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Molecular insights into anatomy
and physiology

Lisa Noelle Cooper1 and Vera Gorbunova2
1Department of Anatomy and Neurobiology, Musculoskeletal Research Group, Northeast Ohio

Medical University, Rootstown, OH, United States 2Department of Biology, University of

Rochester, Rochester, NY, United States

Introduction

The bowhead whale is of the largest and longest lived animals on earth (Fig. 20.1).
Despite the challenges of living and giving birth in arctic waters, having vastblubber
stores, eating a fat-rich diet, and migrations, bowheads are estimated to reach ages of upto
268 years (George et al., 1999; Mayne et al., 2019; Seim et al., 2014; Tacutu et al., 2012).
Recently, the bowhead genome and transcriptome libraries (Keane et al., 2015; Seim et al.,
2014) were made publicly available for study. Bowheads have probably benefited from
both the expansion and decay in different parts of their genome in evolving a long and
caompartively healthy life. Here we discuss the expansions (duplication) and losses (inac-
tivation) in genes associated with the derived anatomy of physiology of cetaceans, and
when evidence supports it, bowheads. Duplication of genes allows for new copies to be
free from selection for their original function and instead evolve novel functions. Gene
loss/inactivation can be the result of an evolutionary relaxation in selection for a function
that became obsolete but can also be a mechanism for adaptation as gene inactivations in
whales may improve replication accuracy (Huelsmann et al., 2019). Molecular biologists
are now undertaking laboratory experiments with whale samples that are informed by the
bowhead genome and transcriptome to tackle questions that were inaccessible using classi-
cal model organisms such as rodents or fish. Biomedical researchers are applying insights
gained from research on bowheads into investigations of potential therapies for aging,
senescence, and cancer. Moreover, evolutionary biologists are using these results to inform
our understanding of how different key traits evolved sequentially in deep time.
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This chapter reviews the molecular basis for bowhead whale longevity and survival in
their unique environment and offers insights for further exploration into the molecular
mechanisms that shape the extraordinary lives of these animals.

Adapting the genome to extend life span

The bowhead life span probably extends to 268 years (George et al., 1999; Mayne et al.,
2019; Seim et al., 2014; Tacutu et al., 2012; Chapter 21) due to genomic modifications that
maintain DNA integrity and delay aging and disease. All cetaceans, including bowheads,
benefit from slower mutation rates compared to terrestrial mammals; these slower rates
contribute to the inhibition of cancer (Tollis et al., 2019). Bowheads show duplications in

FIGURE 20.1 A large,
adult bowhead whale. The
white flukes and multiple
white scars are evidence of
advanced age. Bowhead
whales can reach ages of
more than 200 years, and
their genes display adapta-
tions to minimize the effects
of aging. Source: Photo by
Vicki Beaver (NOAA/North
Slope Borough, NMFS Permit
No. 14245).
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genes associated with energy metabolism and aging (DLD), DNA repair (PCNA),
controlled cellular growth (LAMTOR1), mitosis (ARPP19), mitochondrial and cellular
stress responses (STOML2, HSBP1), cellular growth and repair (SMS), tumor suppression
(ST13), ultraviolet sensitivity (UVRAG), and apoptosis (PDCD5) (Keane et al., 2015; Tollis
et al., 2019). Bowheads also show unique mutations and evidence of positive selection in
genes associated with DNA repair (POLE, ERCC1, ERCC3) (Keane et al., 2015; Tollis et al.,
2019). Cetaceans also display loss of POLM that results in correlations with improved
tolerance of oxidative DNA damage and increased accuracy in replication of genes
(Huelsmann et al., 2019).

Expanding the thermal limits for mammalian life

Compared to other cetaceans, bowheads have exceptionally thick blubber within their
integument that insulates them from the cold Arctic waters. Blubber consists of an intricate
network of collagen fibers supporting large numbers of adipose cells, and it is the lipids
within this blubber that are metabolized seasonally in migrating bowheads (Chapter 19).
Uncoupling proteins (UCP1) function in nonshivering heat production in most mammals
(Zhu et al., 2018), this gene evolved a truncation (Keane et al., 2015) about 52 Mya
(Gaudry et al., 2017). Decay of this gene may have been a consequence in thermoregula-
tion that resulted from insulating blubber and is associated with the evolution of extreme
cold hardiness (Gaudry et al., 2017; Zhu et al., 2018). Bowheads have an extra copy of an
adipogenic gene (UCHL3) and show evidence of positive selection in leptin (LEP), another
gene associated with adipogenesis and lipolysis (Keane et al., 2015). LEP expression levels
within the blubber of bowheads are B10 times greater than rodents and humans and B4
times greater than beluga whales, undergo B50-fold fluctuations associated with seasonal
shifts in lipolysis, and expression levels of adults exceed those of younger bowheads (Ball
et al., 2017). Adult bowheads also display higher levels of LEP expression in bone com-
pared to young cohorts (Cooper et al., in review). Bowheads therefore evolved genomic
modifications that support the generation of exceptionally large blubber stores, and this
allows them to tolerate extreme cold and undergo arduous seasonal migrations.

Streamlining the sensory system for dim light and salty seas

Most toothed whales lack the ability to smell, and most of their olfactory receptor (OR)
and marker protein genes are dysfunctional (McGowen et al., 2014; Springer and Gatesy,
2017). Bowheads, and possibly other mysticetes, partially rely on airborne scent to locate
aggregations of copepods and euphausiids that have distinctive odors (Thewissen et al.,
2011). Anatomical structures supporting olfaction are still present in bowheads (olfactory
epithelium, olfactory bulb of the brain), and bowheads have some functional ORs
(Thewissen et al., 2011). Bowheads lack a dorsal region (domain) of the olfactory bulb that
supports avoidance behaviors in response to odors of predators (Kishida et al., 2015). This
could have resulted as a response to low predation pressure. Finally, the chemosensitive
vomeronasal organ was lost B45 Mya in ancient fossil whales, and this morphological loss
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was eventually accompanied by decay in vomeronasal receptors genes (V1Rs) (Kishida
et al., 2015).

Humans are broadly able to taste salty, bitter, sour, sweet, and umami flavors, but ceta-
ceans, including bowheads, probably taste only salt (Zhu et al., 2014) and their tongue has
few or no taste buds. Retention of salt taste receptor genes may not be linked to taste but
instead may facilitate sodium reabsorption and water balance in the kidneys (Venton,
2014; Zhu et al., 2014). Bowheads have one intact bitter gene receptor (T2R16) (Feng et al.,
2014), but all taste receptor genes associated with sweet/umami (T1Rs), other bitter (T2Rs)
and sour (PKD2/1) taste receptor genes lost function probably in ancient whales
36�52 Mya (Feng et al., 2014). The proper function of these genes requires an interaction
with gustadin (GNAT3) that also lost function during this time frame (Kishida et al., 2015).

Within the mammalian retina, cones support color discrimination in bright light, and
rods are sensitive to light in dim conditions. The retina of bowheads contains both rods
and cones, but their vision is optimized for rod-based vision. Bowheads display inactivat-
ing mutations in cone pigment genes SWS1, as in all modern cetaceans that have been
genetically screened, and LWS in bowheads and right whales (Meredith et al., 2013), and
within the cone phototransduction cascade (PDE6C, CNGA3, CNGB3) (Springer et al.,
2016a), suggesting that they lack color vision. This emphasis on rod-based vision that is
optimal for low-light conditions probably evolved about 13 Mya in the common ancestor
of bowheads and right whales (Springer et al., 2016a).

Maintaining healthy skin in icy waters

The skin of bowheads is thick, smooth, mostly lacks hair and associated sebaceous
glands, does not usually freeze, and is rapidly renewed. This rapid turnover of the skin
minimizes the need for elaborate inflammatory responses and mechanical repair.
Bowheads, as in all other tested cetaceans, lost function of genes associated with hair folli-
cles (FGF22; Nam et al., 2017) and hair keratins (KRTAP; Sun et al., 2017), lack some genes
associated with sebaceous glands (MC5R; Springer and Gatesy, 2018, DGAT2L6, MOGAT3,
AWAT1/2, ELOVL3, FABP9; Lopes-Marques et al., 2019b), and have lost or diminished
function of genes associated with skin inflammatory responses (IL20, CCL27) (Lopes-
Marques et al., 2018, 2019a). The loss of hair follicles and sebaceous glands reflects adapta-
tions of the skin of bowheads to an aquatic life, while the loss of inflammatory genes may
be contributing to overall skin health.

Growing teeth and ever-growing baleen

Bowheads use baleen to strain prey from seawater. Unlike teeth, baleen is composed
mostly of keratin proteins and calcium salts. Although adults lack teeth, embryonic and
fetal bowheads initially form tooth buds made of dentin that probably lack structurally
coherent enamel (Thewissen et al., 2017). Inactivation of enamel-forming and enamel min-
eralization genes began about B20 to 30 Mya with MMP20 and ACPT inactive in modern
baleen whales and AMEL, AMBN, and C4orf26 inactivate in bowheads and right whales
(Deméré et al., 2008; Meredith et al., 2009, 2011; Mu et al., 2019; Springer et al., 2016b).
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Incipient tooth buds ultimately disappear in ontogeny, and the oral epithelium thickens to
support growth of baleen plates. The oral epithelium of bowheads displays FGF4 protein
signals in a pattern that is similar to baleen plates, although this molecule was historically
only associated with the development of teeth in other mammals (Thewissen et al., 2017).
Bowheads may have therefore exapted FGF4 signaling to support the development and
continuous growth of baleen plates (Thewissen et al., 2017).

Unusual growth of the skeleton

Although the skeletal anatomy of bowheads is well described (Eschricht and Reinhardt,
1866), the derived anatomy and physiology of the skeleton remain mostly unknown. The
pelvis and hind limbs of bowheads are vestigial and do not function in locomotion
(Thewissen et al., 2009). The reduced pelvic bones are asymmetrical (Chapter 10), a shape
characteristic of sticklebacks and manatees with modified PITX-1 expression (Shapiro
et al., 2006). Embryonic cetaceans have hindlimb buds that are absorbed by the body
before birth. In dolphins, hindlimb buds fail to synthesize SHH, a protein that is essential
for growth and patterning of limbs (Thewissen et al., 2006). Hind limbs were lost in
ancient cetaceans about 34 Mya ago (Thewissen et al., 2006), and this loss was thought to
release developmental constraints on forelimbs, allowing for the evolution of novel
morphologies (Wang et al., 2009). The forelimbs of cetaceans are modified into flippers
that encase digits with extra phalanges (hyperphalangy), a trait that evolved about 30 Mya
(Cooper et al., 2007). In dolphins, hyperphalangy is the result of a prolonged developmen-
tal period of outgrowth of digits under the control of FGFs and also increased segmenta-
tion of these digits into synovial joints associated with increased WNT signaling (Cooper
et al., 2018).

The ribs of fetal and immature bowheads are exceptionally dense with minerals and are
eroded internally until the marrow cavity replaces the minerals with adipose and hematopoi-
etic cells in sexually mature adults (George et al., 2016). Throughout this process, EZH2 prob-
ably drives diminished secretion of the bone matrix by bone cells (Cooper et al., in review).
Within the liver, high FGF23 expression may also contribute to this low bone mass pheno-
type (Nam et al., 2017), although its mechanism of action is not fully understood in whales.

Future work

Bowheads have evolved novel aspects of their biology to optimize health and life span
(Chapter 15), generate huge blubber stores, change rib phenotype with age, and reduce
functionality in sensory pathways except those associated with hearing and touch. Ongoing
studies into the molecular biology of the bowhead whale may further elucidate patterns of
gene expression and cellular activity that differentiate bowheads from other mammals. It is
still unclear what genes are involved in the production of baleen, how bowheads keep their
organs young, and what ultimately causes death in these animals, outside of hunting and
predation.

Throughout their extensive life span, bowheads maintain multiple populations of stem
cells that are continuously active, and no studies have addressed the molecular regulation
of these cells that presumably do not undergo significant age-related declines in function.
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These include keratinocytes that continuously form baleen, epithelial cells that give rise to
the rapidly renewed skin, and cells that continuously deposit bone in the postcranial skele-
ton. It could be that bowheads employ novel molecular mechanisms to retain the integrity
of these cell populations throughout their extended life spans (Fig. 20.2).

How bowheads remain essentially cancer free throughout their extended life span also
remains a mystery. Bowhead whales are among the largest mammals on Earth. Because cells
in whales are not much different in size from other mammals, bowheads have thousands of
times greater numbers of cells than terrestrial mammals. As cancer originates from individual
cells, statistically one would expect much higher rates of cancer in whales than in smaller
mammals, which is referred to as “Peto’s paradox” (Nunney, 1999; Tollis et al., 2017). Peto’s
paradox can be explained by bowheads having evolved additional tumor suppression
mechanisms (Seluanov et al., 2018). Although changes in genes involved in DNA repair sug-
gest that bowheads have more efficient ways of maintaining their genomes, other mechan-
isms remain to be determined. Study of these traits does not guarantee that cures to human
health can be found, but it does provide extra incentive to understand the physiological con-
sequences of genomic shifts and understand their evolutionary origins. For any species, body

FIGURE 20.2 The evolution of traits leading to unique characteristics of bowhead whales. Traits inferred
from molecular data are shown in orange. Traits inferred from phenotypic and/or physiological data are shown
in green. Molecular evidence of gene loss or duplication is shown in blue. Evidence from just a single taxon is
shown by a 1. Placement of trait changes on the evolutionary tree is inferred based on the best available evidence
(Chapter 1).
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design is a compromise between adaptations to the environment and the specifics of its
evolutionary heritage. If patterns of genomic change can be understood in their evolutionary
context with links to function and morphology, it will lead to a deeper understanding of the
adaptability of the body and the changeability of the genome.
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Deméré, T.A., McGowen, M.R., Berta, A., Gatesy, J., 2008. Morphological and molecular evidence for a stepwise
evolutionary transition from teeth to baleen in mysticete whales. Syst. Biol. 57, 15�37.

Eschricht, D.F., Reinhardt, J., 1866. On the Greenland right-whale (Balaena mysticetus, Linn.) with special refer-
ence to its geographical distribution and migrations in times past and present, and to its external and internal
characteristics, In: Hardwick, R. (Ed.). Ray Society, London, p. 150.

Feng, P., Zheng, J., Rossiter, S.J., Wang, D., Zhao, H., 2014. Massive losses of taste receptor genes in toothed and
baleen whales. Genome Biol. Evol. 6, 1254�1265.

Gaudry, M.J., Jastroch, M., Treberg, J.R., Hofreiter, M., Paijmans, J.L.A., Starrett, J., et al., 2017. Inactivation of ther-
mogenic UCP1 as a historical contingency in multiple placental mammal clades. Sci. Adv. 3, e1602878.

George, J.C., Bada, J., Zeh, J., Scott, L., Brown, S.E., O’Hara, T., et al., 1999. Age and growth estimates of bowhead
whales (Balaena mysticetus) via aspartic acid racemization. Can. J. Zool. 77, 517�580.

George, J.C., Stimmelmayr, R., Suydam, R., Usip, S., Givens, G., Sformo, T., et al., 2016. Severe bone loss as part of
the life history strategy of bowhead whales. PLoS One 11, e0156753.

Huelsmann, M., Hecker, N., Springer, M.S., Gatesy, J., Sharma, V., Hiller, M., 2019. Genes lost during the transi-
tion from land to water in cetaceans highlight genomic changes associated with aquatic adaptations. Sci. Adv.
5, eaaw6671.

Keane, M., Semeiks, J., Webb, A.E., Li, Y.I., Quesada, V., Craig, T., et al., 2015. Insights into the evolution of lon-
gevity from the bowhead whale genome. Cell Rep. 10, 112�122.

Kishida, T., Thewissen, J., Hayakawa, T., Imai, H., Agata, K., 2015. Aquatic adaptation and the evolution of smell
and taste in whales. Zool. Lett. 1, 9.

Lopes-Marques, M., Alves, L.Q., Fonseca, M.M., Secci-Petretto, G., Machado, A.M., Ruivo, R., et al., 2019a.
Convergent inactivation of the skin-specific C-C motif chemokine ligand 27 in mammalian evolution.
Immunogenetics 71, 363�372.

Lopes-Marques, M., Machado, A.M., Barbosa, S., Fonseca, M.M., Ruivo, R., Castro, L.F.C., 2018. Cetacea are
natural knockouts for IL20. Immunogenetics 70, 681�687.

I. Basic biology

305References

http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref1
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref1
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref1
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref1
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref2
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref3
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref3
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref3
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref4
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref4
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref4
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref5
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref5
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref6
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref6
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref6
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref7
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref7
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref8
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref8
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref8
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref9
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref9
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref9
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref10
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref10
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref11
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref11
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref11
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref11
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref12
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref12
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref12


Lopes-Marques, M., Machado, A.M., Alves, L.Q., Fonseca, M.M., Barbosa, S., Sinding, M.-H.S., et al., 2019b.
Complete inactivation of sebum-producing genes parallels the loss of sebaceous glands in Cetacea. Mol. Biol.
Evol. 36, 1270�1280.

Mayne, B., Berry, O., Davies, C., Farley, J., Jarman, S., 2019. A genomic predictor of lifespan in vertebrates. Sci.
Rep. 9, 17866.

McGowen, M.R., Gatesy, J., Wildman, D.E., 2014. Molecular evolution tracks macroevolutionary transitions in
Cetacea. Trends Ecol. Evol. 29, 336�346.

Meredith, R.W., Gatesy, J., Murphy, W.J., Ryder, O.A., Springer, M.S., 2009. Molecular decay of the tooth gene
enamelin (ENAM) mirrors the loss of enamel in the fossil record of placental mammals. PLoS Genet. 5,
e1000634.

Meredith, R.W., Gatesy, J., Cheng, J., Springer, M.S., 2011. Pseudogenization of the tooth gene enamelysin
(MMP20) in the common ancestor of extant baleen whales. Proc. Biol. Sci. 278, 993�1002.

Meredith, R.W., Gatesy, J., Emerling, C.A., York, V.M., Springer, M.S., 2013. Rod monochromacy and the coevolu-
tion of cetacean retinal opsins. PLoS Genet. 9, e1003432.

Mu, Y., Huang, X., Liu, R., Gai, Y., Liang, N., Yin, D., et al., 2019. ACPT gene is inactivated in mammalian
lineages that lack enamel and teeth. bioRxiv 861633.

Nam, K., Lee, K.W., Chung, O., Yim, H.-S., Cha, S.-S., Lee, S.-W., et al., 2017. Analysis of the FGF gene family pro-
vides insights into aquatic adaptation in cetaceans. Sci. Rep. 7, 40233.

Nunney, L., 1999. Lineage selection and the evolution of multistage carcinogenesis. Proc. Biol. Sci. 266, 493�498.
Seim, I., Ma, S., Zhou, X., Gerashchenko, M.V., Lee, S.G., Suydam, R., et al., 2014. The transcriptome of the bow-

head whale Balaena mysticetus reveals adaptations of the longest-lived mammal. Aging (Albany NY) 6,
879�899.

Seluanov, A., Gladyshev, V.N., Vijg, J., Gorbunova, V., 2018. Mechanisms of cancer resistance in long-lived mam-
mals. Nat. Rev. Cancer 18, 433�441.

Shapiro, M.D., Bell, M.A., Kingsley, D.M., 2006. Parallel genetic origins of pelvic reduction in vertebrates. Proc.
Natl. Acad. Sci. USA 103, 13753�13758.

Springer, M.S., Gatesy, J., 2017. Inactivation of the olfactory marker protein (OMP) gene in river dolphins and
other odontocete cetaceans. Mol. Phylogenet. Evol. 109, 375�387.

Springer, M.S., Gatesy, J., 2018. Evolution of the MC5R gene in placental mammals with evidence for its inactiva-
tion in multiple lineages that lack sebaceous glands. Mol. Phylogenet. Evol. 120, 364�374.

Springer, M.S., Emerling, C.A., Fugate, N., Patel, R., Starrett, J., Morin, P.A., et al., 2016a. Inactivation of cone-
specific phototransduction genes in rod monochromatic cetaceans. Front. Ecol. Evol. 4, 61.

Springer, M.S., Starrett, J., Morin, P.A., Lanzetti, A., Hayashi, C., Gatesy, J., 2016b. Inactivation of C4orf26 in tooth-
less placental mammals. Mol. Phylogenet. Evol. 95, 34�45.

Sun, X., Zhang, Z., Sun, Y., Li, J., Xu, S., Yang, G., 2017. Comparative genomics analyses of alpha-keratins reveal
insights into evolutionary adaptation of marine mammals. Front. Zool. 14, 41.

Tacutu, R., Craig, T., Budovsky, A., Wuttke, D., Lehmann, G., Taranukha, D., et al., 2012. Human ageing genomic
resources: integrated databases and tools for the biology and genetics of ageing. Nucleic Acids Res. 41,
D1027�D1033.

Thewissen, J.G.M., Cohn, M.J., Stevens, L.S., Bajpai, S., Heyning, J., Horton, W.E., 2006. Developmental basis for
hind-limb loss in dolphins and origin of the cetacean bodyplan. Proc. Natl. Acad. Sci. USA 103, 8414�8418.

Thewissen, J.G.M., Cooper, L.N., George, J.C., Bajpai, S., 2009. From land to water: the origin of whales, dolphins,
and porpoises. Evol.: Educ. Outreach 2, 272�288.

Thewissen, J.G.M., George, J., Rosa, C., Kishida, T., 2011. Olfaction and brain size in the bowhead whale (Balaena
mysticetus). Mar. Mammal Sci. 27, 282�294.

Thewissen, J.G., Hieronymus, T.L., George, J.C., Suydam, R., Stimmelmayr, R., McBurney, D., 2017. Evolutionary
aspects of the development of teeth and baleen in the bowhead whale. J. Anat. 230, 549�566.

Tollis, M., Boddy, A.M., Maley, C.C., 2017. Peto’s Paradox: how has evolution solved the problem of cancer pre-
vention? BMC Biol. 15, 60.

Tollis, M., Robbins, J., Webb, A.E., Kuderna, L.F.K., Caulin, A.F., Garcia, J.D., et al., 2019. Return to the sea, get
huge, beat cancer: an analysis of cetacean genomes including an assembly for the humpback whale (Megaptera
novaeangliae). Mol. Biol. Evol. 36, 1746�1763.

I. Basic biology

306 20. Molecular insights into anatomy and physiology

http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref13
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref13
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref13
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref13
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref14
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref14
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref15
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref15
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref15
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref16
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref16
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref16
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref17
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref17
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref17
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref18
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref18
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref19
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref19
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref20
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref20
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref21
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref21
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref21
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref21
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref22
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref22
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref22
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref23
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref23
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref23
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref24
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref24
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref24
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref25
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref25
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref25
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref26
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref26
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref27
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref27
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref27
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref28
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref28
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref29
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref29
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref29
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref29
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref30
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref30
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref30
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref31
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref31
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref31
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref32
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref32
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref32
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref33
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref33
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref33
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref34
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref34
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref35
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref35
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref35
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref35


Venton, D., 2014. Highlight: a matter of taste-whales have abandoned their ability to taste food. Genome Biol.
Evol. 6, 1266�1267.

Wang, Z., Yuan, L., Rossiter, S.J., Zuo, X., Ru, B., Zhong, H., et al., 2009. Adaptive evolution of 50HoxD genes in
the origin and diversification of the cetacean flipper. Mol. Biol. Evol. 26, 613�622.

Zhu, K., Zhou, X., Xu, S., Sun, D., Ren, W., Zhou, K., et al., 2014. The loss of taste genes in cetaceans. BMC
Evol. Biol. 14, 218.

Zhu, K., Ge, D., Wen, Z., Xia, L., Yang, Q., 2018. Evolutionary genetics of hypoxia and cold tolerance in mammals.
J. Mol. Evol. 86, 618�634.

I. Basic biology

307References

http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref36
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref36
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref36
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref37
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref38
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref38
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref39
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref39
http://refhub.elsevier.com/B978-0-12-818969-6.00020-0/sbref39



	Front Cover
	The Bowhead Whale
	Copyright Page
	Dedication
	Contents
	List of contributors
	Preface
	Acknowledgments
	I. Basic biology
	1 Higher level phylogeny of baleen whales
	The phylogenetic branching history of the bowhead whale
	Challenges for estimation of divergence times in Mysticeti
	Conclusions
	Acknowledgments
	References

	2 Fossil record
	Introduction
	Balaenid origins and the Miocene gap
	Late Neogene diversification and the emergence of bowheads
	Acknowledgements
	References

	3 The stocks of bowheads
	Introduction
	Genetics of bowhead whales
	Mitochondrial DNA
	Microsatellites
	Whole genomes and single nucleotide polymorphisms

	Bowhead stocks
	Bering-Chukchi-Beaufort Seas stock
	East Greenland-Svalbard-Barents Sea stock
	Okhotsk Sea stock
	East Canada-West Greenland stock

	Historical demography and evolutionary history
	Acknowledgments
	References

	4 Distribution and behavior of Bering-Chukchi-Beaufort bowhead whales as inferred by telemetry
	Introduction
	Description of the tagged sample of Bering-Chukchi-Beaufort bowhead whales
	Seasonal distribution of tagged Bering-Chukchi-Beaufort bowhead whales
	Spring migration
	Summer range
	Autumn migration
	Winter range

	Dive behavior
	Proximate mechanisms driving distribution
	Cape Bathurst
	Tuktoyaktuk shelf
	Eastern Alaskan Beaufort Sea
	Point Barrow
	Chukotka coast
	Anadyr Strait and Gulf of Anadyr
	Role of sea ice

	Recent changes in distribution
	Limitations of satellite telemetry
	Research needs
	Acknowledgments
	References

	5 Distribution, migrations, and ecology of the Atlantic and the Okhotsk Sea Populations
	Introduction
	The East Canada-West Greenland population
	The East Greenland-Svalbard-Barents Sea population
	The Okhotsk Sea population
	Diving activity
	Comparison of diet among stocks
	Discussion
	Acknowledgments
	References

	6 Abundance
	Introduction
	The Bering-Chukchi-Beaufort Seas stock
	The East Canada-West Greenland stock
	The Okhotsk Sea stock
	The East Greenland-Svalbard-Barents Sea stock
	References

	7 Life history, growth, and form
	Introduction
	Growth and form
	General description
	Bowhead growth phases
	Age: birth to year 1 (neonate or aġvaaq)
	Age: 1–2 years (ingutuq)
	Age: ~2–6 years (qairiliq)
	Age: ~6–25 years (sexually immature subadults)
	Age: ~26 to 200+ years (sexually mature adults)

	Specific morphological characteristics
	Baleen
	Blubber
	Body length/girth relationships
	Pectoral fin
	Flukes

	Body mass
	Blue whale-sized bowheads?

	Longevity
	Morphometric regressions
	Life history
	Life history theory
	Reproduction
	Calving areas
	Migration
	Ice navigation
	Evolution of exceptional longevity and delayed sexual maturity

	Acknowledgments
	References

	8 Prenatal development
	Introduction
	Description and comparisons
	Embryos of 8.7–9.1cm
	Fetuses of 12.8–16.6cm
	Fetuses of 27.4–40.3cm
	Fetuses of 84–175cm
	Full-term fetus

	Discussion
	References

	9 Anatomy of skull and mandible
	Introduction
	The bones of the skull
	Mandible and hyoid apparatus
	Bones of the cranial vault
	Boney orbit and position of the eye
	The boney nasal opening and nasal cavity
	Skull growth
	References

	10 Postcranial skeleton and musculature
	Introduction
	Muscles of the head and neck
	Axial skeleton and musculature
	Ribs and sternum
	Forelimb muscles and skeleton
	Hindlimb
	Conclusions
	References

	11 Hematology, serum, and urine composition
	Introduction
	Hematology
	Serum electrolytes
	Serum chemistry
	Serum chemistry and feeding status
	Immunoglobulins
	Urine analysis
	Urine electrolytes and aminograms
	Conclusions
	Acknowledgments
	References

	12 Anatomy and physiology of the gastrointestinal system
	Introduction
	Wax ester digestion
	Setting the stage—evolutionary and chemical considerations
	Anatomy of the stomach
	Gut passage times and fecal isotopes
	Proximate composition of digesta and fatty acid abundance
	Digestive efficiency
	Future considerations
	Acknowledgments
	References

	13 Female and male reproduction
	Introduction
	Reproductive tract morphology
	External genitalia
	Female reproductive tract
	Ovary
	Uterine tube
	Uterus and cervix
	Vagina, vulva, and clitoris
	Mammary gland
	Male reproductive tract
	Testis and epididymis
	Ductus deferens, ampulla, and accessory glands
	Penis

	Functional parameters of the bowhead whale reproductive cycle
	Female body length and age at sexual maturity
	Ovulation
	Conception
	Gestation and parturition
	Pregnancy rate and calving interval
	Lactation
	Male total body length and age at sexual maturity

	Acknowledgements
	References

	14 Anatomy and function of feeding
	Introduction: baleen and oral morphology
	Feeding behavior and functional ecology
	Acknowledgments
	References

	15 Cardiovascular and pulmonary systems
	Introduction
	Cardiovascular and respiratory function
	Aging and cardiovascular function
	Structural adaptations
	Molecular adaptations

	Summary
	Acknowledgments
	References

	16 Thermoregulation and energetics
	Introduction
	Body temperature
	Heat loss measurements
	Regional heterothermy
	Thick blubber and thermoregulation

	Basal and resting metabolic rates
	Resting metabolic rates and Kleiber law
	Bowhead resting metabolic via heat loss models
	Metabolic rates estimated by lung volume and respiration
	Summary of metabolic rate estimates
	Energetic models for East Canada-West Greenland bowheads

	Anatomical specializations
	Other energetic considerations
	Relative organ size, muscle, and blubber proportions
	Duration of feeding season and winter feeding
	Comparisons with North Atlantic right whales
	Energetics of locomotion
	Growth and reproduction costs
	Cost of disturbance
	Fasting endurance of bowhead whales

	Summary
	Suggestions for further research

	Acknowledgments
	References

	17 Brain
	Introduction
	Description and comparisons
	Shape and size of the bowhead whale brain
	Overview and surface morphology of the bowhead whale brain
	Gyrencephalic index and corpus callosum size
	Olfaction
	Hippocampus
	Cerebral cortex cytoarchitecture

	Discussion
	Acknowledgments
	References

	18 Sensory systems
	Introduction
	Olfaction and gustation
	Vision and magnetosense
	Audition
	Balance
	Mechanosense
	Discussion
	References

	19 Endocrinology and blubber physiology
	Introduction
	Blubber structure and physiology
	Leptin: the blubber hormone

	Circulating hormones
	Reproductive hormones
	Thyroid hormones
	Adrenal glucocorticoid hormones

	Quantifying hormones in alternative sample types
	Blubber steroid hormones
	Fecal hormones
	Assessing reproductive status
	Assessing stress responses

	Baleen hormones
	Earplug hormones
	Hormones in exhaled breath

	Discussion
	Acknowledgments
	References

	20 Molecular insights into anatomy and physiology
	Introduction
	Adapting the genome to extend life span
	Expanding the thermal limits for mammalian life
	Streamlining the sensory system for dim light and salty seas
	Maintaining healthy skin in icy waters
	Growing teeth and ever-growing baleen
	Unusual growth of the skeleton
	Future work

	Acknowledgments
	References

	21 Age estimation
	Introduction
	Age estimation using baleen
	Cycles in stable carbon isotope values
	Baleen length method

	Age estimation using growth layers in the tympanic bone
	Age estimation based on aspartic acid racemization
	Age estimation based on ovarian corpora
	Age estimation based on whaling artifacts
	Age estimation based on photo-recapture
	Estimating age using morphometric data

	Comparison of age methods
	Age 0 (birth)–20
	Age 20–30
	Age 30–150+

	References

	22 Acoustic behavior
	Introduction
	Bowhead whale sounds
	Sound production
	Bowhead whale calls
	Call sequences
	Counter-calling

	Bowhead whale gunshots
	Source level, calling depth, and detection distance
	Bowhead whale song
	Acoustic ecology of the bowhead whale
	References

	23 Natural and potentially disturbed behavior of bowhead whales
	Introduction
	Undisturbed activities
	Feeding behavior
	Social and sexual behavior
	Mother/calf interactions
	Play
	Predator avoidance/responses
	Surfacing, diving, respirations

	Potential and known disturbance reactions
	Traveling whales
	Traveling whales near seismic operations
	Traveling whales near drilling operations
	Traveling whales near ice management and anchor handling

	Feeding whales
	Feeding whales near seismic operations
	Feeding whales near drilling operation

	Whales during social and sexual activities

	Mother–calf reactions
	Summary

	Conclusion, syntheses, and knowledge needed
	Acknowledgments
	References

	24 Ecological variation in the western Beaufort Sea
	Introduction
	Aerial Surveys field methods
	Bowhead whale seasonal distribution in the western Beaufort Sea
	Mechanisms driving interannual variability in whale distribution, density, and seasonality
	Case study I: Nearshore feeding aggregations
	Case study II: Krill trap
	Case study III: Summer feeding aggregations in Harrison Bay
	Case study IV: Bowhead whales and sea ice

	Conclusions
	Acknowledgments
	References


	II. The bowhead ecosystem
	25 Physical Oceanography
	Introduction
	Bering–Chukchi–Beaufort Seas
	Bering Sea and Shelf
	Chukchi Sea
	Beaufort Sea Shelf

	Okhotsk Sea
	Nordic Seas
	East Canada–West Greenland
	Some physical processes that aggregate bowhead prey
	Acknowledgement
	References

	26 Biological environment
	Introduction
	General characteristics
	Biogeography of bowhead habitats
	The Bering, Chukchi, and Beaufort Seas
	Sea of Okhotsk
	East Greenland–Svalbard–Barents Seas
	East Canada–West Greenland

	Formation of feeding hotspots
	Climatically driven environmental changes
	Acknowledgements
	References

	27 Bowhead whale ecology in changing high-latitude ecosystems
	Introduction
	Bowhead whale ecology in regional ecosystems
	Bering–Chukchi–Beaufort stock
	East Canada–West Greenland stock
	East Greenland–Svalbard–Barents Sea stock
	Okhotsk Sea stock

	Bowhead whale status and resilience
	References

	28 Diet and prey
	Introduction
	Diet research methods
	Body measurements (morphometrics)
	Fatty acid analyses
	Stable isotope analyses
	Blood
	Feces
	Stomach contents

	Diet and feeding in four bowhead stocks
	Okhotsk Sea stock
	East Greenland–Svalbard–Barents Sea stock
	East Canada–West Greenland stock
	Bering–Chukchi–Beaufort Seas stock

	Description of BCB stock seasonal feeding by region
	Northern Bering Sea—fall
	Northern Bering Sea—winter
	Northern Bering Sea—spring
	Chukchi Sea—spring
	Beaufort Sea—spring
	Beaufort Sea—summer
	Beaufort Sea—fall
	Chukchi Sea—fall

	Future concerns
	Bering–Chukchi–Beaufort bowhead specific concerns

	Conclusions
	Acknowledgments
	References

	29 Predators and impacts of predation
	Introduction
	Evidence of predation
	Attack accounts and carcass data
	Scars

	Effects of predation
	Direct mortality
	Risk effects

	Predation and Arctic warming
	Acknowledgments
	References

	30 Diseases and parasites
	Introduction
	Infectious diseases
	Viruses and bacteria
	Parasites and commensals
	Protozoa
	Helminths: cestodes
	Helminths: trematodes
	Acanthocephala
	Nematodes
	Amphipoda
	Diatoms


	Noninfectious diseases
	Neoplasia
	Integumentary system
	Musculoskeletal system
	Cardiovascular and respiratory system
	Digestive system
	Urinary system
	Reproductive system
	Immune and endocrine system
	Special senses

	Conclusions
	Acknowledgments
	References


	III. Interactions with humans
	31 Whale hunting in Indigenous Arctic cultures
	Introduction
	Bowhead whaling in the scholarly literature
	Bowhead whaling as lived experience
	Contributors
	Aghveq angyiiquq: the gift of the whale on St. Lawrence Island, Alaska
	An Aġviq foundation
	The first bowhead whale after a 20 year ban
	Arvangniarniq: bowhead whale hunt in Clyde River, Nunavut, August 2014
	Bowhead whaling in Greenland

	Discussion
	Acknowledgments
	References

	32 Current indigenous whaling
	Introduction
	Data
	East Greenland, Svalbard, Barents Seas and Okhotsk Sea stocks
	East Canada–West Greenland stock
	Greenland
	Canada

	Bering–Chukchi–Beaufort Seas stock
	Canada
	Chukotka
	Alaska
	Numbers and timing of whales harvested
	Efficiency of the hunt
	Size of harvested whales
	Sex ratios
	Sharing of the harvest

	Sustainability of the hunt

	Summary and conclusions
	Acknowledgments
	References

	33 Commercial whaling
	Introduction
	The East Canada–West Greenland stock
	The East Greenland–Svalbard–Barents Sea stock
	The Bering–Chukchi–Beaufort stock
	The Okhotsk Sea stock
	Effect on indigenous people
	Discussion
	Biological implications

	References

	34 Indigenous knowledge in research and management
	Introduction
	Modes of engaging Indigenous knowledge concerning bowhead whales
	Informal use
	Formal documentation
	Intentional application to research
	Intentional application to management

	Examples of using Indigenous knowledge and scientific knowledge together
	The bowhead whale census at Utqiaġvik, Alaska
	Estimating bowhead abundance in the eastern Canadian Arctic
	Sense of smell
	Buoyancy
	Life span
	Molting
	Satellite telemetry and complementary understanding
	Indigenous scholarship

	Discussion
	Acknowledgments
	References

	35 Effects of noise
	Introduction
	Sources of noise in bowhead whale habitats
	Ambient wind-driven noise
	Continuous industrial sounds
	Sounds from an artificial oil-production island
	Vessels and other tonal sources

	Sounds from air guns
	Summary of short-term acoustic responses to fluctuations in noise
	Potential long-term impacts and conclusions
	References

	36 Fishing gear entanglement and vessel collisions
	Introduction
	Review of fishing gear entanglement by stock
	Okhotsk Sea stock
	East Greenland, Svalbard, Barents Sea stock
	East Canada–West Greenland stock
	Bering–Chukchi–Beaufort Seas stock

	Vessel strike injuries
	Discussion and conclusions
	Acknowledgements
	References

	37 Contaminants
	Introduction
	Petroleum-related contaminants
	Essential and nonessential elements
	Persistent organic pollutants
	Conclusions
	Acknowledgement
	References

	38 Conservation and management
	Introduction
	Regulations
	East Greenland-Svalbard-Barents Sea and Okhotsk Sea stocks
	East Canada-West Greenland stock
	Greenland
	Canada

	Bering-Chukchi-Beaufort bowheads
	Traditional management
	Alaska
	Chukotka
	IWC management
	Oil and gas

	Climate change
	Sustainability of the hunt
	Monitoring
	Summary and conclusions
	Acknowledgments
	References

	39 Past, present, and future
	Bowhead whales and humans
	Epilog
	References


	Index
	Back Cover



