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3. Aquatic Locomotion 

The energetic cost of locomotion by mam- 
mals is expensive and therefore represents a major deficit to the avail- 
able energy resources. For locomotion in water, the energetic demands 
and swimming performance of mammals are affected by the water-flow 
patterns around the swimmer dictated by the high density and viscosity 
of the aquatic medium (Daniel and Webb, 1987; Schmidt-Nielsen, 
1972; Williams, 1987). The generation of propulsive forces (thrust) 
opposes resistive forces (drag) that increase the locomotor effort. In 
addition, energy expenditure for locomotion is hampered by periods of 
apnea during underwater swimming (Hochachka, 1980; Kooyman, 
1985) and by a high thermal conductivity of the aquatic medium that 
potentially necessitates increased thermoregulatory demands (Fish, 
1983; Hart and Fisher, 1964; Irving 1971; Nadei, 1977; Whittow, 
1987). The large energetic demands of swimming mammals promoted 
the evolution of physiological, morphologrcal, and behavioral adapta- 
tions that reduce energy consumption while allowing for effective loco- 
motion. If aquatic mammals are adapted to swim in such a manner so 
as to minimize energy expenditure, there should be distinct metabolic 
and hydrodynamic advantages to swimming modes and morphologies 
employed by the most aquatically derived species. At varying times, 
mammals, such as cetaceans, sirenians, and pinnipeds, that spend all or 
most of their time inhabiting and locomoting in water, must generate 
adequate thrust for migration, high-speed swimming, and rnaneu- 
verability. The evolution of such aquatic mammals represents the cul- 

Department of Biology, West Chester University, West Chester. Pennsylvania 19383. 



Aquatic Locomotion 35 

mination of a sequence of transitional stages from terrestrial quadru- 
peds to fully aquatic piscine-like morphologies and propulsive modes of 
high energetic efficiency (Barnes et al., 1985; Fish et al., 1988; Gaskin, 
1982; Gingerich et al., 1983; Tedford, 1976). However, semiaquatic 
mammals must contend with swimming modes having metabolic and 
mechanical inefficiencies attributable to morphologies constrained by a 
compromise between movement on both land and water (Fish, 1984). 

In this chapter, I discuss the energetics of swimming by mammals 
with particular regard to swimming modes and swimming strategies. 
Metabolic studies that estimate power input provide an indication of 
the energy potentially available for aquatic propulsion (Davis et al., 
1985; DiPrampero et al., 1974; Fish, 1982, 1983; Williams, 1983a). 
However, because external work is performed in moving the body 
through a fluid, a full examination of the dynamics of swimming re- 
quires an estimate of the power output as the realized rate of energy 
use contributing to the performance of work (Fish, 1982). External 
work is manifest as a transfer of momentum between the animal and 
its environment (Daniel and Webb, 1987) resulting in a thrust force 
causing movement by the animal through the water. Therefore, studies 
concerning the energetics of swimming mammals should include exam- 
inations of hydrodynamics and biomechanics of the various locomotor 
modes to estimate power output as the rate of energy expended to 
produce thrust in addition to metabolic determinations of power input. 
Use of physiological, morphological, and hydrodynamic studies allows 
for an integrated approach to elucidate the dynamics of swimming by 
mammals. 

Aquatic Mammal Diversity and Swimming 
Modes , 

The majority of mammalian orders have representatives that can be 
classified as semiaquatic or fully aquatic (Nowell, 1930). With the pos- 
sible exceptions of the giraffe and apes, all mammals have the ability to 
swim regardless of any specific adaptations for an aquatic existence 
(Dagg and Windsor, 1972). Perusal of the literature shows that cur- 
sorial (Bryant, 1919; Fregin and Nicholl, 1977), fossorial (Best and 
Hart, 1976; Hickman, 1983, 1984; Talmage and Buchanan, 1954), ar- 
boreal (Cole, 1922), and even aerial (Craft et al., 1958) mammals can 
swim. 
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TABLE 3.1 
' Mammalian swimming modes 

Swimming Principal 
mode appendage Example Reference 

Drag-based oscillatory Quadrupedal Mink Williams, 1983a 
Mole Hickman, 1984 
Opossum Fish, 1987 

Pectoral Polar bear Flyger & Townsend, 

Pelvic Muskrat Fish, 1984 
1968 

Water opossum 
River otter 

Fish, 1987; Stein, 1981 
Tarasoff et ai., 1972 

Feldkamp, 198% 

Tarasoff et ai., 1972 

Lift-based oscillatory Pectoral Sea lion English, 1976; 

Lift-based undulatory Pelvic Phocid seal Fish et ai., 1988; 

Sea otter 
Walrus Gordon, 1981 

Tarasoff et al., 1972 

Caudal Dolphin Lang, 1966; Parry, 
1949 

Manatee Hamnan, 1979 

Terrestrial and semiaquatic mammals swim using mainly oscillatory 
propulsors (Table 3.1), which are either paired appendages that func- 
tion as paddles or winglike hydrofoils (Webb and Blake, 1985). Pad- 
dling is associated with slow swimming and precise maneuverability 
(Webb, 1984) and generally is used in surface swimming. The paddling 
stroke cycle is composed of a power phase and a recovery phase. Dur- 
ing the power phase, the paddle pushes posteriorly on the water, gener- 
ating a drag force to its movement that produces thrust for the whole 
organism in the direction opposite the paddle movement (Fig. 3.1; 
Fish, 1984; Webb and Blake, 1985). The paddle is repositioned during 
the recovery phase without the generation of thrust. 

The foreflippers, used by the Otariidae, act as oscillatory hydrofoils 
that generate thrust by the lifting-wing principle (Fig. 3.1; Webb and 
Blake, 1985) throughout the stroke cycle (Feldkamp, 1987b). This 
mechanism provides effective aquatic propulsion for otariid seals, 
which spend considerable amounts of time in the water foraging for 
food and undertaking long oceanic migrations (Ridgeway and Har- 
rison, 1981), while maintaining a flipper structure that is adept at loco- 
moting on land (English, 1976; Feldkamp, 1987a, 1987b). 
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Fig. 3.1. Major forces associated with swimming, including (top) paddling (muskrat), (mid- 
dle) lift-based oscillation (sea lion), and (bottom) lift-based undulation (dolphin). For each 
animal swimming in water, drag force (D) resists forward motion of the body and is opposed 
by an equal thrust force (T) generated by the propulsive appendages. The posterior movement 
of the hind feet of the muskrat acts as a paddle to generate a drag force on the appendage (d) 
that contributes to T. The foreflippers of the sea lion and the caudal fluke of the dolphin act 
as hydrofoils that produce an anteriorly directed lift force (L) that can be resolved to generate 
T. 

The undulatory propulsive mechanism passes waves along the body 
or caudal fluke and is used by those mammals that are most restricted 
to the aquatic environment. Cetaceans and sirenians undulate the cau- 
dal fluke in a dorsoventral plane to effect propulsion (Hartman, 1979; 
Lang and Daybell, 1963; Nishiwaki and Marsh, 1985; Parry, 1949; 
Peterson, 1925; Slijper, 1961; Videler and Kamermans, 1985). Except 
for the orientation of propulsive movements and the asymmetry of the 
propulsive musculature, these mammals reflect the typical swimming 
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pattern observed in many fish. Periodic motion of the caudal fluke gen- 
erates thrust as a component of an anteriorly inclined lifting force (Fig. 
3.1). The Phocidae and Odobenidae laterally undulate the posterior 
body to move the paired hind flippers in the horizontal plane, effecting 
a fishlike movement (Backhouse, 1961; Fish et al., 1988; Gordon, 
1981; Ray, 1963; Tarasoff et al., 1972). By laterally undulating its 
compressed tail, the otter shrew (Potamogule spp.) may produce pro- 
pulsion with the nonwebbed feet pressed against the body (Walker, 
1975). In addition, fast, submerged swimming by otters is accom- 
plished by the undulatory mode (Chanin, 1985; Kenyon, 1969; Tar- 
asoff et al., 1972). 

Undulatory swimming is a rapid and relatively high-powered propul- 
sive mode (Webb, 1984). This mode is used for swimming durations 
from several seconds to weeks, as involved in cruising, sprints, patroll- 
ing, station holding, and migrations. 

Swimming Speed 

Reports on swimming speeds of various aquatic mammals have in 
many instances been anecdotal and often unreliable. The reason for 
questioning these reports is that estimates of swimming speeds based 
on observations from ships, airplanes, or shorelines have often been 
made without fixed reference points, information on currents, or accu- 
rate timing instruments. These observations have led to erroneous con- 
clusions regarding swimming performance as exemplified for dolphins 
by Gray’s Paradox (Gray, 1936; Parry, 1949). In this case, power out- 
put calculated from a simple hydrodynamic model for a dolphin swim- 
ming at 10 m / s  for 7 s was greater than the power that was assumed to 
be developed by the muscles (Gray, 1936). The paradox is resolved 
when one considers that the dolphin was demonstrating a burst per- 
formance (Kooyman, 1989; Lang and Daybell, 1963), and the muscle 
power output used as a standard was based on the sustained perform- 
ance of the dog and humans (Gray, 1936). Although controlled labora- 
tory studies do allow for measurements of precise swimming speeds, 
these speeds may not reflect ecologically relevant levels of performance. 
The future use of microprocessors carried by freely swimming and div- 
ing mammals should provide accurate swimming speeds, as has already 
been done for otariids (Ponganis et ai., 1990). 
The range of swimming speeds varies markedly. Differences in swim- 
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ming speeds of mammals are related to body size, swimming mode, 
and relation to the water surface. Large animals have higher cruising 
and maximum sprint speeds than smaller swimmers (Aleyev, 1977; KO- 
oyman, 1989). This relationship holds up to a body length of 4.5 m 
and is due to allometric differences. Body surface area and resistance to 
movement in water are proportional to the square of body length, 
whereas muscle mass and power that may be developed for swimming 
are proportional to the cube of body length. Consideration of length- 
specific swimming speeds, however, shows that large mammals demon- 
strate lower performance levels, as exemplified by cetaceans (Webb, 
1975a). Mammals that paddle are slower than either undulatory swim- 
mers or lift-based oscillators. This pattern is most likely due to de- 
creased net thrust production and efficiency of paddling compared 
with the other propulsive modes (see below). In addition, paddling 
mammals are usually surface swimmers whose speed is limited by inter- 
ference from surface waves (Fish, 1982, 1984; Williams, 1983a, 1989). 
Paddlers, such as the muskrat (Ondutra zibethicus) and rice rat (Ory- 
zomys palustris), maintain routine swimming speeds at or below the 
predicted speed of maximum wave resistance (Fish, 1984). Sea otters 
(Enhydru lutrzs) are restricted to sustained surface swimming speeds 
less than 0.8 m/s, but when submerged can swim at speeds from 0.6 to 
1.39 m / s  by undulation (Williams, 1989). 

Hydrodynamic Drag 

To propel itself through water at a constant velocity (U), a mammal 
needs to generate a thrust force (T) at the expense of metabolic energy 
that is equal to the sum of resistive drag forces (D), so that: 

where q is a dimensionless overall efficiency, M is the metabolic rate, 
and TU and DU represent thrust and drag power outputs, respectively. 
Because the rate of energy expended to overcome drag is related to the 
thrust power output and ultimately to the rate of metabolic energy 
expenditure, investigators have used estimates of drag in studies of 
swimming energetics. Complete explanations of hydrodynamics in bio- 
logical systems can be found in publications by Webb (1975a), Vogel 
(1981), and Blake (1983b). 
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Drag consists of frictional and pressure force components that arise 
from the flow regime about the body (Blake, 1983b; Webb, 1978; 
Yates, 1983). The flow is divided into two regions: boundary layer and 
outer flow. The boundary layer arises as the result of water viscosity. 
Water particles adhere to the body surface, so there is no relative veloc- 
ity difference, resulting in the no-slip condition. At a short distance 
from the body, water velocity approximates the outer flow. The veioc- 
ity gradient between the body surface and outer flow develops because 
of shear stresses in the boundary layer caused by the fluid viscosity and 
accounts for the frictional drag component. The pressure component of 
drag arises from distortion of fluid around the body in the outer flow 
(Webb, 1978). Deflection of the outer flow due to the shape of the body 
produces a pressure gradient from varying flow velocities interacting 
with the boundary layer separating it from the body. This interaction 
translates into a wake where kinetic energy is lost in addition to a net 
pressure force that acts in opposition to forward motion (Webb, 1978). 

The type of flows within the boundary layer and outer flow also 
influences frictional and pressure components of drag. Flows may be 
laminar, turbulent, or transitional. Flow type is determined by the size 
and speed of the animal and by the density and viscosity of the fluid 
medium. The influence of these parameters is represented by the non- 
dimensional Reynolds number: 

UL 
Re = - 

V 

where Re is the Reynolds number, L is body length, and Y is the kine- 
matic viscosity of water (Blake, 1983b; Webb, 1978). Boundary flow 
about a submerged, rigid streamlined body is laminar up to a Re of 
approximately 5 x lo5, turbulent above a Re of 5 x lo6, and transi- 
tional between those values (Webb, 1975a; William, 1987). The onset 
of transitional flow that is partly laminar and partly turbulent occurs at 
the critical Re, which is influenced by disturbances in the outer flow, 
surface roughness, and pressure gradients opposite to the direction of 
flow (Webb, 1975a). The large size and high swimming speed of ma- 
rine mammals in particular indicate a high Re of greater than lo6 (e.g., 
Enhydra lutris, Re = 1.7 x lo6: Williams, 1989; Zalophus califor- 
nia~2nz.q Re = 8.4 x lo6: Kooyman, 1989; Lagenorhynchus obligui- 
dens, Re = 1.5 x 10’: Lang and Daybell, 1963) and thus a transi- 
tional or fully turbulent boundary layer. 
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Fig. 3.2. Plot of drag force as a function of velocity (U) from measurements of dead-drag on 
muskrat (Fish, 1984), mink (Williams, 1983a), and sea otter (Williams, 1989). Drag measure- 
ments were obtained on muskrat, mink, and sea otter at the water surface and also on the sea 
otter in a submerged position. 

Thrust and power output based on drag determinations were esti- 
mated for a variety of aquatic mammals by use of standard hydro- 
dynamic equations (Au and Weihs, 1980; Gray, 1936; Hui, 1987; 
Parry, 1949), models (Aleyev, 1977; Purves et ai., 1975), dead animals 
(Fish, 1984; Williams, 1983a, 1989), and towing or coasting (Feld- 
kamp, 1987a; Innes, 1984; Lang and Daybell, 1963; Lang and Pryor, 
1966; Williams and Kooyman, 1985). In all cases the bodies are rigid 
or assumed to be analogous to a flat plate with an equivalent surface 
area. These rigid-body analogies for aquatic mammals demonstrate 
that drag and power output increase curvilinearly with increasing ve- 
locity (Fig. 3.2), but the magnitude of the drag force differs with the 
size of the animal. Because swimming speed varies with the size of the 
animal, comparisons of the energetics of aquatic mammals over a 
107-fold range of body mass are difficult. 

A convenient method of estimating the resistance of a body moving 
through water is by computation of the dimensionless drag coefficient. 
CD:  

D 
C D  = - 

o.spsu2 
(3) 
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Fig. 3.3. Plot of the drag coefficient (CD) as a function of the Reynolds number (Re). Sym- 
bols represent cetaceans (A and A: Aleyev, 1977; Kermack, 1948; Lang and Daybell, 1963; 
Purves et al., 1975; Videler and Kamermans, 1985; Webb, 1975a; Yates, 1983), pinnipeds (m 
and Feldkamp, 1987a; Fish et al., 1988; Williams and Kooyman, 1985), sea otter (F 
Williams, 1989), beaver (0: Kurbatov and Mordvinov, 1974), and human (+ :  Williams and 
Kooyman, 1985). Closed symbols represent estimates of CD based on rigid-body analogies; 
open symbols represent values determined from hydrodynamic thrust-based models. The 
solid line represents the minimum CD assuming turbulent boundary conditions; the broken 
line is for CD assuming laminar conditions. 

where p is water density, S is wetted surface area, and U is velocity. CD 
depends on Re and the flow conditions about the body (Webb, 1978); 
C D  is positively related to drag force, which is best measured directly 
from animals (Williams, 1987). In addition, CD can be compared with 
a reference drag coefficient representing the theoretical minimum based 
on a flat plate with equivalent surface area and Re (Fish et al., 1988). 

CDs computed from gliding and towing drag measurements for sub- 
merged otariid and phocid seals and odontocete cetaceans range from 
0.003 to 0.018 at Re of 106-107 (Feldkamp, 1987a; Lang and Daybell, 
1963; Mordvinov and Kurbatov, 1972; Videler and KamermanS, 
1985; Williams and Kooyman, 1985). The values of CD for these ma- 
rine mammals is greater or equivalent to the minimum drag coefficient 
for a turbulent boundary layer (Fig. 3.3). The blue whale (Bulaenop- 
teru musculus) has the lowest calculated value of CD at 0.0022 for 
Re = 1.9 x lo8, assuming a turbulent boundary layer (Kermack, 
1948). Although CD for the blue whale is low, the whale’s large surface 
area and high swimming speed result in the largest drag force reported 
for a swimming mammal. Calculated power output for the blue whale 
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is 4 x lo5 W (Kermack, 1948), which is 88.3 times as great as the 
highest power output measured for a dolphin (Lang and Pryor, 1966). 

Values of CD for aquatic mammals indicating turbulent boundary 
conditions contradict the assertion of drag reduction by maintenance 
of a laminar boundary layer as an answer to Gray’s Paradox (Gray, 
1936; Parry, 1949). On the basis of the calculated drag of a dolphin 
swimming with a turbulent boundary layer, Gray (1936) predicted a 
higher power output than could be developed by the locomotor muscle 
mass. Although Gray (1936) underestimated the power generated by a 
dolphin swimming at burst speed by assuming equivalence with esti- 
mates of muscle power output of sustained activity, drag on the dol- 
phin was believed to be reduced by maintenance of laminar flow 
within the boundary layer. 

Attempts to reconcile Gray’s Paradox by a mechanism that main- 
tains a laminar boundary layer have focused on hydrodynamic charac- 
teristics of the integument of marine mammals. A compliant skin that 
could dampen turbulence and maintain laminar boundary conditions 
by active or passive mechanisms was viewed as a possible resolution to 
the paradox (Kramer, 1960a, 1960b, 1965; Sokolov, 1962). The struc- 
ture of cetacean skin is similar to humanmade compliant surfaces 
(Kramer, 1960b, 1965; Yurchenko and Babenko, 1980). Mobile skin 
folds observed on swimming dolphins (Essapian, 1955) were thought 
to absorb energy through elastic deformation and to dampen turbu- 
lence in the boundary layer, resulting in a reduction of the total drag 
(Aleyev, 1977; Kramer, 1965; Sokolov, 1960; Yurchenko and Babenko, 
1980). In addition, dermal ridges in the skin, the infusion of desqua- 
mated epidermal cells into the boundary layer, secretions from the dol- 
phin eye, and heating by the skin to change boundary layer viscosity 
were hypothesized to retain laminar flow and reduce drag (Lang, 1966; 
Purves, 1963; Sokolov et al., 1969). 

Mordvinov and Kurbatov (1972) reported that the body hair of pho- 
cid seals dampens turbulent eddies, thus reducing drag. Most studies 
on swimming mammals, however, have found little evidence promoting 
a drag reduction mechanism by laminarization of boundary flow due 
to properties of the integument. Experiments using naked women 
towed through water as analogues to swimming dolphins show that 
mobile skin folds represent a parasitic feature that does not improve 
drag reduction (Aleyev, 1977). Results reported by Lang and Daybell 
(1963) refute the assumption of drag reduction by a laminar boundary 
layer in dolphins. In a study on a live dolphin in which turbulence was 
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induced over its surface, the drag was the same as when no turbulence 
was induced, indicating a normally turbulent flow (Lang and Daybell, 
1963; Webb, 1975a). Flow visualization experiments in mammals 
show that the majority of the body surface has turbulent flow condi- 
tions (Fish, 1984; Kurbatov and Mordvinov, 1974; Mordvinov, 1974; 
Purves et al., 1975; Rosen, 1963; Williams and Kooyman, 1985). Al- 
though it produces a higher frictional drag component than laminar 
flow, a turbulent boundary layer will generate a smaller pressure drag 
(Webb, 197Sa). The difference in magnitudes of drag components ulti- 
mately produces a smaller total drag for an animal with turbulent flow 
compared with laminar boundary conditions. The high energy content 
of the turbulent boundary layer prevents separation of the boundary 
layer from the body into the outer flow. Separation results in increased 
pressure and total drag. 

Significant drag reduction in aquatic mammals is largely dependent 
on body shape. Highly aquatic mammals, such as cetaceans and pin- 
nipeds, have streamlined bodies and appendages that incur low drag 
(Williamson, 1972; Feldkamp, 1977a; Fish et al., 1988). In compari- 
son, less-aquatic mammals, such as humans and beavers, have high 
values of CD (Kurbatov and Mordvinov, 1974; Williams and Kooy- 
man, 1985), which are at least 75% as great as the minimum turbulent 
CD at equivalent Re (Fig. 3.3) .  

The fineness ratio (FR = body length/maximum body diameter), 
which serves as a crude indicator of the streamlining of a body (Wil- 
liams, 1987), has an optimal value of 4.5 for the lowest drag, where 
volume is maximized for a minimum surface area (Hertel, 1966; Webb, 
1975a). Cetaceans and phocids maintain a range of FR (3.2-5.6) that 
spans the optimal FR (Aleyev, 1977; Fish et al., 1988; Hertel, 1966; 
Mordvinov, 1972; Williams and Kooyman, 1985), although phocids 
are represented at the lower end of this range. The sea lion (Zalophus 
californianus) and sea otter (Enhydra lutris) have moderately elongate 
body forms with FRs of 5.5 (Feldkamp, 1987a) and 5.8 (Williams, 
1989), respectively. Extremes of FR that indicate increased pressure 
drag are displayed by semiaquatic paddlers: muskrat (Ondatra zibethicus) 
and beaver (Castor canadensis) have relatively nonstreamlined bodies 
with FR values of 2.5 and 3.0, respectively (Kurbatov and Mordvinov, 
1974), while the FR of mink (Mustela vison) is 9.1 (Williams, 1983a). 

Increased drag and energy loss from surface swimming result from 
the formation of waves that augment drag up to five times (Hertel, 
1966), increasing metabolic expenditure and limiting swimming speed 
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when compared with submerged swimming (Fish, 1984). The effect of 
surface waves is negated when the animal is submerged below a depth 
of three times the body diameter (Hertel, 1966). Periods of submerged 
swimming by wild minks and sea otters indicate a behavioral strategy 
to reduce drag (Williams, 1983a, 1989). Dolphins, however, utilize the 
pressure field of surface waves in bow riding to minimize their locomo- 
tor effort (see review in Hertel, 1969). It has been suggested recently 
that even large whales can save energy by extracting up to 33% of their 
propulsive power from ocean waves (Bose and Lien, 1990). 

Although submerged swimming reduces drag compared with surface 
swimming, air-breathing mammals can not indefinitely avoid the water 
surface and its enhanced drag. An alternate strategy is to leap from the 
water and become airborne. Porpoising consists of serial leaps in which 
the animal leaves the water and thus reduces drag and energy cost (Au, 
1980; Au and Weihs, 1980; Blake 1983a, 1983b). At high swimming 
speeds, the energy required to leap a given distance is less than the 
energy to swim an equivalent distance at the water surface. Williams 
(1987) observed the minimum porpoising speed for adult harbor seals 
ranged from 2.5 to 3.0 m/s, which agreed with the predicted porpois- 
ing speed based on Blake's (1983a) model. This behavior for energy 
savings may be limited in harbor seals, because porpoising is mainly 
confined to excited males during the mating season (King, 1983). In 
addition, Hui (1989) found the emergence angle of 36.9" for free-rang- 
ing dolphins (Delphinus delphis and Stenella attenuatu) when porpois- 
ing was not the angle predicted for maximum energy savings. Porpois- 
ing for energy conservation predicts an emergence angle of 45" for 
maximum leap distance (Au and Weihs, 1980; Blake, 1983a) or an 
angle of 30" as a compromise for maximum leap distance and maxi- 
mum forward speed (Gordon, 1980). 

Thrust-based Models 

Power outputs based on drag measurements from rigid-body analo- 
ges provide only a minimum estimate of the energy expenditure of 
swimming, because such models do not account for movements of the 
body or appendages, gross flow effects, interactions, and drag-reducing 
mechanisms (Webb, 1975a). The propulsive undulatory and oscillatory 
movements of the body and appendages incur increased energy loss 
due to increased drag and inertial forces from accelerations of the pro- 
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pulsor and the water (Daniel, 1984; Fish, 1984; Fish et al., 1988; 
Lighthill, 1971). Consequently, hydrodynamic models based on thrust 
calculated from the kinematics of swimming mammals provide a better 
estimate of power output than drag determinations. Calculated esti- 
mates of power output from such models are 3-16 times greater than 
values calculated for equivalent rigid bodies (Fish, 1984; Fish et ai., 
1988; Webb, 1975a; Yates, 1983). A further benefit of hydrodynamic 
models is that comparisons of thrust generation and mechanical effi- 
ciency can be evaluated for the different swimming modes used by 
mammals. 

A model to examine paddling locomotion was developed by Blake 
(1979, 1980) and employed by Fish (1984, 1985) to investigate the 
energetics of surface-swimming semiaquatic rodents. The power phase 
of the paddling stroke of the muskrat and rice rat is characterized by a 
posterior acceleration of the hindfoot generating a thrust force due to 
the drag on the foot (Figs. 3.1, 3.4; Fish, 1984). Maximum thrust is 
realized when the hindfoot is oriented 90" to the horizontally inclined 
body (Fish, 1984). The jointed hindlimbs of the muskrat allow a pad- 
dle angle close to 90" for a large portion of the power phase (Webb and 
Blake, 1985). Thrust production is enhanced by an increase in plantar 
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Fig. 3.4. Power output during a com- 
plete paddling cycle for the rice rat (07- 
zomys palustris). Thrust power generated 
during the power phase and drag power 
expended dumg the recovery phase were 
computed from the model by Blake 
(1979, 1980). Power produced was deter- 
mined for proximal (el) ,  middle (e2), and 
distal (e3) segments of the paddling hind- 
foot. 
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surface area of the feet by elongation of bony elements and addition of 
lateral fringe hairs on each digit or interdigital webbing (Fish, 1984; 
Howell, 1930; Mordvinov, 1976). The increase in effective surface 
area of the feet provides an economical generation of thrust, because 
the mass of water being worked on is also increased (Alexander, 1983). 
Mink, which have relatively unmodified feet for a semiaquatic mam- 
mal, compensate for deficiencies in thrust production by using long 
stroke lengths, high stroke frequencies, and quadrupedal swimming 
(Williams, 1983a). Long stroke lengths and high frequencies, however, 
are not economical; it is more economical to generate thrust by acceler- 
ating a large fluid mass to a small velocity than the converse (Alex- 
ander, 1983). 

In contrast to the power phase, drag on the foot during the recovery 
phase is minimized. This action prevents a reduction of net thrust pro- 
duction as the foot is repositioned. In the muskrat, mean power loss 
attributed to the recovery phase represents 20-39% of thrust power 
generated during the power phase (Fish, 1984). This small power loss 
is accomplished by configural changes that reduce foot area by 55% 
and temporal changes that reduce the relative velocity, thereby mini- 
mizing the drag on the foot. 

Additional energy losses accrue from paddling because of inertial ef- 
fects of accelerating and decelerating the mass of the paddle and the 
added mass (Blake, 1979; Fish, 1984). The added mass is the mass of 
water entrained with the paddle as it moves (Blake, 1983b). Inertial 
effects are a major source of energy loss, particularly in small paddlers 
(Fish, 1984, 1985). In rice rats, acceleration of the paddle and added 
mass accounts for 31-53% of the total energy necessary for paddling. 

Because of large energy expenditures incurred from the recovery 
phase and inertial effects, efficiency of the paddling mode is low (Webb 
and Blake, 1985). Mechanical or propeller efficiency (qp) is calculated 
as the ratio of the energy utilized for thrust generation to the total 
energy expended during the paddling stroke. Maximum qp values for 
paddling by muskrats and rice rats are 0.33 and 0.25, respectively 
(Fish, 1984, 1985). The higher qp for the muskrat is due to enhanced 
thrust production by its modified hindfeet. 

Unlike paddling mammals, which use the drag-based mechanism, 
otariids, cetaceans, and phocids use lift-based mechanisms to effect 
propulsion (Feldkamp, 1987a, 1987b; Fish et al., 1988; Lighthill, 
1969; Webb, 1975a; Yates, 1983). This mechanism generates a large 
thrust force as a component of a lift force (Fig. 3.1) produced from the 
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oscillatory movements of the hydrofoil (i.e., pectoral and pelvic flip- 
pers, caudal flukes). Shape and movements of the hydrofoil provide 
increased efficiency due to a high lift-to-drag ratio and continual gener- 
ation of thrust throughout the entire stroke cycle. 

Power output of the lift-based oscillatory swimming in mammals has 
not been computed by hydrodynamic models, but the kinematics and 
efficiency of the swimming mode for sea lions have been examined 
(English, 1976; Feldkamp, 1987a, 1987b; Godfrey, 1985). Feldkamp 
(1987b) found that Zalophus uses a combination of paddling and lift- 
based propulsion. The paddling component of the stroke occurs at the 
beginning of the recovery phase with the winglike, high aspect ratio 
(AR = spadchord) foreflippers. The remainder of the recovery phase 
(upstroke) and the power phase (downstroke) generate forces that re- 
solve into downward and upward lift forces and anteriorly directed 
thrust forces. This mechanism has been likened to the stroke of flying 
birds (Feldkamp, 1987b). 

Although up- and downstrokes produce thrust and represent the ma- 
jority of the stroke cycle of sea lions, the paddling phase generates the 
greatest amount of thrust (Feldkamp, 1987b). Therefore, the three- 
phase system generates a large thrust force by paddling that is en- 
hanced by winglike movements that incur less drag in a recovery phase. 
Additional drag reduction is affected by the morphology of the fore- 
flippers. The high aspect ratio (AR = 7.9) reduces the formation of 
vortices, reducing the induced drag component caused by movements 
of the foreflippers (Feldkamp, 1987b). Consequently, the lift-to-drag 
ratio is improved, and thrust is generated more efficiently. Feldkamp 
(1987a) calculated a maximum 9, of 0.80 for the lift-based mode of 
the sea lion when swimming at the highest speeds. 

In the undulatory lift-based mode of cetaceans and phocid seals, 
thrust is generated solely by a caudal hydrofoil represented by a caudal 
fluke or alternating hind flippers. The swimming motions of cetaceans 
and phocids are analogous to the thunniform mode of fish (Aleyev, 
1977; Fish et al., 1988; Lindsey, 1978; Webb, 1975a), which use 
"lunate tail" propulsion (Lighthill, 1969). As in the thunniform mode, 
the presence of a double-jointed system at the hydrofoil base allows the 
angle of inclination of the hydrofoil to be adjusted throughout the 
stroke cycle, maintaining nearly continuous maximum thrust (Fish et 
al., 1988; Lindsey, 1978). In addition, moderate to high aspect ratio 
(AR = 3.4-5.9, low sweep-back angle, and flexibility of the hydrofoil 
enhance reduced drag with high thrust and efficiency. 
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Parry (1949) developed a model of undulatory swimming for dol- 
phins based on quasistatic flow (Webb, 1975a). Using this model and 
data from Norris and Prescott (1961) and Lang and Daybell (1963), 
Webb (1975a) calculated the thrust power for three species of dolphin. 
The model thrust power was 6.3-16.0 times greater than the theoreti- 
cal frictional drag power assuming turbulent conditions (Fig. 3.3). 
Webb (1975a) assumed that the calculated thrust power was not un- 
reasonable if the dolphins were swimming near the surface, where drag 
is high. 

A model developed by Lighthill (1970) uses unsteady wing theory to 
calculate the total thrust and power output by a rigid hydrofoil. Light- 
hill’s (1970) model was used by Webb (1975a) to calculate a thrust 
power of 4030 W for a dolphin (Lagenorhynchus obliguidens) swim- 
ming at 5.5 m/s (Lang and Daybell, 1963). This value is 65% of the 
thrust power for the same dolphin calculated from Parry’s (1949) 
model and 10.2 times the theoretical frictional drag power (Webb, 
1975a). A revision of Lighthill’s model (Chopra and Kambe, 1977) 
used for the dolphin (Chopra and Kambe, 1977; Yates, 1983) and 
phocids (Fish et al., 1988) also predicts thrust power greater than drag 
power at equivalent Re (Fig. 3.3). 

Mechanical efficiencies of lunate tail propulsion are the highest for 
any swimming mode in mammals. Under optimal conditions, efficiency 
may be as high as 99% (Wu, 1971). For the dolphin, Webb (1975a) 
and Yates (1983) calculated efficiencies of 0.77 and 0.92, respectively, 
whereas phocids have efficiencies of 0.85 (Fish et al., 1988). 

Power Input 

Power input represents the rate of energy use that is potentially avail- 
able to do work; it is limited proximately by metabolic capacities and 
ultimately by the availability of food resources (Hui, 1987). Power in- 
put for swimming mammals can be determined from estimates of meta- 
bolic rate and therefore is related to thrust and drag power outputs by 
Equation 1. Williams (1987) has reviewed the methodology for mea- 
suring swimming metabolism. 

Active metabolic rates have been determined from measurements of 
oxygen consumption for both oscillatory and undulatory swimming 
mammals including muskrat (Fish, 1982; 1983), mink (Williams, 
1983a), sea otter (Williams, 1989)’ sea lion (Costello and Whittow, 
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1975; Feldkamp, 1987a; Kruse, 1975), phocid seal (Craig and Pasche, 
1980; Davis et ai., 1985; Innes, 1984; 0ritsland and Ronald, 1975; 
Williams et al., 1991), cetaceans (T. M. Williams, pers. comm., 1991; 
Worthy et al., 1987), and human (DiPrampero et al., 1974; Holmer, 
1972; Nadel et al., 1974). Metabolic rate is directly related to swim- 
ming speed and increases linearly (Fish, 1982; Innes, 1984; Nadel et 
al., 1974) or curvilinearlv (Davis, et al., 1985; Feldkamp, 1987a; 
Holmer, 1972; Nadel et al., 1974; Williams, 1983a). A steep increase 
in metabolic rate with swimming speed is associated with the high re- 
sistance caused by drag, because drag power output increases as U3. 

Feldkamp (1987a) noted that the cost of swimming for sea lions was 
less than for comparatively sized mammalian runners at the same 
speeds. He argued the reduced cost of swimming was attributed to the 
buoyant effect of water, which removed any energy expenditure for 
maintaining posture. However, metabolic studies of running and swim- 
ming mink showed the converse (Williams, 1983a, 1983b). At equiva- 
lent speeds of 0.7 d s ,  the mass-specific metabolic rate for swimming 
mink was 1.6 times that for running and represented the maximum 
metabolic rate. Running mink attained the maximum rate at a speed 
nearly 1.0 m/s  faster than swimming. This difference is not unexpected, 
because, despite their aquatic habits, mink are mainly terrestrial in de- 
sign. Surface paddling by mink, as a compromise for amphibious be- 
haviors, has limitations because of substantial energy losses due to sur- 
face effects (see below) and inefficiencies of the propulsive mode 
(Williams, 1983a). 

Increased metabolic effort by anaerobic mechanisms above the aero- 
bic capacity in swimming mammals has been suggested, although infor- 
mation on these mechanisms has been gathered only in experiments on 
diving (Kooyman, 1987, 1989). Fish (1982) suggested that increased 
power input to generate thrust at high surface speeds is supplied by 
anaerobic metabolism. Hui (1987) estimated that an 11 m / s  burst of 
less than 2 s by a dolphin represents a 166-fold increase of the metabo- 
lism over resting rates when including the anaerobic contribution. 

Extra energy expenditures are required during swimming to cope 
with thermoregulatory demands (Fish, 1983; MacArthur, 1984; Nadel 
et al., 1974). For muskrat, a 5°C decrease in water temperature below 
thermoneutrality can account for a 22% higher metabolic rate at the 
same swimming speed (Fish, i983). Such an increase is due to the inter- 
action of the conductivity of the water and convective effect from the 
velocity. Williams (1986) found the thermal conductance of the mink 
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to increase with increasing swimming speed that resulted in heat loss 
exceeding metabolic heat production and a drop in core body tempera- 
ture. A decrease in body temperature by as much as 3.1"C in free- 
swimming Weddell seals during both short-duration and long, explora- 
tory dives (Kooyman, 1989) may indicate that heat loss to the water 
increases because of convection (Whittow, 1987). An elevated meta- 
bolic rate has been suggested as a mechanism to maintain homeo- 
thermy in aquatic mammals (Hampton and Whittow, 1976; Irving, 
1971; Kanwisher and Sundnes, 1966; Whittow, 1987), but this asser- 
tion recently has been disputed. Seals and wbales have been reported to 
have basal metabolic rates equivalent to rates predicted for terrestrial 
mammals (Lavigne et al., 1986; Worthy and Edwards, 1990; Yasui 
and Gaskin, 1986). The blubber layer provides sufficient insulation for 
homeothermy in water without an elevated metabolism. Indeed, over- 
heating may be more of a problem in highly active large cetaceans 
(Brodie, 1975; Worthy and Edwards, 1990). 

The conflicting energetic demands of diving with anoxic conditions 
and exercise suggest metabolic adjustments. Physiological responses 
by seals are graded according to dive mode (Guppy et al., 1986; Kooy- 
man, 1987). Short feeding dives are considered to be aerobic, whereas 
longer exploratory dives display the classical dive response of energy 
conservation and anaerobic metabolism (Castellini et al., 1985; Guppy 
et al., 1986; Hochachka and Guppy, 1987). Typical dives are short in 
duration, so that aquatic mammals are within the aerobic dive limits 
(Dolphin, 1987; Estes, 1989; Feldkamp et al., 1989; LeBoeuf et al., 
1986). This behavior comes into conflict during active swimming in 
that swimming near the surface encumbers increased drag and energy 
requirements (see above). Harbor seals can stay within their aerobic 
dive limits, remaining submerged for 82-92% of the time, when swim- 
ming under 1.2 m / s  (Williams et al., 1991), but they decrease their 
submergence time during higher and more strenuous swimming speeds 
to maintain an aerobic, fat-based metabolism (Davis et al., 1991; Wil- 
liams et al., 1991). 

During diving, submerged swimming may be very energy-efficient 
when compared with surface swimming (Castellini, 1988; Hochachka 
and Guppy, 1987; Kooyman et ai., 1973; Whittow, 1987). Field and 
laboratory studies of diving seals show depressed oxygen consumption 
rates compared with sustained exercise (Castellini et al., i985). Low 
metabolic rates allow diving mammals to increase their dive time 
(Fedak et al., 1988; Kooyman et ai., 1981). Costello and Whittow 
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(1975) concluded that the need to conserve oxygen during diving was 
larger than the high energetic demands of swimming. Although the sea 
otter displays an oxygen consumption during submerged swimming 
that is 41% lower than when surface swimming, hypometabolism is 
unlikely because these animals maintain their metabolism with oxygen 
supplied from the enlarged lungs without initiating the diving response 
(Kooyman, 1973; Williams, 1989). The lower metabolism of diving 
marine mammals differs from semiaquatic mammals such as the musk- 
rat in which diving and underwater exercise incur an increase in the 
energetic expenditure above the resting metabolic rate and approach 
the energy expended during surface swimming (MacArthur and 
Krause, 1989). 

The metabolic demands of swimming have been calculated using es- 
timates of the hydrodynamic power output. Hui (1987) computed the 
total power input for a dolphin of the Stenelfa-Delphinus morphology 
based on the assumptions of a rigid-body analogy. His estimates of 
dolphin power input for routine and maximum swimming speeds were 
1.0-3.4 and 13.4 times the resting metabolic rate, respectively. This 
result compares favorably with activity levels of aquatic and terrestrial 
mammals. However, similar calculations for phocid and otariid seals 
underestimated the power input when compared with measurements of 
oxygen consumption (Lavigne et al., 1982). 

Association between metabolic rate and swimming speed is impor- 
tant in consideration of the ecology of aquatic mammals. Limitations 
due to hydrodynamics and energy metabolism will influence the swim- 
ming performance and behavior of the animal. Muskrats reach a limit 
in their aerobic capacity at 0.6 m/s and routinely swim at a slightly 
lower velocity (Fish, 1982). This behavior ensures that the muskrat can 
economically locomote without invoking an anaerobic metabolism and 
its associated oxygen debt. The low metabolic effort for harbor seals at 
routine swimming speed (1.4 m / s )  would be advantagous during diving 
when energy conservation is critical, whereas the more economical but 
higher maximum range speed (2.2-2.3 m/s) is believed to be used in 
migrations or movement to food patches (Williams, 1987). 

Aerobic Efficiency and Cost of Transport 

Aerobic efficiency (qa) is calculated as the ratio of power output to 
aerobically supplied power input and relates the thrust power to the 
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active metabolic rate of a swimming animal. The qa for swimming 
mammals is lower than the maximum value of 0.22 reported for fish 
(Webb, 1975b). Both otariid and phocid seals have the highest values 
of aerobic efficiency (0.12-0.30) for aquatic mammals, probably be- 
cause of the streamlined pinniped body form and swimming modes 
(Feldkamp, 1987a; Innes, 1984; Williams et al., 1991). Because qa, 
however, was computed using drag estimates that represent the mini- 
mum thrust required, values for seals could be higher if the power out- 
put was measured using thrust-based models. Peak values of T~ for 
surface paddlers show these animals to be less efficient than the sub- 
merged lift-based propulsion of seals. The qa for muskrats (Fish, 1984), 
minks (Williams, 1983a), and humans (DiPrampero et al., 1974) are 
0.046, 0.014, and 0.052, respectively. 

The cost of transport (CT) is also used as a means of assessing the 
metabolic efficiency of locomotion (Schmidt-Nielsen, 1972; Tucker, 
1970). CT is defined as the metabolic energy required to transport a 
unit mass a unit distance. Figure 3.5 shows minimum CT for various 
aquatic mammals as a function of body mass. The values of mam- 
malian CT are compared with the regression for fish, which represents 
the lowest minimum CT for any animal or method of locomotion. 

All aquatic mammals have values of minimum CT that are higher 
than for fish of equivalent sizes. Although higher maintenance costs 
associated with homeothermy could account for the difference of CT, 
high drag due to surface swimming and locomotory modes additionally 
would produce an elevated CT (Fish, 1982). 

Surface-paddling muskrats (Fish, 1982), mink (Williams, 1983a), 
sea otters (Williams, 1989), and humans (P. E. DiPrampero, pers. 
comm., 1979) have the highest minimum CT for swimming mammals 
at 10-25 times the CT of fish of equivalent sizes. A lower minimum 
CT is attained by mammals that swim submerged and use more-effi- 
cient propulsive modes. The amount of oxygen used by humans to 
swim a unit distance is six to nine times that used by harbor seals 
(Craig and Pasche, 1980). The sea otter has a 40% lower minimum CT 
when swimming in a submerged undulatory mode than when surface 
paddling (Williams, 1989). Further decreases in the minimum CT are 
attained for lift-based oscillators and undulators that are only 1.9-4.6 
times the minimum CT for a simiiar-sized fish (Costello and Whittow, 
1975; Davis et al., i985; Feidkamp, 1987a; Innes, 1984; Kruse, 1975). 
Schmidt-Nielsen ( 1972) predicted from hydrodynamic data and esti- 
mates of muscular efficiency that the minimum CT for a dolphin 
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Fig. 3.5. Comparison of the minimum cost of transport over a range of body masses. Sym- 
bols represent mink (m: Williams, 1983), muskrat (0: Fish, 1982), sea otter (V and V: Wil- 
liams, 1984), human ( 6 :  P. E. DiPrampero, pers. comm., 1979), sea lion (0: Costello and 
Whittow, 1975; Feldkamp, 1987a; Kruse, 1975), phocid seals (0: Davis et ai., 1985; Innes, 
1984), and dolphins (a: T. M. Williams, pen. comm., 1991; Worthy et al., 1987). Closed 
symbols represent surface paddlers, open symbols represent submerged undulatory pro- 
pulsors, and half symbols represent lift-based oscillacors. The solid line is the minimum cost 
of transport extrapolated from data on fish (Davis et al., 1985). 

should fall on the line for fish. However, there has been no controlled 
study that confirms this assertion. The CT calculated from the average 
metabolic rate of a 41.5-kg harbor porpoise swimming at approx- 
imately 2 m / s  (Worthy et al., 1987) is still 2.5 times the minimum 
value, although the single estimate may not reflect the minimum CT of 
the porpoise. A similar assertion of low minimum CT for the sea lion 
(Lavigne et al., 1982; Luecke et al., 1975) also represents an underesti- 
mate from the metabolically derived CT (Feldkamp, 1987a). 

Regardless of swimming mode, the minimum CT for many aquatic 
mammals has been found to coincide with their routine swimming 
speeds. During foraging bouts or migrations, this behavior would be 
economically advantagous because it minimizes energy expenditure 
while maximizing distance traveied. Fish (1982) found that muskrats 
swim at a speed within aerobic limits at the minimum CT. Dive veloc- 
ities of otariids were observed to be equal to or less than the minimum 
CT velocity (Ponganis et al., 1990). Thus, for the available oxygen 
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stores fur seals and sea lions are able to cover the greatest distance 
during the foraging dives and remain within the aerobic dive limits. 
Migrating gray whales (Eschrichtius robustus) have a minimum CT 
based on breathing rate that occurs at the mean velocity of 2.0 m / s  
(Sumich, 1983). Economical travel would be paramount for extending 
the stored energy reserves over a migration of 15,000-20,000 km, dur- 
ing which the whales fast. 

Conclusions 

Swimming performance (speed, acceleration, and endurance) is di- 
rectly related to the ability to effectively use available energy resources 
in response to hydrodynamic requirements in the balance of thrust and 
drag (Weihs and Webb, 1983). For mammals, the evolutionary transi- 
tion from terrestrial to semiaquatic and ultimately fully aquatic habits 
has allowed for increased swimming performance by abandoning the 
water surface and adopting low-drag body forms with changes in pro- 
pulsive mode (Fig. 3.6). Metabolic and biomechanic studies of swim- 
ming show lift-based modes to have higher efficiency and higher per- 
formance levels than the paddling mode. The semiaquatic nature of 
most paddlers restricts the development of aquatic specialization for 
increased efficiency and performance. The vastly different environ- 
ments for these mammals dictates concessions of locomotor agility. 
Highly aquatic mammals use efficient lift-based modes, which reduce 
drag and increase thrust. The oscillatory pectoral mode of otariids af- 
fords these animals greater high-speed maneuverability with a constant 
generation of thrust throughout the stroke cycle. Although different in 
orientation, the undulatory modes of cetaceans and phocids are analo- 
gous to the modes of piscine vertebrates for high efficiency, rapid pro- 
pulsion. The convergence of swimming mode and low-drag body form 
indicate the importance of energetics in highly aquatic mammals. How- 
ever, ecological and historical constraints limit the evolution of optimal 
designs, so that aquatic mammals represent compromises between 
form, function, and phylogeny. 

The above review on swimming mammals, although demonstrating 
the energy relationship between active metabolic rate and power out- 
put for mammals and elucidating the physical causations of energy 
loss, reflects a largely incomplete picture. The size of most aquatic 
mammals, their availability, and problems associated with data collec- 
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Fig. 3.6. h possible evolutionary relationship oi mammalian swimming modes. 

tion in water both in the field and laboratory have prevented a full 
examination of the evolutionary and ecological diversity over a com- 
plete range of performance levels. The basis for all future studies on 
swimming mammals must be reliable measurements and observations 
of performance, including speeds, accelerations, and maneuverability. 
Ecological and evolutionary questions can be addressed by examining a 
greater diversity of aquatic mammals than has previously been investi- 
gated. This diversity should include considerations of size, swimming 
mode, population variation, and variation between closely related spe- 
cies. Specifically, the cetaceans and sirenians should be targeted for ex- 
amination because of their importance as highly derived aquatic mam- 
mals and the paucity of information on their active metabolism and 
mechanism of thrust production. The convergence of similar body de- 
signs, despite different activity levels and diets, may provide an under- 
standing of similar physical constraints and evolutionary pathways of 
these two phylogenetically different groups. Finally, investigations of 

3 
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the evolutionary transition from terrestrial to semiaquatic to fully 
aquatic mammals should employ an experimental design in which di- 
rect comparisons of performance are measured in terrestrial and 
aquatic situations. Examinations of this type would provide insight to 
the compromises inherent in physiological and morphological adapta- 
tions that operate in two different physical environments. 
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