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This thesis contributes new knowledge towards the understanding of
specific anatomical adaptations in aquatic mammals., The research is based

on the anatomy of the Canadian river otter, Lutra canadensis, the north-

ern sea otter, Enhydra lutris and the harp seal, Pagophilus groenlandicus

with respect to thermal regulatory and diving adaptations. These species
range from a lacustrine (Lutra) to a maritime (Enhydra and Pagophilus)
habitat and represent varying degrees of specialization to an aquatic

mediunm.

The regulation of body temperature is of major concern for daving
mammals, especially those in higher latitudes. The animals are exposed
not only to the daily and seasonal temperature fluetuations while on land,
but 21lso to the often extreme land-water-air temperature gradients and
the high thermal conductivity of water. The species in this study are
usually exposed tollow temperatures and mechanisms of heat retent:;l;‘on are
enhanced. Heat retention mechanisms take the form of variations in body
insulation'(pelage and subcutaneous fat), in size of body regions with
a high surface area-to-volume ratio, in regional differences and special~
izations in the vascular, and behavioral patterns. In each species, the

feet (with their reduced pelage and fat content, thin skin, and pelatively

large surface area-to-volume ratio) appear to be the primary regions of



heat release.

The study of diving adaptations includes terrestrial and aquatic i
locomotory patterns and limb anatomy, lung topography and bronchial
patterns, tracheal anatomy, and the anatomy of the caval sphincter and
vascular reservoirs. The results khow both species variation and general

trends from Lutra to Enhydra to Pagophilus towards increased aquatic

specialization.
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SUMMARY

This thesis contributes new knowledge towards the understanding of
specific anatomical adaptations in aquatic mammals., The research is based

on the anatomy of the Canadian river otter, Lutra canadensis, the north-

ern sea otter, Enhydra lutris and the harp seal, Pagophilus groenlandicus

with respect to thermal regulatory and diving adaptations.

As the thesis title implies, the presence of specific anatomical
structures have been described and their role interpreted in some
mammals. However, the contribution to new knowledge in this work lies
in the description and functional significance of these structures as
they directly apply to mammals that show increased aquatic specialization.
Each anatomical feature that is documented in the summary of each section
of this work is original and as such adds to a more thorough understand-

ing of the species concerned.

The sontributions to new knowledge are as follows:

Thermal regulation:

1. The feet are comparatively poorly insulated and have a high surface
area-to-voluite ratio, and thus are areas of a potentially high heat loss.

For these three species there is a trend for the combined feet surface

areas to decrease from Pagophilus to Lutra to Enhydra. The %ail surface

area decreases from Lutra to Enhydra to Pagophilus.

2. Body insulation in the from of pelage plays a more important role in

Lutra and Enhydra than in Pagophilus, In the former two species, the

pelage prevents water-to-skin contact, whereas in Pagbphilus the skin
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is wettable. Pelage density and length contribute to the number of dead
air spaces and the depth of insulation. These parametées decrease from

Enhydra to Lutra to Pagophilus, and regionally from the tail to midback

to tarsus to foot. Also contributing to the insulative role of the pelage
is the presence of a well-developed medulla found in the guard hairs of

Iutra and Enhydra, but absent in Pagophilus. The pelage of each species

is composed of caudally sloping, straigthShafted, dorso-ventrally flat-
tened guard hairs and wavy underhairs. Pelage morphology is similar in
Lutra and Enhydra with all guard hairs having a lanceolate outline and
spike or leaf-like cuticular scales on the hair shaft. The cuticular
scales contribute to the integrity and protection of the more delicate

underhairs, and the maintenance of entrapped air.

3. Renewal of air within the pelage of Lutra may occur by pilo-erection
of the hairs, by a pleating of the skin by means of the m. cutaneous
trunci, or by shaking the body upon emergence from the water. Enhydra
may blow air into its fur or pleat the skin to renew the entrapped air,

Comparable adaptations are not found in Pagophilus.

L. BSubcutaneous fat is most abundant in Pagophilus (37.9% of the total
body weight) and provides the principal means of insulation, It is less
sbundant in Imtra (12.6%) and of secondary importance to the pelage in

thermal regulation. Enhydra has little or no subcutaneous fat.

5. Interdigitel webs are present in the hind feet of all theee species.
This skin is thinner than that of the body and, in the cases of Enhydra
and Pagophilus, may be highly vascularized. Heat loss may be reduced from
these areas by a counter-current heat exchange principle in Pagophilus,

or by retaining a relatively dense pelage in this region, as in Enhydra,

13, a
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The feet of Enhydra may also serve as an avenue for thermsl absorption by
direct solar radiation. Characteristics that contribute to this latter

function are the dark hairs and skin, the presence of a highly developed |
superficial venous circulation on the dorsal surface of the foot, and the

behavioral pattern of expanding the foot and fanning during warm periods.

Locomotory patterns and species topography:

1. Terrestrial locomotion

Lutra and Enhydra have the typical carnivore limb sequences during walk

ing, with alternate movements of opposite fore foot and hind foot. On
land, Lutra walks, runs, and bounds; Enhydea has been observed only to
walk and bound. Papophilus, during terrestrial locomation, does not
differ from that described previously for hair seals. Terrestrial loca-

motion is more awkward from Lutra to Enhydrd to Papophilus.

2. Agquatic locomotion

Lutra moves by two methods: 1. vertical undulations of the tail and caudal
regions of the body.

2. cranio-caudal thrust and recovery movements
of the linbs,

Enhydra moves by three methods:

1. cranio-caudal sweeps of the pplvic limbs
often involving bending of the lumbar, sacral
and caudal regions,

2. horizontal thrust and recovery movements
of the pelvic limbs while on its back at
the surface of the water.

3. horizontal sweeps of the dorso-ventrally

flattened tail while at the surface of the

water,
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Pagophilus moves by tiwo methods: 1. alternate horizontal sweeps of its

pelvic limbs (feet).

2. thrust and recovery movements of

its fore limbs (short distances).
Lutra actively maintains itself at the surface of the water. As does
Pagbghilus during the spring and early summer months. Enhydra can
remain at the surface for long periods of time with no movements. These
differences can be attributed to differences in pelage density, quantities

of subcutaneous fat and the differential buoyancy of the aguatic medium.

3., There is an increased bendéncy from Lutra to Enhydra to Pagophilus

to have the area of aquatic locomotion assigned to one body region.
i, Convergent evolution towards a highly efficient carangiform mode of
swimming with a graded increased approximation of a "perfect" lunate

bodder of the propulsive organ is seen from ILutra to Enhydra to Pagophilus.

The feet of ILutra and Enhydra have not become as highly speciaiieddas in

Pagophilus, and they retain distincs carnivore-type linbs for terrestrial
locomotion.
5, There is an increased foot surface area and increased importance of

this area as a means of aquatic propulsion Butra to Enhydra to

Pag o;ghilus .

The tail surface area decreases in the sbove order, and with it a decreased
importance of this region for aquﬁtié propulsion.

The foot has a reduced density and léngth of hairs compared with the
midback and tarsal regions, with the hair density decreasing from Lutra

to Enhydra 4o Pagophilus.
Syndesmology of the pelvic limb

1. The coxal joint of Lutra and Enhydra permits maximum movement of the

femur in a cranio-caudal directiondduring terrestrial and aquatic locometion.

e
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In Enhydra, increased lateral rotation of the pelvic limb is made

possible by the absence of the femoral ligament of an increased artic-
ulatory facet on the dorsal surface of the femur. This lateral rotation

of the limb is used when the animal swims on its back at the surface of

the water. In these two otters, the increased thickened one-half of

the capsular membrane, acetabular lip and acetabular ridge indicate

that these regions receive most of the force of the head of the £mur

during locomotion. The coxal joint of Pagophilus appears well-adapted

for movements of the head of the femur in a cranio-caudal direction as

refkected 1n the equal development of these regions of the acetabular lip.

A femorsl ligament is present in Lutra and absent in Enhydra and
Pagophilus. Its sbsense may feflect the decreased amount of weight supported

by the pelvic limbs. Enhydra is less agile on land then is Lutra, and

Pagophilus does not use the pelvic limbs to support the caudal regions of

the body.

2. The stifle joint of Lutra and Enhydra permits flexion and extension

movements of the shank and little rotation., In Pagophilus, the anatomical

evidence suggests that there is much lateral rotation of the leg during

aquatic locomotion. This evidence is seen in the laterally directed

patetla fossa, the absence of a fibular collateral ligament

and enlargement of ligaments associated with the femoral-tibial junction,

differential sizes of the lateral and medial meniscus, and the laterally

sloping articulabory facets of the femur, tibia and fibula,

3. The tarsel joint in all three sepcies is held in place by the tibial
and fibular collateral ligaments, and articulatory surfaces seem best

adapted for flexion and extension movements of the foot, with little

or no lateral rotation. In each species, the bones of the plantar surface

of the foot are more rigidly bound together then on the dorsel surface.
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The lungs (topography, weights and.measurements)

1. The lungs of the river otter and sea otter are semi-conical shaped,
being narrowest cranially and broadening caudally. The lungs of the

sea otter are broader overall than in the river otter. The lungs of

the harp seal are oblong-shaped in width cranially and caudally. The
topography of the lungs corresponds closely to the shape of the thoracic
cage of each species.

2. There is a trend toward a reduced lobulation of the lungs from the river
otter to sea otter to harp seal. The lungs of the river otter and sea
otter are asymmetrical with the left having cranisl and caudal lobes,

and the right composed of cranial, medial, caudal and accessory lobes.

The lungs of the harp seal are symmetrical, with divisions not apparent

in the right lung, and a shallow, incomplete division of the left lung
into cranial and caudal lobes.

3. ILung tissue depth is maximum in the dorsal and lateral regions &n each
species, with the sea otter having the greater depth laterally and the
herfingeal having a proporiionally greater amount of tissue dorsally.

Li. The hilus region is located more cranislly in the harp sean than in

the otters.

5. The mean ratio of lung weight/100 grams of body weight is 1.39 in the
river otter, 3.86 in the sea otter and 1.31 in the harp seal. In the
river otter, the mean percentage difference between the right and left
lungs is 19.3% and in the sea otter 9.8%, with the right lung being the
larger. In the harp seel the difference is 6.L%, with the left lung being

the larger.
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The trachea and bronchial tree

1. The trachea, as a percentage of body length, is 23.2% in Iutra, 19.0%
in Enhydra and 17.6% in Pagophilus. The width of the trachea relative

to its length is least in Lutra and greatest in Pagophilus.

2. The mean number of tracheal rings is 71 in Lutra, 48 in Enhydra and

L3 in Pagophilus. The ventral widths of the rings in Iutra and Enhydra

vary in a non-uniform pattern, whereas in Pagophilus they are widest
cranially and narrowest caudally. A dorsal gap between the arms is present

throughout the length of the trachea in ILutra and Enhydra, and appears

only in the caudal one-third of the trachea in Pagophilus. In Lutra and
Enhydre there is a dorsal overlapping of the rings, whereas in Pagophilus
there is dorsal, lateral and ventral overlapping. The tracheal rings of

Lutra and Enhydra are partially clacified, but in Pagophilus there is no

evidence of calcificatidn. In each species, the cartilaginous rings are
replaced by irregular pla'bes prior to the entry of the principal bronchi
into the lungs. :

3. The lamina propria of Pagophilus is thicker than in Lutra and Enhydra.
L. A pennate-like branching of the lobar bronchi are found in Iutra and
Enhydra, whereas in Pagophilus this branching has a more dicotomous pattera.

5. The bronchial patterns in the right and left lungs of Lutra and Enhydra

are asymmetrical and correspond to the differences in lobulation of the
lungs. In Pagophilus there is close symmetry between the two lungs and
bronichial patterns.

6. The numbers of subsegmental bronchioles increases from Iutra to Enhydra

to Pagoghilus .
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The caval sphincter and hepatic sinus

1. Ondatra and Lutra lack both the cavel sphincter and the kepatic sinus.
2. Enhydra has a simplified caval sphincter composed of slips of muscle
surrounding the intrathoracic portion of the inferior vens cawva. These
sphincter muscle slips are not separeble from.the diaphrahm at their
base. Extensive hepatic sinuses are not present.

3. Pagophilus has a well-developed caval sphincter and hepatic sinus, and
these correspond closely to those found in other ‘phocid sesls,

L. Zalophus has a well-developed caval sphincter and hepatic sinus,

5. Delphinapterus has a sphincter in the form of a 'sling-like' arrangement

of muscle fibers surrounding the ¥wena cava, that are not easily spearated

from the diaphragm at their base. An extensive hepatic sinus is not

present.

2a
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In keeping with the newly-accepted regulations for thesis style
which hax}e been authorized by the Graduate Training Committee of the
Biology Department at McGill University, the main body of this thesis
has been written in a form suitable for publication. Use is made of
the style recommended by the Canadian Journal of Zoology and sections

have been submitted to this journal for publication.
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The following sections of this thesis have been accepted for publication-

1.

2.

Tarasoff, F.J. Thermal regulatory adaptations in the river otter,
sea otter and harp seal. Contribution to - The Functional Anatomy
of Marine Mammals. Edited by R.J. Harrison. Academic Press (London).
{(in press)

Tarasoff, F.J., A. Bisaillon, J. Piérard and A.P. Whitt. 1972.
Locomotory patterns and external morphology of the river otter, sea
otter and harp seal (Mammalia). Can. J. Zool. 50- 915-929.

Tarasoff, F.J. Comparative aspects of the hind limbs of the river
otter, sea otter and seals. Contribution to - The Functional Anatomy
of Marine Mammals. Edited by R.J. Harrison. Academic Press (London).
(in press)

Tarasoff, F.J. and G.L. Kooyman. Comparative aspects of the respiratory
system in the river otter, sea otter and harp seal. Part I. The
topography, weights and measurements of the lungs. (resubmitted to
Canadian Journal of Zoology after minor corrections)

Tarasoff, F.J. and G.L. Kooyman. Comparative aspects of the respiratory
system of the river otter, sea otter and harp seal. Part II. The trachea
and bronchial tree. (resubmitted to the Canadian Journal of Zoology after
minor corrections)

. Tarasoff, F.J. The anatomy of the caval sphincter and hepatic sinus

in diving mammals. Contribution to - The Functional Anatomy of Marine
Mammals. Edited by - R.J. Harrison. Academic Press (London). (text
accepted by the editor but will not be submitted until more species
are examined)

Sections in this thesis dealing with locomotion and the anatomical
basis of locomotion are parts of a four part study worked on jointly by
Drs. A. Bisaillon and J. Piérard (Ecole de Médecine vétérinaire, Université
de Montréal). This study deals with the locomotory patterns and species
topography, and osteology, myolbgy and syndesmology of the caudal regions
of these three species as related to locomotion. I am the major contributor

to the sections on locomotory patterns and species topography, and syn-
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desmology, whereas the research on the osteology and myology has been

more equally shared and has not been included in this thesis.

Iwo sections of this thesis have dealt with comparative aspects of

the respiratory system of the three species. These are part of a three

part series of which Part III - Lung histology - has not been included.
Although many of the more functional aspects of tle respiratory system can

be interpreted only after histological eXamination, it was not possible to

obtain fresh-fixed material. A small quantity of material has now been

collected and is being processed.
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B. Anatomical adaptations in the river otter, sea otter and harp seal

with reference to thermal regulation.
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Introduction

For the most part, studies of the thermal regulatory adaptations
of aquatic mammals have been confined to the cetaceans and pinnipeds, with
1ittle reference to aquatic carnivores, such as the river otter and sea
otter. Literature pertaining to the former two groups has been reviewed
recently by Kanwisher and Sundnes (1966), Harrison and Kooyman (1968),
Irving (1966) and Tarasoff (1972). The latter two species and the pinnipeds

have been dealt with briefly by Tarasoff (opp cit.).

The pinnipeds, in particular, have been studied extensively, principally
because of the availability and ease of handling. Our knowledge of these
mammals has come from a combination of studies dealing with their anatomy,
behavior and physiology, and, as is often the case, much of the physiological

adaptations are predictable from anatomical and behavioral studies.

The sea otter, Enhydra lutris, has been neglected principally because
of a lack of availability and a limited knowledge of proper handling
techniques. Recently, the Alaskan sea otter population has become sufficient-
ly large to permit selective harvesting, thereby making carcasses available
for anatomical research. Sea otters have been maintained in captivity and
information from this source and from recently published field observations
(Xeuyon, 1969) permit some evaluation of thermal regulatory adaptations
“based on the animal's behavior. Results of transplantation projects and the
felative difficulties of keeping these animals in captivity indicate

that handling procedures have not been understood well enough to permit
extensive physiological studies. However, it is anticipated that, as for

pinnipeds, some evaluation of the sea otter's thermal regulatory adaptations

e st RN TR A IR G e
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It is the purpose of this report to document anatomical and behavioral
thermal regulatory adaptations in the sea otter. To help emphasize its
position relative to other aquatic mammals, direct comparisons have been
made with the river otter and harp seal wﬂerever possible. This approach
will contribute to the understanding of how each species is adapted to

its particular habitat and demonstrate varying degrees of aquatic

adaptation.
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Materials and Methods

External features

The external features were examined on the unskinned carcasses of 7
river otters (Lutra canadensis) from Quebec, Canada and Maine, U.S.A.; 11
sea otters (Enhydra lutris) from Alaska, U.S.A.; and 15 harp seals (Pago-
philus groenlandicus) from Quebec. The sea otters were collected during the
summer months (April to September) and the river otters and harp seals from
January to March. From each carcass, the body weight, standard length, total
surface area, and surface areas of the tail and feet were determined. The
river otters and sea otters were skinned and the surface areas calculated
by dividing the skins into 5 em. strips and summing the areas of the thus

formed rectangles. The surface areas of the harp seals were computed using

the formula: S (m?) = 0.083]\3/Wt. (xg)? (Irving, et al., 1935). The
surface areas of four harp seals were calculated by the method used for the
otters before skinning to determine if the above formula approximated the
actual surface area for seals greater than 30 kilograms. The tail and feet
surface areas were calculated using the procedures outlined in the section

on locomotion (Part I. Locomotory patterms and species topography).

Pelage and skin

Hair and skin samples were removed from thevbase of the tail, midback,
tarsus, and interdigital web of the foot.of 3 river otters, 12 sea otters and
7 harp seals, and preserved in 5 % formalin, or Bouin's fluid. In all cases,
the animals were either juveniles or adults. From these samples, the morph-

ology, length, diameter, density and slope of the hairs, and the skin thick-



ness were determined. Hairs were examined by scanning electron and light

&

microscopy to determine the external features (topography) and characteristics

of the medulla. The average hair length (mm) was determined from 15 hairs

of each type (primary and secondary guard and underhairs) in the four regions.
Hair diameters from each region were determined using the procedures of
Hardy (1935). Paraffin embedded sections containing cross-sections of hairs

were examined under a compound microscope and the diameter measured to the
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nearest 0.001L mm. Subepidermal hair diameter, and hair density (hairslcm2)
were calculated from histological preparations stained routinely with Harris'
hematoxylin and eosin. Vertical skin sections were prepared from the three

species and hair slope, skin thickness and arrector pili muscles were ex-

amined. Hair slope is that angle formed between the skin surface and the hair
shaft at its emergence from the hair canal. Skin thickness includes both the

! epidermis and dermis.

Subcutaneous fat

Subcutaneous fat distribution was noted in all specimens. The contribution
to the body weight (%) made up of this fat or blubber was determined in 3

river otters, 1 sea otter and U4 harp seals. In the harp seals, the blubber

AR R et AT A f e e

depth was recorded every 10cm. along the mid-dorsal surface from the head

to the tip of the tail.

e e i

Myology and angiology

The distribution of the M. cutaneous trunci was recorded in 3 river otters,

3 sea otters and 3 harp seals.

Latex injected arteries and veins of the pelvic limb were dissected in
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2 specimens of each of the three species.

Observations gg_captive otters and seals

Four captive sea otters were observed in August, 1971 at the
Woodland Park Zoo, Tacoma, Washington. Particular attention was given
to grooming activities and movements of the pelvic limbs and feet

during quiescent periods. Less extensive observations were made on captive

river otters and harp seals.
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g RESULTS

A. Surface area

Table I shows the percentages of the total surface area of the tail
and feet in each of the three species. For the tail,.lutra has the highest

value (8.1%). This percentage decreases from Enhydra (2.2%) and Pagophilus

3
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(0.4%). The combined surface areas of the feet:dre greatest’ in Rggophilus.
(18.0%) and decreases from Lutra (10.2%) to Enhydra (5.8%). The fore feet

always have a smaller area than the hind feet, with Enhydra having the .-
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smallest value (0.8%).

TR ey

; The surface areas of four harp seals were determined prior to skinning

and these values were compared to those determined using the formula:

: s(m?) = 0.083 \3/ wt. (Kg)?

These values were within 5% of each other, indicating that this formula

is acceptable for estimating the surface area of harp seals weighing up to

L2 A b A e e s

113Kg.
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B. Hair morphology
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The basic characteristics of the pelage of Enhydra have been described
by Scheffer, and Ling (EE_Kenyon, 1969) and readers are referred to this
work for details in additiom to those presented here.

o
ég, The pelage of the tail, midback, tarsal regions and the interdigital

web of the foot of Enhydra contain primary and secondary guard hairs and
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Table I. Surface areas of the tail and feet of Lutra, Enhydra and Pagophilus expressed as a percentage of

total body surface area.

surface area body weight tail area (670) forefeet area, hindfeet , all feet

(em) (Xg) surface area surface area ©/°) sfc. areat /0) sfc. area'0/0)
Lutra
X 2,757 6.7 8.1 3.1 7.1 10.2
R 2,511-3,172 4.9-8.0 6.7-9.5 2.9-3.9 6.5-8.3 9.2-11.9
N =7
Enhydra
X 10,856 2P2272 2.2.2 0.8 5.0 5.8
R 5,206-16,380 10.0-34.1 1.6-3.0 0.6=1.0 3.2-7.8 4.0-8.8
N =11
Pagophilus
X 1.5 (m2) 8080.4 0.4 4.1 13.9 18.0
R 1.1-1.9 (m?) 49,0-113.2 0.3-0.6 2.1-5.6 9.7-17.0 12.5-21.1
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underhairs (Fig 1). Primary and secondary guard hairs are straight-shafted
and morphologically similar to each other, with the principal differences
being diameter and length. Both are oval in cross-section at their emergence
from the hair canal. Halfway up the shaft, the width gradually increases
laterally until it is about two times the diameter of the lower shaft. The
shaft then narrows to a fine point. Underhairs are wavy, and shorter than
the guard hairs. These hairs are of more equal cross-sectional diameter
throughout their length and increase in width slightly before tapering to

a fine point (Fig 2). The diameters of the various hairs at the skin surface

and at maximum width are shown in Table II. A medulla is present in all guard

hairs and near the base of some of the underhairs (Fig 3). In the guard
hairs, the medulla is continuous in the proximal 2/3 of the hair shaft. It

then becomes discontinuous and disappears at the level of the lateral broad-

ening of the shaft.

The pelage of the tail, midback and tarsal regions of Lutra contains
primary and secondary guard hairs and underhairs, while the interdigital
web of the foot lacks secondary hairs (Fig 1). Guard hairs are shaped
cimilar to those of Enhydra (Fig 2). Lateral expansion-of the shaft is
greater than in Enhydra, being about three times that of the base. The
underhairs are wavy and increase slightly in diameter near their distal
ends. A well-developed medulla is present in the guard hairs, but absent
in the underhairs (Fig 3). In the guard hairs, the medulla is maximally
developed in the proximal and distal one-third of the expanded hair and

interrupted in the central regions.

The guard hairs of Pagophilus are dorsoventrally flattened at their

emergence from the skin. They increase in diameter very gradually in the



Table II. Mean diameter of hairs () from the tail, midback, tarsus and

g

interdigital web of the foot of Lutra, Enhydra and Pagophilus.

&1
£
i,
t
&
b
v
P
3
v
b

tail midback tarsus foot
Lutra
! -primary guard base 72 50 60 u5
& hair
’ max. 220 198 180 162
-secondary
guaed hair base 50 u5 22 --
maxe 150 115 90 -
-underhair base 10 10 10 18
E max. 12 12 12 21
i
x Enhydra
¢ .
i ~-primary guard base 59 60 52 98
: hair
max. 105 97 110 130
-secondary base 23 20 35 40
i guard hair
‘ max. L5 45 60 48
~underhairs base 10 13 15 22
3 max. 1y _ 16 18 30
¢
!
: Pagophilus
-primary guard base 175 190 168 150
hair
max. 185 210 185 170
i -secondary base 68 65 68 65
hairs
i max. 85 85 85 85

D
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Figure I. Horizontal sections of hair bundles from the midback (1) ,tarsus(2),
and interdigital web of the foot (3) of Lutra (A), Enhydra (B)

and Pagophilus (C). (magnification X1T00)
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Figure 2. Drawings illustrating the outline and cross-sections of-
primary guard hairs (a), secondary guard hairs (b), under-
hairs (¢) and secondary hairs (d) in Lutra (a) , Enhydra (B)

and Pagophilus (C).






Figure 3. The medulla in representative hairs from the .mi_dback region

of Lutra (A), Enhydrd' (B) andffP.agophi'Zus (C). (magnification

X u420).
a. primary guard hair 1. midway up hairsshaft
b. secondary guard hair B 2. _-;b_asevof hair shaft

c. underhair
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Table III. Mean hair lengths (mm) from the tail, midback, tarsus and

interdigital web of the foot of Lutra, Enhydra and Pagophilus.

fail midback tarsus foot

Lutra

-primary guard 20.0 20.0 10.0 4,0
hairs

~secondary guard 14.0 14,0 5.0 ———

hairs

-underhairs 10.0 10.0 6.0 2.5

Enhydra

-primary guard 30.0 30.0 21.0 10.0
hairs

-secondary guard 22.0 23.5 20.0 8.0
hairs

-underhairs 19.0 12.0 15.5 4.5
Pagophilus

-primary guard 9.0 16.0 9.4 k.0
hairs

-secondary hairs L4.5 7.0 5.2 2.0




Figure 4. Scale patterns on hairs from the midback region of Lutra(A),

Ehhydra. (B) .and. Pagophilus (C). (magnificat'idn X .350)

a. pfilnary gg‘érd,hair 1. maximally expandedreegion
b. secondary gué.rd hair of hair shaft
¢. underhair 2. base of hair shaft
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Figure 5. Skin and pelage samples from the midback (1), tarsus (2) and

interdigital web of the foot (3) of Lutra(h) , Enhydra (B)

and Pagophilus (C).
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lateral plane until near their distal end where they taper to a point
(Fig 2 and Table II). The secondary hairs are smaller in diameter, curly

and .§howter. . & medulla is absent in all hairs (Fig 3).

Details of the cuticular scales on hairs from the midback region of
each species are seen in figure 4. Three types of scales are characterized:
1. spike-like 2. leaf-like 3. irregular scales. Spike-like scales are found

in Lutra and Enhydra.at the base of the shaft of guard hairs and underhairs.

They are relatively long and narrow, with the points directed toward the
distal end of the hair shaft. Their sides are concave apd the top is flat.
Leaf-like scales are found in Lutra and Enhydra at the lateraIlyhexpanded
region of the underhairs and in Enhydra in the expanded fegion of the
secondary guard hairS. These scales are shorter, broader and terminate more
bluntly than the spike-like scales. Irregular scales are found at the
laterally expanded regions of the primary and secondary guard hairs of

Lutra, the expanded region of the primary guard hairs of Enhydra, and

throughout the length of the guard and secondary hairs of Pagophilus. These
cuticular scales have an overlapping pattern with an irregular distal border.
As with the other scale types, the free margin is directed distally along

the hair shaft.

€. Hair length

The mean hair lengths from the tail, midback, tarsus and interdigital
web of the foot of Lutra, EnHygrm and Pagophilus are shown in Table III.
The overall trends in the three species are for the primary guard hairs
ﬂ;?\ to be longer than the secondary guaed hairs and both of these to be longer

than the underhairs. In each region examined, Enhydra has the longest hairs

of any type, with Lutra next, and Pagophilus having the shortest hair (Fig 5).
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Hair lenéth~decreases from the tail to midback to tarsus to foot.
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D.Hair density

The mean hair densities (hairs/cm?) for the three species are shown
in Table IV. Hair density follows a trend similar to that of hair length
with Enhydra s Lutra> Pagophilus and the tail> midbacks tarsuss interdigital

web of the foot.

E.Hair slope and errector pili muscles

The aﬁgle of hair slope (degrees from the horizontal plane at emergence
of the hair from the hair canal) is shown in Table V. In all the species,
the hairs are directed caudally. Individual animals have about the same
E ' hair slope in the tail, midback and tarsal regions, with the hairs on the

foot forming a move acute angle. The hairs of Enhydra and Lutra slope less

] than those of Pagfophilus.

Ir Lutra , the.errector pili muscles are present in all four regions

examined. These muscles are absent in Enhydra and Pagophilus.

A TV R LT T A T AT S R AT e

F. Skin thickness

In each animal, the skin is of about equal thickness in the tail, mid-
‘“5' . back and tarsal regions, and much thinner in the interdigital web region

of the foot (Table VI). Enhydra and Pagophilus have the thickest skin in all

regions.




Table IV. Hair density (hairs/cm2) from the tail, midback, tarsus and

interdigital web of the foot of Lutra, Enhydra and Pagophilus.

tail
Lutra
X 62,144
R 71 ,342-
59,631
N =3
Enhydra
X 131,094
R ' 142,011~
125,937
N = 12
Pagophilus
X 1,697
R 1,807~
1,500
N =7

midback

57,833

62,021~
52,309

125,333

129,632-
115,617

1,798

1,894~
1,460

tarsus

58,667

65,701-
52,801

107,301

118,721-
98,848

1,715

1,875-
1,609

foot

1,648

1,785~
1,528

3,375

5,298-
2,980

450

582~
407
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Table V.

Lutra

Enhydra

Pagophilus

Hair slope at emergence from hair canal in Lutra, Enhydra and

Pagophilus. (degrees from the horizontal)

tail midback tarsus foot

6l 63 60 Lo
72 68 68 51
u2 y5

45 L2
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Table VI. Skin thickness (mm) in the tail, midback, tarsus and interdigital web of the foot of ILutra,

Enhydra and Pagophilus.

tail midback tarsus foot
Lutra X 2.0 2.0 1.9 0.9
R CTLn27022.1 1.9-2.0 1.9-2.0 0.9-1.0
N =3
Enhydra X 3.5 3.4 3.4 1.3
R 3.5-3.6 3.4-3.5 3.3-3.5 1.2-1.5
N =6
Pagophilus
X 3.0 3.3 3.4 1.5
R 2.9-3.2 2.5-3.4 3.0-3.7 1.5-1.6
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Figure 6. Distribution of the M. cutaneous trunei on the dorsal, lateral

and ventral surfaces of Lutra(A), Enhydra (B) and Ppgpphilus (C).

(C is Pedrawn from Howell, 1929)
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G. M. cutaneous trunci

In all three species, the cutaneous trunci muscle is located in the
superficial trunk fascia immediately ventral to the skin and the sub-
cutaneous fat. This muscle is thin, sheet-like, composed of fleshy fibers,
and envelopes the dorsal and lateral sides of the trunk (Fig 6). The major
differences are in the points of origin and insertion, and direction of

the fibers.

Lutra

Origin and insertion: (Fig 6A): This muscle almost completely covers the

14

body, except the head, forearm and hand, lower leg and foot, and tail (Fisher,

1942). Origin is by tendinous fobers in the dorsal and lateral gluteal fascia.

The fibers become fleshy almost immediately and pass cranially. The muscle
spreads out over the dorsal, lateral and ventral surfaces of the abdomen
and thorax. From their origin, the dorsal-most fibers converge, meet in

a raphe, and run in straight lines parallel to the neural spipes of the
lumbar and thoracic vertebrae. At the scapular region, some of the fibers
pass ventrally to the axillary region and the medial brachial fascia, while
the rest continue cranially to meet those of the M. platysma. These latter
fibers are directed cranioventrally. Lateral fibers pass cranially over the
sides of the abdomen and thorax to their insertion in the medial brachial
fascia. The ventrally located fibers pass over the cranial surface of the
thigh and converge ventrally to run parallel to the M. rectius abdominis
over the central one-~half of the body. Fiébers from each side do not meet

in the midline. Near the mid-part of the thorax, the fibers diverge and

pass to their insertion in the medial brachial fascia. This muscle is .-
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equally developed in all regions and the fibers are united by tendinous

fibers, so itawould seem that the muscle can act as a whole upon stimulation.

Functions: Shivering reflex and flexion of the skin upon emergence from the

water.

Enhydra

Origin and insertion:(Fig 6B): - Origin is by tendinous fibers over a wide

area in the dorsal and lateral gluteal fascia. The dorsal-most fibers meet
along the dorsal midline and are not separated by a raphe. These fibers

are parallel to the neural spines of the lumbar and thoracic vertebrae.
Cranially,the fibers meet the M. platysma and are directed cranio-ventrally.
Along the lateral abdominal and thoracic regions, the fibers of the cutaneous
trunci run in straight lines to their insertion either on the medial brachial
fascia or on the M. platysma. The ventral fibers of this muscle run cranio-
ventrally over the cranial surface of the thigh and remain well-separated
from the midline. Some of the more medial fibers insert on the mid-ventral
fascia forming an angle of about 45 degrees. The cranial fibers divide in

the proximal part of the thorax and insert in the medial brachial fascia.
Fibers of this muscle also have their origin on the ventral surface of the
animal. These strap-like fibers run cranially and many are seen to inter-
mingle and cross each other. This portion of the muscle is most highly
developed in the proximal thoracic region and completely covers the pectoralis
musculature. Fibers converge laterally and insert on the medial brachial

fascia.

In Enhydra, the cutaneous trunci muscle is most highly developed on the
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dorsal and lateral surfaces, and the proximal thoracic region of the ventral
surface of the body. The midventral fibers are weak, strap-like and well-

separated from each other.

Functions: Shivering reflex and pleating the skin on the dorsal and lateral

surfaces of the body prior to quiescent periods in the water.

Pagophilus

Origin and insertion: (Fig 6C): Howell (1929) accurately describes the

cutaneous trunci muscle in Phoca hispida, and as there is no observable
differences intthis musclecbétweén that seal and Pagophilus, his des-

cription is restated here.

nThere was no converging of the fibers to the axilla, but origin was some-
what laterad of the middorsal line and all fibers were uniformly directed
ventro-craniad at an angle from the vertical of about 35 degreés;-covering
the knee and extending almost to the base of the tail, in which vicinity the
1line of origin extended somewhat more dorsad. Insertion of the portion over
the scapula was onto the fascia of the middle forearm, and of the remainder
upon the fascia of the ventral surface slightly laterad of the midventral

line." (from Howell, 1929, p. 51).

Functions: Shivering reflex and possibly assisting during terrestrial

locomotion.

H. Subcutaneous fat

All of the river otters were obtained during the winter season. In these
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animals, fat is most abundant in the proximo-lateral regions of the tail
and the dorso-medial axillary regions of the limbs. On the trunk, the fat
increases from the middorsal to midventral surface. The head, and cranial
and lateral sides of the limbs have little or no fat deposits. From three
adult animals, the mean percentage of fat to total body weight is 12.6%

(Table VII).

Sea otter specimens were obtained during each season, and have little
abdominal or subcutaneous fat at any time. When subcutaneous fat is present,
it is most abundant along the lateral and ventral sides of the abdomen,
the external genitalia and anus, the medial sides of the pelvic limb
axilla, and the lateral sides of the tail. Fat weight was recorded in

one adult female and is 1.8% of the total body weight.

Harp seal carcasses were obtained during March when the animals are
feeding in the St. Lawrence River. The depth of fat along the middorsal
line in four specimens is shown in figure 7. The depth is 1eaét in the
cranial and tail regions, and on thellimbs (distal from where they pro-
trude from the body). Fat depth increases progressively toward the c
central body region and reaches a maximum depth of 8.0cm. Depth measure-
ments were not recorded on the lateral and ventral surfaces, but it
appears that there is not a drastic change in depth from the mid-
dopsal to midventral surface at a given position. The mean percentage

of subcutaneous fat to total body weight in four animals is 37.9%.



Table VII. Subcutaneous fat as a percentage of total body weight in Lutra,

Enhydra and Pagoph'z:‘lus .

Lutra X 12.6
R 10.9-14.0
N =3
Enhydra X 1.8
N =1
Pagophilus
X 37.9
R 33.3-42.5
N =4
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Figure 7. Depth of subcutaneous fat along the middorsal line in four

specimens of Pagophilus.
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I. Angiology of the pelvic limb

Immediately ventral to the skin and embedded in the superficial fascia
on the dorsal surface of the foot of Enhydra is located an extensive
venous circulation that drains into the caudal gluteal vein (Fig 8B). No
comparable arrangement of blood vessels is .. -: present on the dorsal
surface of the feet of Lutra (Fig 8A) and Pagophilus (Fig 8C). The blood
to the superficial plantar surface of the foot of Enhydra is supplied
by the saphenous artery and drained primarily by the saphenous vein.
These two vessels are veéry closely associated throughout their lengths
as isc the femoral arteryiand the iliac vein. A deep plantar circulation
is present and of a simple plan. Other than the absence of the super-
ficial venous plexus, the vascular anatomy of the pelvic limb of Lutra

is similar to that of Enhydra.

Pagophilus has a relatively poorly developed circulation on the
dorsal surface of the foot, but the plantar surface appears to be more
highly vascularized than in the other two species (Fig 8C). The super-
ficial plantar surface is supplied principally by the superficial branches
of the saphenous artery and drained by the medial saphenous or caudal
gluteal vein, and the lateral saphenous vein. During its course over
the medial surface of the leg, the saphenous artery and vein give off
fewer muscular branches than in Lutra and Enhydra, the main circulation

to the musculature-being from the deep vessels of the leg.

Blood vessel distribution in the plantar region of the foot is very
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Figure ‘8. Superficial arteries and veins on the medial surface of the
leg, and dorsal surface (Lutra -A and Enhydra -B) and the

plantar surface (Pagophilus -C) of the foot.

a. saphenous artery

b. saphenous vein

c. dorsal branch of saphenous artery and vein

d. dorsal branch of medial saphenous vein

e. dorsal superficial metatarsal, digital and interdigital veins
f. medial saphenous vein (caudal gluteal vein)

g. plantar branch of medial saphenous vein

h. plantar branch of saphenous vein

i. plantar superficial metatarsal, digital and interdigital veins
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similar to that of Phoca vitulina, as described and figured by Tarasoff

and Fisher (1970).

J.Grooming and digital expansion

Captive sea otters groom the fur vigorously on all parts of the body

i ittt o RS R
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after feeding and prior to quiescent periods. The char&cteristics of this
behavior are described by Kenyon (1969). The animals roll over frequently
and expose their dorsal surface above the water. While in this position, the
skin on the dorsal surface is pleated rapidly several times along the long
axis of the body. When the animal again comes to rest on its back at the
surface, it rides higher in the water and air trapped in the fur is seen

as a.visible silvery layer. If grooming continues in this position, the
animal sinks lower in the water until its ventral surface is nearly awash.
Then, the rolling over and pleating of the skin is repeated. This pattern

is also observed prior to the onset of quiescent periods.

During periods of rest, or when sleeping, the sea otter may expose its
feet above the surface of the water (Figs 9 and 10). When in this position,
the digits are frequently expanded and the foot moved slowly in a direction
along the long axis of the body. Although extensive data were not recorded,
foot expansions during the summer and winter conditions indicate that the
3 frequency of expansions may increase with increased air temperature (Talle VII

(Table VIII).

The behavior patterns of river otters and harp seals relating to
izf possible thermal stress were not studied systematically. Hewever, from
brief observations, they appear to spend little or no time grooming, and
foot expansions were not observed. On a hot day, one captive river otter

was observed to sleep in a sprawling position while on land (Fig 11).




TahYe¥III, Foot expansions of captive sea otters.

Animal water temp.(oF) air temp.(gF) time observed expar‘lsions/
min.
adult male 53 65-66 6l 5.0
adult female 53 65-66 30 7.0
adult male 53 70 14 9.5
adult female 53 70 iy 8.3
subadult female (a) 53 70 14 10.0
subadult female(b) 53 70 o 11.0
adult female 53 78 26 10.8

Foot expansions and limb waving were not observed during times when the air
temperature was less than the water temperature (Mr. A.P. Whitt, personal

communication).
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Figure 9. Four captive sea otters, illustrating foot prsitions when

the animals are quiescent at the surface of the water.

a.
b.
c.

d.

feet overlapping and lying on the abdomen
both feet maximally expanded
feet immersed and used for orientation of the body

feet exposed but not expanded

()
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Figure 10. Sea otter raft in California waters, showing 69 sea otters,

49 of which have their feet above the surface.

(photographed by Wm. L. Morgan, Monterey, California)

Figure 11. Sprawling position of a captive river otter on a hot day.
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DISCUSSION

The habitat ranges and diving habits of the river otter, sea otter
and harp seal are such that these animals are frequently exposed not only
to extreme and rapidly changing temperature gradients, but also to an
environment of a high thermal conductance when they are in water. As the
environmental temperatures are usually below the mammalian body core temp-
erature, it may be expected that heat conserving mechanisms would be en-
hanced. Anatomical adaptations for heat conservation are principally in the
form of body insulation (pelage and/or subcutaneous fat), whereas, behavioral

adaptations are to be found in the adjustment of surface areas and/or

habitat selection during adverse times.

To be an effective insulator, the pelage must function to reduce or
prevent air~to-skin contact while the animal is on land and water-to-skin
contact while in water. As insulation varigs with the numbers and sizes
of dead air spaces formed between the skin surface and the medium, these

characteristics of the pelage that may contribute to its insulative qualities

are density, length, morphology and slope.

Enhydra has the most dense pelage of any mammal thus far described. The
mean hair density in the midback region is about 125,000 hairs/cm?. This
is more than two times that of the northern fur seal, Callorhinus (Scheffer,
1962) and the river otter, Lutra; four times more than the mink, Mustela
(Kaszowski, et al., 1970); ~r:i-more than eight times greater than in the
muskrat, Ondatra (Wussow, 1968); and more than 60 times greater than in hair
seals (Scheffer, 1964). Hair length in Enhydra varies from 30mm for the guard

hairs to 12mm for the underhairs, thereby adding to the depth of the covering
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and to its insulative properties. This barrier, plus the waterproofing

secretions from well-developed sebaceous glands found in all regions, assist

in preventing water-to-skin contact and heat loss by conduction.

The guard hairs of Enhydra are sparse compared to the quantity of
uinderhairs and probably have little direct insulative value. Their main
function may be one of protecting the integrity of the underhairs when the
animal is immersed in the water. These hairs would form an overlapping pattern
similar to that found in Callorhinus (Scheffer, 1962), thereby minimizing

disruption of the more delicate underfur fibers. The guard hairs give some
rigidity and protection to the underpile against mechanical damage while

the animal is on land. Also, their relatively stout shaft and springiness

may assist in elevating the underhairs to renew entrapped air when the

animal emerges from the water. Further insulation and buoyancy may be
afforded by the presence of a medulla.

In Enhydra, the wavy underhairs are shorter and of a more uniform dia-
meter than the guard hairs. Their waviness contributes to reducing the size
of the air spaces in the longitudinal plane. Thus, when the animal is immersed,
the underhairs overlap and interlock to a certain extent, instead of a flat
overlapping of each other. The spike-like and leaf-like scale patterns on
the hair shafts may contribute to the interlocking.of the hairs and add to
the maintenance of entrapped air. The waviness of the underhairs produces

dead air spaces that have a small diameter, further decreasing heat loss by
convectlion currents.

All of the hairs slope caudally, and this, plus the absence of erector

pili muscles, are believed to enhance the ability of the hairs to lie flat
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during submersion (Ling, 1970) contributing to streamlining and reducing

disruption of the overlapping:pattern.-

The importance of the pelage for insulation is supported by the efforts
of the sea otter to keep its fur well—groomed and aerated. Grooming behavior
has been reported by Kirkpatrick, et al. (1955), Vincenzi (1961), Kenyon
(1969), and others. Kenyon (1969) compared grooming times between a wild
and a captive sea otter; these values were 11 and 48%, respectively. Despite
the fact the values are very different and are probably related to food
seeking and feeding requirements, they do emphasize the necessity of coat
care. During grooming, the entire body, limbs, tail and head receive attention,
and the loosemess of the skin seems particularly well-adapted for this cr
purpose. Snmarled or soiled hair quickly loses its waterproofness and insulative
properties. The mechanical action of grooming would also spread the water-
proofing sebaceous gland secretions over the hairs. Vincenzi (1961) also
emphasizes the care of the pelage and its probable impoftance in thermal
regulation. Air bubbles are seen escaping from the fur during diving (captive-
animals) and, if the insulative qualities are to be preserved, a renewal of
this air in the fur is essential. The predominantly aquatic or maritime
habits of the sea otter make the reaeration of the coat a difficult problem,
| as the animal is unable to dry out completely if it is at sea for long periods
of time or closely associated with damp areas while ashore. The function of
grooming, at least in part, seems to be aeration of the fur. Evidence of
aeration is seen by the animals blowing into the fur, beating:the water to
a froth (Kenyon, 1969), and by pleating the skin on the dorsal and lateral
sides of the body while these areas are exposed above the water. The cutaneous
trunci muscle of the sea otter is well-developed and the observed rapid

contractions of the skKin along the dorsal and lateral sides of the body in
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a cranio-~caudal direction are indicative of this function. Similar
observations have been documented by Fisher (1939) and Kirkpatrick, et al..

(1955). Grooming time may be related to the ratio of guard hairs to under-

hairs. If more guard hairs were present they could elevate the underhairs

more readily for aeration and keep the latter free of snarls. Grooming

time is also related to the eating habits of the animal, that is, using
its chest as a table for preparing its food. This area must be thoroughly g

cleaned after every feeding if the pelage is to retain its insulative properties.;

The tail and feet of Enhydra are regions with a high surface area-to-
volume ratio and therefore are areas of a potentially high heat loss. There
appears to be a reduction in the surface area of these parts in the more
aquatic ﬁammals such as Enhydra (Mertens, 1935). The tail of Enhydra has a
reduced surface area compared with Lutra, and an increased hair length and
density compared with hair on the other body regions. This iﬁcreased hair
density and length was noted by Stellar (1751) and Snow (1910). Similar
characteristics are present in Lutra, and are reported in the mink (Kaswalski,
et al., 1970). Subcutaneous fat deposits are found on the lateral sides of

the tail and are important not only for insulation, but also for broadening

+he tail for locomotion (see Locomotion and External Features section). Skin
thickness of the tail is &lightly increased over that of the body proper

and may serve to further reduce heat loss.

The feet of Enhydra have a reduced surface area, representing about

5.8% of the total body surface area, compared with 10.2% in Lutra and 18.0% |
in Pagophilus. The interdigital webs have a short, sparse pelage and a
thinner skin than the rest of the body. However, the hair density is greater

than that found in the other species, and may reduce or prevent water from
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contacting the skin surface. The relative stoutness of the hairs may in

part reduce this function as there would be less integrity of the air spaces.
This function may also be reduced by the action of the feet during loco-
motion on land and in water. Because the feet are the primary source of
aquatic locomotion, their movements would tend to increase heat loss by
conduction. As there is a reduced insulation in these areas in the forms of
pelage and subcutaneous fat, prevention or reduction of heat loss must be
related to the decreased surface area and the arterial-venous circulation,
tissue tolerance and behavioral patterns. The angiology described, shows

a circulation somewhat similar to that of terrestrial mammals. There may

be some adaptation for heat retention in the arterial-venous associations

in the upper leg regions, especially related to the saphenous artery and
veins. In this region, the arteries are closely associated with two large,
thin-walled collateral veins. Based on the counter-current heat exchange
principle, it is possible that there is some heat transfer between these
vessels when the animal dives. During diving, bradycardia and peripheral
vasoconstriction may result in a reduced blood flow and heat loss from the
feet. The behavior pattern of taking the feet out of the water during
quiescent periods undoubtedly serves a function of reducing heat loss b& con-
duction, and may increase the body heat by direct solar radiation. Digital
expansions and fanning movements, a black skin with dark brown and overlapping
hairs, and a well-developed venous plexus appear to be important adaptations

for increasing body heat by direct radiation.

In Enhydra, the feet may be of some value for heat dissipation
because of their size, reduced insulation and superficial venous cirs-
culation. Unlike the fur seal, which has naked feet with a large sur-

t

face area and often fans them during warm periods on land (Bartholomew and

Wilke, 1956), the sea otter has not been observed to fan its feet
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while on land, and its primary mechanisms seem to be avoidance of heat,

conduction on damp surfaces and respiratory heat loss. Kenyon (1969) states
that the sea otter on land remains within a meter or two of the water,
and, although their behavior has not been documented during warm days on

land, it may be expected that they would seek shade and cool, damp places.

In the wild, sea otters spend much of their time feeding or in per-
suit of food, and in captivity their food consumption may equal from 1/4
1 to 1/8 of their body weight per day (Kenyon, 1969). Under both conditions,
there is little deposition of fat. These facts suggest that such large
quantities of food are required because of the low caloric content of the
food and/or a high metabolic rate compensating for the inefficiency
of the pelage to maintain the normal body temperature. Food caloric
composition and metabolic rate have not been investigated and their re-

lationships to thermal regulation must remain unanswered.

The harp seal, Pagophilus, regulates its body temperature along some-

i what different lines than Enhydra. The short, sparse, non-medullated pelage

; with its irregular scale pattern probably has little insulative value when
the animal is immersed in water, as the water can come in direct contact

with the skin and much of the body heat could be lost by conduction (Irving
and Krog, 1955). However, the pelage may serve some thermal regulatory functio
while the animal is on land. In this case, the pelage may act as a baffel

by interrupting air currents near the skin thereby reducing heat loss by
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convection. The 'greenhouse! effect involving the broad guard hairs, curly
underhairs and dark skin may also be functioning to increase body heat by
direct solar radiation. These two functions have been described for the
Weddeli seal (Ray and Smith, 1968) and, as the pelage characteristics are
similar for these two hair seals, they may serve similar roles. Irving

and Hart (1957), Davydov and Makarova (1965) and @ritsland (1968) found
that the skin temperatures of harp seals fluctuate at varying atmospheric
temperatures and. at times approximate that of the air temperature. This
further emphasizes the relative inefficiency of the pelage as a major source
of insulation. Grooming has not been observed in these animals and the

sparsity afid shortness of the hairs probably require little care.

The skin is slightly thinner than in Enhydra, but may contribute to
heat retention, especially ﬁhen relatively inert as when peripheral vaso-
constriction occurs during diving. The skin is net as thick as in the walrus,
Odobernus, where it evidently serves an important role in reducing heat loss

(Fay and Ray, 1968).

The subcutaneous fat or blubber of Pagophilus accounts for about 40%
of the total body weight. This value is slightly more than that of the
Weddell seal (Bruce, 1913) and the harbour seal (Slijper, 1956; Dorofeev
and Freiman, 1935, cited by Slijper) and the southern elephant seal (Angot,
1953). The harp seal is feeding #n mid-spring and reaches its near-maximum
point of fat deposition (D.E. Sergeant, personal communication). This fat
appears to play an important role in thermal regulation. Work on the southern
elephant seal, Mirounga, indicates that this fat layer is an efficient and
flexible means of regulating heat loss (Bryden, 1964). In Pagophilus, the
fat appears to be well-vascularized and, when inert, as when vasoconstriction

occurs during diving, it undoubtedly forms an important barrier for preventing

X
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heat loss. The metabolism of this fat reserve also serves as a source of

body heat.

¢

The tail and limbs of Pagophilus have less subcutaneous fat than on

t the body proper, and together with a high surface area-to-volume ratio,
could be sources of much heat loss. The tail is greatly reduced in size
and this may compensate for its relative lack of insulation. The fore
flippers also have a small surface area and this area is further reduced
when the animal is swimming by the characteristic placing of them in hollows
of the skin. The hind flippers have a well-¥ascularized plantar surface, a
large surface area, a reduced pelage and a thin skin. Circulatory arrange-
ments are present in the plantar tarso-metatarsal region of the feet that
may function on a counter-current heat exchanging principle to reduce heat
loss. Similar arterial-venous arrangements have been described in Phoca
and Callorhinus and may also be functional in Pagophilus. A further com-
pensation against excessive heat loss may be in the relatively poorly vas-

cularized dorsal surface of the foot.

Behavioral mechanisms such as fanning, panting or avoidance of adverse

o ety

conditions, such as is seen in Callorhinus (Bartholomew and Wilke, 1956;
Irving, et al., 1962) and Odobenus (Fay and Ray, 1968), Phoca (Tarasoff and
Fisher, 1970), and other seals (see review by Fay and Ray, 1968) have not

been documented for Pagophilus.

Comparisons of those anatomical features that may serve an insulatory
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function in the sea otter and harp seal, indicate that the river otter
occupies a somewhat intermediate positdon. This is seen in the pelage and

subcutaneous fat, both of which are moderately developed. The river otter's

pelage is shorter and less dense than that of the sea otter, but its

quality and quantity compared with the harp seal and terrestrial mammals

. leads one to conclude that it serves as the primary source of insulation.

The pelage density in the midback region is comparable to that of the
northern fur seal. This density, plus the secretions from the well-developed
sebaceous glands, would help waterproof and prevent water-te-skin contact,
thereby reducing heat loss by conduction. The pelage has long, wavy
caudally sloping underhairs that form dead air spaces in a vertical and
horizontal direction similar to Enhydra. Errector pili muscles are present
and serve to adjust the pelage during varying climatic conditions and 2
assist aeration of the fur. Guard hairs are more numerous than in Enhydra
and are useful for erection of the pelage for renewal of the air in the
pelage when the otter surfaces or comes on land. Extensive grooming has
not been observed. Excess water is shaken from the coat, and this fluffing
of the fur when the animal is on land may also help renew entrapped air.
The cutaneous trunci muscle may also servetthigsfunction. A well-developed
medulla is present in all guard hairs and this may serve to increase
buayancy as well as aid in thermal regulation. There is a reduction in i
medulla size and length from Lutra to Enhydra to Pagophilus, and this may
be related to the positivg buoyancy of the marine habitat frequented by

Enhydra and Pagophilus.
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Subcutaneous fat deposits are less extensive than in the harp seal,

and they may serve for insulation, buoyancy and food reserves.

29

The hair density on the tail is slightly greater than on the body proper

and the the tail subcutaneous fat content is greater than in any other regilon.

Other less extensive fat deposits are found in the axillae and around the

external genitalia, with the least fat on ‘the body proper. The fat differences

found on the tail may be an important adaptation to reduce heat loss from
the tail with its proportionately larger surface area than in the other two
species examined. These fat deposits also serve a function for increasing

the tail bulk and surface area for locomotion.

Foot size is intermediate between Enhydra and Pagophilus, representing
about 12% of the total surface area. The foot has a reduced pelage length
and density, a thin skin, and a sparse subcutaneous fat content. If heat
petention from this area does occur it must depend on circulatory adjust-
ments during diving. Counter current heat exchange mechanisms comparable
to those of Pagophilus are not found, but the arterial-venous associations
in the upper limb are similar to those observed in Enhydra. The circulation
on the dorsal surface of the foot is not as extensive as in Enhydra, and
this may be important in terms of reducing the blood volume to the foot
and keeping it away from the exterior where heat could most easily be lost
to the environment. As there is little evidence that the feet of Lutra
are particularly well-adapted for heat retention, they may be important
regions for heat escape. A comparable situation is seen in Callorhinus
in which the body has a dense pelage and the feet are naked. In this case,
the feet undoubtedly serve as the primary areas of rapid thermal adjustment

(Irving, et al., 1962). Lutra has a pelage density similar to Callorhinus
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and inhabits a wide geographical range (Harris, 1968) with daily and
seasonal temperature fluctuations (aquatic, terrestrial and atmospheric).
Under such conditions, the river otter would require sites, such as the

feet, for rapid adjustments of body heat.
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Summary

Anatomical features contributing to a stability of the body temp-
erature have been examined in the river otter (Iutra canadensis), the sea
otter (Enhydra lutris) and the harp seal (Pagophilus groenlandicus). As
these species are usually associated with cold environmental temperatures,
it may be assumed that features to combat excessive loss of body heat would
be enhanced. The parameters chosen for this study include differences in
regional surface areas, pelage qualities, subcutaneous fat quantity, and

circulatory and behavioral patterns.

The feet are comparatively poorly insulated and have a high surface
area-to-vélume ratio , and thus are areas of a potentially high heat loss.
For these three species there is a trend for the combined feet surface
areas to decrease from Pagophilus to Lutra tolEihyjdra. The tail surface

area decreases from Lutra to Enhydra to Pagophilus.

Body insulation in the form of pelage plays a m;re iﬁpoftént role
in Lutra and Enhydra than in Pagophilus. In the former two species, the
pelage prevents water-to-skin contact, whereas in Pagophilus the skin is
wettable. Pelage density and length contribute to the number of dead air
spaces and the depth of insulation. These parameters decrease from Enhydra
to Lutra to Pagophilus, and regionmally from the tail to midback to tarsus
to foot. Alsoréontributing to the insulative role of the pelage 2§ the
presence of a well-developed medulla found in the guard hairs of Lutra and
Enhydra, but absent in Pagophilus. The pelage of each species is composed
of caudally sloping, straight-shafted, dorso-ventrally flattened guard

hairs and wavy underhairs. Pelage morphology is similar in Lutra and

Enhydra with all guard hairs having a lanceolate outline and spike or leaf-
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like cuticular scales on the hair shaft. The cuticular scales contribute
to the integrity and protection of the more delicate underhairs, and

the maintenance of entrapped air.

Renewal of air within the pelage of Lutra may occur by pilo-erection
of the hairs, by a pleating of the skin by means of the m. cutaneous trunci,
or by shaking the body upon emergence from the water. Enhyjdra may blow
air into its fur or pleat the skin to renew the entrapped air. Comparable

adaptations are not found in Pagophilus.

Subcutaneous fat is most abundant in Pagophilus (37.9% of the total
body weight) and provides the principal means of insulation. It is less
abundant in Lutra (12.6%) and of secondary importance to the pelage in

thermal regulation. Enhydra has little or no subcutaneous fat.

Interdigital webs are present in the hind feet of all three species.
This skin is thinner than that of the body and, in the cases of E%hydra>
and Pagophilus, may be highly vascularized. Heat loss may be reduced from
these areas by a counter-current heat exchange principle in Pagophilus,
or by retaining a relatively dense pelage in.this region, as in Enhydra.
The feet of Enhydra may also serve as an avenue for thermal absorption by
direct solar radiation. Characteristics that contribute to this latter
function are the dark hairs,and skin, the presence of a highly developed
superficial venous circulation on the dorsal surface of the foot, and the

behavioral pattern of expanding the foot and fanning during warm periods.
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Introduction

The movements and dynamics of aquatic locomotion in pinnipeds have
been studied by many authors, including Duvernoy (1822), Murie (1870),
Howell (1929 and 1930), Slijper (1961), Ray (1963), Mordvinov (1968) and
Lighthill (1969). Most of these studies were based strictly on morphology
and more detailed analyses of the relationships of locomotory patterns to
body form and'structure are needed to further the understanding of terrest-
rial and aquatic adaptation. This could be achieved in part by comparing
and contrasting the amphibious and the more aquatic mammals. For purposes
of this study, the latter are considered more specialized in aquatic
locomotion., It is the purpose of this paper to describe the terrestrial
and aquatic locomotory patterns of the river otter, Lutra canadensis
Schreber, 1776, the sea otter, Enhydra luiris Linnaeus, 1758, and the harp
seal, Pagophilus groenlandicus (Erxleben, 1777) and to evaluate and discuss

topographical differences associated with changes in these patterns.

This study is one example of changes that may have occurred during
the evolution and adaptation of mammals from an amphibious, lacustrine
habitat to a more aquatic, marine habitat. It also serves to demonstrate
how locomotory patterns are rélated to the habits and habitats of individual

species.
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Materials and Methods
a. Locomotion

Studies of locomotory patterns were made on: a. four Canadian river
otters (Lutra canadensis), one at the Granby Zoo, Granby, Quebec, and three
at Stanlev Park, Vancouver, B.C. b. 10 Northern sea otters (Enhydra lutris),
four at the Tacoma Zoo, Tacoma, Washington, five at the Woodland Park Zoo,’
Seattle, Washington, and one at the Vancouver Public Aquarium, Vancouver,
B.C. and c. four harp seals (Pagophilus groenlandicus),two at the Montreal
Public Aquarium, Montreal, Quebec and two at theruebec Aquarium. Moving
films (8mm) were made of each representative animal, to show terrestrial
and aquatic movements. The films concentrated on the sequence of limb move-
ments during walking, running and bounding on land, and on the use of the
body, limbs and tail during forward propulsion and turning patterns in the

water.

Carangiform movements are defined as those movements in which only a
pather small éaudal fraction of the body length is capable of a high degree

of flexure (Breder, 1926 3. Lighthill, 1969).

Inactive periods for all three species are defined as those times when
animals are at the surface of the water and not moving forward appreciably.

At these times the animals may be resting, sleeping, grooming or feeding.

b. External features

The external features of the body, pelvic limbs and tail were examined

~on the carcasses of four Canadian river otters from Maine, U.S.A. and Quebec,

I
]
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33 sea otters from Alaska, U.S.A. and 10n harp seals from the Gulf of the

St. Lawrence River and four live seals at the Montreal and Quebec aquaria.

For each specimen, the total body length, and detailed measurements
of the pelvic limbs and tail were recorded. Foot length was measured as
that distance from the tuber caleanei to the distal end of digit III. Total
body length was the distance between the nose pad (nasus externus) to the

distal end of the tail. Tail length was measured between the root of the

tail (radix caudae) and its distal extremity. The proportions of foot length

versus total body length, tail length versus total body length, and the
patio of foot surface area to tail surface area were calculated and the

mean determined for each species.

Foot surface area was calculated as that region from the tuber calecanei
to the distal end of the digits. For Lutra, this was determined by treating
the maximally expanded foot as two triangles withltheir bases together at
the level of the distal ends of digits I and ¥ and the apices on the tuber
caleanei.and digit III. For Enhydra and Pagophilus , this avea was calculated
as a triangle with its base along the maximally expanded distal border of
the foot web with the apex at the tuber calecamei. The area of the tail was
determined as that area distal to the root of the tail. The tail of Luitra
was treated as two triangles and not as a cone because of. its slight dorso-
ventral flatness. The difference between this value and the actual surface
avea was 8%, and this correction is made in the results. The tails of Enhydra
and Pagophilus were treated as rectangles because of the slight degree of
tapering until near their distal end. These tails were flatter than in Lutra
and the calculated error was 4%. These two percentages were determined by

skinning the tail on three specimens of each species and comparing this surface
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area with the measurements of the intact tail.

Skin and hair samples were taken from the midback, tarsus and interdigital
web of the foot of three (adult) river otters, nine (juvenile and adult) sea
otters, and eight (juvenile and adult) harp seals. The skin samples were
prepared for histological examination, sectioned parallel to the skimnsur-
face, and stained with Harris' hematoxylin and eosin. Hair follicles from
each body region were counted in 75 to 100 hair bundles and the number of
hairs calculated per square centimeter. Hair samples were cut off at the
skin surface and hair length measured to the nearest miliimeter. The hairs
of Lutra and Enhydra were classified into primary and secondary éuard hairs
and underhairs (Kenyon, 1969), and in Pagophilus into primary and secondary
hairs (Scheffer, 1964). An average of 15 hairs of each type were measured

from each area in each species.

Anatomical terms used in this study are those listed in the Nomina

Anatomica Veterinaria (Vienna, 1968).
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Results

a. Terrestrial locomotion

Lutra

The patterns of terrestrial locomotion used by Lutra are walking, running

and bounding.
Walking and running

Fof walking, the general pattern is one of forward movement of
alfernate limbs, one at a time. The limb sequence for one complete cycle
is illustrated in Figure 1. At first (Fig 14), the palmar region of the
right hand and plantar region of the left foot are positioned firmly on
the ground. The left hand is liftéd off the ground and moved forward
past the right hand, parallel with the long axis of the body, with the
palmar surface perpendigular to the ground and facing caudad. At the same
time as the left hand moves forward, the tarso-metatarsal region of the
right foot is lifted off the ground. As the digits of the left hand touch
the ground (Fig 1B), the caudal digital (torulus digitalis) and palmar
pads (torus metacarpalis) of the right hand 1lift off the ground. At this
moment, the right foot, with its plantar surface facing caudad at a 60
degree angle, is moving forward past the left foot, which is still firmly
planted on the digital and plantar pads (torus metatarsalis). As the right
hand 1lifts off the ground and moves forward (Fig 1C), the left foot begins
1ifting off the ground. At this time, most of the weight of the animal is

on the right foot and left hand, which are on the ground. The right hand

wa |
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Figure 1. Foot sequence of Lutra and Enhydra walking.

1. foot advancing above the ground
2. foot on the ground
3. tarso-metatarsal region being lifted

4. foot being placed on the ground
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moves to a leadingrposition and the left foot begins to move forward

(Fig 1D). As the left foot becomes stationary (Fig 1E), the left hand is
beginning to lift off the ground and the right hand is firmly replaced.
When the left foot is resting on the ground (Fig 1A), the sequence begins
again with the left hand advancing and the right foot beginning to 1lift
off the ground. In general, the paftern is one of alternating the four
limbs: left hand, right foot, right hand and left foot in a continuous
manner. During walking, the limbs are moved in a plane parallel to the
long axis of the body. The body as a whole, is held rigidly with the head
and neck outstretched (Fig 2A).‘The body is inclined slightly forward since
the hind limbs are longer than the fromt ones. The long axis of the body
is more-or-less horizontal and.the distal third of the tail may drag on
the ground. The digital regions of the limbs are the first to make contact

with the ground.

During rapid forward movement (running) the same limb pattern is
followed, but the movements are faster and the tail is held above the

ground with its distal ome-quarter forming a slight arc.
Bounding

The 1limb pattern for bounding i shown in figure 3. In the initial
stage (Fig 3A),all four limbs are planted firmly on the ground, parallel with
the long axis of the body. In this position, the back is arched and the
tail is lifted off the ground. Then, both hands are lifted off the ground
simutaneously (Fig 3B). As they move forward, one hand advances faster
than the other; in this case, the right hand is ahead of the left (Fig 3C).

At the same time as the left hand touches the ground (Fig 3D), the metatarsal

regions of both feet are lifted off the ground so that the caudal regions



Figure 2. Posifion of body, limbs and tail of Lutra (A), Enhydra (B)

and Pagophilus (C) while on land.
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Figure 3. Foot sequence of Lutra and Enhydra bounding.

1. foot on the ground
2. foot being placed on the ground

3. tarso-metatarsal region being lifted

I, foot advancing above the ground
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body or straight forward. The feet rest on the ground over the distal tarsal,
metatarsal and digital areas of the foot. When the foot is moved forward,
the first region to make contact with the ground is the tarso-metatarsal
region. This is then followed by the digital region whiéch can often be

heard to strike the ground with an audible slap. Usually the distal third

to half of the tail drags on Tthe ground.

Limb positions during bounding movements in Enhydra are the same as
in Lutra (Fig 3). The back is more highly arched in Enhydra with maximum

height reached in the caudal thoracic and cranial lumbar regions, with

the tail usually not held above the ground.

Pagophilus

Pagophilus has three basic patterns of terrestrial locomotion: (a) a
forward hitching of the trunk without use of the forelimbs; (b) a dragging
forward of the body using the forelimbs; and (¢) a sinuous movemenf of the
body. In the second type of locomotion (b), the forelimbs are held lateral
to the body and moved simultaneously in a cranio-caudal direction with a
certain amount of hitching forward of the trunk at the same time (Fig 2¢).
Further descriptions of the terrestrial locomotion of Pagophilus are found
in the works of Murie (1872 and 1878), O'Gorman (1963) and Mordvinov (1968).
it is important to state at this point that the hind limbs are not in-

volved to a great extent in terrestrial movement and that this region is

dragged forward passively.

b. Aquatic locomotion

Sakgill
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Lutra

Lutra has two methods by which it moves forward in the water: (a)
a thrust-recovery movement of the limbs and (b) a carangiform movement of

the tail in a vertical direction.

The thrust-recovery action (a) is the principal means of aguatic loco-
motion and is a unilateral or bilateral movement of the hind limbs in an
cranio-~caudal direction (Fig 4A). The basic movement can be described as
a cranio-caudal power stroke through an arc of 120 degrees, followed by
a recovery phase in the opposite direction. The limbs, at the beginning
of a stroke, are positioned cranially and are flexed with the digits
compressed. During caudal.movement, the legs are moved parallel to the long
axis of the body and the foot is maximally expanded with its plantar surface
pushing the water caudad. The foot was not observed to rise above the
back or the water surface. At the end'of the stroke, the digits are com-
pressed. During the recovery phase, the hind limbs move craniad and parallel
to fhellong axis of the body with the foot flexed. During hind limb move-
ment, the fore limbs may move in an identical mamner. For turning, the
fore limbs are displaced laterally from the body and are moved unilaterally
away from the direction of the turn. There may also be an increased activity
of the hind limb that is opposite the direction of the turn. No recurring
pattern of limb movement has been observed while the animal is swimming.

The limbs are moved unilaterally, bilaterally, or all four simultaneously.
The paddling may be sustained for varying lengths of time, followed by a
glide in which the limbs are held caudad and close to the body with the

digits compressed.

ig




Figure 4. Sequence of body, limb and tail movements of Lutra (a),

Enhydra (B) and Pagophilus (C) during aquatic locomotion.
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Lutraq moves its feet, tail, and lumbosacral regions in a dorso-ventral
carangiform manner during rapid swimming. The feet are usually fixed
laterally and held parallel to the long axis of the body with the plantar

surfaces facing upwards, but may also move to assist in balancing the body.

The cranial part of the body, with the fore limbs held close to the chest,

remains relatively rigid. The dorso-ventral movements originate from the

lumbar region, with the sacrum moving through a 90 degree arc. The main power

stroke may be during the dorsal and/or the ventral sweep. The dorso-
ventral stroke and recovery is repeated for varying lengths of time and
may be followed either by a gliding period or by paddling movements of the
limbs. In general, rapid swimming is used for shorter periods of time than

the paddling ones described previously.

When the hind limb is not moving, it is held caudad and parallel to
the surface of the water with the plantar surface oriented dorsally. When
the forelimbs are inactive, they are usually . held in a position per-
pendicular to the long axis of the body. At the surface of the water, the

dorsal surface of the head, including the nostrils, ears and eyes, is

exposed,,fhe dorsal dcranial two<thirds of the thorax, and the dorsal distal

half of the tail are seen above the water surface, while the remainder of

the dorsum of the animal is submerged (Fig 5A).
Enhydra

The predominant underwater locomotory movement of Enhydra is a dorso-
ventral displacement of the caudal parts of the body, similar to those
described for Lutra during rapid swimming. For intermediate speeds, only
the hind 1limbs and tail are moved, whereas at high speeds the lumbo-sacral

region as well as the hind limbs and tail are involved. When Enhydra first
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Figure 5. Body, limb and tail position of Lutra (A), Enhydra (B) and

Pagophilue (C) when the animals are inactive at the surface

of the water.
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submerges (head first), the body receives a forward thrust by a vertical
to horizontal displacement of the limbs and the lumbo-sacral region of
the body (Fig uB). Thié thrust at the beginning of the dive increases the
arch in the back and increases the angle of the sea otter's body at the
water surface. The overall result is a downward positioning of the body
and an accelerated motion. The dive begins with the head dipping below
the water surface with the animal's body arched. At this'time the hind
limbs are brought under the body almost perpendicular to the long axis

of the body. In this position, the feet are parallel to or slightly over-
lapping each other. As the feet, with their plantar surfaces facing caudad,
move to a hindward horizontal position, they are maximally expanded and
moved laterally. The amount of lateral displacement from the side of the
tail by the feet varies between 25 and 30 degrees. The movement to the
horizontal position (power stroke) is a;complished mainly by extension of
the tarsal joint and extension of the vertebral column. At the final
horizontal position, the back is curved slightly upwards in the lumbo-sacral
regionAand the feet are parallel with the surface of the watep and dorsal
to the level of the back and tail. To bring the feet under the body again,
the feet are fle#ed and rotated to lie perpendicular to the water surface.
In this position they are moved ventrad and craniad mainly by a flexion of
the tarsal joint and lumbo-sacral flexion. At the end of the reeovery
phase, the hindllimbs are in a vertical position perpendicular to the body
axis. For forward movement underwatey, the above sequence is repeated. The
tail moves in sequence with the limbs but does not appear to contribute

directly to the production of acceleration.

For a very rapid forward motion underwater, there is a 90 degree flexion
followed by extension. This extreme bending occurs two or three times, after

which the animal maintains speed by flexing the caudal regions of the body
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in a 45 degree arc. These flexing movements may be followed by gliding
periods of variable duration. During the glide, the feet may be trailed
passively, moved independently up and down for turning, or extended laterally
at varying degrees from the tail for planing. Although the sea otter is
usually submerged when using these movements, similar motions may occur

when the animal is lying on its fromt at the surface of the water.

When Enhydra is lying inactive on its back at the surface of the water,
over two-~thirds of the énimal may be below the surface (Fig 5B). Various
parts of the animal appear above the surface of the water depending on how
long it has remained inactive. Before periods of inactivity, the animal
rolls over several times in the water and Pleats its skin when its dorsal

parts are above the water.

When the hind limbs of Enhydra are not used for forward movements and
orientation, the tail may become the primary source of propulsion. This
occurs when. the animal is on its back feeding, grooming or resting. The
hind limbs are either held clear of the watep or lie flat on the water
surface, and the tail is moved in a carangiform manner just below the
surface of the water. The distal two-thirds of the tail appear to twist
laterally so that the flattened ventral side is brought perpendicular to
the direction of movement. Occasionally the tail is lifted clear of the
water and moves to one side of the body. The tail has only been observed

to move laterally from one side to the other.

For Enhydra, the feet provide the one means of propulsion when the
animal is moving slowly on its back. Occasionally both feet may bellifted

out of the water together and used as oars. Usually, the feet move alter-

nately to propel the animal in a straight line. The propelling stroke occurs
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cranio~caudally, with a recovery phase in the opposite direction. At the

beginning of the stroke, the foot is maximally expanded and moved by ex-

3
3
E

tension of the stifle and tarsal joints caudally and at right angles to
the long axis of the body. At the end of the stroke, the hind limb is
moved cranially by a flexing of these joints. During this phase, the foot
is also flexed in the metatarsal region. During hind limb movement, the

fore limbs do notAcontribute to locomotion.

For turning or orientation, one foot is either more active or more
forceful than the other. Also the tail, if necessary, may assist the one

limb in turning the body. During all of these movements, the trunk is held

rigid and the ventral part of the body is above the water surface.

Pagophilus

Pagophilus employs a "sculling" action of the feet as the principal
means of aquatic propulsion (Fig 4C). Although both feet, with their
plantar surfaces facing medially, are moved from side to side, only one
flipper is extended at a time. Thus, the feet alternately provide the
power strokes. Consider, for example, one stroke from left to right. The
sequence begins with the right foot moving laterally in a flexed state,
while the left foot is extended and moving medially. The latter is maximally
spread with its plantar surface at about a 25 degree angle to the body axis.
During the initial phases of medial movement, the ventral edge of the plantar
surface is leading. As the extended foot reaches the maximum medial position,
it tilts so that the dorsal edge of the plantar surface now becomes the
leading one. When the extended foot reaches the end of the stroke, it flexes,

and at the same time, the right foot reaches its maximum lateral position,
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is extended and spread maximally, and begins its medial movement. The left
foot, now flexed, moves laterally and the stroke is repeated in the
opposite direction. There is seen an alternation of the leading edges of
the feet which results in body movement either up or down. When the

most dorsal digit (digit V) is leading, the action of the body is one of
downward thrust and the opposite occurs when the ventral digit (digit I)
is leading. The combined effort of both feet acting equally results in a
forward movement. During "sculling" the cranial regions of the body are
held relatively rigid with.the hands held close to the body and directed
slightly ventrad. At moderate speeds, the vertebral column is held relatively
rigid and movement of the feet originates from the tarsal region. During
rapid movement, the lumbar, sacral and coccygeal regions of the body are

also in motion, moving in the direction and in time with the active foot.

The fore limbs are used for slow forward propulsion. The caudal regions
are held relatively rigid with the feet trailing, while the fore limbs are
used as paddles and moved in a cranial to caudal direction. During the power
stroke, the digits are maximally spread and strike the water with their
palmar surfaces as they move caudad. The fore limbs flex while moving
cranio-dorsad and ventrad during the recovery phase. The fore limbs are
used as the primary source of turning movements. They are projected laterally
and serve as hydrofoils. Usually the head points in the direction of the

turn, with the foot extended on the opposite side.

During inactive periods at the surface of the water, Pagophilus may
use its fore and/or hind limbs to maintain its position. The hands are
moved either uni- or bilaterally in a cranio~caudal direction. The feet

are used in the "sculling' manner described above. When at the surface,
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Pagophilus has two main poses: (a) one is that of exposing the head above
the surface while the body is upright in the water. The other (b) is a
prone position with the dorsal parts of the head, including the nose, eyes
and ears,zand the dorsal region of the back exposed (Fig 5C). The former
position is accompanied by movements of the limbs, while during the latter

pose there may or may not be limb activity.
b. External features

Body shapes and dimensions

The river otter (Fig 6A) has a cylindrical neck and body, with the
thorax having a larger diameter than the rest of the body. The tail is
slightly dorso-ventrally flattened near its base. The tail tapers gradually
and comprises more than one-third of the animal's length (Table I). The

sea otter (Fig'GB).has a somewhat bulkier body outline than the river otter.

Theamajopidifferences are a proader thorax relative to its length, a larger .

foot surface area and a shorter, more dorsoventrally flattened tail. The
tail is oval in cross-section at its base, less robust than in the river
otter, and tapers very little until near its extremity, where it narrows
rapidly. The tail is about one-sixth of the total length of the animal
(Table I). The harp seal (Fig 6C) has a smoothly tapering body, with the
thoracic region being rounder and greater in girth than in the sea otter.
The tail is greatly shortened (Table I), slightly dorso-ventrally flattened,

and tapers gradually until near its distal extremity.

Pelvic limb shapes and dimensions
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Table I.

tail length to body length(a) and foot length to body length (»).

A. Percentage of

a. Lutra Enhydra Pagophilus
a. 42,1 22.4 6.3
10.5 i8.4 13.6

B. Ratio of plantar surface area of feet to tail surface area.

Butra Enhydra Pagophilus
0.27 1.87 11.70
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Figure 6. Body outline of Lutra (A), Enhydra (B) and Pagophilus (C),
illustrating streamlined shape, incorporation of the hind
limbs into the body outline, differential limb and tail sizes,

foot shape, and skin and hair sample localization.

(a. lateral view of foot of Pagophilus; ® regions from which

skin and hair samples were taken)
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The parts of the pelvic limb that project free from the skin of
the body proper vary in the three species. In the river otter, the cranial
proximal half of the femur is located within the body skin, leaving exposed
the distal half of the femur and the rest of the limb. Caudally, the limb,
up to the middle of the leg, is included within the body skin. In the sea
otfér, the cranial face of the femur, except the distal epiphysis, is
enveloped in the loose body gkin. On the caudal face, the iimb is not dis-
tinct from the body until the tarsal region. In the harp seal, both cranial
and caudal surfaces of the femur, and the tibia and the fibula, are located
within the body skin. Distally, the limb becomes di&tinct only from the

tarsus.

The feet of all three species have their five digits united by an
interdigital web. In the river otter, the foot, when fully expanded, has
a diamond-shape (digital length sequence: IV=III>V=II>I). The web begins
in the metatarsal region and stops just proximal to the extremities of the
digits. The sea otter has toes of unequal length (digital length sequence:
V>IV>III>II>I)giving the foot a square, paddle-shape. The fourth and fifth
digits are closely bound together, with the web beginning at the distal end
of the proximal phalanx. Between the fourth and third digits the web
begins at the proximal end of the proximal phalanx. The remaining digits
are connected by more extensive webbing beginning in the distal metatarsal
region and extending to the distal extremities of the digits. The foot of
the harp seal when expanded, forms a triangle (digital length sequence:
ISV>IISIV>III). The interdigital web between digits I and II, and IV and V
begins in the distal metatarsal region and is somewhat reduced. The web
connecting the three centrai digits begins in the central metatarsal region

and extends to the distal ends of the digits.
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The ratio of the plantar surface area of the foot to the surface
area of the tail, for each species (Table I), shows an increase in foot

area and a decrease in tail area from Lutra to Enhydra to Pagophilus.
Hair density and length -

The mean density of hair in the midback, tarsus and the interdigital
web regionsof the foot of the three species is given in Table II. The river
otter has primary and secondary guard hairs and underhairs in the midback
and tarsus regions, whereas in the interdigital web of the foot, secondary
hairs are absent. The sea otter has all three classes of hairs in these
regions, and the harp seal has primary guard and secondary hairs. The
densities of hairs in the midback, tarsus and foot regions are similar for
each individual species, but decrease from sea otter to river otter to harp
seal. In all three species, the hair density decreases greatly from the
tarsus to the interdigital web of the foot. Hair lengths decrease from
the midback to tarsus to interdigital web, and from sea otter to river

otter to harp seal (Table III).
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Table II. Mean hair density in the midback, tarsus and interdig

the foot (hairs/cm2).

midback

Lutra 57,833

Enhydra 125,333

Pagophilus 1,798

tarsus

58,667

107,301

1,715

ital web of

foot

1,520

3,327

1450
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Table III. Mean hair length

web of the foot. (mm)

Lutra

Enhydra ~ midback

Pagophilus

Lutra

Enhydra ~ tarsus

Pagophilus

Lytra

Enhydra  foot

Pagophilue

guard (primary)

23.8

28.5

16.0

11.0

13.2

9.4

3.3

9.7

4.0

guard (secondary)

18.6

25.3

7.0

6.8

15.2

5.2

7.6

2.0

from the midback, tarsus and interdigital

underhairs

4.0

11.5

5.5

13.3

2.6

5.5

l“‘ﬁiwg




56
Discussion
a. terrestrial locomotion

Some mammals are restricted to tﬁe aquatic medium and cannot venture
onto land. This #s exemplified by the Cetacea and Sirenia, both of which
have highly specialized tails for aquatic locomotion and have completely
lost the use of their pelvic limbs for terrestrial support. The hair seals
(Phocidae), also specialized for aquatic locomotion, cannot bring their
pelvicllimbs forward for supporfipg the caudal regions of the body. Less
aquatically specialized mammals, such as the river otter and sea otter, have
fetained the ability to support their bodies on land and may frequent
either medium, but with decreased facility on land as compared to an almost

exclusively terrestrial mammal, such as the dog.

In this study, varying degrees of terrestrial locomotor facility could
be related to the structure of the limbs and tail. The river otter, with
its robust and proportionately large tail, which appears to function as a
balancing organ, probably has less speed and agility on land than terrestrial
carnivores. Its webbed feet and somewhat reduced limb length could contribute
to a decreased agility on land. The sea otter, although it has the same
foot patterns as the river otter during walking and bounding, appears to be
even more awkward on land. Its fore limbs are very reduced in length and
surface area. Its hind feet move laterallto the sides of the body giving the
animal a somewhat rolling gait, similar to that of the California sea’lion,
Zalophus californianus (Peterson and Bartholomew, 1967). The reduced tail
size probably also contributes to the relative lack of balance as compared

to the piver otter. At times, the chest strikes the ground or the animal may
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be unable to raise its chest above the ground (Kenyon, 1969), and its
back is usually more arched than in the river otter. The sea otter has not
been observed to run and its terrestrial movements are limited to walking
and bounding. As these observations were made on captive sea otters, it
may very well be that running does occur in wild animals, although this
has not been reported. The story of the exaggerated awkwardness of the
sea otter on land with its toes curled under the feet, has been refuted

many times (zur Strassen, 1914; Pocock, 1928; Murie, 1940; Kenyon, 1969).

In the three species studied, the most highly specialized adaptations
are found in the harp seal. The terrestrial patterns of this seal have been
dealt with by Murie (1870) and Mordvinov (1968). The basic patterns are
either a hitching forward action, unilateral cranio-caudal movement of the
fore limbs with a sinusoidal movement 6f the caudal regions, or a sweeping
by the fore limbs in a cranio-caudal direction. The hind limbs and tail are

not involved in any of these actionms.

Although maximum speed and endurance tests for these species on land

have not been determined, each, using its own method of movement, appears

to be able to move as quickly as a man running (19kph, used by O'Gorman, 1963).

Tn the case of the river otter (Liers, 1951) and the sea otter (Kenyon, 1969),
maximum speed was by bounding, and the case of the harp seal, by alternate
use of the fore limbs (0'Gorman, 1963, citing H.D. Fisher). It is quite
likely that the river otter could move for a longer period of time on land
than the sea otter and harp seal. This is inferred from the relative depth
and density of the insulative covering of hair in the sea otter and the
insulative qualities of fat or blubber in seals (Bryden, 1964). Both of

these parameters are related to heat petention, and thus, the latter two
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mammals may be more liable to heat prostration than the river otter with
its its relatively sparse pélage and fat deposits. Pelage and its relation-
ship to heat prostration resulting from terrestrial locomotion has been
documented for another highly insulated aquatic mammal, the northern

fur seal (Bartholomew and Wilke, 1956).
b! aquatic locomotion

The aquatic locomotory patterns of the river otter have been described
briefly in the licerature. Liers (1951) noted body undulations during
rapid swimming, and Howell (1930) mentions various motions of thelldmbs,
body and tail. Savage (1957) commented on the leg movements of the river
otter, reporting movements similar to those described here. The basic
pattern for rapid locomotion is a vertical movement of the tail. The tail
is robust, long and slightly dorso-ventrally flattened, and appears well
adapted for sinusoidal movements. Routine swimming is by cranio-caudal thrusts
of the hind limbs, with the webbed feet striking the water with the plantar

surface.

The patterns of aquatic locomotion of the sea otter have been described
by zur Strassen (1914), Howell (1930), Fisher (1939), Barabash-Nikiforov
(1947), Kirkpatrick, et al. (1955) and Kenyon (1969). Zur Strassen was
the first to describe correctly the basic pattern of underwater swimming -
that of having the legs extended caudally and moved horizontally. Howell
predicted this type of movement from the animal's myology, and Barabash-
Nikiforov confimméd the predictions of Howell from observations on wild and
captive animals. Kirkpatrick, et'aZ., Kenyon and Fisher described the use

of the feet and tail when the animal is on jts back at the surface of the

water, and reconfirmed previous accounts of its terrestrial and aquatic
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movements.

The aquatic locomotory patterns of the harp seal have hot been
documented, but accounts of other hair seals by Duvernoy (1822), Howell
(1929), Backhouse (1961), Gambarjan and Karapetjan (1961), Ray (1963),
and Mordvinov (1968) cover all of the observed patterns and variatioms.
The basic pattern is one of alternate lateral-medial sweeps of the hind
flippers, or rapid strokes of the Feet in the lateral-medial plane, with

the plantar surfaces of the feet pressed together.

The necessity of sustained activity of the river otter while at the
surféce of the water appears to be closely related to the relative lack
of buoyancy offered by the medium and the quantity of air entrapped
in the underhairs. The reduced pelage of the harp seal may be compensated
for by the thick layer of blubber, giving the animal a positive buoyancy
from July to February, whereas at other times the buoyancy is negative
(Dr. D.E. Sergeant, personal communication). At these latter times, the
animal must actively maintain itself at the surface. Apparently, harbour
seals in British Columbia do not have a positive buoyancy, since they often
sink rapidly when shot. Those that do not sink rapidly are supposedly those
that have inhaled just prior to death. Similar reports for the river otter
are not available because of the usual method of trapping the animals instead
of shooting them. However, based on their activity at the surface and the
relative lack of buoyancy offered by fresh water, it may be anticipated
that they would lsink within a short period of time. The sea otter can
float at all times of the year withllittle movement. This ability to float
is probably due to the dense pelage and its entrapped air, and the buoyant

effect of sea water. One can assume that the sea otter renews its air supply

in the fur periodically by pleating the skin on its back while it is exposed
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above the water surface. Repeated pleating of the skin ,iscobservédrto
occur prior to any extended resting period at the surface,.and probably
ensures an increased buoyancy during inactive periods. Activity, such as
grooming, reduces this air supply and gradually the animal sinks lower in

the water.

Lighthill (1969) recently reviewed the hydrodynamics of aquatic animal
propulsion. A major feature of his review is a discussion of the convergent
evolution of a carangiform mode of propulsion by those animals that require
and display speed in the water. The species discussed here have this basic
undulatory mode of progression. They have the requirements for minimizing
both recoil (marrowing of the body cranial to the feet and an extension
in breadth and depth of the body) and body resistance (streamlined shape).
Although the otters and hair seals show variations in their hind limb and
tail topographiez, their aquatic propulsion can be compared closely with
that of the Cetacea, which, according to Lighthill, have a truly lunate
form of tail. The cetaceans move by means of vertical undulations
(oscillations) of an expanded, lunate-shaped tail. The river otter also has
a motion similar to this, the main difference being an absence of the 'flukes'
region and the narrowing of the regions immediately cranial to the tail.

In the river otter, as in the cetaceans, the limbs are used for balancing
functions when the tail is the main source of propulsion. On the basis of
these similarities, Howell (1930) pointed out that the river otter may
represent a stage through which cetaceans may have passed during their

evolution from terrestrial ancestory.

The shapes and movements of the hind limbs of the river otter and the

sea otter are considered to have a lunate border and the requirements for




61

the carangiform mode of propulsion, Compared with the cetaceans, the
main sources of inefficiency are in the resistance and turbulence created
on the recovery stroke, and the leakage of water between the hind limbs

and the tail.

Lighthill (1969) briefly mentions hair seals and concludes that their
mode of progression (alternate horizontal sweeps of the hind limbs) is a
"crude approximation to carangiform propulsion'. This may be the case
during this method of propulsion, but seals may also move their feet as
a unit with the plantar surfaces pressed together (Howell, 1930 and Back-
house, 1961). The feet in this position have a lunate outline similar to
the caudal fin of many fishes, and, a combination of the flexibility of
the feet, the undulations of the lumbo-sacral region, and a relatively
large body followed by a narrowing of the tarsal regions, suggest that
the seals have the requirements for efficient carangiform propulsion.
Furthermore, the work of Mordvinov (1968) has shown that on the recovery
sweep (lateral movement) a certain amount of forward thrust may be derived
from the dorsal surface of the flipper, thereby ascribing some use to
this phase other than just causing turbulence. This latter point may also
be possible in the sea otter, but is unlikely in the river otter. This
comparison suégests a graded efficiency of aquatic propulsion between these
three species with Pagophilus > Enhydra> Lutra, and .as the propulsive organ

approximates a lunate border.

The modes of progression appear to be closely related to thé mammal's
habits. The river otter has little need of sustained high speed, except
when it is persuing fish or escaping from enemies. The sea otter usually
dives in relatively shallow water for sessile prey, and the harp seal,

although a deep diver and a migratory mammal, has little need for adaptations
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that ensure sustained speed. All three species are capable of relatively

high speeds for short periods of time in the water, and the need of a 'perfect'

lunate border for sustained high speed and activity would appear unnecessary.

Locomotor facility in an aquatic medium requires a large surface area
that may be used to displace a maximum volume of water while at the same
time retaining its manouverability. In the case of the most highly special-
ized aquatic mammals, either the limbs (fore and/or hind) or the tail have
developed into the principal means of aquatic propulsion. The otariids
use mainly their fore limbs, and the phocid seals their hind limbs (Howell,
1929; Backhouse, 1961; Ray, 1963; Mordvinov, 1968). The Cetacea (Slijper,
1961) and Sirenia (Pettigrew, 1867) primarily use their expanded tail
flukes. Whereas, the more amphibious mammals often use two body regions
for locomotion. In general, each region used alone appears less efficient
than the corresponding body region of the more specialized aquatic mammals.
Comparing locomotory organs of the individual species, it is seen that in
the river otter, the four limbs, moved in a thrust-recovery fashion, are
the principal means of sustained aguatic progression. The tail, which is
stedtfandslarger in surface area than the limbs, is used for short bursts
of rapid locomotion. This observation is contradictory to Howell (1930)
who states that the hind limbs are mainly balancing organs and the tail is
the principal driving force. Hair seals, usually considered highly special-
ized aquatic mammals, have evolved feet that are of a relatively larger
surface area than those of the river otter. The feet are used as the major
propelling force and the tail is reduced to a vestige and considered non-
Functional. The sea otter is intermediate between the lacustrine mammal
(Zutra) and the marine mammals (cetaceans, sirenians and pinnipeds). The

sea otter is similar to the river otter in that it may use its hind limbs

and tail for aquatic propulsion, and similar to the harp seal in that its
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hind limbs are the primary means of propulsion.

Numerous authors have stated the characteristics of the fore and
hind limbs of the river otter (Baird, 1857; Pocock, 1921; Burton, 1962;
Harris, 1968; Kenyon, 1969), the sea otter (Home and Menzies, 1796;
Snow, 1910; Pocock, 1928; Fisher, 1939; Murie, 1940; Barabash-Nikiforov,
1947; Kenyon, 1969) and hair seals (Duvernoy, 1822; Scammon, 1874; Allen,
1880; Howell, 1929 and 1930; Scheffer, 19583 King, 1964). These authors
have described the limbs principally for diagnostic and systematic purposes.

Here the animal's morphology is comsidered in relation to locomotion.

The overall morphological trends are an increased hind limb surface
apea and a decreased tail surface area as the animal becomes more aquatically

adapted. In the species studied-; an increased digital length and the presence

of an interdigital web are the two ‘topographical means for increasing

foot surface area. The ratio of limb surface area/tail surface area increases
from Lutra to Enhydra to Pagophilus, whereas the total tail surface area
decpeases from Lutra to Enhydra to Pagophilus. These trends reflect the
change in emphasis from a tail and foot motion fo a foot action only, which
appears indicative of the more accomplished divers and swimmers. Hair

density and length in the midback and tarsal regions of these species are

greater than on the feet. This adaptation may be one to redude the drag
effect of water on the pelage. The feet are, for the most part, areas

that must remain smooth and light for rapid movement both on land and in
the water. Longer hairs would tend to interrupt the flow patterns of the

water and cause turbulence that could result in inefficiency.

Taylor (1914) and Kenyon (1969) emphasize that the fifth toe of the
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sea otter is more closely bound to the fourth than are the other digits

to each other, and state that this may be useful for increasing foot
strength in swimming. This seems plausible and is somewhat analagous to

the foot of hair seals. The harp seal has the first and fifth digits more
closely united to the second and fourth than are these to number three.

Also in the harp seal, the first and fifth digits are considerably thicker
than the three central ones and may offer more lateral supﬁort. This is

also seen in the northern fur seal (Scheffer, 1962, plate 110). This support
in hair seals may be necessary when considering the shape of the foot as

it is actively moved against the water. During the active phase of movement,
therplantar surface of the foot is cup-shaped and is thus directing the
water caudad from the central region, and the strengthened lateral edges
would help prevent leakage over the lateral and medial edges of the. foot,
thereby increasing the effective surface area. The manner in which the lead-
ing edge of the foot changes direction may also be related to this increased
thickening. The leading edge is that surface which is most active, passing
through the largest arc in advance of the other digits. In the harp seal,
the dorsal and ventral edges alternate with each stroke and one finds that
these edges aﬁe equally well developed. In the sea otter, the fifth digit

is thelleading edge of the foot during aquatic locomotion, and it is longer
and stronger than the other digits. The river otter does not exhibit this
apparent adaptation, but does form a cup-shaped foot. Here again, the
topographical differences of these three species suggest relationships
indicative of the locomotory patterns and efficiency, and aquatic versus

terrestrial adaptation.
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Summary

l.

Terrestrial locomotion

Iutra and Enhydra have the typical carnivore 1imbsgequenges duping. walk-
ing, with alternate movements of opposite fore foot and hind foot. On
land, Lutra walks, runs and bounds; Enhydra has been observed only to
walk and bound. Pagophilus, during terpestrial locomotion,does not differ
from that described previously for hair seals. Terrestrial locomotion

is more awkward from Lutra to Enhydra to Pagophilus.

Aquatictlocémotionion

ILutra moves by two methods: 1. vertical undulations ¢f the taii and caudal
regions of the body.

5. cranio-caudal thrust and recovery movements

of the limbs.

Enhydra moves by three methods:

1. cranio-caudal sweeps of the pelvic limbs,

often involving bending of the lumbar, sacral

and caudal regions.
2. horizontal thrust and recovery movements
of the pelvic limbs while on its back at
the surface of the water.
3. horizontal sweeps of the dorso-ventrally

flattened tail while at the surface of the

water.

s |
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Pagophilus moves by two methods: 1. alternate horizontal sweeps of its
pelvic limbs (feet).
2. thrust and recovery movements of

its fore limbs (short distances).

Lutra actively maintains itself at the surface of the water. As does
Pagophilus during the spring and early sﬁmmer months. Erhydra can

remain at the surface for long periods of time with no movement. These
differences can be attributed to differences in pelage dénsity, quantities

of subcutaneous fat and the differential buoyancy of the aquatic medium.

There is an increased tendency from Lutra to Enhydratto Pagophilus to

have the area of aquatic locomotion assigned to one body region.

Convergent evolution towards a highly efficient carangiform mode of
swimming with a graded increased approximation of a "perfect" lunate
berder of the propulsive organ is seen from Lutra to Enhydra to Pagophilus.
The feet of Lutra and Enhydra have not become as highly speciaized as in
Pagophilus, and they retain distinct camnivore-type limbs for terrestrial

locomotion.

There is an increased foot surface area and increased importance of

this area as a means of aquatic propulsion from Lutra to Enhydra to
Pagophilus.

The tail surface area decreases in the above order, and with it, a decreased
importance of this region for aquatic propulsion. The Foot nas 2 veduce’

The foot has a reduced density and length of hairs compared with the

to Enhydra to Pagophilus.

1
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