abundance.

Testing for a Prewhaling Population Bottleneck. Genetic data pro-
vide population size estimates potentially averaged over thou-
sands of generations or more. Thus, the genetically estimated
gray whale population size might be higher than at the start of

150 -

Frequency

50 [

0.6 0.7 0.8 0.9 1 1.1 1.2 1.3 1.4
Census population size (x105)

Fig. 1. Bootstrap simulations to estimate variance in historical census pop-
ulation size. Distribution of historical census population size estimates based
on 10,000 bootstrap replicates using 95% confidence intervals for the joint
estimate of © across all introns and cytochrome b, and a range of generation
times (15.5-22.28 years), effective/census ratios, and juvenile proportions
representing the range of values found in the literature. The arrows represent
upper and lower 95% confidence intervals and the mean value.
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Fig. 2. Simulation of demographic bottlenecks. Shown is the likelihood of
the observed parameter Hd (haplotype diversity) given a bottleneck scenario
beginning 15-80 generations ago. A linear regression was used to determine
the generation at which the likelihood falls below 0.01 (73 generations ago or
~1,100-1,600 years).

commercial whaling if a large population decline occurred
before the mid-1800s. Tests for departure from neutral distri-
butions of alleles within populations and segregating sites (Ta-
jima’s D, Fu and Li’s D*, Fu’s F) (SI Table 3) showed no evidence
for loci under selection, or for significant population growth or
decline. A separate way to estimate past population dynamics is
to use coalescent analysis (12, 17). However, the low average
mutation rate across whale introns and the large gray whale
population size lengthen the time period over which our data
provide useful views of population changes. Coalescent analyses
performed on our intron data set show no long-term growth or
decline, but lack the power to detect relatively recent population
swings.

However, loci with relatively high mutation rates and more
sensitivity to genetic drift are more useful for testing for changes
in population size, so we used current mitochondrial DNA
haplotype diversity in gray whales to examine the effects of
different bottleneck scenarios. We carried out coalescent sim-
ulations of bottleneck events at a variety of times before the
onset of commercial whaling, to test whether such an event could
explain differences between genetic and historic estimates (see
Materials and Methods).

We simulated a prewhaling census size change from 96,000 to
22,000, approximately the difference between genetic estimates
and average census size today, varying the bottleneck time from
15 generations to 10,000 generations ago. We then tested for
significant reductions in mitochondrial haplotype diversity in
simulated vs. current populations. These tests show that haplo-
type diversity (Hd) significantly declines for all bottlenecks
occurring longer ago than 73 generations, or ~1,100-1,600 years
ago (Fig. 2). These analyses are therefore inconsistent with the
hypothesis that a bottleneck from 96,000 to 22,000 animals
further back in time than 1,100-1,600 years can explain the
difference between our genetic estimate and prior estimates of
historic abundance: such a bottleneck would have eroded hap-
lotype diversity well below the current value.

Quantifying the Effects of Population Structure. A final consider-
ation is population structure, because genetic diversity among
subpopulations can inflate N.. In general, estimates of effective
population size exceed real population size in this situation by a
factor of ~1/(1 — Fsr), where Fsr is the proportion of genetic
variance distributed spatially (ref. 18, equation 2.7 based on ref.
19). Available data show no observable structure within the
eastern Pacific gray whale population (reviewed in ref. 20). To
further confirm this result, we collected data from six microsat-
ellite loci for the same whales used in this study and estimated

15164 | www.pnas.org/cgi/doi/10.1073/pnas.0706056104
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Fig.3. Simulation of migration from satellite populations. The census size of
the central population increases with migration to and from a satellite pop-
ulation, as the size of the satellite population approaches that of the main
population and as migration rate increases (m, proportion of migrants per
generation). Box plots show median values and 25th and 75th percentiles,
whiskers show 10th and 90th percentiles, and dots represent 5th and 95th
percentiles across 100 simulated data sets per scenario.

the probabilities of one population (K = 1) versus multiple
populations (K > 1) by using STRUCTURE, version 2 (21). No
population subdivision is apparent in our data, suggesting that
our estimate of genetic diversity is not inflated by current
population substructure.

However, two other populations may have contributed genetic
diversity to the eastern Pacific population in the past: the western
Pacific population (16) and an extinct Atlantic population (22).
A recent study comparing mitochondrial control region data
between the eastern and western Pacific gray whale populations
indicates an Fsr value of 0.087 between these two populations
(23), potentially inflating our estimate of population size in the
eastern population by about a factor of ~9.5% [1/(1 — 0.087) =
1.095]. However, this formulation assumes the populations are at
migration—drift equilibrium, which is unlikely to be true for gray
whales. To capture the complex contribution of potentially
nonequilibrium migration scenarios to current-day genetic di-
versity, we constructed a series of population simulations to
estimate the impact of migration from partially isolated western
and Atlantic gray whales on genetic diversity in eastern gray
whales. Our basic question was whether periodic migration from
small satellite populations could significantly increase genetic
diversity in a central population.

We simulated a set of scenarios likely to be realistic given the
appearance and disappearance of biogeographic barriers over
the past 200,000 years (SI Fig. 4). Migration between the eastern
and western Pacific populations is allowed during the last
glaciation (18-70 kya), and the Little Ice Age (400—750 ya) when
sea ice or lower sea level may have blocked migration through
the Bering Sea (24). Arctic migration between the eastern Pacific
and the Atlantic is assumed to have been possible only during
interglacial, warm periods, most recently during the Sangamo-
nian Interglacial period (114-131 kya).

Simulations with a variety of migration rates were conducted
by using effective population sizes as input values, but in the
following, we converted these effective sizes to estimated census
size by using the conversion factors described above. Simulations
of an eastern population with an effective size of 11,500 (cor-
responding to a census size of 40,000) and small populations in
the western Pacific and Atlantic (census size, 3,000-6,000 each)
show no impact on the genetic diversity of the eastern Pacific
(Fig. 3). Large satellite populations, however, can increase the
genetic diversity of the eastern population. Of course, at these
large sizes (approximate census size of 30,000) (Fig. 3), the
western and Atlantic populations contain a substantial fraction
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of the global population. Simulations also indicate that increased
diversity in the eastern population is much more likely to have
been caused by immigration from the western Pacific population
than the Atlantic. Gene flow from a large Atlantic population
alone increases genetic diversity values in the present eastern
Pacific population by <10% (data not shown).

Discussion

Levels of genetic variation in eastern Pacific gray whales are
higher than expected, and suggest that the long-term, effective
population size has been typically between 31,175 and 38,084
breeding adults. When we adjust our estimated effective size for
nonreproductive adults and for juveniles (which are included in
census data), the long-term average of 78,500-117,700 is 3- to
5-fold higher than the current number of gray whales (~22,000)
(6) and is larger than most model-based estimates of gray whale
abundance before whaling.”

Sources of Uncertainty. These estimates involve two major levels of
analysis, the estimate of effective size from genetic diversity and the
estimate of census size from effective size. In the use of genetic
diversity to measure effective size, genetic variation and subsequent
estimates of long-term effective population size differ among loci,
and are affected by many evolutionary forces, such as selective
sweeps, population expansions and bottlenecks, variance in repro-
ductive success, stochastic retention of genetic diversity, population
structure, and mutation rates. Although most of these factors are
likely to decrease estimates of effective population size, stochastic
effects, mutation and population structure can potentially increase
it. As in other genetic studies of wild populations, such as chim-
panzees (25), we have attempted to control for these three factors
by measuring effective size across independent loci, estimating
mutation rate independently for each locus, and by accounting for
population structure.

Because data from multiple unlinked loci independently assay
past population patterns, analyzing large numbers of loci greatly
increases the accuracy of estimates of ©, even when the number
of individuals sampled is moderate (26). Among the nine
polymorphic loci we examined, genetically based population
census estimates vary from 44,000 to 272,000, but exceed current
census estimates in all cases. Only in the X-linked intron G6PD,
in which no variation was observed, is the genetic estimate of
long-term abundance less than the current population size
(Table 1).

Different loci potentially have different mutation rates, so we
independently measured mutation rates for each locus. Prior
genetic measurement of whale populations relied on variation in
the mitochondrial control region, which has a complex pattern
of molecular evolution (4). In contrast, for whale introns the
relationship between divergence time and genetic distance is
largely linear (SI Figs. 5 and 6). The most critical fossil date used
to calibrate substitution rates, the divergence between right
whales and other mysticetes, is well supported. This time point
represents the earliest well dated split within mysticetes and thus
has a large impact on the relationship between genetic distance
and divergence. Fossil dates (26-30 Mya) for this split are
concordant with molecular clock estimates (27.3 = 1.9 Mya) (ref.
27 and 1), suggesting this time point is a robust anchor for our
mutation calibrations. Our calculated rate of intron evolution is
similar to that of other mammals after taking into consideration
the large size and low metabolic rate of whales (28).

Because the amount of genetic data varies between markers,
our average rate might differ slightly if we calculated a rate by
using data from all loci in the same analysis. This approach
generates a slightly lower rate [4.15 X 10710 = 0.3 X 10719 (SE)

t*tFordyce, R. E. (2002) J Vertebr Paleontol 22(Pt 3, Suppl):54 (abstr.).
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bp~!year~!] (SIFig. 6). Because a lower mutation rate will result
in higher estimates of N, we used the higher rate obtained from
averaging across loci in our analysis (4.8 X 10719 bp~! year™!).
In our LAMARC analysis, the estimate of O for each genetic
marker is scaled by that marker’s relative mutation rate. This
allows us to use an average mutation rate to calculate overall
census size estimates from LAMARC’s output.

Ecological counts include nonreproductive adults and juve-
niles observed from shore, so to compare our results to published
census data we must correct for these parts of the population.
The ratio of adult population to effective population has been
estimated as >2 for many mammals (15): models of the rela-
tionship between population size and extinction risk, including
those for whales, often assume ratios of 2-10 (29). In the absence
of a direct estimate of this parameter from lifetime measures of
reproductive success in males and females, we assumed the most
conservative ratio of 2. Juvenile abundance can be more confi-
dently estimated from census data (13, 16).

We estimated overall variance by incorporating uncertainty in
both the generation of effective size from diversity and the
generation of census size from effective size through a Monte
Carlo sampling method. This approach gave us confidence
intervals that ranged from 76,000 to 118,000. Other sources of
uncertainty exist, such as (i) variance in reproductive success
among adults, (if) impact of selection at individual loci, and (ii7)
swings in population size over time. However, each of these
factors, if known in detail and taken into account, would tend to
increase our estimates of the ratio of census to effective popu-
lation size, and would increase our calculated long-term census
population size by some unknown amount.

Long-Term Nature of Population Estimates. Genetic data provide
long-term estimates of average effective population size, and
there are many population trajectories throughout the past that
could give rise to a particular effective population size today.
Until reconstructions of whale population size in different past
time periods become available, the single value of long-term size
we provide should be treated cautiously. In particular, it is
possible that the population sizes of whales just before whaling
might have been lower than their long-term sizes. Although no
direct evidence is available to evaluate this hypothesis, such a
population trajectory could explain the discrepancies between
historical and genetic views of whale abundance (4).

We explored this possibility with simulations of gray whale
population bottlenecks from our estimated census size of 96,000
down to 22,000 individuals. Simulations show that such a decline
would rapidly erode mitochondrial haplotype diversity. Current
data would be able to detect this erosion if the prewhaling
bottleneck had happened more than 1,100-1,600 years ago (73
generations).

Two possibilities remain. First, a decline in gray whale num-
bers from 96,000 to 22,000 might have occurred over the past
1,100-1,600 years. If this happened before western whaling
began in the 19th century, then both long-term genetic estimates
and traditional estimates of gray whale abundance just before
whaling could be correct. A second possibility is that a popula-
tion much larger than 96,000 collapsed to 22,000 further back in
time. Analysis of gray whale genetic diversity from ancient
samples may clarify these possibilities, and allow the exploration
of other possible population trajectories.

The Influence of Population Structure on the Results. Although there
are many demographic events that reduce genetic variability,
there are a few that increase it. Balancing selection can increase
diversity, but is unlikely to be operating across all of the multiple
loci we analyzed, and there is no signature of excess high-
frequency alleles in our data (SI Table 3). More likely might be
that undetected, nonequilibrium population migration could
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increase the apparent genetic diversity of whale populations.
Accounting for past population structure is complex, given a
potentially infinite number of past migration scenarios. We
simulated a set of scenarios in which genetic diversity might have
been injected into the eastern Pacific population from the
western Pacific population when it was larger, or from the
Atlantic before that population became extinct. Our simulations
suggest that small populations in the western Pacific or in the
Atlantic would not have appreciably increased genetic diversity
in the eastern population. However, historical migration from a
large western Pacific population could partially explain high
genetic diversity in the eastern Pacific.

As a result, our long-term estimate of 96,000 gray whales was
probably distributed between the eastern and western popula-
tions. Very few data are currently available on historical abun-
dance and whaling effort in the western Pacific stock (20), but it
is possible that this population was substantially larger than it is
now. Future analysis of these two populations using multiple
nuclear loci and the IM approach used by Won and Hey (25) to
investigate ancestral and effective sizes in chimpanzees might be
a profitable way to address these issues.

Implications for Management. Conservation efforts have resulted in
a steep decline in extinction risk for eastern Pacific gray whales, but
our results suggest that full demographic recovery has not occurred
and that this population remains depleted. Mean census counts of
~22,000 (8) are 28-56% of the minimum genetic long-term esti-
mates, assuming up to half the population have typically been
western. Because marine mammal populations <50-70% of his-
toric population size are considered depleted (7), a cautionary
response to these data would be to consider the eastern Pacific gray
whale as a depleted stock. Such a designation could change the
allowable human-caused mortality of this stock under the U.S.
Marine Mammal Protection Act from ~417 animals a year to ~208,
assuming the recovery factor (7) used in calculating potential
biological removal (7, 8) changes from 1.0 (8) to 0.5 (7, 30).
Currently, an aboriginal take of 125 animals per year is allowed by
the International Whaling Commission (8, 30).

For gray whales, historic population data help clarify population
trends. Models that incorporate census data from 1999-2000
indicate that gray whales have reached their carrying capacity (7),
but other interpretations suggest that high mortality in 1999-2000
represented an ephemeral episode due to climatic shifts (9). Ge-
netically determined long-term population estimates support the
hypothesis that the current population has not fully recovered and
will continue growing if ecological conditions permit.

An important question for current whales is whether carrying
capacity has declined over time. If this is the case, gray whales
may be depleted relative to historical numbers but may have
reached carrying capacity today. Ecological surveys of gray
whale feeding areas on the Bering Sea shelf suggest that this area
alone could support ~90,000 whales annually (see ST Methods).
However, recent evidence suggests that gray whale feeding
habitat may be declining as Arctic benthic prey populations are
reduced because of changing climate in the Bering Sea (9).
Although additional survey data will be critical to determining
whether carrying capacity has been reached, our estimate of
typical gray whale abundance suggests that recent problems in
gray whale feeding, including reports of thin adults or high calf
mortality, may result from changing conditions in northern
feeding grounds.

Ecosystem-Wide Impacts of Gray Whale Depletion. In addition to
implications for management, these data are a first step toward
quantification of the ecosystem effects of whale population deple-
tion in the North Pacific. Gray whales are important ecological
structuring agents in Bering Sea benthic marine communities (31,
32). Because they are bottom feeders that suck up mouthfuls of
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sediment, study of feeding gray whales shows ~1.2 X 10% m3 of
sediment were annually resuspended by the eastern Pacific gray
whale population of the early 1980s (33, 34). Assuming a population
size then of ~16,000 individuals, a population of 96,000 gray whales
would rework ~7.2 X 10% m? in a summer, ~12 times larger than
the sediment transport load of the largest river emptying into the
Bering Sea, the Yukon River (35, 36). Decreased sediment rework-
ing could dramatically change nutrient recycling, and create shifts
in benthic species dominance (32).

Similarly, feeding by gray whales provides nutrient subsidies
from benthic marine communities to terrestrial ones, including
food subsidies for at least four species of seabirds that feed on
benthic crustaceans brought to the surface by gray whale feeding
(37). The number of birds attending the foraging activities of a
single gray whale averages ~11, although the number of plumes
used per bird and the use of plumes from different whales are not
known. If this average is representative across the summer
season, we calculate that a population of 96,000 whales could
provide food subsidies to 1.03 million birds. The quantitative
impact of these subsidies on sea bird reproduction or fitness is
currently unexplored. In addition, gray whales may have pro-
vided an important food source for predators and scavengers
such as orcas (38) and California condors (39).

More numerous gray whales in the past may not have fed only
on the Bering and Chukchi shelves, the areas in which the
majority of individuals feed today. As gray whale populations
have increased, more and more are observed feeding in other
coastal locations including Oregon, Washington, British Colum-
bia, and southeast Alaska (e.g., ref. 41). If feeding in other areas
was common, the ecological impact of diminished gray whale
populations would not be restricted to the Arctic.

Overall, these simple calculations of gray whale impact do not
fully document the likely ecological impact of whales; they
merely suggest the order of magnitude of effects of gray whales
on their environment. Further research on ecological subsidies
of whales to seabirds, sediment and nutrient effects, and eco-
logical shifts of whales during population expansion are critically
needed to better understand how marine ecosystems have been
impacted by reduced whale populations.

Conclusions

Genetic-based abundance data suggest that gray whale popula-
tions were typically larger than they are today: the whole Pacific
population likely numbered three to five times the current
population. These numbers suggest the eastern Pacific popula-
tion, even if it historically accounted for only half of the entire
Pacific population, should be considered depleted and should
regain higher management protection. Recently observed
changes in the eastern Pacific gray whale population are unlikely
to be the result of this population reaching its long-term carrying
capacity; rather, these changes may have been transient or they
may represent first responses to altered ecological conditions
and reduced carrying capacity in the Bering Sea and other
habitats (9). Ocean nutrient cycling, sediment transport, and
ecological subsidies may have been far different in the past when
gray whales were more abundant. Although restoring gray
whales to their full former abundance in the North Pacific may
be unrealistic because of such large-scale environmental changes
in critical feeding areas, an improved knowledge of past abun-
dance allows a more comprehensive assessment of the ecological
impacts of gray whale population decline. Historic data have
been eliminated from much of conservation management (7, 30,
41). However, our data suggest that such information can
provide a critical context for evaluating population trends and in
determining the potential ecosystem impacts of ecologically
important threatened and endangered species.

Alter et al.
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Materials and Methods

Estimating Genetic Population Parameters. The diversity parameter
O was calculated by using LAMARC (12), by jointly estimating
O across multiple loci while incorporating relative w and Ne
values for each locus. Among genomic regions (seven autosomal
nuclear introns, two X-linked introns, and cytochrome b), we
applied scaling factors of 4 and 4/3 to our mitochondrial and X
chromosome N values, respectively, and computed O by using
a scale in which the average relative mutation rate among
autosomal loci is unity. These two sets of scaling factors allowed
us to calculate the population’s © from a multidimensional
likelihood surface constructed from all loci. To ensure model
convergence, we performed each LAMARC analysis 15 times,
using three different random number seeds and five different
trial values for ©. For each gene, we performed 10 MCMC
searches of 31,000 iterations each followed by two searches of
1,001,000 iterations each, sampling every 20th genealogy esti-
mate after discarding the first 1,000 estimates of each search.

Substitution rate was estimated by comparing pairwise genetic
distance between 4 and 14 species of baleen whales and their
respective divergence times (27). We used the program MOD-
ELTEST (42) to determine the appropriate mutational model,
and PAUP* to generate pairwise genetic distances (43).

Bottleneck Simulations. We used SIMCOAL (44) to simulate a
sequence of 523 bp for 42 individuals, the length of the control
region segment we obtained, and used a mutation rate of 5 X 1078
bp~! year™!, which is the mutation rate necessary to obtain the
same average effective size of eastern North Pacific gray whales for
control region data as we found for intron data. We used an
empirically determined transition bias of 0.96 and a rate heteroge-
neity parameter of 0.8. The empirical likelihood of haplotype
diversity (Hd) under each demographic model was calculated as a

—_

. Jackson JBC (1997) Coral Reefs 16:S23-S32.

2. Myers RA, Worm B (2003) Nature 423:280-283.

3. Jackson JBC, Kirby MX, Berger WH, Bjorndal KA, Botsford LW, Bourque BJ,
Bradbury RH, Cooke R, Erlandson J, Estes JA, et al. (2001) Science 293:629—-637.

4. Roman J, Palumbi SR (2003) Science 301:508-511.

5. Clapham P, Palsboll P, Pastene L, Smith T, Walloe L (2005) J Cetacean Res
Manag 7(Suppl):386-387.

6. Rugh D, Hobbs RC, Lerczak JA, Breiwick JM (2005) J Cetacean Res Manag 7:1-12.

7. Read AJ, Wade PR (2000) Conserv Biol 14:929-940.

8. Angliss RP, Outlaw RB (2005) Alaska Marine Mammal Stock Assessments,
2005. (US Dept of Commerce, Washington, DC), Natl Oceanic Atmos Admin
Tech Memo NMFS-AFSC-161.

9. Grebmeier JM, Overland JE, Moore SE, Farley EV, Carmack EC, Cooper LW,
Frey KE, Helle JH, McLaughlin FA, McNutt SL (2006) Science 311:1461-1464.

10. Wade PR (2002) J Cetacean Res Manag 4:85-98.

11. Shelden KEW, Rugh DJ, Schulman-Janiger A (2004) Ecol Appl 14:1789-1805.

12. Kuhner MK (2006) Bioinformatics 22:768-770.

13. Rice DW, Wolman AA (1971) The Life History and Ecology of the Gray Whale
(Eschrichtius robustus). (Am Soc of Mammalog, Lawrence, KS), Special
Publication No 3.

14. Heppell SS, Caswell H, Crowder LB (2000) Ecology 81:654-665.

15. Frankham R (1995) Genet Res 66:95-107.

16. Weller DW, Burdin AM, Wursig B, Taylor BL, Brownell RL, Jr (2002)
J Cetacean Res Manag 4:7-12.

17. Drummond AJ, Rambaut A, Shapiro B, Pybus OG (2005) Mol Biol Evol
22:1185-1192.

18. Rousset F (2004) Genetic Structure and Selection in Subdivided Populations
(Princeton Univ Press, Princeton).

19. Wright S (1943) Genetics 28:114-138.

20. Swartz SL, Taylor BL, Rugh DJ (2006) Mamm Rev 36:66—84.

21. Pritchard JK, Stephens M, Donnelly P (2000) Genetics 155:945-959.

22. Mead JG, Mitchell ED (1984) in The Gray Whale (Eschrichtius robustus), eds
Jones ML, Swartz SL, Leatherwood S (Academic, New York), pp 33-51.

23. LeDuc RG, Weller DW, Hyde J, Burdin AM, Rosel PE, Brownell RL, Jr, Dizon

AE (2002) J Cetacean Res Manag 4:1-5.

Alter et al.

BICKHAM

PAGE 6 of 10

one-tailed test [see Belle et al. (45)] and decreases as the time of
bottleneck becomes more ancient (Fig. 2). Linear regression shows
that a likelihood of 0.01 is obtained under a bottleneck occurring 73
generations ago.

Migration Between Subpopulations. To test the effect of immigra-
tion from satellite populations on effective population size of
females, we used SIMCOAL (44) to simulate a central popula-
tion with migration of varying levels from satellite populations
of varying sizes, and calculated the ratio between Ny of the
central population computed with and without migration. The
central population was assigned an N of 5,000 individuals,
corresponding to the estimated effective size of the female
population today. We simulated immigration rates of 0.001, 0.01,
and 0.1 (proportion of immigrants per generation) and satellite
populations of sizes 500, 1,000, 2,500, and 5,000.
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Abstract

Commercial whaling decimated many whale populations, including the eastern Pacific gray whale, but little is known about
how population dynamics or ecology differed prior to these removals. Of particular interest is the possibility of a large
population decline prior to whaling, as such a decline could explain the ~5-fold difference between genetic estimates of
prior abundance and estimates based on historical records. We analyzed genetic (mitochondrial control region) and isotopic
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Introduction

Commercial whaling in the 19" and 20" centuries resulted in
greatly reduced population sizes in many species, with dramatic
impacts on marine ecosystems (e.g. [1]). Despite widespread
scientific and public interest in the recovery of whale stocks and
the ecological impacts of removal, little 1s known about how
whaling may have altered basic aspects of population ecology
including abundance, foraging grounds, migration patterns, or
population substructure [2,3].

Of particular interest is the estimation of historic abundance
immediately prior to whaling. Genetic diversity in many whale
populations is too high to match pre-whaling population sizes
estimated from whaling and commercial records, producing a
striking discrepancy between historic abundance in baleen whales
estimated from historical records versus genetic data (e.g. [4,5]).
For example, mitochondrial data from three baleen whale species
in the North Atlantic produced estimates 6 to 20 times larger than
previous estimates based on historical data [4]. Many potential
explanations for this discrepancy have been suggested [6]. For
example, abundances estimated from historical data could be too
low if whaling records were lost, biased or falsified, or if
parameters (such as struck-and-lost rate) used to calculate the
numbers of whales killed from these records are inaccurate. On
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the other hand, abundances from genetic data could be too high if
the mutation rate used is too low, if few genetic markers were used,
if population structure is not accounted for, if generation time is
underestimated, or if balancing selection was occurring at the
genetic loci used to calculate population size. Many of these factors
have been and continue to be investigated as sources of error (see
[6,7))

However, the discrepancy between historic and genetic
estimates can also be explained by a single scenario: populations
of whales were much larger in the past, but declined substantially
before whaling began. Under this scenario, both genetic and
historic inferences could be correct. However, this hypothesis has
proven difficult to test, as it requires estimation of prehistoric
population dynamics.

Ancient DNA sequences allow direct estimation of changes in
genetic diversity over time, and can greatly improve the
reconstruction of historic population dynamics, particularly when
demographic histories are complex [8,9]. Temporally-spaced
genetic data can improve statistical power to detect bottlenecks
relative to modern data alone, even when relatively few ancient
samples are available [10]. Demographic reconstruction using
ancient sequences has yielded insight into historic population
ecology and the context of declines in organisms such as bison
[11], woolly mammoths [12], and tuco tuco [13], and has the
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potential to provide information about the historical demography
of whales before whaling. Ancient genetic data can be particularly
powerful when combined with stable isotope data, which can
reveal information about feeding ecology from the same popula-
tion [14,15].

In this study, we investigate the pre-whaling genetic diversity,
population dynamics and feeding ecology of the eastern Pacific
gray whale using ancient and modern DNA sequences and stable
1sotope data. Eastern gray whales represent a useful case study for
mvestigating historic population dynamics and in particular the
discrepancy between genetic and historical data, because both
genetic diversity and historical records have been examined in
depth [5,16,17]. According to historic records, eastern Pacific gray
whales originally numbered around 15,000-20,000 individuals
before whaling [16]; modeling based on census data extends these
numbers to 19,500-35,500 individuals [18]. Intensive whaling
from 1850 to 1874 and subsequently from the turn of the century
until the 1930s reduced this population to some unknown fraction
of its former size. In contrast, estimates from multilocus genetic
data are consistent with a much higher original population size
(78,000-116,000 individuals) [5].

A pre-whaling bottleneck in gray whales could have several
potential causes. Because they feed in Arctic and subarctic benthic
environments, gray whales are thought to be relatively sensitive to
changes in climate, and climatic events such as the Medieval
Warm Period (ca. 900-1200 AD) or Little Ice Age (ca. 1300-1850
AD) could have caused a population decline. The nature of the
relationship between gray whale populations and climate-sensitive
ecosystem features such as sea ice, freshwater input to nearshore
benthic ecosystems and benthic species composition is poorly
understood [19,20]. However, recent calving rates have been
shown to be negatively correlated with ice cover extent, indicating
population growth is faster when ice cover is reduced and feeding
habitat is extended [20]. Indigenous hunting of gray whales has
been occurring for at least 5000 years around the Pacific Rim and
could have reduced gray whale populations below original levels.
Though it has always been assumed that hunting using traditional
techniques had minimal impact on whale abundance [21], the
actual effects of indigenous hunting have not been quantified. A
final possibility is that killer whales (Orcinus orca), the major
predator on gray whales, may have increased or switched to
feeding primarily on gray whales (e.g. [1]).

The accurate inference of population dynamics from ancient
sequences requires multiple, well-dated samples from a single
population, and depends on a number of assumptions related to
the coalescent including random selection of individuals from a
panmictic population [22]. We utilized whale bones excavated
from dated archaeological sites on the Makah and Quilleute tribal
reservations, dated 150-3500 years before present (ybp). To detect
a pre-whaling bottleneck, we used genetic data from these dated
ancient samples along with a modern gray whale dataset in two
different and complementary analyses: 1) serial coalescent
simulations with approximate Bayesian computation to determine
posterior probability distributions for demographic parameters;
and 2) a Bayesian MCMC method [8], which uses a coalescent
approach to compare the likelihood of different histories.

In addition to investigating genetic diversity of modern and
ancient samples, we used stable isotope analysis to investigate how
feeding ecology may have changed since whaling, particularly
around the Olympic peninsula and Vancouver Island. Today,
most gray whales feed in the Bering, Chukchi and Beaufort Seas,
though a small number of “summer residents” are known to feed
near Vancouver Island and other locations in the Pacific
Northwest (e.g. [23]). Abundant bones found in archaeological
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sites around the Chukchi peninsula (e.g. [24]) suggest the majority
of gray whales fed in the Bering Sea and northward in the past.
However, the larger population size of gray whales before whaling
may also have resulted in alternative foraging habitats or
strategies. In particular, productive areas in the Pacific Northwest
including the inlets and sounds of Vancouver Island may have
supported sizeable feeding populations [25]. Stable isotope
analysis, particularly carbon (3'°C) and nitrogen (3'°N), can be
used to distinguish between marine foraging areas on a broad
geographic scale (reviewed in [15,26]), and thus can be used to
determine whether the ancient gray whales from the Pacific
Northwest represented a local feeding group. Because the samples
used in this study come from the same region as the modern
feeding agreggation of gray whales in the Pacific Northwest, we
compared stable isotope (3'°C and §'°N) values between ancient
and modern samples to determine whether ancient samples were
derived from individuals representing a local feeding subpopula-
tion.

Materials and Methods

Samples

Modern mitochondrial control region sequences from 120
eastern Pacific and 45 western Pacific gray whales were obtained
from NCBI [17]. These datasets are comprised of samples from
both stranded individuals across the migratory route (eastern
Pacific) and biopsies (western Pacific) across numerous years.
Subsequent sampling in the eastern Pacific population [3] found
essentially the same distribution of mitochondrial haplotypes as in
[17], suggesting this dataset contains a reasonable representation
of the haplotype distribution in the population. Forty-two of these
samples were reamplified and sequenced in our laboratory and
sequenced blind in both directions (see [27] for methods), and
sequences were compared with those from NCBI. Subsamples of
40 whale bones were collected from previously excavated sites in
Northwest Washington (USA) from the Makah and Quilleute
Tribal Reservations, including the Ozette site [28], a shell midden
deposit on the Makah Tribal Reservation, and a shell midden on
the Quilleute Tribal Reservation (Table 1, Figure 1). Excavations
took place between 1971 and 2005. All bones were dated based on
previously-established site provenience [28] or AMS-'*C dating at
Lawrence Livermore National Laboratory (Livermore, CA) after
correction for the marine reservoir (North Pacific surface reservoir)

[29,30,31].

DNA Extraction, Amplification and Sequencing

DNA extraction and amplification were performed under strict
ancient DNA contamination control measures (see “Authentica-
tion” below). The surface of each sample was removed via sanding
and ca. 0.1-0.3 g of bone was removed using a dremel tool. Each
subsample was ground into a fine powder and incubated overnight
at 55°C with 1.25 mL of extraction buffer (0.5 M EDTA at
pH 8.0, 0.5% SDS and 0.5 mg/mL proteinase K) in a 1.5 mL
tube. DNA was extracted using Qiaquick DNA Extraction
columns (QIAGEN) according to manufacturer’s instructions.

We amplified four overlapping fragments of the mitochondrial
control region sized 180-250 bp (Table 2). First, a 182 bp
fragment was amplifed using primers F22 and R258 as described
in [32] and sequenced to determine species identity. We amplified
all samples identified as gray whales at three additional fragments.
Amplification conditions were as follows: 0.1 uM each primer,
2.5 mM MgCly, 0.2 mM dNTP, 1.5 mg/mL spermidine, 2.5 uL
DNA template, and 1.25 U Amplitaq Gold (Applied Biosystems).
Amplifications were performed on a BioRad cycler with the
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Strait of Juan de Fuca

Table 1. Ancient samples: sampling locations, units and dates
in calendar years based on direct radiocarbon dating of bones
(samples in italics) or of associated shell middens.

Sample Site Date (ybp)

BAL4 45CA24B70 300-500

BAL5 45CA24B70 150-250

BAL6 45CA24B70 370-490

BAL12 45CA24B70 300-400

BAL15 45CA24B70 300-500

BAL16 45CA24B70 300-500

BAL17 45CA24B70 150-250

BAL18 45CA24B70 280-370

BAL19 45CA24B70 150-250

BAL20 45CA24B70 150-250

BAL21 45CA24B70 260-380

BAL23 45CA24B70 310-420

BAL24 45CA24B70 430-520

BAL25 45CA24B70 320-420

BAL28 45CA400 2450-2690

BAL37 45CA23 660-880

45CA24B70 = Ogzette site; 45CA400 = Shell midden deposit; 45CA23 = Shell
midden on Quilleute Indian reservation.
doi:10.1371/journal.pone.0035039.t001

Puget Sound

Olympic Peninsula
(Washington state)

Eastern Gray Whale Genetics

Table 2. Primers used in the ancient DNA analysis (5'-3’
direction).

Primer name Sequence Reference
dipF22 CCACCATCAGCACCCAAAGC [32]
dIpR258 TGCTCGTGGTGTARATAATTGAATG [32]
ERdIpF1 CCCATAGTARTTAGTATTCCCCTGTG This study
ERdIpR1 CACAGGGGAATACTAAYTACTATGGG This study
ERdIpF2 CTTCACTACGGAAGTTAAAGCCCG This study
ERdIpR2 CGGGCTTTAACTTCCGTAGTGAAG This study
ERdIpF3 CAGCATGCCGCGTGAAACCAGCAACCC  This study
ERdIpR3 GGGTTGCTGGTTTCACGCGGCATGCTG This study
ERdIpF4 GCAGGGATCCCTCTTCTCGCACCGG This study
ERdIpR4 CCGGTGCGAGAAGAGGGATCCCTGC This study
doi:10.1371/journal.pone.0035039.t002

following profile: initial denaturation at 95°C for 12 minutes, 40
cycles of 94°C/30 s, 55°C/30 s, 72°C/40 s, and a final extension
at 72°C for 10 minutes.

We purified all succesful amplification products using Qiaquick
columns (QIAGEN). All purified products were sequenced in both
directions on an ABI 3100 Genetic Analyzer. A subset of 20% of
amplification products were cloned (with a minimum of 8
sequences per product) to determine whether exogenous ampli-

Figure 1. Sampling locations for archaeological material on the Olympic Peninsula, Washington state, USA. 1 =Shell midden deposit
on Makah Tribal Reservation (45CA400); 2 = Ozette site (45CA24B70); 3 = Shell midden deposit on Quilleute Tribal Reservation (45CA23). Samples were

excavated between 1971 and 2005 [28].
doi:10.1371/journal.pone.0035039.g001
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cons were present, using ABI Topo kit. Sequences were cleaned,
edited and aligned in Sequencher 4.0 (GeneCodes).

Authentication

Ancient DNA  extraction and pre-PCR procedures were
performed under strict controls to minimize contamination risk
and controls were included at each step to monitor contamination.
Primers were designed specifically for cetaceans, and laboratories
in which extractions and PCR were performed had never had any
modern whale or cetartiodactyl DNA or tissues in the facilities.
Ancient DNA extraction and pre-PCR procedures took place in a
specialized facility, spatially isolated from facilities in which PCR,
cloning and sequencing take place. The ancient DNA facility is
equipped with positive airflow to prevent/minimize exogenous
contaminants from entering the room, and overhead UV lamps to
destroy non-target DNA. No researchers are permitted to enter
the clean room within 24 hours of contact with facilities in which
PCR occurs. Prior to extraction of DNA from ancient material, all
surfaces were cleaned with Alconox detergent and a bleach
solution (10-30%), and room, materials (including tubes, tips,
pipettors, and foil) and reagents (excluding proteinase K) were
UV-irradiated overnight. Extractions and PCR set-up were
performed in a Class II laminar flow hood. Samples were stored
in separate airtight plastic bags until use. Each sample represents a
different individual because subsamples came from the same
complete skeletal element, had different "C dates, or were from
different sites.

All extractions and amplifications included negative controls at
a ratio of one control for every four samples. Multiple, overlapping
amplifications with different primer pairs were used to confirm all
SNPs. Amplifications were repeated for 20% of samples. As
described above, 10% of amplified fragments were cloned and
sequenced to determine the extent of contamination by exogenous
DNA. In addition, 25% of gray whale samples were re-extracted
and amplified independently by a separate laboratory. New gray
whale haplotypes were deposited in NCBI with corresponding
sample names (Accession numbers JQ910911-JQ910926).

Genetic Diversity

Ancient sequences were aligned to previously published control
region sequences for both eastern and western Pacific gray whales
[17] using Sequencher 4.0 (GeneCodes). Haplotype diversity (d),
the genetic diversity parameters Watterson’s ? and nucleotide
diversity (r), and Tajima’s D were estimated using DnaSP v.5 [33].
We measured genetic differentiation between sample sets using Fg
[34], and derived 95% confidence intervals from 20,000 bootstrap
replicates using the program Arlequin v. 3.1 [35].

Coalescent Simulations and Demographic Analyses

To explore whether bottlenecks could result in observed
patterns, we used a rejection-based approximate Bayesian
computation (ABC) approach [36] with serial coalescent simula-
tions. We simulated a range of demographic histories (including
population bottlenecks of different sizes/timing and various pre-
bottleneck sizes) and used an ABC framework to compare
observed and simulated values of summary statistics to estimate
the posterior probability distributions of demographic parameters.
In these simulations, population size parameters were estimated in
terms of female effective size (N, or the number of breeding
females. To relate these estimates to previously published figures,
we converted between effective female size and census size using
three steps (see [4,5] for additional details and rationale): 1) female
effective size is converted to effective size (N.) by multiplying by 2
to account for males; 2) effective size (N,) is converted to all adults
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(N7) by multiplying by 2, and 3) Adult population (Ny) is
converted to census size (N), or the total number of individuals in
the population including juveniles, by multiplying by 1.5.

We varied demographic scenarios as follows. The time of the
bottleneck was varied from 1-100 generations ago, prebottleneck
size was varied from Ng=3333-19,333 (equivalent to
N =20,000-116,000) in the past, and minimum abundance at
the bottleneck was varied from N.=17-1667 (equivalent to
N=100-10,000 individuals) (Figure 2). The range of original
abundance employed in the simulations was derived from today’s
census size and an analysis of genetic diversity in nuclear introns of
gray whales [5], and the range of bottleneck sizes was derived from
the highest [18] and lowest [37] estimates available in the
literature. Simulations use a generation time of 15.5 years, equal to
the median age of reproductive females [38]. The molecular
substitution model used (HKY+G) was selected using the program
MODELTEST using Akaike Information Criterion (AIC) [39]. A
range of mutation rates from 4.00-8.00x10 % bp ™' yr ™' were
employed based on the analysis of [27], which used cytochrome-b
data to calibrate rate of substitution in the control region of gray
whales. The method used to derive this rate, which is 2 to 4.4-fold
faster than the phylogenetically derived rate (e.g. [40]), has been
found to be consistent with results obtained in subsequent studies
of mammalian rates [41,42,43]. To test the sensitivity of results to
mutation rate, we also repeated the analysis using rates derived
from Bayesian MCMC analysis of ancient and modern data (see
below). We chose sample sizes and ages of samples to reflect our
empirical dataset. Simulations were generated in Bayesian Serial
SIMCOAL [44,45] and rejection-based ABC was implemented in
the statistical package R version 2.0 following the algorithm
described in [13]. We performed 1,000,000 simulations with 1000
acceptances. We used five summary statistics (Tmoderns Tancients £.57°
(ancient-modern comparison), Hd,oqern and Hd,ejeny) to estimate
posterior likelihoods for three parameters: 1) bottleneck time in

Sample 2 (n=16)

96,000

Sample 1 (n=120)

g

22,000

10,000

Time (generations ago) -

I | I
0 10 20

Figure 2. Simulated demographic scenario. The size of the ancient
population is assumed to range from 20,000-116,000 (census size).
The modern population is assumed to have a census size of 22,000. The
size and timing of the bottleneck (pictured here at 10,000 individuals
and 10 generations ago) were varied between 100-10,000 (census size)
and 1-100 generations ago.

doi:10.1371/journal.pone.0035039.g002
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generations (theg); 2) minimum size of population (Negpop); and 3)
pre-bottleneck abundance (Negprebor)-

In addition, all ancient and 120 modern sequences were used to
compare the likelihood of different demographic scenarios in a
Bayesian MCMC analysis as implemented in BEAST v 1.5.3.
MODELTEST [39] was used to determine the best-fitting
substitution model. Based on these results, analyses were run
using the HKY+G substitution model with a relaxed molecular
clock (uncorrelated lognormal) in order to allow rates to vary
among branches [46], and 30,000,000 iterations after a burn-in of
100,000 iterations, with sample ages used in the calibration and a
uniform prior on mutation rate of 4.00-8.00x10" % bp ' yr~ L.
We selected the numbers of iterations and burn-in steps to ensure
model convergence, and averaged results over five replicate runs.
Both geneaologies and model parameters were sampled every
3000 iterations. Mixing and convergence were determined to be
adequate based on the effective sample sizes (ESS) of each
parameter, as evaluated in Tracer v. 1.3. We compared the
following demographic models: constant population size, expo-
nential growth, and Bayesian skyline plot (BSP) using 10 temporal
groups. We compared support for models by calculating Bayes
factors using the harmonic means of sampled marginal likelihoods
for each model [47]. Additionally, BEAST v1.5.3 was used to
assess levels of post-mortem DNA damage and take account of this
damage in demographic analyses (see [48]). The potential for such
damage to confound demographic analyses is an important
consideration in assessing the ability of ancient or historical
sequences to shed light on past population processes (e.g. [49]).
However, Rambaut et al. [48] showed through simulations that
when damage was measured and accomodated in aDNA analyses,
evolutionary parameters and demographic reconstructions were
correctly recovered.

Finally, we also evaluated past population dynamics using the
Bayesian skyline plot (BSP) method of Drummond et al. [8]. In this
method, a sample of gene sequences (including sequences sampled
at different points in time) is used to estimate effective population
size through time, using an MCMC sampling procedure. The
method produces credibility intervals that incorporate both
phylogenetic error and uncertainty inherent in reconstructing
the coalescent process. However, using limited sequence data from
a single locus can reduce the power of this method to detect
population dynamics in the past [22]. To determine whether our
ancient samples were adequate for detecting the signature of a
bottleneck in Bayesian demographic analyses, we repeated the
analyses on simulated datasets with identical ancient sampling but
known demographic histories. We analyzed two demographic
scenarios in which bottlenecks were assumed to have occurred at
800 or 1200 ybp (reducing the population from 96,000 individuals
to 22,000). All other parameters (such as mutation rate and
generation time) were identical to those used in the demographic
simulations described above.

Stable Isotope Analysis

In addition to assessing the stable isotope composition (5'*C and
3""N) of all ancient gray whale samples, we collected bone
fragments from modern gray whale bones for the purpose of
comparison. Fourteen gray whale bones were analyzed from the
USNM collection, Smithsonian Institution. The majority of the
USNM samples come from animals harvested in the 1960s and
70s at a California whaling station across different years [38], and
are therefore likely represent a random subsample of the
population. Bone fragments were demineralized in 0.5 N hydro-
chloric acid (HCI) for ~12-15 hr at 5°C. The resulting material
was treated repeatedly with a chloroform/methanol (2:1) mixture
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to remove lipids and then lyophilized. Dried samples (~0.5 mg)
were sealed in tin boats and analyzed using a Carlo-Erba
elemental analyzer interfaced with a Finnegan Delta Plus XL
mass spectrometer (Geophysical Laboratory, Carnegie Institution
of Washington). Results are expressed as & values, 8'°C or
"N = 1000[(Rampie/ Rytandara)-1]; where Rmpie and Ryandara are
the "*C/"C or ""N/'N ratios of the sample and standard,
respectively. The standards are Vienna-Pee Dee Belemnite
limestone (V-PDB) for carbon and atmospheric Ny for nitrogen.
Units are expressed as parts per thousand or per mil (%o). Within-
run standard deviation of an acetalinide standard was =0.2%o for
both 8'°C and §'°N values. As a control for the quality of collagen,
we measured the [C]/[N] ratio of each sample; weight percent
[C]/[N] ratios of all bone collagen samples were 2.8-3.2, within
the theoretical [C]/[N] ratio of unaltered collagen [50]. We
applied a correction to all carbon isotope values to account for the
global decrease in the '*C proportion of atmospheric carbon
dioxide (i.e., “Suess Effect”), due largely to fossil fuel burning, over
the last 150 years. Based on ice core records [51], we applied a
time-dependent 8'*C correction to historic samples (1912-1975) of
—0.005 per mil/year between 1860 and 1960 (n= 1), and —0.022
per mil/year since 1960 (n = 13). This resulted in relatively minor
(mean = —0.3%0) 8'°C corrections for the modern samples since
most of them (12/14, ~85%) were collected prior to 1970.

Results

We extracted and amplified DNA from 38 of 40 samples.
Alignment of control region sequence with baleen whale sequences
from NCBI showed that 16 of the 38 sequences grouped with gray
whales (remaining sequences grouped with humpack, blue or
sperm whales). No exogenous contaminants or mismatches were
detected in any of the cloned sequences or sequences from
independently extracted specimens. Blind resequencing of a subset
(25%) of modern sequences did not yield any sequence discrep-
ancies with NCBI data. Only genetic data from gray whales
(383 bp) were used for the remaining analyses.

Genetic Diversity

The level of haplotype diversity across ancient samples
(Hd=0.933) was comparable to that found in modern Eastern
samples (Hd =0.948) and higher than that of modern Western
samples (Hd =0.700) (Table 3). Nine haplotypes were obtained
from the sixteen gray whale samples, including three haplotypes
previously unobserved in either the eastern or western Pacific
populations. These unique haplotypes differed by four (one
individual), two (one individual) and one (two individuals) base
pair changes from known haplotypes. All but one of these
changes were transitions. Values of @(S$) and nucleotide diversity
(m) were also similar across modern and ancient eastern Pacific
samples. Tajima’s D values were nonsignificant for all three sets
of samples.

Both a haplogroup network constructed using TCS [52], and a
neighbor-joining tree constructed using PAUP* [53] show that
ancient samples are not distributed randomly across the distribu-
tion of modern eastern Pacific samples, but cluster in one part of
the network or tree (Figure 3a, 3b). Significant differences in
haplotype frequencies were observed between each pair of samples
(p<<0.001). The observed Fg value between modern eastern and
ancient eastern was 0.1004 (95% ClIs: 0.0640-0.1344). The
difference between modern western samples and ancient sequenc-
es (Fgr=10.2794) was greater than the difference between modern
castern and western sequences (Fg7=0.1125).
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Table 3. Summary statistics (=SD) for ancient Eastern Pacific
(EP) samples, Modern EP, and modern Western Pacific (WP)
samples.

Tajima’s
N N(H) Hd n 0(s) D
Ancient 16 9 0.933£0.035 0.0130%+0.0016 0.0127+0.0053 —0.031
EP
Modern 120 30  0.948+0.007 0.0191%0.0009 0.0189+0.0041 0.906
EP
Modern 45 10 0.700:£0.049 0.0187%0.0012 0.0190+0.0045 1.392
wP

N =number of samples; N(H) = number of haplotypes; Hd = haplotype diversity,
0(S) = Watterson'’s theta [76]; = =nucleotide diversity [77]. Values of Tajima’s D
were nonsignificant for all samples (p>0.10).
doi:10.1371/journal.pone.0035039.t003

Coalescent Simulations and Demographic Analyses

Posterior density curves and prior distributions for the three
parameters of interest are shown in Figure 4. The maximum a
posteriori estimate was for a bottleneck time 6 generations ago
(90% highest posterior density interval (HPD) = 5-60 generations).
Estimates for minimum abundance (Nigho) and pre-bottleneck
abundance (Niepprebo) Were translated from units of female
effective size (Nip) to census size (N) using conservative factors
to account for sex ratio, the ratio of breeding adults to all adults
and the ratio of juveniles to adults [5]. This resulted in maximum a
posteriori estimates of Ny, = 9,070 (90% HPD = 3,750-9,740) and
Nprebot = 100,670 (90% HPD:59,940-111,550).

Bayesian MCMC methods as implemented in BEAST can also
be used to measure mutation rates directly when ancient data are
available [54]. These methods can produce upwardly biased
estimates of mutation rates in populations that deviate from simple
demographic histories, especially in cases where population
bottlenecks have occurred or population structure is or was
pronounced [55], as is likely to be the case for the population
considered here. However, in order to test the sensitivity of the
ABC analysis to a range of rates, we implemented this method to
derive control region rates. The Bayesian MCMC method gives a
rate of 0.032-0.194 (95% HPD; mean 0.11) substitutions/site/ My
when applied to this dataset, a wide range that overlaps with the
full range of rates used in this study. This broader range of
mutation rates with a higher mean value produces a wider range of
Ne values with smaller MLEs, resulting in MLEs of Ny, = 8,890
(90%  HPD=2,500-9,610) and  Npeho=69,890  (90%
HPD:41,220-109,210), and T}, =13 (90% HPD = 9-68).

We used ancient and modern sequences to compare the
likelihood of different demographic scenarios in a Bayesian
MCMC analysis. A Bayes factor analysis of sampled marginal
likelihoods for each model indicated some support for the Bayesian
skyline plot (BSP) model over the demographic models of constant
or exponential growth (BIF>2). The skyline population trend is
also consistent with a recent decline (Figure 5). BSP analyses using
simulated datasets showed broad declines that were consistent with
the bottleneck dates simulated (e.g. roughly 1200 ybp). However,
for both the real dataset and simulated datasets, confidence
intervals are extremely wide and the skyline plots do not
successfully recreate the most recent fine-scale population dynam-
ics over the past ~150 years (population bottleneck followed by
regrowth). The mean rate of post-mortem damage estimated in
BEAST was 2.37x107% errors per base pair (95% highest
posterior density interval: 6.99x10™ "%, 7.25x10™®). This estimat-
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ed rate is lower than several other D-loop datasets derived from
samples of comparable (though generally older on average) age,
such as ox (4-8 kya, HPD: 3.87x10™7-8.57x10™ %, moa (1-
6 kya, HPD: 1.75x107° to 3.587%), and musk ox (0-44 kya,
HPD: 9.81x10™%-1.91 x10 %) [56].

Stable Isotope Analyses

Ancient gray whales had significantly higher mean 313C values
(ANOVA or pooled T-test, p<0.05) than the modern whales
(Figure 6); there were no differences in mean 8'°N values. The
mean (+SE) 8'*C value for Suess corrected modern (n = 14) and
ancient (n = 16) gray whales was —13.7 (£0.2) and —13.1 (*0.1)
respectively. The mean (£SE) 8'°N values for modern and ancient
samples were 14.2 (*0.2) and 14.7 (*0.2), respectively. For
modern samples, for which age and sex were sometimes known, no
obvious effects were observed based on these factors (though small
sample size prevents a thorough analysis).

Discussion

Ancient gray whale sequences show high genetic diversity, but
this diversity is not randomly distributed with respect to today’s
haplotype distribution (Figure 3). There are at least two potential
causes for this non-random distribution: past population structure,
and a large demographic bottleneck that resulted in the reshuffling
of haplotype frequencies.

Population structure in the past could result in significant
genetic differences between modern and ancient whales. All
ancient samples were collected from the same geographic area (the
Olympic Peninsula) and were likely caught in or outside of the
Strait of Juan de Fuca, raising the possibility that this area might
have harbored a genetically unique population in the past. This
possibility is particularly worth exploring because a small subset of
the modern gray whale population uses the Strait of Juan de Fuca
and Puget Sound as a summer feeding ground, whereas the large
majority of gray whales travel north to the Bering Sea and
northward to feed [25]. Photoidentification data shows that at least
some of these individuals return year after year to the area to feed
(Calambokidis et al. 2002). Though an earlier genetic study found
no evidence that these animals represented a unique population
[23], a more recent analysis detected slight but significant
differentiation between the southern feeding aggregation and the
gray whale population as a whole [57].

To explore pre-whaling feeding ecology and test the hypothesis
of population structure in the past, we investigated the stable
1sotope signature of the ancient whales and a set of modern gray
whale bones from the USNM collection. We presume the USNM
whales, which were mostly collected at a whaling station near
Richmond, California in the 1970s, represent a random subset of
the population because whales were taken in different years along
their central migration route, and thus would carry the isotopic
signature of the primary northern feeding grounds. Gray whales
are unique among large cetaceans in that they migrate and feed
close to shore, typically <80 km [38], and therefore we would not
expect distance from shore to be a confounding factor in
interpreting isotopic results. If in fact the ancient whales
represented a genetically distinct resident aggregation in the past,
the most likely scenario is that these whales were feeding in the
Strait of Juan de Fuca and Puget Sound, which would result in
different isotopic signature due to differences in foraging latitude.
Phytoplankton and dissolved organic matter §'°C and 8'°N values
are negatively correlated with latitude in the northeast Pacific
Ocean [58,59,60]; temperate latitude systems (e.g., California
Clurrent) have higher isotope values by ~1-2% than high latitude
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Figure 3. Phylogenetic network and tree constructed from modern and ancient gray whale haplotypes. (a) Haplogroup network for
ancient eastern Pacific and modern eastern and western Pacific samples (constructed in TCS [52]). Haplogroups were defined by grouping together
sequences with one or zero differences. (b) Neighbor-joining (midpoint-rooted) tree using ancient and modern haplotypes from PAUP* [53]. The
HKY85 model [75] was used to correct genetic distances. Ancient samples have the prefix BAL and are denoted with an arrow. Each haplotype is

represented only once in the tree.
doi:10.1371/journal.pone.0035039.g003

systems (e.g., Bering Sea). As such these isotopes have been used
extensively to examine differences in foraging latitude in modern
and ancient marine mammals [14,15,61,62], After correcting for
the Suess effect, we found slight but significant differences in mean
3'3C values between the two groups; mean 3'°N values were not
significant. Assuming ancient and modern groups forage at similar
trophic levels, the overall isotopic pattern is in agreement with that
expected if ancient Ozette gray whales foraged in lower latitude
waters than the modern group, which is known to forage at high
latitudes in the Bering Sea. Thus, it remains possible that at least a
subset of these whales were occasional summer residents in the
area, particularly in light of the recent analysis by [57]. However,
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the small observed isotopic differences in §'*C and §'°N and small
sample sizes suggest that drawing a firm conclusion about
geographic structure from these isotopic data would be premature.
Finally, it is also possible that the ancient whales from Ozette
represent a genetically unique population, due to structuring along
another ecological axis other than feeding. Further tests of the
hypothesis of population structure in the past will require
additional ancient samples from this region and new locales.

We tested the second possible cause for nonrandom distribution
of ancient haplotypes, a demographic bottleneck, using serial
coalescent simulations and rejection-based Approximate Bayesian
Computation approach. We selected demographic scenarios used
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Figure 4. Posterior density distributions for Approximate Bayesian Computation results. Based on ancient eastern Pacific and modern
eastern samples (shaded area) and prior uniform sampling distributions based on one million iterations for (a) time of bottleneck in generations (tpo);
(b) minimum female effective population size at bottleneck (Nefwon); and (c) pre-bottleneck female effective population size (Nef(prebor))-

doi:10.1371/journal.pone.0035039.g004

in coalescent simulations by using a range of values of population
size in the past and today from census [63] and genetic data [5],
and exploring potential bottleneck dynamics that might have
occurred in the interim. These analyses demonstrate that a subset
of demographic scenarios are most likely to produce the observed
summary statistics in modern and ancient samples. In particular,
the observed Fgs value can result from a bottleneck followed by
rapid population growth. Simulations demonstrate that, as
expected, more severe bottlenecks create higher Fgr values.
Results indicate highest support for a population bottleneck that
between 5-60 generations ago (90% HPD), with a maximum
likelihood estimate of 93 years or 6 generations, which roughly
corresponds to the end of the central period of commercial
whaling (Figure 4). Little is known about the size of the gray whale
population during the height of industrial whaling around 1890,
though it is known that the population was determined to be
“commercially extinct” [16]. Previous estimates vary from 150
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based on visual census [37] to 10,000 based on population models
[18]. Simulation results give an MLE of 9,070 (90% HPD: 3,750
9,740), much closer to the latter value. This larger estimate is in
agreement with the rapid growth of the gray whale population
during the last half of the 20™ century, and brings estimates of pre-
whaling abundance from whaling records (which reflect whales
killed in addition to the number of individuals remaining at the
bottleneck) into slightly closer alignment with those from genetics.
The posterior distribution of pre-bottleneck census size
(MLE = 100,670, 90% HPD:59,940-111,550) is higher than those
estimated from whaling records, and corresponds to the distribu-
tion of 96,000 (78,000-116,000) previously estimated from a
separate genetic dataset (nine nuclear introns and cytochrome-b;
[5]).

In addition to the simulation approach, we used a Bayes factor
analysis to determine which demographic model (constant,
exponential growth, or Bayesian skyline plot) provided the best
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Figure 5. Bayesian skyline plots using empirical ancient and eastern Pacific modern datasets. (black solid line = median; black dashed
lines =95% highest posterior density intervals (HPDIs)), and for a simulated dataset in which bottleneck from 96,000 to 22,000 individuals occurred
1200 ybp (gray solid line =median; gray dashed lines =95% HPDIs). BSP results were averaged across five replicate runs. NB: The BSP analysis used
here assumes a single panmictic population.

doi:10.1371/journal.pone.0035039.9g005

fit to the data. The BSP provided a better fit than the other two an earlier major decline. Though the possibility remains that our

models (BF>2), suggesting a population decline. The skyline plot dataset violates the assumption of panmixia, previous studies
analyses based on modern and ancient control region sequences indicate that skyline plots are relatively robust to such violations
are consistent with a recent decline, and there is no indication of [8,11]. The BSP analysis also successfully reconstructed earlier
15.0
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Figure 6. Mean stable isotope values for modern (USNM), modern corrected (USNM (maximum Suess)) and ancient (Ozette)
samples; error bars represent standard errors. No significant overall difference between ancient and modern samples is observed once
modern samples are corrected for the Suess effect. The Suess effect results in an average shift in 8'>C of 0.3%.
doi:10.1371/journal.pone.0035039.g006
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hypothetical declines in simulated datasets using the same sample
size and age distribution as in our empirical dataset, indicating that
if a decline from 100,000 to 20,000 individuals occurred earlier in
the Holocene, we would expect to detect it with our dataset.
However, in both cases credibility intervals are large due to small
ancient sample size and uncertainty inherent in the coalescent
process and phylogenetic reconstruction, limiting the inferences we
can draw from these results. In addition, previous analyses of
ancient DNA datasets using Bayesian skyline plots (e.g. [8,11]) and
bowhead whales [64] indicate that this methodology was unable to
reconstruct very recent declines or bottlenecks. Additional loci and
ancient samples would be needed to gain enough statistical power
to quantify very recent bottlenecks with confidence.

Estimating demographic parameters from genetic data requires
the estimation of evolutionary rates and other uncertain factors.
Recent studies have suggested mtDNA mutation rates estimated
from phylogenetic data are inappropriate for intraspecific studies
because of time dependency of molecular rates (older calibration
points produce slower clock rates) [54,65]. In this study, we
addressed this problem by using a range of evolutionary rates
derived from intraspecific calibration of the control region based
on variation at a linked locus [27]. This method utilizes more
recent calibration points and is thus better able to detect multiple
hits/homoplasy, a common feature of the mammalian control
region that may contribute to differences between pedigree-based
and phylogenetic rate estimates [66]. Bayesian MCMC methods
have been used to measure mutation rates directly when ancient
data are available [54], but simulation studies found these methods
can overestimate the true rate for populations in which bottlenecks
have occurred or those with pronounced structure [55] (however,
it is important to note that some of the simulation scenarios used in
the latter study included non-representative sampling). In addition,
a recent study found that some ancient DNA datasets, including
bowhead whale, produced artifactual rate estimates as a result of
low information content among other factors including sequence
ages [67]. For this reason, we consider the range of rates derived
from intraspecific calibration [27] to be the best available estimates
for use in this analysis, in the absence of a molecular rate curve
[46] for baleen whale species.

Additional uncertainties in the estimates of total population size
(N) arise from other parameters needed for the analysis, including
the ratio of breeding adults to total adults (Ne/N), generation time,
the sex ratio and the ratio of juveniles to adults. While gray whale-
specific estimates exist for the latter two values, Ne/N is very
poorly known for most species [68]. A review of empirical studies
suggested that the number of breeding individuals in a population
is typically an order of magnitude below the total number
(averaging 0.10-0.11), and that Ne/N rarely falls above 0.5 in
natural populations [69]. Theoretical analyses suggest that Ne/N
approaches 0.5 in most populations with constant size [70].
Factors that can reduce Ne/N include uneven sex ratios,
population bottlenecks and variance in reproductive success (e.g.
[71,72]). In this analysis, we used a conservative estimate of Ne/N
(0.5), which will produce smaller estimates of total population size;
however, it is important to recognize the additional uncertainty
introduced by this calculation. While empirical and theoretical
studies indicate that this value is unlikely to be an underestimate
for gray whales, it is possible that the true Ne/N ratio might be
much smaller. Likewise, generation time is difficult to measure
with precision in wild populations, and may not necessarily be
stable across evolutionary time scales. In this analysis, we use a
standard definition of generation time, calculated as the mean age
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of reproductive females, assuming no decline in fecundity with age
[68]. A decline in fecundity with age would reduce the estimated
generation time, causing a proportional increase in the population
size estimated from genetic data. If; on the other hand, the average
generation time of gray whales across the last several thousand
years was greater than estimated here (for example if whaling
caused average generation time to decrease), it would cause a
proportional reduction in DNA-based N, estimates. These caveats
regarding life history parameters underscore the uncertainties
associated with inferring population size and dynamics from
genetic data, which have been discussed in depth in previous
works (e.g. [6,7,73]).

Opverall, the genetic evidence presented here supports the
hypothesis that gray whales experienced a major population
decline, and that this reduction occurred recently. Stable isotope
results show only very slight differences between ancient and
modern whales, indicating the hypothesis of population substruc-
ture in the past around the area of the Olympic peninsula/
Vancouver Island remains a possibility and warrants further
investigation using larger sample sizes. Though our ability to infer
what was surely a complex demographic history is limited by the
number of ancient samples available and large uncertainties
associated with the coalescent and evolutionary processes, these
first ancient data for gray whales demonstrate the value of paired
genetic and isotopic studies of ancient samples, showing that a
population bottleneck can result in significant genetic differenti-
ation between ancient and modern samples without requiring
spatial structure. Both demographic simulations and coalescent
analyses indicate that genetic data are consistent with a recent
bottleneck and a pre-bottleneck size of >ca. 60,000. Recent
models of gray whale carrying capacity during the Pleistocene
suggest that enough benthic habitat existed to support a
population of this size [74]. Future exploration of the impacts of
population structure (particularly between eastern and western
populations) and analysis of whaling records may be informative
regarding the unresolved discrepancy between whaling estimates
and genetic estimates of historic abundance. Understanding the
causes and extent of the decline in marine species is important to
their future management and aids in reconstructing the past states
of ocean ecosystems. The analyses presented here corroborate an
emerging body of evidence demonstrating historic baselines for
many marine populations much larger than previously estimated.
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; Stechert, 129 West 20th Street, New York City.
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HISTO‘RY, HABITS AND EXTERNAL ANATOMY.
FOREWORD.

The present paper is the first of a series of monographs which are in course of preparation
“upon the large Cetaceans of the Pacific Ocean. The collection of specimens and field studies
upon this group began in 1908 upon the coasts of Vancouver Island and southeastern Alaska and
has since been carried on along the shores of Japan and Korea.

It was originally intended to embody all the results of these investigations in a single volume
but continued field work and many interruptions have so delayed the assembling of the vast
amount of data secured that it has seemed advisable to bring out the material upon each genus
or species as fast as it is prepared for publication.

ACKNOWLEDGMENTS.

It gives me the greatest pleasure to acknowledge the generosity and assistance of the Presi-
dent and Directors of the Toyo Hogei Kabushiki Kaisha (Oriental Whaling Co., Ltd.) of Osaka,
Japan. Not only did these gentlemen freely extend the courtesies of their ships and stations
but presented to the Museum the skeletons of the whale which forms the subject of the present
paper. At all times the officers and employees of the Toyo Hogei Kaisha assisted me in every
way possible, and it was entirely through their efforts that field studies and the collection of
specimens was made possible. :

To the untiring efforts of my friend Mr. D. Ogiwara, formerly an officer of the whaling com-
pany, much of the success of my two expeditions to Japan is due. Mr. Ogiwara, who is deeply
interested in the advancement of science, not only rendered great practical assistance but always
stood ready to give me the benefit of his sound advice and intimate knowledge of Japanese busi-
ness methods. ’

Mr. T. Shibuya, Manager of the Shimonoseki branch of the Toyo Hogei Kaisha, was of the
greatest assistance in many ways, especially in securing the two skeletons of Rhachianectes which
were shipped to America.

Mr. Kondo, the station master at Ulsan, Korea, and Mr. T. Matsumoto, his assistant,
deserve the greatest thanks not only for contributing materially to my study but also for
making my stay in their home most enjoyable as well as profitable. '

Thanks are also due to Messrs. Oto, Iku Kita, E. J. Kitson and S. Reed for assistance in
various ways. ‘

Captain H. G. Melsom of the S.S. ‘Main’ was my constant companion at Ulsan. Not only
did he entertain me frequently upon his ship but contributed much information from his vast
store of knowledge and long experience with Gray Whales. Captain Melsom was the first whale-
man to learn to take “Devilfish”” in Korean waters and it was he who laid the foundation for the
winter fishery which has been so successfully prosecuted there by the Japanese for the last fifteen
years. Captains Johnson and Hurum also entertained me frequently and gave me much valuable
information.

Sincere thanks are due to Mr. Chas. L. Bernheimer of New York City for generous financial
assistance during the field work upon which this paper is based. :
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During the years 1880-1882, Dr. J. A. Allen began work upon an extensive monograph of
the Cetacea. A vast amount of material was examined and numerous plates were prepared
by the well known artist, Mr. J. H. Blake. Because of ill health, however, this work was
later abandoned and has remained in manuscript to the present day with the exception of the
portion relative to Eubalena glacialis, which was published in 1908.) Dr. Allen has very kindly
offered me the use of this material and so far as possible it will be combined with the results of my
own research. For the present paper the only available portion was that of the ‘“general his-
tory’’ from the years 1868 to 1879. It is also a pleasure to acknowledge Dr. Allen’s invaluable
assistance and advice in preparing this paper for the press.

Dr. F. W. True has not only read portions of the manuscript but has devoted considerable
time to an examination with me of the fossil genera of baleen whales in relation to Rhachianectes,
and I was thus afforded the benefit of his fhorough knowledge of this difficult material. For
his never-failing kindness I wish to express my sincere appreciation. My thanks are also

due to Dr. W. K. Gregory for much advice and many valuable suggestions.

My mother, Mrs. C. E. Andrews, kindly prepared the table of percentage measurements and
assisted me in other ways, and to her my sincerest thanks are extended.

The photographs of the skull and skeleton were made by Mr. Julius Klrschner, the Museum
photographer. v

INTRODUCTION.

Knowledge of the habits and external anatomy of the California Gray Whale has rested
almost exclusively upon the observations of Captain C. M. Scammon made nearly forty years
go. Shortly after the publication of his book ‘The Marine Mammalia,’ in 1874, the Gray Whale
fishery began to decline and for several years was conducted only in a desultory manner by a
number of Portuguese upon the shores of Lower California. During the past twenty years the
species had been lost to science and many naturalists believed it to be extinct.

While “studying Cetaceans upon the coast of Japan in 1910, the writer learned from the
Japanese whaling company of the existence of an animal known as the Koku kujira or ‘“Devil-
fish,” which formed the basis of their winter fishery upon the southeastern shore of Korea.

The descriptions indicated that the Koku kujira would prove to be none other than the lost
California Gray Whale and I determined to investigate it at the earliest opportunity. Conse-
quently, during the winter of 1911-12, I returned to the Orient and spent the months of January
and February at the station of the Toyo Hogei Kaisha at Ulsan, a small village on the southeast-
ern coast of Korea, forty miles north of Fusan. .

During this time fifty or more Gray Whales were taken and it was possible to make a careful
study of the habits and external characters of the species. Skeletons of two adult individuals
‘were also secured, one of which was sent to the American Museum of Natural History in New
York City and the other to the U. S. National Museum at Washington, D. C.

These are the first skeletons of this species to be preserved in any American Museum and are,
moreover, the only complete specimens in the world.

- The British Museum of Natural History, South Kensington, England, contains a skeleton
and a second is to be found in the Imperial Museum of Tokyo, Japan. There is also one skull
of the Gray Whale from California in the United States. National Museum.

* Bull, Amer. Mus. Nat. Hist., Vol. XXIV, Art. XVIII, pp. 277-329, pls. xix—xxiv.
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The study of this animal has been especially interesting since it was almost an untouched
field. The fact that the most diligent search of the literature of the subject discloses only 23
titles, and that the great majority of these papers are either short notices or compilations, indi-
cates how little this whale, Whlch is among the most remarkable of all large Cetaceans, has been

studied.

GENERAL HISTORY.

“The California Gray whale was first introduced into scientific literature by Professor
Cope in 1868 ! under the name Agaphelus glaucus. For our first knowledge of its characters,
however, we are indebted to Dr. W. H. Dall whose manuscript notes, outline figures and speci-
mens of baleen transmitted by him to the Museum of the Essex Institute (now the Museum of
the Peabody Academy of Science), Salem, Mass., formed the basis of Professor Cope’s descrip-
tion. Dr. Dall’s notes and figures were based upon an examination of two specimens, and though
very incompletely indicating the characters of the species, were sufficient to show it to be one
not previously described.

““Shortly afterward the external characters were quite fully given by Captain Scammon
together with a detailed account of the habits, habitat and products, and of the California coast
whaling of which it formed the chief basis. Captain Scammon’s account was accompanied by
two rough figures of the animal. At the same time the species was made the basis of a new
genus (Rhachianectes) by Prof. Cope.? Captain Scammon’s account was substantially repub-
lished in 1871 in the ‘Overland Monthly’ magazine,® and in 1874 was incorporated into his
‘Marine Mammals’ ¢ with, however, much additional matter and new and creditable illustra-
tions. In 1871 Pechuel-Losch gave a short account and figure of the animal in his ‘Wale und
Walfang’® but added nothing of importance to its history as given by Scammon in 1869. In
1870 Professor Van Beneden thus refers to the genus Rhachianectes: ‘Si ce genre ne repose pas
sur une balénoptére mutilée, c’est-a-dire qui a perdu sa nagoire dorsale, c’est une des plus belles
découvertes qui aient été faites depuis bien longtemps en Cétotologie.”” ¢

“In view of Scammon’s history of the species, the doubt here expressed has a strange aspect,
but happily he later had abundant opportunity of satisfying himself that his doubt was ground-
less and it was also his good fortune to publish in 1877 the first description and figure 7 of the
skull of the ‘California Gray’ from photographs, transmitted by Dr. O. Finsch.”’ 8

In 1879, Professor Cope examined at San Francisco, a ‘‘schooner-load of bones’ of this
species brought from Scammon’s Lagoon, Lower California, to be ground up and sold as fertilizer
and says: ‘“Having examined a large number of the bones I can complete the characters of the
genus Rhachianectes,® which have been but imperfectly known. The cervical vertebre are all

1 Proc. Acad. Nat. Sci. Phila., 1868, pp. 225-227.

2 Jbid., 1869, pp. 15, 4049, figs. 7, 8.

3 Vol. VI No. 2, Feb. 1871, pp. 118-125.

4 The Marine Mammals of the North-western Coast of North America, by Charles M Scammon, 1874.

5 Das Ausland, 1871, pp. 1185-1186.

¢ Ostéographie des Cétaces, livr. 8, 1870, p. 235.

7 Bull. de ’Acad. de Belgique, 2me Sér., T. XLIII, 1877, pp. 92-96, pl. 1.

8 J. A. Allen, manuscript notes. N

9 Professor Cope’s original reference to the genus, embraced in four lines, is as follows: ‘This genus is now first characterized. Its
only known species I originally united with Agaphelus Cope, but the form of the scapula is so different that it must be distinguished.
While that of Agaphelus is identical with that of Balenoptera, it is in the present genus quite like that of Balena.” — Proc. Acad. Nat.
Sci. Phila., 1869, p. 15,

Bickham Page 9 of 104 Ex. M-0404



234 ANDREWS, CALIFORNIA GRAY WHALE.

distinct, and the second and third at least enclose a vertebral canal. A first rib (the only one not
broken up) has two heads; two other short ribs, perhaps first and second, are united distally
into a broad sheet of bone. It is uncertain how far the union of these ribs is constant. The
scapula has both coracoid and acromion. The orbital process of the frontal is of medium width,
somewhat as in some species of Megaptera.”’ !

A. W. Malm 2 described in 1883 fragments of the skeleton of Rhachianectes secured by the
‘Vega’ Expedition and figured parts of the skulls of several individuals.

In 1886 Charles H. Townsend published in the ‘Bulletin of the United States Fish Commis-
sion’ a brief report upon the condition of the Gray Whale fishery at that time along the coast
of California and remarks: ‘““Of the eleven whaling stations mentioned by Scammon as estab-
lished along the coast ten or twelve years ago, only five remain....”” In commenting upon the
numbers of the Gray Whale, he says: ‘“At the San Simeon station in December, 1885, I could see
whales blowing almost every hour during the day. From the elevated ‘look-out,” or observation
station, on shore an extensive stretch of ocean could be examined with the telescope. During
my stay, and for a short time afterward, covering a period of fully a month, Mr. Clark counted
forty whales passing southward. Many of these were too far off shore to be pursued by the
three boats that were daily cruising outside during the season, and a few may have been other
species than gray whales, but counting the forty whales actually seen in December and doubling
that number to include those that passed at night during the same period, we have eighty whales
per month easily accounted for. Doubling this number again to include those which pass within
sight of the lookout station in January (for the ‘down season’ lasts two months), we have one
hundred and sixty whales as the number that may readily be seen at the present time from one
point alone during the ‘down season.” What proportion this number bears to the number
passing off shore would be hard to say, but it is certainly less than half, since the whales near the
coast are mostly females seeking bays and lagoons in which to bring forth their young, which
would leave the males and young whales unaccounted for.

““These safe and obviously low estimates, and the above table showing the actual catch during
the past three seasons, afford a very fair showing for a species so scarce in 1880 that only one
individual could be captured, and indicate a tendency towards its re-establishment while unmo-
lested in its breeding resorts.”

In the ‘American Naturalist’ for 1888, John Dean Caton * gave a popular compiled account
of the Gray Whale and its habits, and twelve years later F. E. Beddard ® very briefly described
a skeleton of this species in the British Museum.

The last contribution to our knowledge of this interesting animal was made by Dr. F. W.
True ® in 1904. Dr. True summarized the existing facts relative to the external and internal
anatomy of Rhachianectes glaucus with enlightening critical comments and also presented detail
measurements and photographs of the Monterey skull in the National Museum.

1 American Naturalist, Vol. XIII, Oct. 1879, p. 655. .

2 Bihang K. Sven. Vet. Akad. Handl., Vol. VIII, No. 4, 1883, pp. 17-37.

3 Bull. U. 8. Fish. Comm., Vol. VI, 1886, pp. 346-350, pls. vi, vii.

4 American Naturalist, Vol. XXTI, 1888, pp. 509-514.

5 A Book of Whales, 1900, pp. 168-170.
. & Smiths. Contrib. to Knowledge, Vol. XXXIII. The Whalebone Whales of the Western North Atlantic, 1904, pp. 287-292, pl. 47
and pl. 49, fig. 3,
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Lire HisTORY.

Migration.— The Gray Whales begin to appear at Ulsan, southeast Korea, about the end of
November on their southward migration. Single pregnant females come first and a little later
both males and-females are seen but the latter considerably outnumber the former.. About
January 1, schools of from ten to fifteen males, with perhaps one or two females, appear, the
female always leading. From the 7th to the 25th of January, when the migration is completed,
only males are present, the females all having passed. : :

In November and December, when the females are taken, almost every 1nd1v1dua1 will be
found to be carrying young nearly ready for birth. As these would necessarily be delivered within
two or three weeks after passing Ulsan, the birth must occur in the bays among the numerous
small islands at the extreme southern end of the peninsula. Indeed Captain H. G. Melsom,
who has hunted Gray Whales for fifteen years along the Korea coast, has often observed them in
this vicinity, but because of the abundance of other and more valuable species, they are not
killed at this time by the Japanese. When travelling southward the whales are always hurry-
ing straight ahead as though anxious to arrive at the breeding grounds and are never accom-
panied by small calves; upon the northward migration, however, young have been seen- followmg
their parents. »

The “Devilfish”’ again arrives at Ulsan, travelling north, about the middle of March and
by the 15th of May they have all passed by. Although the greater portion of the herd -goes
straight northward, Captain Melsom reports that during the end of April and first week of May
he has observed many Gray Whales in Broughton Bay, Korea; these animals seemed to be feed-
ing and had apparently broken the migration by a sojourn in the bay. '

A comparison of these observations upon the Korea whales and those made by Scammon
on the California coast is interesting. It shows that the breeding grounds of the two herds are
in very nearly the same latitude and that their migration dates correspond closely. In regard
to this Scammon writes: “The California Gray whale is found only in north latitudes, and its
migrations have never been known to extend lower than 20° north. It frequents the coast of
California from November to May. During these months the cows enter the lagoons on the
lower coast to bring forth their young, while the males remain outside along the seashore. The
time of gestation is about one year. Occasionally a male is seen in the lagoons with the cows at
the last of the season, and soon after both male and female, with their young, will be seen working
their way northward, following the shore so near that they often pass through the kelp near
the beach. It is seldom they are seen far out at sea. This habit of resorting to shoal bays is
-one in which they differ strikingly from other whales. In summer they congregate in the Arctic
Ocean and Okhotsk Sea. It has been said that this species of whale has been found on the coast
of China and about the shores of the island of Formosa, but the report needs confirmation.!

“In October and November the California Grays appear off the coast of Oregon and Upper
California, on their way back to their tropical haunts, making a quick, low spout at long intervals;
showing themselves but very little until they reach the smooth lagoons of the lower coast, where,
if not disturbed, they gather in large numbers, passing and repassing into and out of the estuaries,

1 From personal observation and the statements of the whalers, I doubt if the Gray Whales migrate far south of the peninsula of
Korea. During my own travels along the China and Formosa coasts, I have neither seen nor heard of Gray Whales. R.C. A.
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or slowly raising their colossal forms midway above the surface, falling over on their sides as if
by accident, and dashing the water into foam and spray about them. At times, in calm weather,
they are seen lying on the water quite motionless, keeping one position for an hour or more. At
such times the sea-gulls and cormorants frequently alight upon the huge beasts. The first season
in Secammon’s Lagoon, coast of Lower California, the boats were lowered several times for them,
we thinking that the animals when in that position were dead or sleeping, but before the boats
arrived within even shooting distance they were on the move again” (I. c., pp. 22-24).

As yet it is impossible to state whether or not the Korea and California herds mingle in the
north during the summer. Information gathered from the whalers tends to show that a large
part of the former herd summers in the Okhotsk Sea and the latter in Bering Sea and further
north. Individuals of the two herds may mingle and interbreed during their sojourn in the north,
but it is probable that whales which have been born near either the Korea or California coasts
will find mates among the members of their own herd during the southward migration and return
annually to their birth place. It is quite conceivable that the case of the Gray Whale may be
analogous to that of the Fur Seal where it has been shown conclusively that members of the
American and Japanese herds do not mingle in the north although separated by comparatively
few miles of water at certain times of the year.

Period of gestation and rate of growth.— Because of its regular annual migrations the period
of gestation of this species can be more nearly determined than in the case of most other large
whales, and appears to be about one year. Mating probably takes place in the south during
December or early January, and the calf is ready for delivery the following year.

As stated above (see ‘Migration’), the females which appear at Ulsan, Korea, travelling
southward are nearly all bearing calves almost ready for birth. Upon the return journey the
females are accompanied by young calves, and Capt. H. G. Melsom writes that he killed on
March 13 and 14, 1912, at Chan Chien Dogo (near Broughton Bay), Korea, upon their northward
migration, two females bearing fcetuses 7 and 10 inches long, respectively. These feetuses were
probably not more than 2; months old, which would indicate that the mating had taken place
late in the previous December and that the calves would be delivered the following December or
January when the whales returned to the south. A female 1300 cm. (42’ 8”) in length taken at
Ulsan, Korea, on January 8, 1912, contained a foetus 476 cm. (15’ 73’) long, and ready for
birth; it would certainly not have been carried more than a week or ten days longer.

Whether or not the females again mate immediately after giving birth to their young it is
impossible to state, but from Scammon’s observations, quoted below, I believe it to be unlikely
and that calves are born but once in two years.

~ Scammon says that the period of gestation is about one year, and remarks: “This statement
is maintained upon the following observations: We have known of five embryos being taken
from females between the latitudes of 31° and 37° north, on the California coast, when the ani-
mals were returning from their warm winter haunts to their cool summer resorts, and in every
instance they were exceedingly fat, which is quite opposite to the cows which have produced and
nutured a calf while in the lagoons; hence we conclude that the animals propagate only once in
two years” (l. c., p. 23, note). '
Mr. C. H. Townsend, writing in 1886 of the San Simeon (Cal.) station, says: ‘Unlike Mon-
terey, this station depends almost entirely for its business upon the gray whales, which pass
southward with great regularity from December until February. The ‘up season,’ lasting until
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April, is also profitable at San Simeon, but the catch there consists chiefly of males, the females
keeping farther off shore when passing northward with their young. During the last ten years
Captain Clark has seen but one female accompanied by young in the vicinity of his station. At
San Simeon, and all the whaling establishments situated south of it, females exceed the other sex
in numbers during the ‘down run’ and most of them contain well-developed young. At this
place and at San Luis Obispo, the nearest neighboring station, I saw four young whales lying
on the beach, which had been taken from females killed in the vicinity during that season (Dec-
cember, 1885). Their average length was about 12 feet; the largest, which I sketched, being
17 feet long, and from an adult nearly 40 feet in length. They were probably within two weeks
of the time of birth when the parent animals were killed” (I. c., pp. 347-348).

From the above data it may be safely affirmed that the length at birth of the ma.Jorlty of
Gray Whales is between 12 and 17 feet. When the females go north in March on the Korea
coast, the calves which have been born near the end of the previous December accompany them,
and by the time they reach Ulsan are about twenty-five feet in length, This makes a growth
of nine or ten feet during a little less than three months. This may seem extraordinary, but it
is quite in accord with what apparently takes place in all baleen whales. Without doubt the
rate of growth for the calf is very rapid during the first few months after birth and until sexual
maturity is reached.

Thirty-two feet is the minimum length for Gray Whales taken at Ulsan, and individuals of
this size must certainly have been born during the previous winter. Thus, accepting 14 feet
as the average length at birth, we get a growth of 18 feet during a little less than one year.

How long the young nurse is problematical but it must be considerably less than one year
because, so far as I am aware, nursing calves or females have not been taken at Ulsan on the
southward migration, and some would certainly have been brought in if the suckling period was
not over before the animals reached that point upon the coast. ‘

Spouting and diving.— The height and form of the spout varies with conditions. Normally
the vapor rises vertically ten or eleven feet in a thick column having the width at the summit
about twice that at the base (Plate XXIV, Fig. 7). It may, however, reach a height of fifteen
feet if the whale is large and has been submerged for a considerable period. The spout is single
in the majority of cases, but Captain Melsom asserts positively that at times it is divided like
that of a Right Whale. As in all Cetaceans the initial spout after a period of submergence is
generally the highest and fullest. v

The number of respirations between the dives is fairly regular. When the whale has been
below for several minutes upon rising to the surface it will usually blow two or three times before
again going down.

When cruising along the shore the animal generally remains submerged seven or eight min-
utes and blows three times when it reappears. Captain Melsom assures me that when a large
female is taking a straight course it will remain below four or five minutes and rise to make three
spouts very regularly; at other times a single whale will remain down ten minutes and a school
between fifteen or twenty minutes, depending upon circumstances.

When travelling straight ahead and unmolested the Devilfish swim under water for a dis-
tance of 300 or 400 fathoms quite regularly and rise to spout three times.

Under normal conditions the animals ‘sound’ much as do Humpbacks. As soon as the
spout has been delivered, the body begins to revolve and as the dive progresses the flukes are
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lifted out of the water and drawn slowly under. The flukes are not invariably shown, however,
even when sounding; some animals will almost always ‘fluke out’ and others, not at all. Under
no circumstances do the Gray Whales arch the back as strongly as do the Humpbacks nor do the
animals raise themselves so far out of the water.
-7 During the ‘surface’ or ‘intermediate’ dives only a small part of the back is shown, the
“motion is forward and downward, and the flukes are never exposed.
Speed.— The Gray Whales are slow swimmers and cannot exceed seven or eight knots per
" hour even when badly frightened and doing their best to get away. Ordinarily when ‘travelling,’
and unmolested, they make about three or four knots, and when cruising along the shore perhaps
two or three knots per hour.
‘The Gray Whale is essentially a shore-loving species and on its annual migration always
* prefers to swim along close to the beach. At times the whales will go in so close to the shore
“that they are actually rolling in the surf and seem to enjoy being pounded by the breakers.
‘Scammon has observed the same habit in the California animals and says: ‘About the shoals
-at the mouth of one of the lagoons, in 1860, we saw large numbers of the monsters. It was at
" the low stage of the tide, and the shoal places were plainly marked by the constantly foaming
“ breakers. To our surprise we saw many of the whales going through the surf where the depth
of water was barely sufficient to float them. We could discern in many places, by the white
-sand that came to the surface, that they must be near or touching the bottom. One in particu-
" lar, lay for half an hour in the breakers, playing, as seals often do in a heavy surf; turning from
side to side with half extended fins, and moved apparently by the heavy ground-swell which was
" breaking; at times making a playful spring with its bending flukes, throwing its body clear of the
" water, coming down with a heavy splash, then making two or three spouts, and again settling
“under water; perhaps the next moment its head would appear, and with the heavy swell the ani-
mal would roll over in a listless manner, to all appearance enjoying the sport intensely. We
“ passed close to this sportive animal, and had only thirteen feet of water” (I. c., p. 24).
Frequently when being hunted the Korea whales would escape by swimming into water so
shallow that the ships could not follow them and remaining there until the men had given up the
“chase.
"+ Food.— Although the stomachs of a great number of Gray Whales were examined carefully
I could never discover what constitutes their food. In every case the stomach was more or less
filled with dark green water in which the only solid materials were bits of kelp, a little sea weed,
~and small masses of a light green gelatinous material. The stomachs of two individuals contained
“-a number of small water-worn pebbles and several masses, six to eight inches long, of what ap-
peared to be finely shredded raw meat still connected by its fibers; this was certainly not fish.
‘It is probable that the kelp and sea weed had been taken in with other material, as in the case of
‘the pebbles. The excrement of all the whales had about the consistency of thick cream and was
dark green like the water in the stomach. '
- All the gunners asserted that when the Gray Whales appear at Ulsan on their migrations
they are invariably travelling straight ahead and apparently not stopping to feed. This informa-
* tion; combined with the fact that little except water could be found in the stomachs, lends strong
support to the theory that upon their annual migrations the Devilfish feed but very little, if at
* all. * If feeding is indulged in, it would seem extraordinary that no specimens have been brought
to the station having food, or its remains, in their stomachs. The presence of feces in the intes-
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tines may be due to the fact that these organs had not entirely emptied themselves since the last,
period of feeding in the north. The green color of the water in the stomach and of the excrement
is probably due to bileary secretions.

It is possible that while upon their migrations the whales eat quantities of the jelly fish Whlch
are so frequently seen near the kelp fields just off shore. These animals, consisting largely of .-
water, would be very quickly acted upon by the digestive fluids and the lack of solid material
in the stomach be thus explained. Captain Melsom has seen Gray Whales in the Okhotsk Sea
during the summer which were not travelling but were swimming slowly about. }

It is interesting to note that neither Scammon nor Townsend could get any definite 1nforma-.
tion as to the food of the Gray Whales of the California coast. Scammon remarks: ‘“To our
personal knowledge, but little or no food has been found in the animal’s stomach. We have .
examined several taken in the lagoons, and in them we found what the whalers called ‘sedge’ .
or ‘sea-moss’ (a sort of sea-cabbage), which at certain seasons darkens the water in extensive
patches both in and about the mouths of the estuaries. Whether this was taken into the stomach
as food some naturalists doubt, giving as a reason that the whale, passing through the water. .
mixed with this vegetable matter, on opening its mouth would of necessity receive more or less. .
of it, which would be swallowed, there being no other way in which it could be disposed of. - The
quantity found in any one individual would not exceed a barrelful.

“From the testimony of several whaling-men whom we regard as interested and. careful
observers, together with our own investigations, we are convinced that mussels have been found
in the maws of the California Grays; but as yet, from our own observations, we have not been
able to establish the fact of what their principal sustenance consists” (. c., pp. 24, 25, note).

Townsend says in regard to the food: ‘‘The opinion of the men with whom I talked is: that
it does not feed to any great extent outside of its arctic habitat. It is certainly much thinner .
on the northward than on the southward run, a male that would yield 30 or more barrels of oil
in the down season yielding less than 25 two months later. Whalers admit their ignorance of
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